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Abstract--A new method for the assessment of the atria/fibrillatory wave (AFW) from
the ECG is presented. This methodology is suitable for signals registered from
Holter systems, where the reduced number of leads is insufficient to exploit the spatial
information of the ECG. The temporal dependence of the bio-electrical activity were
exploited using principal component analysis. The main features of ventricular and atrial
activity were extracted, and several basis signals for each subspace were determined.
Hence, the estimated (AFW) are reconstructed exclusively from the basis signals that
formed the atrial subspace. Its main advantage with respect to adaptive template
subtraction techniques was its robustness to variations in the QRST morphology,
which thus m i n i m i s e d QRST residua. The proposed approach was first validated
using a database of simulated recordings with known atrial activity content. The estimated A F W was compared with the original AFW, obtaining correlation indices of
0.774 +_ O. 106. The suitability of this methodology for real recordings was also proven,
though its application to a set of paroxysmal AF ECGs. In all cases, it was possible to
detect the main frequency peak, which was between 4.6 Hz and 6.9 Hz for the patients
under study.
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1 Introduction
THE PROPER chaxacterisation of atrial fibrillation (AF) from
non-invasive techniques requires the correct estimation of the
atrial fibrillatory wave (AFW) as a previous step (SLOCUM
et al., 1992; BOLLMANN 1999). Several methods have
already been proposed for this purpose, the most powerful
techniques being those that exploit the spatial diversity of the
multilead ECG (STRIDHand SORNMO 2001; LANGLEYet al.,
2000; RIETA et al., 2004).
Multichannel signal processing techniques are mainly applicable in this context to persistent AF, where the signals are
usually recorded using 12-lead electrocardiogram (ECG)
equipment. However, the performance of these techniques is
seriously reduced when they analyse the early stages of AF,
i.e. paroxysmal AF, as most recordings are obtained from a
Holter system with no more than two or three electrodes.
Such a reduced number of leads is not sufficient to exploit
the spatial information of the ECG, rendering those techniques
based on averaged beat subtraction the main alternatives.
However, these techniques axe very sensitive to QRST wave
variations, and the estimated AFW can be affected by some
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QRST residua, which may be important owing to the low
amplitude of the AFW.
Hence, a correct AFW estimation method is required for an
appropriate analysis of AF, e.g. when tracking the evolution of
the main frequency pea]( in time-frequency analysis (STRIDH
et al., 2003).
The analysis of ventriculaJc activity (VA) and atrial activity
(AA) reveals that both signals present a certain time dependence. Successive QRS complexes contain redundant information and can be represented by a small number of pattern
vectors. VA feature extraction using the KaJchunen-Lo~ve
transform has already been employed for data reduction,
when information related to noise and artifacts is discaMed
(MooDY and MARK 1989). The AFW is also highly autocorrelated, as its waveform presents a main cycle length, with a
spectrum characterised by a main frequency peak (LANGLEY
et al., 2000; HOLM et al., 1998).
In this work, an alternative AFW estimation method based on
principal component analysis (PCA) concepts is derived. This
method has been designed to overcome the inherent limitations
to adaptive template subtraction, being more robust to changes
in the QRST morphology. Following this consideration, different segments of the ECG signal can be regarded as several
observations with a high degree of mutual information.
After the estimation of the AFW has been modelled as a
PCA problem, several basis functions corresponding to the
atrial activity are determined, which are finally employed for
the reconstruction of the estimated AFW. The proposed metho-
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dology was validated with a significant database composed of
simulated and real AF recordings.
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2 Methods and materials
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2.1 A F W estimation algorithm
PCA

