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Abstract:  Baseline wander is a common noise in electrocardiogram (ECG) results. To effectively correct the baseline and to
preserve more underlying components of an ECG signal, we propose a simple and novel filtering method based on a statistical
weighted moving average filter. Supposed a and b are the minimum and maximum of all sample values within a moving window,
respectively. First, the whole region [a, b] is divided into M equal sub-regions without overlap. Second, three sub-regions with the
largest sample distribution probabilities are chosen (except M<3) and incorporated into one region, denoted as [ay, bo] for sim-
plicity. Third, for every sample point in the moving window, its weight is set to 1 if its value falls in [ay, bg]; otherwise, its weight
is 0. Last, all sample points with weight 1 are averaged to estimate the baseline. The algorithm was tested by simulated ECG signal
and real ECG signal from www.physionet.org. The results showed that the proposed filter could more effectively extract baseline
wander from ECG signal and affect the morphological feature of ECG signal considerably less than both the traditional moving

average filter and wavelet package translation did.
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1 Introduction

Electrocardiogram (ECG) signals are usually
contaminated by baseline wander (BW), which is
commonly caused by electrode-skin impedance
changes due to perspiration, patient movement, and
respiration (Momot, 2009). Observing ECG signal
with BW, a cardiologist’s eyes become easily fatigued,
which may inadvertently cause an inaccurate inter-
pretation. In addition, BW severely influences com-
puter-based processing. Therefore, it is necessary to
reduce noise such as BW and power interference
before the ECG signal is automatically analyzed by a
computer and finally interpreted by a cardiologist (Hu

“ Project supported by the Science and Technology Project of
Guangdong Province (No. 2009B060700124) and the Science and
Technology Project of Guangzhou Municipality, Guangdong Prov-
ince, China (No. 2010Y1-C801)

© Zhejiang University and Springer-Verlag Berlin Heidelberg 2011

CLC number: TN911.72; R318.04

et al., 2010). In recent years, two methods have often
been applied to remove BW: polynomial fitting and
high-pass filtering. The first approach uses a poly-
nomial interpolation to estimate the baseline (BL). BL
is fitted from some fiducial points that are determined
from P-R intervals (Boucheham et al., 2005), whereas
these fiducial points are difficult to accurately locate
before noise is removed from the ECG signal. As a
result, this approach is ineffective (Burattini et al.,
2006) if the ECG signal is contaminated by noise. A
high-pass filter could be used to avoid this particular
disadvantage. A moving average filter (Leski and
Henzel, 2005) and wavelet translation (Xu et al., 2007)
were often used to construct a high-pass filter. How-
ever, a high-pass filter would unavoidably introduce
distortions in various parts of the ECG signal, espe-
cially in the ST segment due to the spectra of the ST
segment that overlaps the spectra of BW (Chen et al.,
2006; Shi et al., 2008).
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The ECG signal is a quasi-periodic signal with
some special characteristics, i.e., impulse-like nature,
non-stationarity, and non-symmetry, with respect to
the baseline (Fig. 1). On the other hand: (1) the
impulse-like part such as QRS complex has a short
duration; (2) BW, as a low-frequency disturbance, is
not synchronized with QRS complex. Thus, a high-
pass filter based on a moving average is a very simple
and frequently used method to remove BW. However,
the traditional moving average always distorts the
morphological features of the ECG signal due to its
impulse-like component. Therefore, in this paper we
propose a simple and reliable high-pass filter based on
a statistical weighted moving average.
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Fig. 1 ECG signal without baseline wander (BW), ECG
signal with BW, and the baseline
A baseline without wander is a baseline at the isoelectric level

2 ECG signals and methods

2.1 Standard ECG signal and simulated baseline
wander

To assess the performance of a baseline correc-
tion algorithm, one would need to acquire a ‘clean’
ECG signal (standard ECG signal) without BW, a
baseline with known BW, and a ‘real” ECG signal
mixed by both.

