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Abstract The electrocardiogram (ECG) acquisition is
often accompanied by high-frequency electromyographic
(EMG) noise. The noise is difficult to be filtered, due to
considerable overlapping of its frequency spectrum to the
frequency spectrum of the ECG. Today, filters must con-
form to the new guidelines (2007) for low-pass filtering in
ECG with cutoffs of 150 Hz for adolescents and adults, and
to 250 Hz for children. We are suggesting a pseudo-real-
time low-pass filter, self-adjustable to the frequency spectra
of the ECG waves. The filter is based on the approximation
procedure of Savitzky—Golay with dynamic change in the
cutoff frequency. The filter is implemented pseudo-real-
time (real-time with a certain delay). An additional option
is the automatic on/off triggering, depending on the pres-
ence/absence of EMG noise. The analysis of the proposed
filter shows that the low-frequency components of the ECG
(low-power P- and T-waves, PQ-, ST- and TP-segments)
are filtered with a cutoff of 14 Hz, the high-power P- and
T-waves are filtered with a cutoff frequency in the range of
20-30 Hz, and the high-frequency QRS complexes are fil-
tered with cutoff frequency of higher than 100 Hz. The sug-
gested dynamic filter satisfies the conflicting requirements
for a strong suppression of EMG noise and at the same
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time a maximal preservation of the ECG high-frequency
components.
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1 Introduction

The electrocardiogram (ECG) acquisition is often accom-
panied by high-frequency electromyographic (EMG) noise.
It makes impossible the automatic localization of ECG
waves and obstructs the visual analysis. The noise is dif-
ficult to be filtered, due to considerable overlapping of its
frequency spectrum to the frequency spectrum of the ECG.
EMG noise is picked up by the same electrodes as the
ECG. EMG noise in resting ECG is quite common in sub-
jects with uncontrollable tremor, in disabled persons having
to exert effort in maintaining a position of their extremities
or a body posture, in children, etc. [8]. The EMG noise is
characterized by a frequency range from 5 to 70 Hz or even
100 Hz and by an amplitude of 100s of microvolts. Set-
ting the low-pass filter of the ECG to a lower cutoff level
eliminates not only the muscle noise but also the clinically
significant high-frequency components of the signals inside
the QRS complex [4, 7], J-waves [12] and pacemaker
spikes [7]. For that reason, the American Heart Associa-
tion (AHA) changed its low-pass filter recommendations
from 35 Hz cutoff in 1967 [16] to 150 Hz for adolescents
and adults and to 250 Hz for children in 2007 [10]. In the
clinical practice, little attention tends to be paid to the filter
setting of the ECG instruments, resulting in inappropriate
filter application. In fact, Kligfield and Okin [11] found that
the low-pass filter setting was 100 Hz and above in 25%
of the ECG devices and <100 Hz (most commonly 40 Hz)

@ Springer


http://orcid.org/0000-0002-9496-872X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11517-017-1625-y&domain=pdf

1580

Med Biol Eng Comput (2017) 55:1579-1588

in 75% of the ECG devices obtained within an American
medical community.

The tendency of maximal preservation of the QRS high-
frequency components and filtering with a cutoff of >150 Hz
leads to a high level of residual noise. The presence of EMG
noise could cause serious problems to the analysis of the sig-
nal out of QRS and will worsen the detection of ischemia
(in the ST-interval), atrial fibrillation and flutter (in the PQ-
interval), presence of T-wave alternans, etc.

The conflicting requirements for a strong suppression of
EMG noise, and at the same time for a maximal preservation
of the ECG high-frequency components, prompted us to create
a dynamic procedure—strong filtration in the low-frequency
components of the ECG and mild filtration in the high-fre-
quency ones. A so-called wings function criterion for evaluation
of the frequency bands of the ECG elements was created [3],
which allowed a dynamic application with different filtering rate
of the approximation procedure of Savitzky and Golay [13].

We also used an EMG denoising by hybrid application
of transform-domain method outside the QRS and approxi-
mation methods in the QRS [8]. The disadvantage of the
method is the significant consumption of time and comput-
ing resources of the transform-domain procedure.

Another attempt for a dynamic application of the
approximation procedure was done by analysis of the dif-
ference between the original ECG signal and the filtered
one (residual noise), inside and outside the QRS [1].