Motivated by the observation that VA and AA present a
certain time dependence, we proposed to extract different
basis signals corresponding to VA and AA by exploiting the
mutual information contained in the ECG at different time
intervals. After windowing m cardiac beats employing a fixed
n-length window, the different observations can be rewritten
as an m-length vector x(t), which is indeed a linear combination
of the basis functions s(t)

atrial
subspace

[~ A l l l

(1)

where A is the mixing matrix. The problem of extracting different features corresponding to different bio-electrical activities
follows a PCA model (JOLIFFE, 2002). The key point in
PCA is that the different elements of x(t) should be mutually
correlated, which is accomplished in this formulation. After
PCA processing, the principal components can be grouped in
three orthogonal subspaces: the components related to the
VA SVA (t), the components related to the AA SAA(t) and
other nuisance components that form the noise subspace
s,(t). The mixing matrix A can be decomposed into three
matrices of sizes m × mgA , m × man and m × m,, such that
A = [AvAAAAA,] is full column rank.
The identification of VA and AA subspaces can be carried
out from the study of the eigenvalue sequence corresponding
to the covaxiance matrix. These values describe a decreasing
sequence where the first eigenvalue corresponds to the component with higher variance, i.e. the component with highest
contribution to the windowed segments, and the last eigenvalue
corresponds to the component with lower variance. The VA
subspace contributes with much more variance than the AA
subspace does, and the eigenvalue sequence of the covariance
matrix is sharply decreasing in the edge that divides both subspaces. Hence, the ventricular components can be identified at
the first locations of the principal component sequence. In
addition, the components in the noise subspace contribute
with much lower variance (HYVARINENe t al., 2001) and can
be found at the end positions.
With these observations, it is generally possible to identify
the principal components corresponding to the VA and noise
subspaces, being the rest of the components considered as
the atrial subspace. The AFW at each observation interval
X~a (t) can be reconstructed from AAA and SAn (t)
XAA (t) = AAASAA (t)

(2)

The estimated AFW in the ECG can be finally obtained by
mapping back the AA content at each observation X~A (t) to
its corresponding time interval. Finally, bandpass filtering
within the frequency band of the ECG is needed to overcome
any undesirable edge effects when the signal segments are
matched. The complete procedure that estimates the AFW
from the original ECG is illustrated in Fig. 1.
2.2 Database
The methodology presented was validated using a database
composed of ten simulated AF recordings and ten paroxysmal
AF ECG. Simulated recordings allowed us to compare the
estimated and original AFW, as it was known a priori.
Synthesised AF signals were created from the combination of
AA and VA, which were synthesised separately. The AFW
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Fig. 1 Illustration of proposed approach for AA estimation
was generated from the smooth concatenation of successive
TQ segments extracted from AF ECGs. The VA was synthesised from normal sinus rhythm ECGs, after P-wave cancellation. A detailed description of the simulation model can be
found in CASTELLS et al. (2005).
In addition, actual AF recordings allowed us to evaluate the
suitability of the algorithm to be applied over real scenarios,
which was the final purpose. All these recordings were
obtained from Holter systems of two leads, digitised at a
sampling frequency of 128 Hz and a resolution of 12 bits.
The second of these leads was the input signal of the AFW estimation approach, as it was the signal with higher AA content.
2.3 Performance assessment
The performance of the AFW estimation in simulated
recordings was computed by comparing the estimated and original AFWs (~aa and San, respectively) in terms of Pearson correlation indices p. Assuming zero mean signals,

D=

E[SAASAA]
O.AA~_AA

(3)

where E[-] is the expectation operator, and craa, graa axe
the standard deviations of san and ~aa, respectively. The crosscorrelation coefficient is a well-known parameter that is usually
employed in signal processing applications to measure the
similarities between two signals. This parameter becomes 1
in the case of perfect matching and 0 in the case of completely
different and non-dependent signals, thus being an indicator of
how well the estimated AFW reflects the original AFW.
Regarding real AF recordings, the fibrillatory frequency
peakfp is a parameter that has been shown to have major clinical importance (BOLLMANNe t al., 1999; PEHRSON et al., 1998).
The correct assessment of performance in simulated and real
AF recordings is discussed in detail in CASTELLS et al.
(2005) and LANGLEY et al. (2003).