2.1.1 Standard and real ECG signals

The PhysioNet website provides a public service
of the PhysioNet Resource funded by the National
Institutes of Health, the National Institute of Bio-
medical Imaging and Bioengineering, and the Na-
tional Institute of General Medical Sciences (NIBIB
and NIGMS, 1999). In cooperation with the annual
computing in cardiology conference, PhysioNet hosts

a series of cardiology challenges, in which research-
ers and students address unsolved problems of clini-
cal or basic scientific interest using data and software
provided by PhysioNet. These databases include the
T-wave alternans challenge database, which contains
100 multichannel ECG records sampled at 500 Hz
with 16-bit resolution over a £32 mV range. In most
cases, each record contains the standard 12 diagnostic
ECG signals, but a few contain only two or three
signals. Table 1 lists this channel information pro-
vided by the header file (*.hea) of every record.

Table 1 Channel information provided by the header
file (*.hea) of every record

Channel number Channel name

12 I, 11, 111, aVR, aVL, aVF, V1-V6
3 E-S, A-S, A-l
2 ECG1, ECG2

From the T-wave alternans challenge database
(www.physionet.org/pn3/twadb/), twal8 and twa34
are chosen for experiments. Because ECG signal of
the twa34 channel | has an almost (perceptually)
isoelectric level baseline, a standard ECG signal is
replaced by a segment of an ECG signal from the
twa34 channel 1. The chosen standard ECG signal
lasts 6 s and holds 11 ECG cycles (Fig. 2a). The ECG
signal of the twal8 channel Il is severely contami-
nated by BW. Thus, the ECG signal of the twal8
channel 111 is used as a real contaminated ECG signal
to verify the performance of the proposed method.
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Fig. 2 Standard ECG signal (a), synthesized ECG signal
with baseline wander (BW)-like amplitude modulation
(b), and synthesized ECG signal with BW-like sinusoid
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2.1.2 Simulated baseline wander like amplitude
modulation

Both the patient’s movement and the perspira-
tion between electrode and skin unavoidably cause an
electrode-skin impedance change. As a result, similar
to the amplitude modulation in communication, the
amplitude of ECG signal, which is acquired through
the electrode, varies with the changing impedance.
This kind of BW is simulated from the Gaussian
model (Boucheham et al., 2005):

bl(i) = A-exp(-s(i— p)*), (1)

where bl(i) is the ith BL value, A is the BL peak with
an appropriate peak time p, and s is the amplitude
change rate of BL. Fig. 2b shows the synthesized
ECG signal with BW-like amplitude modulation. In
this experiment, A, p, and s were set as 3.5 mV, 2 s,
and 2.0, respectively.

2.1.3 Simulated baseline wander like sinusoid

Obviously the patient’s respiration may lead to

the periodic change of the BL curve. Boucheham et al.

(2005) simulated this using a sinusoidal model:
bl(i) = A-sin(2xfi). 2

The bl simulated by Eq. (2) is a determinate
signal. In fact, due to much random interference, bl
should not be a sinusoid. To gain this ‘real’ BW-like
sinusoid, two methods are used. One method involves
normal distribution noise (S6rnmo, 1993) and the

other is Gaussian white noise (Boucheham et al., 2005).

The former involves normal distribution noise filtered
by a fifth-order Butterworth low-pass filter. The latter
involves white Gaussian noise filtered by means of an
eigenfilter with the following characteristics: pass-
band frequency F,=0.5 Hz, maximum passband rip-
ples Ry=0.1 dB, stopband frequency Fs=1 Hz, and
maximum stopband ripples Rs=15 dB. These two
kinds of noise represent the real BW presented in
ECG signals much better than Eq. (2) models the BW.
In this experiment, normal distribution noise was used
to simulate a BW-like sinusoid. The mean and vari-
ance of the normal distribution were 0.6 and 0.1,
respectively. Fig. 2c illustrates the synthesized ECG
signal with BW-like sinusoid.

2.2 Traditional high-pass filter

There have been many means to constitute linear
or nonlinear high-pass filters (Clifford et al., 2006),
such as infinite-impulse response (IIR) and finite-
impulse response (FIR). The performance of IIR fil-
ters is generally unacceptable due to a nonlinear phase
response, which introduces distortion into an ECG
signal. Though sampling rate decimation could dras-
tically reduce FIR complexity, the time delay intro-
duced by an FIR filter is still unacceptable, especially
when FIR is applied in short-lasting signals. There-
fore, both the moving average filter and wavelet
package translation are discussed here.