Sayyad and Mundada [14] are using extended Kalman
filter and extended Kalman smoother. Priority is given to
the smoother, but in both methods a great signal distortion
can be observed in the QRS.

Dotsinsky and Mihov [5] are filtering the noise in three
steps. (1) Moving averaging with first zero set at 50 Hz
to suppress tremor and power-line interference simulta-
neously. (2) The reduced peaks of QRS complexes are
restored by a procedure called linearly angular. (3) Finally,
a Savitzky—Golay smoothing filter is applied for supple-
mentary tremor suppression outside the QRS complexes.

Joy and Manimegalai [9] are using wavelet transform to
remove the EMG noise. The proposed method selects the
best suitable wavelet function based at the 5th decompo-
sition level. The authors claim that the method retains the
distinctive features of the ECG.

Myriad filters are known to perform well with Gauss-
ian and impulsive noise. Tulyakova [17] is showing good
results with locally adaptive, low-pass Myriad filters for
ECG processing.

2 ECG and EMG databases

The method tested on our digital ECG database of patients
with renal disease [15], The ECGs (1-min duration, 12
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standard leads, 500 Hz sampling rate) were recorded before
and 3 min after a hemodialysis session.

EMG noise was obtained from two ECG electrodes placed
on one forearm. ECG amplifier was used and the recordings
(400 Hz sampling rate) were made during sustained volun-
tary effort. Both ECGs and EMGs signals were resampled to
1000 Hz. The artifacts were weighted and additively mixed
with the different ECG signals subjected to processing.

Noise-free ECGs were obtained from the CTS ECG Test
Atlas [6]. It contains artificially simulated ECG-like signals
of different shapes. The so-called analytical ECGs are with
shapes very close to the biological shapes, with QRS mor-
phology like in real normal ECG.

The CTS Atlas is also containing different noise sam-
ples: 50 Hz (60 Hz) power-line interference, baseline noise
and high-frequency noise. The HF noise is “white” noise
with Gaussian amplitude distribution of 25 uV RMS.

3 Method

We propose a low-pass filter in ECG, self-adjustable to the
frequency bands of the ECG waves. The EMG denoising is
based on the work of Christov and Daskalov [3] (described
also in Bortolan et al. [2]), with some sufficient improve-
ments in the current suggestion of the dynamic filtering,
such as:

e simplified procedure for evaluation of the frequency
bands of the ECG waves;
better suppression of the EMG noise;
automatic on/off triggering of the filter depending on
the presence/absence of EMG noise;

e pseudo-real-time (real-time with a certain delay) imple-
mentation of the filter;

e compliance with the new low-pass filter’s recommenda-
tions for cutoff [11].

The filter is continuously operating sample-by-sample in
a pseudo-real-time mode. The computational cost depends
on the sampling frequency. Block diagram of the method is
shown in Fig. 1.

3.1 Approximation procedure

A smoothing procedure adopted from the work of Savitzky
and Golay [13] is applied. It makes use of the least squares
approximation method, applied for defining the weighting
coefficients. The mathematical description of the process is:

1 X
Yi=S Y GXiy (1

j=—n
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Fig. 1 Block diagram of the method. a Evaluation of the frequency spectra of ECG waves, b automatic on/off triggering of the filter, ¢ actual

filtering of the ECG signal

Y and X represent the signal after and before approximation,
respectively, n is the length of the approximation interval at
both sides of a sample. C is weighted approximation coef-
ficients, and N is a normalization coefficient. The procedure
is applied on 2n + 1 samples. The approximation coeffi-
cients are

C;=3n"+3n—1-572, 2)
and the normalization coefficient is

2n+1)(4n® +4n -3
N = Gt Dt dn=3) 3)

3

3.2 Evaluation of the frequency spectra of ECG waves

Evaluation of the frequency spectra of the ECG waves is
done by blocks 1-5 of the block diagram of Fig. 1 and is
demonstrated in Fig. 2.

The raw ECG (subplot 1 of Fig. 2) is first filtered by
Savitzky—Golay (SGF) in a fixed window of 60 ms (block
1 of Fig. 1).

