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Dear editor,

Novel wearable applications provide improved
data compression for reduced power consump-
tion [1,2]; however, real-time monitoring of a sin-
gle source electrocardiogram (ECG) signal leads to
extended data usage of 2.77 GB per day. The Q
wave, R wave, and S wave (QRS) complex seen
on an ECG is the basis for the automatic de-
termination of heart rate and an entry point for
the classification schemes of the cardiac cycle [3].
Therefore, it is necessary that the compressed
data should retain maximum QRS area informa-
tion, which is the origin of the concept of areas
of interests in compressed sensing [4]. Currently,
most researches concentrate on developing meth-
ods for efficient extraction of QRS waves with-
out redundant calculations from the complex and
noisy ECG signals and compression frameworks.
This study aims to propose a novel framework that
includes an energy-sensitive QRS complex detec-
tion algorithm based on simplified empirical mode
decomposition and Hilbert transform (EMD-HT)
method and a multi-compression ratio CS strat-
egy. The proposed framework encompasses three
advantages: (a) In comparison with a previous
study [4], the proposed method uses percentage
root-mean-square difference (PRD) and improved
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reduction quality under the same compression ra-
tio (CR); (b) it can accurately locate the inter-
ested area of the QRS cluster, which solves the
interference problem of stationary noise and; (c) it
is indicated that EMD-based compression results
in a better CR and PRD than the other meth-
ods [2]. Considering the specific conditions for the
wearable devices, we employ a simplified EMD al-
gorithm whose operation for detecting interested
area for ECG reconstruction is characterized by
sufficient accuracy. Using the EMD-HT method,
the proposed framework can overcome the limita-
tions associated with stationary noise interference
and thus, can achieve precise positioning.

Energy-sensitive QRS complex detection. The
QRS detection algorithm is initiated by a discrete
Haar wavelet transformation (HWT). Herein, a 22-
th Haar wavelet transform was applied on 3600
point frames of the input signal at a sampling rate
of 36 Hz. The output wavelet coeflicient series was
isolated from the baseline draft and high-frequency
noise. Haar wavelet at the 22-th scale was chosen
due to advantageous simple calculations that cor-
respond to the equivalent frequency-response co-
efficients (—0.5,—0.5,0.5,0.5) [5,6]. Subsequently,
the simplified EMD method was employed. Al-
though common EMD computation is costly for
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Figure 1

(Color online) (a) Envelope demodulation result by HT and typical ECG signal; (b) comparison of operational

time between a classic EMD and a simplified EMD; (c) the test results; effect of CR adjustment on (d) signal reconstruction
accuracy (ECG signal) and (e) signal reconstruction accuracy (QRS cluster); (f) comparison of the proposed framework

and IESBM in PRD.

regular applications, the cost can be largely re-
duced through two types of modification. First,
linear interpolation may be substituted for cu-
bic spline interpolation when calculating the up-
per and lower envelopes in a conventional EMD.
Second, the decomposition process is terminated
after generation of the necessary intrinsic mode
functions (IMFs). The first several IMF's give the
highest correlation with the original input empiri-
cally; decomposition can be stopped once the cor-
relation coefficient between the original input and
the present IMF becomes smaller than the former
one. Considering that the output of HW'T carries
too much noise that can easily corrupt the relevant
order, we chose the current IMF on the inflection
point. The next step in the algorithm is the ap-
plication of HT on the chosen IMF. An additive
stationary noise often causes disturbances in the
outputs of common denoizing methods and hence,
needs to be carefully dealt with, especially with
its frequency band covering the input ECG. Us-
ing Fourier transform, a stationary function can
be decomposed as a set of sine waves as

H(S(t) = \/(5‘(75))2 +(5(8)".

Nevertheless, the narrow-band property of IMF
makes the above calculation viewed as an enve-
lope demodulation on an envelope modulation in-
put. In comparison with similar methods, the IMF
produced by EMD is more accurate in energy dis-
tribution and has a narrower frequency band. Fig-

ure 1(a) explains that information in QRS com-
plexes can be well preserved after HT even in the
presence of noise interference as an effect of their
higher frequency and energy. Application of HT in
the algorithm serves two purposes, namely: (a) As
part of Hilbert-Huang transform, the output sig-
nal reflects the distribution of high-energy com-
ponents and (b) if the input noise is stationary,
then its corresponding decomposed output gener-
ally represents a close-to-zero sequence (with en-
ergy weaker than that of ECG). In this regard,
the HT output is no longer affected by the com-
mon periodic noises problem in traditional algo-
rithms. Figure 1(a) confirms that output H(S(t))
is free from stationary noise components and that
the energy distribution is consistent with the input
signal after phase correction.

Multi-compression ratio CS strategy. The fol-
lowing steps describe the compression of the inter-
ested area under low compression ratio to preserve
higher amount of details. Initially, the ECG sig-
nal was compressed using a sparse binary matrix
of compression ratio CR;. Next, a QRS cluster
was obtained using the QRS cluster detection algo-
rithm, after which it experienced secondary com-
pression at the ratio CRy. The QRS cluster ac-
counted for approximately 12.5% of the ECG sig-
nal’s overall length. Moreover, the overall equiva-
lent compression ratio was approximated as

Nreal - Nmeasure

Ch = Nreal
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~ N—Nx(CR;x(1-0.125)4CRp x0.125)
= ~ .