2.2.1 Moving average filter

A moving average filter can be expressed as

N

Y == x(n+i) @)

2N +1,

where x(n) and y(n) are input signal and output signal
of the moving average respectively, and N specifies
the observation window length equal to 2N+1. BL can
be estimated using Eg. (3). Based on Eq. (3), a
high-pass filter is formed:

z(n)=x(n)-y(n), (4)

where z(n) is the output signal of the high-pass filter.
The high-pass filter based on moving average is
called MA in this paper.

From Fig. 1, it is obvious that the BL values es-
timated from the P-R segment (between 0.3 s and
0.6 s) are very close to real baseline values, while the
BL values estimated from segments including QRS
complex and T wave are far away from the real
baseline. Therefore, if an observation window covers
some sample points with extreme amplitudes, an ECG
signal would be distorted after the ECG signal is
filtered using Eqgs. (3) and (4).

2.2.2 Wavelet packet transform

Wavelet package translation (WPT) was intro-
duced by Coifman and Wickerhauser (1992) as a
generalized family of multiresolution orthogonal or
biorthogonal bases (Hu et al., 2009). Unlike wavelet
transformation, which is realized only by a low-pass
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filter bank, WPT possesses a basic two-channel filter
bank and is iterated over a low- or high-pass branch.
As a result, WPT can obtain some finer frequency
bands than wavelet transformation. Therefore, WPT
has been widely used in biomedical signal analysis
(Xu et al., 2007; Hu et al., 2009).

Given a finite energy signal with scaling space

Uy, WPT might decompose U into small subspaces
U] in a dichotomous way (Fig. 3). UJ.”’1 shows the
nth subspace at the jth resolution level. The di-
chotomous way is realized using the following re-
cursive scheme:
n 2n 2n+1 -
Ui,=u"®eu"™", n=0L..,2"-1 (5

j+H1

where j (j=—1, -2, =3, ...) is the resolution level and

‘@’ denotes orthogonal decomposition. Uj“+l, UJ.Z”,

and sz”” are three close spaces corresponding to

Un(t), Uan(t), and ugn+1(t), respectively. uy(t) satisfies

Uy, (1) =23 "h(k)u, (2t k),
keZ (6)
Uyne (1) =2 g (K)u, (2t - ),

keZ

where uo(t) is identified with the scaling function ¢
and uy(t) with the mother wavelet y. h(k) and g(k) are
the coefficients of the low- and high-pass filter, re-
spectively. The sequence of functions {u,} (n=0, 1,
2, ...) generated from a given function ug by Eq. (6) is
called the wavelet packet basis function (db6 in this
study).

Ul (0,fJ2) Hz
U’ (0,129 Hz Ul (fJ2% 1/2) Hz
us, ul, U u?,

U | UL | Ui | U | Uy | Uy | US| Ul

Fig. 3 The tree structure of wavelet package translation
(WPT) to the third resolution level

(0, f/2) Hz is the frequency band of a scaling space, and f is
the sample frequency

The ECG signal with BW is decomposed to the
eighth resolution level (j=—8) by WPT. The whole
scaling space, with frequencies in the interval
(0, 27%,), is divided into 256 subspaces with fre-

quencies correspondingly in the interval ((n—1)2"f;,
nZHfs). Here, n=1, 2, ..., 256, and f, is the sampling
frequency of the ECG signal (f;==500 Hz in this study).
The frequency interval at the first subspace, U, is

[0, 0.98] Hz, and BW’s spectrum is usually below
1 Hz. Thus, to reduce BW, the wavelet packet coeffi-
cients at the first subspace are set to zero, and the
coefficients in other subspaces remain unchanged.
The ECG signal is then reconstructed from all proc-
essed wavelet packet coefficients.