Then, a first-difference filter (FDF—block 2 of Fig. 1)
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is applied. The FDF is a comb filter with first notch fre-
quency f = 1/(mTg). We selected m to be

2TpL,
m=——
Ts

; &)

where Tp; is a power-line period, and Ty is the sampling
interval. The FDF high-pass 3-dB frequency is set at about
6 Hz, and the higher-frequency notches reject all harmonics
of power-line interference.

SGF and FDF filters are intended to filter EMG noise,
power-line interference and baseline drift. The goal is a
complete suppression of the noises, no matter of the QRS
distortion and amplitude reduction, as shown in subplot 2
of Fig. 2.

The cutoff frequency of SGF for a window of 60 ms is
F, = 17 Hz. By a window of 40 ms (difference between
two samples, 40 ms apart), FDF is tuned to pass at the same
frequency bandwidth 6-18 Hz.

Power-line period instability [see Eq. (5)] would slightly
worsen the FDF functionality, but with no effect to the final
result, since the power-line interference is filtered twice: by
SGF and by FDF.

A so-called wings function is found by multiplying the
slopes of two adjacent segments of 10 ms length having a
common point. The product absolute value is then taken
and inverted (block 3 of Fig. 1). For a 1000 Hz sampling
rate, the “wings” function is:

Wings = W' = abs((S; — Si—10)(Si — Si+10)) (6)

The segment length of 10 ms was chosen in order to
obtain a certain level of signal smoothing in the process
of frequency response evaluation. We have found that this
value is not particularly critical, as smaller interval results
in more varying “wings” function and thus stronger addi-
tional smoothing is needed, and vice versa [3]. Sliding this
function along the signal, it reflects the variations of the
angle between the two segments. The movement of the seg-
ments resembles the wings of a butterfly, hence the name
“wings.”

Well-shaped negative peaks of W' correspond to every
Q, R and S wave of the ECG. Negative peaks appear also
at the maximum slew rate of QR and RS segments. This
is demonstrated in Fig. 2c, where the “wings” function is
shown as a thin line.

W' is further smoothed by two-pass moving averaging
with a window of 50 ms (block 4 of Fig. 1). The “two-
pass” is performed twice in the same forward direction.
The result is a negative wave (shown with a thick line in
Fig. 2¢) that responds to the wave frequency of the ECG.

Block 5 of Fig. 1 transfers the particular values of the
“wings” function to a number of samples (n, Fig. 2d),
defining the window length over which the final Savitzky—
Golay filter (block 11) will be applied. If W is the smoothed
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“wings” and W, W, its maximum and minimum val-

ues, the transfer formula to n, varying from n,;, to n,,, is:

W — Whin

Wmax — Whin

max?>

n = npin + (Mmax — nyip) (7N

The values n;, = l-n,,, = 32 were chosen after careful
testing of multitude of ECG signals from different databanks.

The filtering is done by applying two-pass Savitzky—
Golay (block 11 of Fig. 1) with a dynamic change in its
smoothing window at every sample, as defined by “n.” The
maximal filtering window (n,,,,, = 32) of the two-pass filter
has been chosen to be consistent with the —3 dB cutoff.

max

3.3 Automatic on/off triggering of the filter

The EMG noise is not consistently present in the ECG sig-
nal. It may be absent entirely or be intermittent with differ-
ent magnitude of the noise. For that reason, an automatic
on/off triggering of the filter is an essential option. As far as
we know, this is the first such attempt.

The ECG is filtered initially by Savitzky—Golay in a fixed
window of 60 ms (block 1 of Fig. 1). This would suppresses
the high-frequency EMG noise, if it accompanies the ECG.
Next few steps are to assess the presence/absence of noise:
The raw ECG and the filtered one are subtracted (block 6 of
Fig. 1), S = sum of all absolute values in a window of 50 ms
is calculated (block 7 of Fig. 1), and then, S is compared to
a threshold value (block 8 of Fig. 1). The result of this com-
parison controls the on/off triggering of the filter (block 10
of Fig. 1). In order to avoid frequent switching, the turning-
on is done after consecutive groups of noise indications in
a period of 50 ms. In opposite, the turning-off is performed
after consecutive noise-free indications in 100 ms. The turn-
ing-off condition is made more difficult because the ECG is
usually accompanied by small EMG noise.