The ECG signal and QRS cluster parts were
reconstructed separately; the reconstructed QRS
cluster was spliced into the ECG signal to obtain
a final reconstructed signal.

Methods validation and experimental results. As
described earlier, the proposed framework com-
prises detection of interested area and a multi-
compression strategy. The algorithm for detec-
tion of interested area was tested in terms of accu-
racy and computational cost. Conventionally, in
methods based on different threshold and wavelet
threshold algorithms, the positivity rate (PR) de-
creases although the detection rate (DR) can be
improved with the application of a smaller thresh-
old. Moreover, these methods are inefficient for
distinguishing disturbances caused by rhythmic
noises. Figure 1(c) shows the four algorithms
tested by identical inputs from (a) MIH-BIH ar-
rhythmia ECG database, (b) MIH-BIH long-term
ECG database, and (c) experimental data from
our own ECG collection module. The results
showed that the proposed method significantly im-
proved DR and PR in comparison with popular al-
gorithms. with a slightly worse performance than
EMD due to some approximations. Figure 1(b)
displays the simulation results comparing the com-
putational costs between two EMD types (stan-
dard and the proposed simplified EMD) using ker-
nel density analysis. While both methods showed
enough accuracy for ECG reconstruction, the time
and cost of the sim-EMD was 7.9 times less than
those of the standard EMD. Therefore, the inter-
ested area detection method was useful for diag-
nostic wave detection and was suitable as well for
long-term applications. Moreover, its performance
was demonstrated in wearable devices with which
the subjects were instructed to perform regular
work. Furthermore, the multi-compression strat-
egy was validated using the No. 100, 1024-points-
length ECG signal in the MIT-BIH arrhythmia
database. We used PRD to quantify the recovered
quality

PRD — 100 « \/ 5 (aln) — o' ()"

> a(n)”

where 2’ indicates recovery from using block sparse
Bayesian learning algorithm in the wavelet domain
and z is the origin ECG. Figure 1(d) displays the
results showcasing the barely changing PRD of the
ECG as CR decreases to 60%, which is denoted by
CR;. Figure 1(e) describes this inflection point to
appear at approximately 40%-50%, and is denoted
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by CRs. Apparently, the QRS complexes needed
lower CR to gain better results in refactoring. Set-
ting CRy; = 60% and CRy = 50%, we applied the
proposed method on a few records from the MIT-
BIH ECG arrhythmia database. The total dura-
tion of the tested signal was 30 min; QRS length
was approximately 12.5% of the whole ECG sig-
nal; and the final equivalent CR of the proposed
method was 51.25%, while those of the other algo-
rithms were close to 50% (Figure 1(f)). Therefore,
the proposed method achieved higher signal recov-
ery quality in both interested area and full signal
lengths.

Conclusion. Herein, we proposed a novel, val-
idated, and effective compression framework for
mobile ECG devices, which was able to avoid sta-
tionary noise interference and had higher compres-
sion quality than the conventional structures, due
to implementation of a multi-compression strat-
egy. The standard EMD was simplified for hard-
ware use. All points in the above discussion were
validated to be effective for long-term and real-
time noisy CS-based ECG applications.

Acknowledgements This work was supported by Na-
tional Key Technologies R&D Program (Grant No. 2017-
YFB0405604), Key Research Program of Frontier Science,
Chinese Academy of Sciences (Grant No. QYZDY-SSW-
JSCO004), Basic Research Project of Shanghai Science and
Technology Commission (Grant No. 16JC1400101), and
Beijing S&T Planning Task (Grant No. Z161100002616019).

References

1 Sufi F, Fang Q, Khalil I, et al. Novel methods of
faster cardiovascular diagnosis in wireless telecardiol-
ogy. IEEE J Sel Areas Commun, 2009, 27: 537-552

2 Pallavi M, Chandrashekar H M. Study and analysis of
ECG compression algorithms. In: Proceedings of In-
ternational Conference on Communication and Signal
Processing, 2016. 2028-2032

3 Kohler B U, Hennig C, Orglmeister R. The principles
of software QRS detection. IEEE Eng Med Biol Mag,
2002, 21: 42-57

4 Luo K, Wang Z G, Li J Q, et al. Information-enhanced
sparse binary matrix in compressed sensing for ECG.
Electron Lett, 2014, 50: 1271-1273

5 Li P, Liu M, Zhang X, et al. A low-complexity ECG
processing algorithm based on the Haar wavelet trans-
form for portable health-care devices. Sci China Inf
Sci, 2014, 57: 122303

6 Pang B, Liu M, Zhang X, et al. A novel approach
framework based on statistics for reconstruction and
heartrate estimation from PPG with heavy motion ar-
tifacts. Sci China Inf Sci, 2018, 61: 022312

7 Balouchestani M, Raahemifar K, Krishnan S. High-
resolution QRS detection algorithm for wireless ECG
systems based on compressed sensing theory. In:
Proceedings of the 56th International Midwest Sym-
posium on Circuits and Systems (MWSCAS), 2013.
1326-1329


https://doi.org/10.1109/JSAC.2009.090515
https://doi.org/10.1109/51.993193
https://doi.org/10.1049/el.2014.1749
https://doi.org/10.1007/s11432-014-5199-0
https://doi.org/10.1007/s11432-017-9168-2

