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Abstract: Fetal electrocardiograms (FECGs) provide important clinical information for early diagnosis
and intervention. However, FECG signals are extremely weak and are greatly influenced by noises.
FECG signal extraction and detection are still challenging. In this work, we combined the fast
independent component analysis (FastICA) algorithm with singular value decomposition (SVD) to
extract FECG signals. The improved wavelet mode maximum method was applied to detect QRS
waves and ST segments of FECG signals. We used the abdominal and direct fetal ECG database
(ADFECGDB) and the Cardiology Challenge Database (PhysioNet2013) to verify the proposed
algorithm. The signal-to-noise ratio of the best channel signal reached 45.028 dB and the issue of
missing waveforms was addressed. The sensitivity, positive predictive value and F1 score of fetal
QRS wave detection were 96.90%, 98.23%, and 95.24%, respectively. The proposed algorithm may be
used as a new method for FECG signal extraction and detection.

Keywords: fetal ECG signal extraction; FastICA algorithm; singular value decomposition; wavelet
mode maximum method; QRS waves

1. Introduction

Fetal electrocardiograms (FECGs) record the changes of cardiac action potential in
the conduction process, offering reliable beat-by-beat information of fetal heart rates, and
providing clinicians with fetal health information such as intrauterine hypoxia [1]. FECG
signals are more sensitive than fetal heart monitor based on ultrasound Doppler with
respect to fetal heart monitoring, and can better reflect conditions such as fetal intrauterine
hypoxia [2]. However, FECG signals often see interference by maternal ECG (MECG)
signals, which have much stronger amplitudes [3]. Therefore, the extraction of clean FECG
signals is important and challenging.

Currently, FECG signals can be obtained by the invasive scalp electrode method and
non-invasive abdominal electrode methods. The former can directly measure clean FECG
signals, but only at the time of delivery. Non-invasive abdominal electrode methods collect
mixed signals by placing electrodes on the pregnant women’s abdomen, which can be
used for long-time monitoring during pregnancy. However, abdominal mixed signals of
pregnant women are complex, comprising MECG signals, FECG signals, baseline drift,
power frequency interference, and noises [4]. Blind source separation (BSS) [5] can be used
to extract FECG signals from the abdominal mixed signals, but there is a large amount of
residual noises in the extracted FECG signals.

Several FECG signal extraction methods have been explored, including empirical
mode decomposition (EMD) methods [6], least mean square (LMS) error algorithms [7,8],
singular value decomposition (SVD) methods [9], wavelet transform (WT) methods [10],
independent component analysis (ICA) methods, and in particular fast fixed-point ICA
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(FastICA) algorithms [11]. Sarafan et al. [12] proposed a method combining ICA, template
subtraction (TS), and extended Kalman filter (EKF) algorithms. They used three different
ICA algorithms to extract MECG signals and FECG signals with residual noises. They then
used EKEF to filter out residual MECG signal components. Experimental results showed
that TS combined with the FastICA algorithm yielded the best performance, with a high
signal-to-noise ratio (SNR). The FastICA algorithm uses approximate negative entropy and
Newton iterative methods to reduce the amount of computation, which has the advantage
of fast convergence and is a widely used signal separation method [5]. However, its conver-
gence performance is greatly affected by the initial weight [13]. Therefore, Yuan et al. [14]
improved the conventional FastICA algorithm by introducing an overrelaxation factor to
process the initial weight in the Newton iterative algorithm, which reduced the average
iteration times from 55 to 15. However, there were residual noises in the extracted FECG
signals and some waveforms were missing. The SVD algorithm can effectively separate
each component of mixed signals. It constructs vector matrices using abdominal mixed
ECG signals, and then obtains ECG signal estimation corresponding to each singular value.
In this work, we proposed a new method combining FastICA and SVD algorithms for
FECG signal extraction. Experimental results showed that the proposed algorithm had
good performance in SNR and addressed the issue of missing waveforms.