The above sequence would not work properly because
the result of subtracting ECG — ECGyeeq 1S Strongly influ-
enced by the filtering of the high-frequency QRS compo-
nents of the signal (Fig. 3). Therefore, on/off triggering
decision is made outside QRS, the indication of which
is given by the decrease in “n” with more than n,, — 5
(block 9 of Fig. 1).

3.4 Pseudo-real-time implementation

The filter is using the time-linear smoothing procedure of
Savitzky—Golay, so taking into account the maximal of
n = 32 ms on both sides of the approximation window,
and the two-pass implementation of Savitzky—Golay, it
can work online with a delay of 2 x 32 = 64 ms (pseudo-
real-time implementation). However, since the signal n
is delayed of 110 ms (30 ms by block 1, 20 ms by block
2, 10 ms by block 3 and 50 ms by block 4) with respect
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Fig. 3 a Raw ECG, b filtered ECG, ¢ ECG,,, — ECGg¢req

to the input signal, the minimal overall delay of the pro-
posed filter is 110 ms. Because of the on/off triggering, the
“off” (no filtering) branch of the algorithm must be delayed
(block 12 of Fig. 1), to equalize the active filtering branch.

4 Results
4.1 Noise suppression

The EMG noise suppression is demonstrated in Fig. 4.
ECG with superimposed EMG noise with maximal value

of around 0.1 mV is shown in the first subplot. The sec-
ond subplot is a noise-free ECG as a result of the filter-
ing procedure. It can be seen that the processed ECG has
diagnostic capabilities even in the low-frequency zones
such as P-waves, ST-segments and T-waves. The difference
between subplot 1 and subplot 2 (shown in subplot 3) is
representing the EMG noise that has been suppressed. As
a result of the filtering, Fig. 4c contains not only the sup-
pressed EMG but also ECG distortions. They are dozens
of times less than the suppressed EMG noise, invisible to a
naked eye and will be subject of attention later on.

Another example of EMG noise suppression is demon-
strated in Fig. 5, where the first plot is real EMG, and the
second plot is the filtered EMG.

4.2 Signal distortion

A noise-free ECG obtained from the CTS ECG Test Atlas
[6] is shown in the first subplot of Fig. 6. The processed
ECG is shown in the second subplot. No distortions can
be seen with naked eyes. However, at the enlarged scale
of the third subplot, which presents the difference between
the raw ECG and the processed one, distortion of around
0.06 mV, manifested as decrease in the QRS amplitude, can
be observed. This decrease in QRS is equal to around 6%
of its amplitude. The root-mean-square (rms) error of dis-
tortion shown in Fig. 6¢) is: RMS = 7.7 uV.

4.3 Quantitative assessment of the filtering efficiency

The filtering efficiency is quantitatively evaluated using
conditionally clean ECG signals and typical disturbances to

)

Fig. 4 Noise suppression. a a 05 T
Noisy ECG, b filtered ECG,
¢ suppressed EMG noise =
(first — second subplots) c O
05 L
0 1
b

(]

(1]

(V]

@ Springer



1584

Med Biol Eng Comput (2017) 55:1579-1588

Fig. 5 Noise suppression. a a 01 T
Real EMG noise recorded dur-
ing sustained muscle effort, b
filtered EMG
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Noise suppression is computed from rms values.
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The quantitative assessment of the filtering efficiency
was performed using the noise presented in Fig. 5, mixed
with the noise-free ECG of Fig. 6.

Two values for noise suppression are calculated because
of the non-homogeneous (dynamic) procedure: strong fil-
tration of the low-frequency components of the ECG as
P-wave, PQ-interval, ST-interval, T-wave and TP-interval,
and mild filtration of the high-frequency QRS components.
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4.4 On/off triggering

The distortion shown in Fig. 6 is theoretical and will not
be obtained in practice, due to switching-off of the filter-
ing procedure in case of noise-free ECG. The block dia-
gram and the on/off triggering algorithm were discussed
in the previous chapter. The triggering is demonstrated in
Fig. 7. The first subplot is an ECG accompanied with bursts
of EMG noise of different amplitudes in 1.0-4.0, 8.0-12.0
and 14.0-18.2 s. The lower trace in subplot 1 is for the
check n > n,, — 5 (block 9 of Fig. 1). It is a peculiar indi-
cation of the occurrence of natural high-frequency signal
as QRS and prevents erroneous decision for the presence
of EMG noise and corresponding switching-on of the filter.
The dashed line in subplot 1 indicates the on/off triggering.

