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Abstract

Atrial dominant frequency (DF) maps undergoing atrial
fibrillation (AF) presented good spatial correlation with
those obtained with the non-invasive body surface poten-
tial mapping (BSPM). In this study, a robust BSPM-DF
calculation method based on wavelet analysis is proposed.
Continuous wavelet transform (Gaussian mother wavelet)
along 40 scales in the pseudo-frequency range of 3-30 Hz
is performed in each BSPM signal. DFs are estimated from
the intervals between the peaks, representing the activa-
tion times, in the maximum energy scale. The results are
compared with the traditionally widely applied Welch peri-
odogram. The accuracy of both methods was assessed us-
ing the absolute errors between BSPM and atrial highest
DFs (HDFs) and assumed correct if ≤ 1. The robustness of
the methods was tested on different protocols: increasing
levels of WGN, artificial DF harmonics presence, and re-
duction of the number of leads. 11 AF simulations and 12
AF patients are considered in the analysis. The proposed
method outperformed the Welch approach, obtaining more
correct estimations of atrial HDFs non-invasively in mod-
els (81.82% vs 45.45%) and patients (75.00% vs 66.67%)
and being more robust to noise and reduction in spatial
resolution, thus helping to increase the non-invasive diag-
nostic ability of BSPM in AF.

1. Introduction

Atrial fibrillation (AF) is the most common cardiac ar-
rhythmia in clinical practice, being associated with high
mortality and morbidity, mainly due to an increased risk of
thromboembolic events [1]. The mechanisms behind AF
are complex and not completely understood [1]. Recent
studies have related the maintenance of AF to localized re-
gions which can then be targeted for ablation, improving
the therapy outcomes with personalized approaches [2, 3]

One of the important biomarkers of AF driving regions
is their fast activation rate [4]. Due to the complexity
of AF signals, locating driving regions with activation-

based time analysis can be challenging, motivating stud-
ies in the frequency domain [5]. Investigators related the
AF cycle length with the highest power peak in Welch pe-
riodograms, defined as the dominant frequency (DF) [4].
The region with the highest DF (HDF) is related to AF
drivers and could be targeted in ablation [4, 5]. HDF areas
can be identified non-invasively through the body surface
potential mapping (BSPM) DF mapping [6], even with
the low-pass filter effect intrinsically related to the volume
conductor effect of the torso [7], providing a valuable clin-
ical tool which can be used prior invasive mapping.

Nonetheless, Fourier based DF analysis presents im-
portant limitations, such as the lack of the identification
of activation times and sensitivity to signal uncertainties
(e.g. presence of harmonic activity and dynamic changes
in frequency and phase) [5]. A possible alternative for
traditional DF analysis is the wavelet transform (WT),
which can be understood as a generalization of the Fourier
transform where the sine waves are replaced by stretched,
squeezed, and translated versions of a single waveform
(mother wavelet) [8]. The signal is decomposed in scales
rather than frequencies, which are related to a bandwidth,
depending on the chosen wavelet. WT is a technique with
good localization in both time and frequency domains and
has the ability to identify points with close to singular be-
havior [8], such as the sharp transitions associated with
activations in BSPM.

In this study, we proposed a WT-based method for es-
timating atrial HDFs based on the identification of indi-
vidual activation times, comparing it with traditional peak
detection in Welch periodograms, and testing its robust-
ness is under noisy conditions, presence of harmonics and
in different BSPM layouts.

2. Methods

A realistic 3D model of the atria was used to generate
11 rotor driven AF simulations with 4 seconds each, local-
ized in different portions of the left and right atria [9]. DF
values were determined in each of the 2048 unipolar elec-
trograms (EGM) obtained with the models by detecting the
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highest power peak in Welch periodograms (80% overlap,
zero-padded to achieve a spectral resolution of 0.01 Hz)
[9]. DF values were manually inspected and compared
with the activation counts to avoid inconsistencies. The
atrial HDF (HDFAtria) at the location of the rotor was de-
fined as the driving frequency of AF. BSPM signals were
obtained by solving the forward problem with the bound-
ary element method, resulting in 771 nodes with signals
referenced to the Wilson central terminal and sampled at
fS = 500 Hz [9]. Waist, neck and arm leads were ex-
cluded to represent a realistic measurement, resulting in
567 leads. White Gaussian noise (WGN) was added to the
BSPM with a signal-to-noise ratio (SNR) of 60 dB [9].