2.3 High-pass filter based on statistical weighted
moving average

Although the sample values at the PR and ST
segments often change, they usually distribute near
the real baseline. These sample points belonging to
PR and ST segments are distributed closer to the
baseline than the samples from the QRS complex. In
other words, within the observing window there is a
smaller value bound covering most sample points
belonging to the baseline. Thus, it is more reasonable
that the mean value in the smaller bound is considered
as the BL value of the moving window when com-
pared to that of the whole bound. Therefore, Eq. (4)
can be modified as

N

y(n):‘z w(n+i)x(n+i)/ZN: win+i), (7)

=N

where w(n+i)e[0, 1] are the weight values. Suppose
that x(1), x(2), ..., X(2N+1) is an ECG signal series
within one moving average window, and that a and b
are the minimum and maximum of the ECG signal
series, respectively. For every sample point in the
moving window, its weight value is calculated ac-
cording to the following steps.

First, the whole value bound [a, b] is divided into
M sub-bounds (or sub-regions) with equal width and
without overlap:

[a, a1], [a1, @], ..., [Am-1, @), ..., [Am-1, B].  (8)

If there are K sample points whose values are
within the mth sub-bound [an-1, an], the sample dis-
tribution probability of the mth sub-bound, [an-1, am],
is calculated by

p(m)=K/(2N+1). 9)
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Then, M sub-bounds are queued in descending order
according to their distribution probability p(m). If in
the preceding k (k<M) sub-regions there are two or
more sub-regions with the same probability, these
sub-regions with the same probability are incorpo-
rated into one sub-region. New sub-bounds are
gueued again according to a new probability in the
same manner.

At last, these value bounds of the preceding k
sub-regions with the largest distribution probability
are chosen to incorporate into one region and the
region is symbolized as [ag, bg] for simplicity.

Thus, the sample weights are achieved according
to the following formula:

1 x(n+i)e[ay,b],

) (10)
0, x(n+1i)¢[ay,b,].

w(n+i):{

The algorithm in which Egs. (4) and (7)—(10) are
applied altogether is called a high-pass filter based on
a statistical weighted moving average (SMA for
short). If M<3, SMA is obviously the same as the
traditionally used MA.

3 Experimental results

For numerical evaluation of the performance of
the proposed algorithm, normalized root mean square
error (NRMSE) and maximum error (ME) are used to
measure the distortion and error introduced into the
filtered ECG signal:

> (ecg;, (i) —ecg, (i)
NRMSE = |2 ,

L

> (ecy,, ()’

i=1

(11)

(12)

where ecgi, and ecgo: are the original signal and the
filtered signal, respectively, and L is the length of
ECG signal.

Fig. 4 shows the NRMSE and ME for WPT, MA,
and SMA. The horizontal axis represents the moving
window width 2N+1 changing from 51 to 151. M is
the number of sub-bounds after the whole value
bound [a, b] is divided using Eq. (8). Both NRMSE

and ME were calculated between the standard ECG
signal and its ECG signal filtered from the synthe-
sized ECG signal plotted in Fig. 2c, because the BW
of the synthesized ECG signal is similar to both si-
nusoidal and amplitude modulation. NRMSE and ME
caused by WPT were constant, 0.3967 uV and 104 puV,
respectively.
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Fig. 4 Relation between distortion and moving window
length for wavelet package translation (WPT), tradi-
tionally used MA, and our proposed high-pass filter
based on a statistical weighted moving average (SMA)
(@ Maximum error (ME) vs. moving window length;
(b) Normalized root mean square error (NRMSE) vs. mov-
ing window length. M is the number of sub-bounds. SMA is
the same as MA when M=1

Though NRMSE and especially ME did not
necessarily decrease with the increase of the moving
average window length, it is obvious that the distor-
tion resulting from SMA was much less than the
distortion from traditional MA and WPT, no matter
how long the window width was. In general, one error
accounts for only local distortion, but NRMSE re-
flects the whole distortion degree in terms of the
morphology of the ECG signal. On the other hand,
local distortion does not seriously hamper the accu-
rate analysis of the whole ECG signal, and the local
error is random in a certain extent. Therefore,
NRMSE is better for measuring distortion than ME.
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Fig. 4 interprets this viewpoint. When 2N+1=131,
these NRMSEs were almost equal for M=20, 30, 40,
and 50; in contrast, their corresponding MEs were
much different.

