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activity signal of the body surface ECG, reflects the
average rate of AF present within the patient, and has
been shown to be useful in the assessment of electrical
remodelling [3,4] and provide indications on the response
to treatment [5].
The purpose of this study was to assess the efficacy of
a novel DAFF estimation technique based on wavelet
transform by comparing performance to a conventional
average template subtraction method.

Abstract
The objective of this study was to assess the efficacy of
a novel wavelet based dominant atrial fibrillatory
frequency (DAFF) estimation technique on twenty
patients who underwent internal cardioversion at Royal
Victoria Hospital, Belfast. The results acquired using the
wavelet technique were compared against results
achieved using a conventional average template
subtraction (ATS) method with three performance
parameters: percentage noise reduction ratio, ventricular
activity (QRST) correlation value and percentage DAFF
similarity ratio.
The results for wavelet based estimation were
87.8%±5.3% and 0.983±0.006 respectively compared to
72.9%±9.3% and 0.981±0.010 for the ATS method.
These results indicate that the wavelet technique offers
improved performance at attenuating noise in the Q-T
intervals than conventional technique, yet there remains
high retention of the ventricular morphology, suggesting
that the proposed wavelet technique could be a useful
method for isolating atrial activity for DAFF analysis.
DAFF estimated values using both techniques were
compared and found to be in good agreement, as
percentage DAFF similarity ratio was 94.8%±3.8%.

1.

Methods

2.1.

Study population

Twenty fully anti-coagulated patients with persistent
AF, who would clinically benefit from internal
cardioversion and had previously failed transthoracic
cardioversion were recruited for the study. Exclusion
criteria and complete medical procedure were as
previously described by Kodoth et al. [6].

2.2.

Data acquisition

A standard ECG lead II was acquired during the entire
cardioversion procedure. The signals were digitized at a
sampling rate of 1000Hz with 16-bit resolution. ECG
processing was performed using Matlab® version 2012a
(The Mathworks Ins., Natick, MA, USA). Twenty second
segments of baseline ECG prior to the first cardioversion
attempt were analysed to assess the efficacy of the
wavelet denoising technique for DAFF extraction in
comparison to a conventional ATS method.

Introduction

Atrial fibrillation (AF) is the most common cardiac
arrhythmia, affecting approximately 2% of the population
[1]. AF can be characterized by predominantly
uncoordinated atrial activation, driven by disruptive
vortex-like, rotating waves of electrical activity which
consequently lead to atrial mechanical dysfunction [2].
The presence of AF is indicated on the electrocardiogram
(ECG) as irregular fibrillatory waves, giving rise to a loss
of normal P-wave, and also the presence of a very erratic
ventricular rate.
It has been demonstrated that the dominant atrial
fibrillatory frequency (DAFF), estimated via the
implementation of frequency analysis on the atrial
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2.

2.3.

ATS DAFF estimation

The AF-ECG signal was initially treated with a high
order bidirectional filter, with pass band 0.5Hz-40Hz to
reduce baseline wander due to respiratory activity and
also high frequency corruptive noise. A notch filter
centred at 50Hz frequency was implemented to attenuate
mains noise. QRST segment detection was carried out via
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the determination of the fiducial point relating to R-peak
location and a fixed length window about this point. An
average QRST template was then calculated over 20
individual complexes, which has been shown to be a
satisfactory number to use in the averaging process [7].
The average template of QRST activity was time-aligned
and subtracted from the original signal, resulting in the
representation of a residual atrial activity signal (RAAS).
Figure 1.0 below provides an example of an original
signal along with its QRST ventricular template, and the
residual atrial activity signal when cancellation is
implemented.

calculated by a 4096 point window FFT, 1024 point
Gaussian window and 768 point overlap, as previously
described in [8]. Peak power value was investigated in the
3-15Hz range, and DAFF was estimated as the frequency
component with maximum amplitude in this range.