The combined effect of filtering in case of noise, and no
filtering in case of noise-free ECG, is shown in subplot 2 of
Fig. 7.

5 Discussion
5.1 Recommendations of the AHA standards

In introduction, it was mentioned that the old (1967) rec-
ommendations for a low-pass filter of the AHA was 35 Hz
cutoff [16], while the new (2007) recommendations are
150 Hz for adolescents and adults, and 250 Hz for children
[10]. The effect of the filtering with cutoffs of 35, 150 and

can be observed with cutoffs of 150 and 250 Hz; however,
there is no signal distortion in the HF band of the ECG
(the QRS). Certain suppressions of the EMG can be seen
with a cutoff of 35 Hz. At the same time, there is a distor-
tion, manifested as reduction in the QRS amplitude from
0.86 mV in the original to 0.81 mV (a reduction of 5.8%),
in the filtered ECG.

5.2 Frequency response of the suggested filter

The frequency response of the suggested filter is shown
in Fig. 9. An ECG with specially selected high-amplitude
T-waves is shown in subplot a). “Wings” function has been
applied. The number of samples “n” defining the dynamic
window of the Savitzky—Golay filter is shown in subplot b).
Instantaneous cutoff frequency of the filter, as a result of
the corresponding length of the filtering window, is shown
in subplot c). It can be seen that the low-frequency compo-
nents of the specific ECG is filtered with a cutoff of 14 Hz,
the high-amplitude T-wave is filtered with 26 Hz, and the
high-frequency QRS from 100 to 415 Hz.

5.3 Comparison of the proposed method with other
published methods

Good results in EMG noise filtration can be obtained
only by a dynamic procedure. Several attempts have been
made during the years (Table 1). There are several rea-
sons why some of the methods cannot be implemented in
real time: filtration complexity [8], additional procedure
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Fig. 8 Recommendations of the
AHA standards. a Original ECG
with EMG noise, b—d filtered
signal with a cutoffs of, respec-
tively: 35, 150 and 250 Hz

Fig. 9 Frequency response of
the suggested filter. a ECG,

b number of samples “n,”
defining the dynamic window
of the Savitzky—Golay filter, ¢
instantaneous cutoff frequency
of the suggested filter

ECG+EMG
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cut off=260Hz cut off=150Hz
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after filtration [5] and need for preliminary location of

QRS-onset and QRS-offset [1, 5] The currently suggested
method is the only one of those mentioned in Table 1,

which can trigger on/off, in dependence of noise presence/

absence.
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6 Conclusions

The conflicting requirements for a strong suppression of
EMG noise, and at the same time a maximal preservation
of the ECG high-frequency components, prompted us to
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Table 1 Comparison of several methods for dynamic filtration of high-frequency noise in ECG

Method Filtering inside QRS Filtering outside QRS  Real-time implementation ~ Consistent with AHA rec-
ommendations
Christov and Daskalov [3]  Savitzky—Golay Savitzky—Golay Possible® 1967
Gotchev et al. [8] Savitzky—Golay Transform domain No 1967
Dotsinsky and Mihov [5] Moving averaging and “lin- Savitzky—Golay No 1967
early angular” procedure
Bortolan and Christov [1] ~ Savitzky—Golay Savitzky—Golay No 1967
Current method Savitzky—Golay Savitzky—Golay Yes 2007

# In Christov and Daskalov [3], “real-time implementation” was not mentioned, although it is possible as a procedure

create a dynamic procedure, self-adjustable to the fre-
quency spectra of the waves.

The low-frequency components of the ECG as P-wave,
PQ-interval, ST-interval, T-wave and TP-interval are
strongly filtered with a cutoff of 14—40 Hz, while the high-
frequency QRSs are mildly filtered with 100-500 Hz.

The wide preservation of the signal morphology
improves the diagnostic capabilities of the ECG in the
presence of EMG noise in both high- and low-frequency
range. In case of noise-free ECG, the filter is automatically
switched off.