Fig. 4 shows that NRMSE decreased with the
increase of the number of regions, M. When M>30,
NRMSE decreased very slowly. Another phenome-
non is that, the NRMSE when 2N+1=91 and M=20
was very small and its corresponding ME was below
25 uV. In many research experiments for ECG signals,
25 uV is a maximum error level that could be allowed.
Thus, 2N+1=91 and M=20 were applied in all the
following SMA experiments.

Fig. 5 illustrates the whole BW-reduced effect of
the three methods. The original ECG signal was the
synthesized ECG signal plotted in Fig. 2c. Obviously,
SMA could more effectively reduce BW than MA and
WPT. All NRMSEs and MEs shown in Fig. 4 were
calculated from the filtered ECG signal between 0.5 s
and 5.5 s as shown in Fig. 5. Due to the edge effect of
the moving window, the filtered ECG signals before
0.5 s and after 5.5 s were not used. Globally, the
performance of WPT was better than that of MA.
However, locally the maximum error caused by WPT
was larger than that of MA. This is the reason why the
NRMSE of WPT was lower than that of MA, and why
the ME of WPT was higher than that of MA in this
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Fig. 5 The whole baseline wander reduced effect of our
proposed high-pass filter based on a statistical weighted
moving average (SMA) (a), wavelet package translation
(WPT) (b), and traditionally used MA (c) on the same
original ECG signal

The original ECG signal was the synthesized ECG signal
plotted in Fig. 2c

Visual inspection of the three BW-removed
signals in Fig. 5 demonstrates that: (1) the ECG signal
filtered by SMA is closer to the original standard ECG
signal obtained by the other two methods; (2) both
MA and WPT result in much distortion at QRS com-
plex, ST segment, and R wave. Fig. 6 presents some
local details of the filtered signal. Obviously, after the
ECG signal with BW was filtered by MA, SMA, and
WPT, the morphology of the original ECG signal was
more or less destroyed. SMA introduced the least
distortion among the three methods.
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Fig. 6 Comparison of morphological distortion caused by
our proposed high-pass filter based on a statistical
weighted moving average (SMA), wavelet package trans-
lation (WPT), and traditionally used MA

(a) Filtered results of the synthesized ECG signal in Fig. 2b;
(b) Filtered results of the synthesized ECG signal in Fig. 2c

Fig. 7 shows the results of SMA applied to a real
ECG signal. The real ECG signal was obviously
contaminated by high-frequency noise and BW
(Fig. 7a). To extract the baseline from the ECG signal,
a low-pass filter was first used to reduce high fre-
quency noise. In this experiment, the cut-off fre-
quency was 50 Hz. The baseline was then extracted
from the filtered ECG signal. The extracted baseline
is depicted in Fig. 7b. Fig. 7 shows that SMA per-
forms well when applied to a real ECG signal.
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Fig. 7 An example of our proposed high-pass filter based
on a statistical weighted moving average (SMA) applied to
areal ECG signal

(a) Raw ECG signal; (b) Baseline extracted from raw ECG
signal by SMA,; (c) ECG signal whose baseline was removed
by SMA. For clear display, the extracted baseline was in-
creased by 0.2 mV

4 Conclusions

Baseline correction has always been a necessary
preprocessing in the biomedical signal acquiring and
analyzing system. The proposed high-pass filter
based on a statistical weighted moving average (SMA)
is able to adaptively estimate baseline with wander.
Compared with MA and WPT, SMA caused the least
distortion in every whole-beat cycle, especially for
the waves or the segments with much clinical use-
fulness, such as QRS complex, ST segment, and T
wave, whose morphological features should be more
effectively preserved during the preprocessing proc-
ess. Less distortion is beneficial to further analysis of
the ECG signal (Jeong et al., 2010). In addition, SMA
uses a shorter moving average window to extract
BW-like sinusoid and BW-like important amplitude
modulation; thus, the baseline correction procedure
takes less time than those in MA and WPT. Therefore,
the proposed algorithm is an effective means of re-
moving BW from ECG signals and its application to
other biomedical signals should be considered.
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