2.4.

A novel technique for the estimation of DAFF was
then implemented which utilized the discrete wavelet
transform (DWT) and multi-resolution analysis to denoise
the signal and isolate an accurate representation of
ventricular activity. Each signal underwent a 10-level
decomposition using Daubechie’s ‘Db4’ analyzing
function. The Db4 wavelet was chosen due to its
similarity with the morphology of ventricular activity
observed in a typical ECG signal.
Once 10-level decomposition has been implemented,
the signal can be fully represented as a collection of detail
coefficients (D1-D10) and one approximation coefficient
at the lowest level of decomposition (A10) as seen in
Figure 2.0. In order to attenuate DC component and
baseline wander from the signal, the A10 coefficient
which contained the lowest frequency content of the
signal was discarded, which has been previously shown to
be an effective method of baseline correction in [9]. High
frequency components such as electromyographic and
electrosurgical noise significantly corrupt the ECG signal,
therefore it is critical that they are removed. High
frequency corruptive noises were removed by
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Figure 1. Representation of the ECG signal after linear
filtering, the average ventricular template used for cancellation
and the associated RAAS.

The power spectrum of the residual atrial signal was

Figure 2. Original ECG signal (red) undergoing 10-level DWT decomposition, resulting in approximation signal at lowest level,
A10 (blue), and detail coefficients at each level, D1-D10 (green).
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removed as effectively as possible. In order to assess the
ability of the ATS and wavelet methods to accurately
replicate ventricular activity, a cross correlation method
was employed. For the ATS method, correlation
coefficients were calculated, assessing how accurately
the ventricular template correlated with the QRST
segments within the original signal. This was achieved
for each QRST complex within the signal and an
average correlation coefficient was derived to represent
how well the ventricular activity was replicated by the
average template used. The same method was used to
assess the ventricular activity preservation of the
wavelet based method. Correlation coefficients were
calculated from the signal both before and after
thresholding to assess how effectively the wavelet
thresholding technique preserved the ventricular
activity, represented by a ventricular activity correlation
value (VACV).
The final performance measure assessed how
effectively the wavelet based denoising technique,
accompanied by spectral subtraction could estimate
DAFF values. This was assessed by comparison with
the DAFF values obtained via the conventional
technique and the calculation of a percentage DAFF
similarity ratio (%DSR).
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Figure 3. Reconstructed ECG signal after discarding a
number of coefficients related to various noise sources.

discarding the D1-D4 coefficients, resulting in a
denoised signal upon reconstruction (See Figure 3.0).
The next phase of the wavelet based DAFF estimation
technique was to treat the AF as a noise component of a
ventricular signal, and exploit the non-linear
thresholding capability of the DWT to attenuate fine
details from the D5-D8 coefficients. This was achieved
through the implementation of soft thresholding with a
threshold value set at 15% of the peak value observed at
each level. The thresholding process smooths the T-Q
intervals, which are representative of atrial activity
(AA), whilst maintaining the morphology of the QRST
segment. The FFT of the AA attenuated signal was
acquired by implementing the same process described in
2.3. The FFT of the wavelet denoised signal prior to
AA attenuation was also computed, and the subtraction
of the two spectra resulted in a residual power density
spectrum, where the DAFF was ascertained as the peak
amplitude in the 3-15Hz range.

2.5.

3.

Results

Table 1.0 below contains the results acquired for both
the ATS and wavelet based DAFF estimation methods
when assessed with the three performance parameters
outlined in section 2.5. It is evident from the results that
the wavelet based method was more effective at
attenuating noise in the T-Q intervals in comparison to
the conventional technique in every case, resulting in an
average %NRR of 87.8%±5.3% across the entire study
population compared with 72.9%%±9.3% for the ATS
method. VCV results indicate that the ability for the
wavelet method to preserve ventricular activity
morphology is just as effective, if not marginally better
than the ATS method with mean results of 0.983±0.006
and 0.981±0.010 for ATS. Finally, when comparing the
DAFF values obtained for both the ATS and wavelet
based methods; it is evident that there is good
agreement with the values obtained, as the %DSR was
an average of 94.8%±3.8% over the study population.