Additionally, 67 BSPM leads (fS = 2048 Hz) were
recorded from 12 patients admitted for ablation of drug
refractory paroxysmal (N = 9, 8 male) and persistent AF
(N = 3, all male)[6]. Simultaneously, intracardiac bipo-
lar EGMs were acquired in 15 locations from both atria
(fS = 977 Hz) by using the CARTO navigation system
with embedded spectral analysis capabilities (CARTO XP,
version 7.7; Biosense-Webster, Diamond Bar, CA). EGMs
were band-pass filtered (40 - 250 Hz), rectified, and then
low-pass filtered (20 Hz). 4-second segments within the
longest RR interval after the administration of adenosine
were used for the analysis of atrial EGMs and BSPM. In
3 patients, QRS complexes were canceled, as the RR in-
tervals were shorter than 4 seconds. DFs in atrial EGMs
were determined in each location by detecting the peak
with the highest frequency power in Welch periodograms
after manual inspection to avoid inconsistencies [4]. The
HDFAtria was determined and its location was defined as
the driving region of the arrhythmia in the patients.

The 3D coordinates of the BSPM nodes in the models
were mapped to a 2D configuration by projecting their po-
sitions into a cylinder wall and unwrapping it with the left
side of the torso in the center of the image. Electrode posi-
tions in patients were arranged in a two-dimensional con-
figuration based on the lead layout [6], with distances be-
tween adjacent columns and rows were set at 5 cm. The
signals from both models and patients were interpolated
into a 30 X 65 grid using cubic splines [6]. BSPM signals
were filtered, when indicated in the methodology, as fol-
lowing: the baseline was estimated by downsampling the
signal to 0.025·fS Hz and low-pass filtering at 0.5 Hz (10th
order Butterworth). The baseline was then interpolated to
its initial fS and subtracted from the original signals [10].
A low-pass filter (10th order Butterworth) was applied at
30 Hz, covering the spectral range of AF [10].

DFs were estimated using a method based on continuous
WT (CWT) modulus maxima detection (Figure 1)[11]. For
each lead, CWT was applied on the unfiltered signals using
a negative first-order Gaussian mother wavelet (i.e. first
derivative of a Gaussian curve) along 40 linearly spaced

Figure 1. Wavelet method for DF detection. Peaks de-
tected in the CWT performed with a negative Gaussian
wavelet in the scale with highest energy are used to esti-
mate cycle lengths and DFs.

scales in the pseudo-frequency range of 3 to 30 Hz. In or-
der to detect the most physiologically relevant positive de-
flections, the scale with the highest energy was selected for
further processing; the rationale is that this scale contains
the most information about a signal and thus represents
better its main properties, such as the activation patterns in
a BSPM signal. All local maxima are detected on the scale
with the maximum energy after applying a 30 Hz low-
pass filter (4th order, Butterworth) to avoid high-frequency
components unrelated to the arrhythmia that may appear
after CWT. The average AF cycle length (CL) was deter-
mined from the intervals between the detected peaks and
used for the DF calculation (DF = 1/CL).

DFs were estimated by both the proposed method and
Welch periodogram. The latter was computed using 2.7 s
segments with zero-padding to achieve a frequency step of
0.1 Hz (i.e. 10 · fS samples), Hanning windows and over-
lap of 90%. Torso DFs were determined by identifying
the peak with the highest power in the periodograms with-
ing the AF physiological frequency range (2 - 15 Hz) [12].
DF maps were generated for both methods by displaying
the color coded DF values in the corresponding positions
on torso. HDFAtria values were estimated using the HDF
from BSPM DF maps (HDFBSPM ). The methods’ accu-
racy was assessed by calculating the absolute and relative
errors between HDFBSPM and HDFAtria; an estimation
was considered correct if the absolute error was ≤ 1 Hz.

The robustness of the HDFAtria estimations for both
methods was assessed using the simulated data with differ-
ent levels of added WGN and harmonic noise, here simu-
lated by adding a sinusoidal wave in the frequency of the
first harmonic of HDFAtria (SNR of 60, 30, 10, 5 and 1
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dB). To evaluate the robustness of both methods to lower
spatial resolution BSPM lead layouts, the analyses were
reproduced for subsets of the original lead layouts: 256
[13], 127[7], 67[6], 64[14], 32 and 16 for model data, and
32 and 16 leads for patients.

Results obtained with different methods were compared
using Wilcoxon signed-rank test. For comparisons within
the same method with different levels of noise or lead lay-
outs, Friedman test was used (post-hoc: Nemenyi test).