3 Results
The proposed methodology was first applied to the simulated
AF recordings. In all cases, it was possible to remove the QRS
and T-wave. The performance measurement obtained for each
recording is detailed in Table 1, being 0.774 4-0.106 an
average. The quality of the estimated AFW is illustrated in
Fig. 2, which corresponds to signal $6. As can be appreciated,
the estimated AFW nearly matches the original AFW, without
any QRST residue.
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Table 1 Correlation values of estimated and original AFWs for
simulated AF ECGs

$1

$2

$3

$4

$5

$6

$7

$8

$9

$10

0.717 0.744 0.699 0.854 0.888 0.762 0.906 0.861 0.879 0.697

2.0-

1.5-

~

1.0-

~ 0.50~

The same methodology was also applied to ECGs from paroxysmal AF patients. The number of beats considered for each
patient varied from 36 to 49, depending on the heart rate.
The QRST was successfully removed in all patients. In six
out of ten patients, the VA subspace was composed just of
one component, owing to the regularity of the QRST waveform. In the remaining cases, two or three VA components
were identified, owing to the higher variability of the QRST
shape.
The number of components that corresponded to the atrial
subspace varied from four to ten, depending on the patient.
The rest of the components scarcely contributed to the ECG
signal and could be considered as the noise subspace. The
fact that so few components arise at the VA and AA subspaces
in comparison with the number of beats considered for the
analysis confirms the initial assumption that the observations
contain a high degree of mutual information.
The main frequency peak of the AFW could be determined
in all cases, which is specified in Table 2 for each patient.
The frequency peak was always within the expected frequency
range for AF, which is usually between 4 and 8 Hz. The ECG
signal of patient 1 and the corresponding estimated AFW are
represented in Fig. 3, which illustrates successful QRST
cancellation, whereas the AFW has been preserved. The spectrum of the AFW is also shown in Fig. 4 which indicates a high
concentration of spectral power around the main frequency
peak.
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4 Discussion and conclusions

The estimation of the AFW in paroxysmal AF episodes
requires the implementation of QRST cancellation techniques
for single-lead ECGs, rendering adaptive template subtraction
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Comparison of estimated AA with real AA in typical case
(patient 6)
Main AFW frequency for each paroxysmal AF patient
P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

5.7

4.8

4.7

6.2

6.9

6.8

5.3

4.6

5.0

5.4
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Example of AFW estimation in case with irregular QRST
shape. Comparison between ATS and PCA

(ATS) the unique existing solution. In this work, we have proposed an alternative technique based on PCA concepts that is
intended to overcome the limitations of ATS, which is highly
sensitive to QRST morphology variations.
The proposed approach has been validated using simulated
and real AF recordings, showing its suitability for the correct
estimation of the AFW. This technique presents added value
with respect to ATS, as the QRST can be cancelled from a
set of basis functions, instead of cancellation from one single
template. This is especially useful in ECGs with variable
QRST morphology. An example is shown in Fig. 5. As can
559

be observed, the estimated A F W obtained using ATS is highly
contaminated with QRST residua, whereas PCA enhances
A F W estimation, minimising any QRST content.
A model based on PCA concepts was employed to determine
several basis signals for the V A and AA, from which the QRST
waveforms and the A F W could be reconstructed. This
approach is a more general case than the ATS algorithm, where
the QRST content is cancelled from only one basis signal. As a
consequence, any QRST residua axe minimised. In addition,
this algorithm can also remove some noise, which can be
important owing to the low amplitude of the A F W .
This solution takes us one step forward in the chaxacterisation and treatment of the most frequent cardiac axrhythmia
in its earlier stages. The correct estimation of the A F W is
highly important in clinical practice involving A F and could
have, in the future, a direct impact on decisions about the
most suitable treatment strategy.
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