Performance parameters

In order to assess the efficacy of the wavelet based
method for denoising and DAFF estimation, a number
of performance measures were implemented and
directly compared to that of the conventional ATS
technique. Denoising ability of both methods were
assessed via the implementation of a 200ms noise
measuring window positioned within the T-Q intervals
of each individual beat which assessed noise as the
standard deviation of the signal before and after
denoising for each method. An average of the values
taken at each point in the signal was calculated to
represent the noise present over the entire signal. A
percentage noise reduction ratio (%NRR) was
calculated by assessing the reduction in the signal
standard deviation value.
It is an important consideration in DAFF
determination that ventricular activity in the ECG is

4.

Discussion and conclusions

The experimental results obtained from this
investigation suggest that the wavelet based technique
can provide an alternative method for DAFF estimation
which can produce results that are in good agreement
with the conventional ATS method. In terms of
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Table 1. Table of results showing %NRR, VCV and %DSR of ATS and Wavelet based DAFF estimation methods.
Patient

PAF01

PAF02

PAF03

PAF04

PAF05

PAF06

PAF07

PAF09

PAF11

PAF12

(I) ATS DAFF
NRR(%)

65.04

43.53

73.07

70.48

80.40

84.43

73.50

82.51

74.06

67.78

VACV
(II) Wavelet
DAFF
NRR(%)

0.9839

0.9801

0.9916

0.9886

0.9817

0.9685

0.9787

0.9945

0.9801

0.9911

89.87

80.45

82.51

87.57

93.18

96.52

91.54

84.69

87.08

89.98

VACV

0.9792

0.9754

0.9811

0.9719

0.9817

0.9753

0.987

0.9854

0.9754

0.9879

DSR(%)

91.66

95.55

91.06

97.65

96.89

93.21

86.97

99.98

97.37

96.72

Patient

PAF13

PAF14

PAF15

PAF18

PAF19

PAF20

PAF23

PAF25

PAF27

PAF29

(I) ATS DAFF
NRR(%)

Average +/- (SD)

69.55

70.32

73.05

83.05

70.33

68.01

66.23

76.45

88.72

77.09

72.88 +/- 9.26

VCV
(II) Wavelet
DAFF
NRR(%)

0.9812

0.9709

0.9681

0.9894

0.9831

0.9834

0.9525

0.9699

0.9866

0.9903

0.9807 +/- 0.0101

84.76

95.03

85.19

89.52

92.78

73.98

86.45

89.88

92.28

82.20

87.77 +/- 5.31

VCV

0.9842

0.9806

0.9791

0.9925

0.9796

0.9907

0.9874

0.9855

0.9824

0.9893

0.9826 +/- 0.0055

DSR(%)

92.29

87.14

93.23

97.77

98.84

98.14

90.71

98.86

94.00

97.30

94.77 +/- 3.75
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implementation, the wavelet technique can avoid some
of the complex and computationally taxing processes
involved in the ATS method, namely the requirement
for time-alignment for cancellation of ventricular
activity. Due to the averaging process implemented in
the determination of the average ventricular template, it
is a concern that the beat to beat morphological changes
of the ECG signal are not fully considered with the ATS
method. It could be argued that the wavelet method is
better equipped in isolating ventricular activity which is
more accurate in representing the original signal
morphology than the ATS method based on the VACV
results calculated. Further studies are currently
underway to investigate how estimation of the atrial
fibrillatory frequency by spectral subtraction of wavelet
denoised ECG could potentially be combined with
synchronised AF defibrillation shock sequencing
[2,10,11] to develop new and more efficacious lowenergy AF cardioversion protocols.
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