3. Results

Fig 2A-D show a comparison of the Welch and wavelet
methodologies in a patient with the driver region in the left
atrium. The DF maps generated by both methods (Fig. 2A)
show smoother transitions between DFs with the wavelet
method, which contains a region of high DFs that do not
appear in the Welch map. Looking at segments obtained
from the HDF region in the atria (Fig. 2B) and in the
BSPM (Fig. 2C), it is possible to observe that the acti-
vation times detected by the wavelet method correspond to
the most prominent repetitive patterns, with cycle lengths
similar to those observed in the EGMs. The HDF estimate
based on the activations is closer to the HDFAtria, while a
higher peak in the spectrogram, unrelated to the HDFAtria,
increases the error in the Welch method (Fig. 2D).

The wavelet method outperformed the Welch approach
in models and patients. Considering all AF simula-
tions, the wavelet method achieved an relative error
(median [IQR]) of 7.14 [3.06−16.23]% vs. 60.00 [6.03−
69.36]% using Welch periodograms, p = 0.06 (Fig. 2E,
left). For patients, the errors were 8.10 [5.50 − 13.14]%
vs. 7.47 [5.59 − 19.62]% for both methods, respectively,
p = 0.06. Overall, the wavelet method resulted in cor-
rect estimations of HDFAtria in 81.82% of the simula-
tions, against 45.45% for Welch’s estimates. In patients,
the correct estimations occurred in 75.00% vs. 66.67% of
the cases for both methods, respectively.

Fig. 3 shows the effects of the artifacts in the results
from model (Fig. 3A-C) and patient data (D). The wavelet
method is robust against Gaussian and harmonic noise,
achieving lower mean and median errors than the Welch
approach in every scenario. Significant differences in
the estimations of the HDFAtria appeared for the wavelet
method between the 1 dB and the 30 and 60 dB SNRs for
the harmonic noise (p < 0.01). For the Welch method,
significant differences appeared only with harmonic noise
between the 1 dB and the 60 and 30 dB SNRs (p < 0.05).

Both approaches allowed identifying the HDF even
when reducing the amount of recorded leads to 16 in pa-
tients and models, achieving similar results along all lead
layouts, with no significant differences (p = 0.23 and
p = 0.33 for Welch and wavelet methods, respectively,
with model data and p = 0.43 and p = 0.79 with patient

Figure 2. Comparison of the methods. A: DF maps from
a patient with HDFAtria in the left atrium; B and C: Ex-
cerpts of an EGM and a BSPM signal from the respective
HDF regions; activations are marked in red; D: Welch pe-
riodogram of the signal in B.

data). Errors obtained with the wavelet method are consis-
tently lower than those from the Welch approach.

4. Discussion and Conclusions

In this study, a method based on maximum detection
in CWT with Gaussian wavelets for the estimation of the
DF in BSPM signals has been developed and compared
with the traditionally widely applied approach based on
peak detection in Welch periodograms. From the results it
can be highlighted that the proposed wavelet-based method
showed a better accuracy for estimating the arrhythmic
mechanism frequency, even under noisy conditions and
relative low number of layout leads. Preciser estimations
can enhance the diagnostic ability of the DF analyses in
BSPM, increasing the value of the BSPM as a low com-
plexity tool for early diagnosis and follow-up.

DF analysis has been introduced in the study of AF as a
means to provide a robust periodicity measurement of the
fibrillatory waves [5]. However, frequency analysis is sub-
ject to uncertainties that may significantly alter the result-
ing DF [5]. WT is an intermediary technique between pure
time or frequency analyses, providing good localization in
both domains, which is incorporated in our method: the
individual wavefronts are identified, while the selection of
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Figure 3. Atrial HDF error of the methods for different
scenarios in models (A-C) and patients (D). Diamonds:
means; lines: medians; whiskers: 5% and 95% percentiles

the scale with the highest energy in the AF physiological
range acts as a sort of DF selection, focusing on the dom-
inant periodic characteristics, but not restricting the anal-
ysis to a single frequency component. The method avoids
derivative-based detection of activations [10], which has a
high-pass characteristic that may lead to double counting
due to the multiple inflections of the AF signal [11].

In addition to the increased accuracy in the estimation of
HDFAtria, the proposed methodology has the potential to
aid studies in the time and phase domains. The detection of
wavefronts can be used for studying propagation patterns
on the torso [10], and the estimation of instantaneous CLs
can be used for detrending signals [11] or for estimating
more precise frequencies for narrow band-pass filtering [9]
prior to phase analysis based on Hilbert transform.
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