For QRS wave detection of extracted FECG signals, current methods mainly include
neural network methods [15-18], template matching algorithms [19], and wavelet mode
maximum methods [20]. Neural network methods have a high accuracy, but they take
a long time to train the model. The template matching method requires a variety of
probability distributions and is sensitive to high frequency noises. Wavelet mode maximum
methods are simple in implementation and have a wide range of applications. Therefore,
we employed the improved wavelet mode maximum method to detect the key features
of extracted FECG signals (Figure 1), including QRS waves and ST segments. Finally, we
integrated these extraction and detection algorithms into a user-friendly graphical user
interface (GUI) to provide systematic support for the diagnosis of fetal health.

2. Materials and Methods
2.1. Datasets

The datasets used in this study were from two publicly available databases. The first
database is the abdominal and direct fetal ECG database (ADFECGDB, https://physionet.
org/physiobank/database/ ADFECGDB, accessed on 6 May 2022). They were obtained by
the Department of Obstetrics of the Silesia Medical University through the KOMPOREL
system. The data were collected from five pregnant women of 38-41 weeks of gestation and
had five pieces of data recordings (R01, R04, R07, R08, and R10). Each recording contained
four signals from the maternal abdomen and one signal directly from the fetal head. The
sampling frequency was 1000 Hz, and the sampling time was 5 min. The second database is
the clinical ECG dataset for the PhysioNet/Computing in Cardiology Challenge Database
(PhysioNet2013, https:/ /physionet.org/physiobank/database/challenge/2013/, accessed
on 6 May 2022) [21]. The Challenge 2013 Training Set A (Challenge/2013/seta) consisted of
25 recordings. Each recording contained four mixed signals from the maternal abdomen,
with a sampling frequency of 1000 Hz and collection time of 60 s.

2.2. FECG Signal Extraction Based on the FastICA and SVD Algorithm

Clinically, when one uses the abdominal electrode method to collect mixed ECG
signals, there are often many artifacts or noises due to maternal and fetal movement or
collector displacement [22]. Therefore, we used the data preprocessing method proposed by
Dessi et al. [23] to suppress baseline drift, power—frequency interference, and pulse artifacts.

The FastICA algorithm is a fast optimization iterative algorithm, including kurtosis
based, maximum likelihood based, and maximum negative entropy based methods. In this
study, we used the FastICA algorithm based on maximum negative entropy. After de-mean
and whitening of the preprocessed signals, we took the maximum negative entropy as a
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search direction and extracted the independent source signals. The FastICA algorithm has
a high precision, but it has a disadvantage in separation speed. Its initial weight will affect
the efficiency of iteration, making the resulting independent components slightly different.
Therefore, we incorporated the overrelaxation factor into the Newton iterative algorithm to
process the randomly generated initial weights, so that the average number of iterations
was reduced [14]. However, the experimental results showed that there were some missing
waveforms and residual noises. Therefore, we further improved our previous method [14],
and the specific steps are as follows.

Step 1: Firstly, we used the SVD algorithm to decompose maternal abdominal mixed
ECG signals and used the wavelet mode maximum method to detect R-peak of FECG
signals (Section 2.3.1). According to the R-R interval, we constructed the reconstruction
matrix A of FECG signals through equal period interpolation.

Step 2: We performed SVD operation on matrix A and reserved the largest singular
values to obtain the signal estimation matrix A’. Then, we removed the data corresponding
to the interpolated positions in matrix A” to obtain approximate estimates of FECG signals.
However, the signals have residual noises and missing waveforms at the overlapping part
of maternal-fetal signals.

Step 3: We used the FastICA algorithm to estimate MECG signals and noises from
mixed signals as reference, and separated the noises from the FECG signals obtained by
Step 2. By using this method, the residual noises of the FECG signals were reduced, and
the issue of missing waveforms was addressed.

Step 4: Finally, we calculated the heart rate, R-R interval, and other parameters of
MECG and FECG signals.