References

1. Bortolan G, Christov I (2014) Dynamic filtration of high-fre-
quency noise in ECG signal. Comput Cardiol 41:1089-1092

2. Bortolan G, Christov I, Simova I, Dotsinsky I (2015) Noise pro-
cessing in exercise ECG stress test for the analysis and the clini-
cal characterization of QRS and T wave alternans. Biomed Sign
Process Control 18:378-385. doi:10.1016/j.bspc.2015.02.003

3. Christov II, Daskalov IK (1999) Filtering of electromyo-
gram artifacts from the electrocardiogram. Med Eng Phys
21(10):731-736

4. Dotsinsky I, Christov I, Daskalov I (1996) Assessment of metro-
logical characteristics of digital electrocardiographs. J Clin Eng
21:156-160

5. Dotsinsky I, Mihov J (2008) Tremor suppression in ECG.
Biomed Eng Online 7:29. https://biomedical-engineering-online.
biomedcentral.com/articles/10.1186/1475-925X-7-29

6. European Conformance Testing Services for Computerizes Elec-
trocardiography (2005) CTS ECG test atlas. Institute for Biosig-
nal Processing and System Analysis, Garching

7. Garcia-Niebla J, Serra-Autonell G (2009) Effects of inadequate
low-pass filter application. J Electrocardiol 42(4):303-304

8. Gotchev A, Christov I, Egiazarian K (2002) Denoising the elec-
trocardiogram from electromyogram artifacts by combined
transform-domain and dynamic approximation method. In: Inter-
national conference on acoustics, speech and signal processing
(ICASSP2002), Orlando, FL, USA, 13-17 May, pp 3872-3875

9. Joy J, Manimegalai P (2013) Wavelet based EMG artifact
removal from ECG signal. J Eng Comp Appl Sci 2(8):55-58

10. Kligfield P, Gettes LS, Bailey JJ et al (2007) Recommenda-
tions for the standardization and interpretation of the electro-
cardiogram: part I: the electrocardiogram and its technology.
A scientific statement from the American Heart Association

Electrocardiography and Arrhythmias Committee, Council on
Clinical Cardiology; the American College of Cardiology Foun-
dation; and the Heart Rhythm Society endorsed by the Interna-
tional Society for Computerized Electrocardiology. J Am Coll
Cardiol 49:1109-1127

11. Kligfield P, Okin PM (2007) Prevalence and clinical implications
of improper filter settings in routine electrocardiography. Am J
Cardiol 99:711-713

12. Nakagawa M, Tsunemitsu C, Katoh S et al (2014) Effect of ECG
filter settings on J-waves. J Electrocardiol 47(1):7-11

13. Savitzky A, Golay M (1964) Smoothing and differentiation
of data by simplified least squares procedures. Anal Chem
36:1627-1639

14. Sayyad RA, Mundada K (2016) Enhancement and denoising of
ECG signal using extended Kalman filter and extended Kalman
smoother. J Innov Electron Commun Eng 6(1):22-26

15. Simova I, Christov I, Kambova L, Bortolan G, Katova T (2014)
QRS and T loops area changes during haemodialysis. Comput
Cardiol 41:409-412

16. Subcommittee on Instrumentation Committee on Electrocardi-
ography—American Heart Association (1967) Recommendation
for instruments in electrocardiography and vectorcardiography.
IEEE Trans Biomed Eng 14:60-68

17. Tulyakova N (2017) Locally-adaptive Myriad filters for process-
ing ECG signals in real time. Int J Bioautom 21(1):5-14

Ivaylo Christov, MSE, Ph.D.,
DSci, has graduated as elec-
tronic engineer at the Technical
University, Sofia. His Ph.D. the-
sis was on ECG acquisition and
processing. His DSci thesis was
on ECG processing, automatic
wave detection, automatic anal-
ysis and diagnosis. He is cur-
rently a research professor,
member of the Scientific Board,
and Chairman of the General
d Assembly of Scientists at the
v Institute of Biophysics and Bio-
medical Engineering, Bulgarian
Academy of Science. He is a
Head of Department “Processing and Analysis of Biomedical Sig-
nals” at the same institute. He is a member of the Working Group on
e-Cardiology of the European Society of Cardiology. He was awarded
as “Top Referee of the year” and “Excellence in Reviewing” of sev-
eral Journals in the field of Biomedical Engineering. In 2013, he was
awarded as “Scientific Excellence” of the Union of Scientists in
Bulgaria.

@ Springer


http://dx.doi.org/10.1016/j.bspc.2015.02.003
https://biomedical-engineering-online.biomedcentral.com/articles/10.1186/1475-925X-7-29
https://biomedical-engineering-online.biomedcentral.com/articles/10.1186/1475-925X-7-29

1588

Med Biol Eng Comput (2017) 55:1579-1588

Tatyana Neycheva, MSE,
Ph.D., has graduated as elec-
tronic engineer in telecommuni-
cations at the Technical Univer-
sity, Sofia. Her Ph.D. thesis was
on fast recovery defibrillator
amplifiers and ECG signal pro-
cessing  after  defibrillation
shock. She is currently a senior
assistant professor at the Insti-
tute of Biophysics and Biomedi-
cal Engineering, Bulgarian
Academy of Science, and is
experienced in biomedical sig-
nal processing and firmware
development for embedded
She obtained the M.Sc. degree in

microcontroller systems.
telecommunications.

Ramun Schmid received his
B.Sc. degree in electrical engi-
neering in 2008 and his M.Sc.
degree in 2010 from the Univer-
sity of Applied Sciences of
Eastern Switzerland (FHO) with
a main focus on digital signal
processing. From 2010 to 2011,
he was with the Institute for
Communication Systems
(ICOM) in Rapperswil, Switzer-
land, and since 2011, he is with
the signal processing group of

SCHILLER AG, Baar,
Switzerland.

Todor Stoyanoyv, MSE,
Ph.D., has graduated as elec-

tronic engineer at the Technical
University, Sofia. His Ph.D. the-
sis was on ECG acquisition and
processing. He is currently a
R&D in the Department “Pro-
cessing and Analysis of Bio-
medical Signals” at the Institute
of Biophysics and Biomedical

@ Springer

Engineering, Bulgarian Academy of Science. He has participated in
the hardware and software development of many biomedical devices
in the area of cardiology.

Roger  Abicherli, MSE,
Ph.D., has graduated as elec-
trical engineer from the Swiss
Federal Institute of Technology
Lausanne (EPFL). He was stu-
dent at the Georgia Institute of
Technology (GaTech), Atlanta,
USA and University College of
Dublin (UCD), Ireland, and did
his Ph.D. at the department of
radiology at the Centre Hospi-
talier Universitaire de Nancy
and got his degree of the
National Polytechnic Institute of
Lorraine, Nancy in France. He
got several national and interna-
tional awards such as the Jos Willems Award, the Biosignal award,
CTI Swiss MedTech Award, Techtextil Innovation Award. In 2012, he
became senior Member of the IEEE; in 2014, he was elected as fellow
of the American Heart Association (AHA) and became international
associate of the American College of Cardiology (ACC). Moreover,
he is director of the board of the International Society of Computer-
ized Electroradiology (ISCE). He is the current global head of bio-
medical research and signal processing at SCHILLER AG, Baar,
Switzerland, and is designated lecturer at the Lucerne University of
Applied Sciences and Art for medical technology. Further, he is Part-
Time Senior Lecturer at BFH and has a part-time position as Research
Associate at the Cardiovascular Research Institute (CRIB) of the Uni-
versity Hospital Basel.




	Pseudo-real-time low-pass filter in ECG, self-adjustable to the frequency spectra of the waves
	Abstract 
	1 Introduction
	2 ECG and EMG databases
	3 Method
	3.1 Approximation procedure
	3.2 Evaluation of the frequency spectra of ECG waves
	3.3 Automatic onoff triggering of the filter
	3.4 Pseudo-real-time implementation

	4 Results
	4.1 Noise suppression
	4.2 Signal distortion
	4.3 Quantitative assessment of the filtering efficiency
	4.4 Onoff triggering

	5 Discussion
	5.1 Recommendations of the AHA standards
	5.2 Frequency response of the suggested filter
	5.3 Comparison of the proposed method with other published methods

	6 Conclusions
	References