The singular value difference spectrum theory [24] shows that when two neighboring
singular values have a large difference, the difference spectrum will have a peak value. It is
indicated that the singular value has a mutation at the current position, and the maximum
mutation point is the boundary point between the target signal and noises. In Step 2,
we set the period of the one-dimensional MECG signals as 1, from which m cycles were
extracted to construct an m X n signal matrix A. Then, there were two orthogonal matrices:
U=[Uy,Uy,...,U)and V = [V, V,, ..., V], so that

A=Uu) vl 1)

where Y = [diag(d1,6,...,6),0]; p = min{m,n},é6, > 6 > ... > 6, > 0is called the
singular value of A. Different singular values correspond to the energy concentration of
different signal components in the signal, and the importance is positively correlated with
the singular value. Each signal matrix is represented as the sum of a series of small matrices
with rank 1, while the singular value measures the importance of the small matrices. A
large singular value corresponds to the signal component with a high energy. When the
signal energy is greater than the noise energy, the large singular value is retained and the
remaining small singular value is zeroed. We used the ADFECGDB and PhysioNet2013
databases to evaluate the number of optimal singular values. When the number of singular
values was set to 2, the FECG signals extraction performance was the best.

2.3. FECG Signal Detection Based on the Wavelet Mode Maximum Method

In order to detect and classify FECG signals, we need to analyze the key characteristic
information for clinical diagnosis. Clinically, physicians generally assess the fetal health
through the following instantaneous points and intervals:

e R-Rinterval: When R-R interval is too long and fetal heart is too slow, we can consider
late hypoxia; when the R-R interval is unequal, e.g., the change of fetal heart rate is
more than 25-30 bpm, we can preliminarily diagnose premature beats, cardiac arrest,
irregular rhythm and other abnormalities, and we should do the next examination
immediately.
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e QRS waves: The normal duration of fetal QRS ranges from 0.02 s to 0.05 s. If it exceeds
0.05 s, it is abnormal. According to the duration and amplitude of QRS waves, fetal
weights can be estimated, such as macrosomia or fetal growth retardation. For the
fetus with hemolytic anemia, the severity of anemia can be determined [25].

e ST segment: ST segment is the potential line from the end of QRS waves to the
beginning of T-waves, and the normal ST segment is equipotent. Metabolic acidosis
should be considered when the ST segment is significantly depressed or elevated.
Changes in ST segments are also an important indicator to evaluate whether the fetus
is healthy [26]. Abnormal ST segments and T-waves of FECG signals indicate fetal
electrolyte disorder, myocardial hypoxia, and abnormal myocardial metabolism.

2.3.1. Wavelet Mode Maximum Method

According to different frequency distributions of ECG signals, the wavelet mode
maxima method can decompose ECG signals at multiple scales. Each scale represents a
different component of the ECG signals, and we identify the different waveform locations
by determining the location of the over-zero point between pairs of modal maxima at
different scales [10,27]. The principle of the wavelet mode maximum method is as follows.
We set the wavelet function ¢(t) to be equivalent to the first derivative of the smooth
function 6(f):

dae(t)
ot) = =~ 2

where ¢(t) satisfies [¢(t)dt = 1 and is a higher-order infinitesimal of 1%2 The transform

of 65(t) = ab(t/s) wavelet function is

Wy(s, t) = x(t) * ¢(t) = x(¢) * (sdgjlgt)> - SW

®)

Equation (3) shows that the derivative of Wy(s, t) is positively correlated with the
derivative of x(t) smoothed by 6(t). On the scale s, the modulus maximum after wavelet
transform corresponds to the inflection point of x6;(t). There is a correlation between the
modulus maximum and the mutation point.

2.3.2. QRS Wave Detection

We first detected the peak of R-waves, and then detected the starting point and ending
point of QRS waves. The steps of R-wave detection are as follows.

Step 1: Firstly, we chose the appropriate wavelet function. A quadratic spline wavelet
was used to approximate the signal by using a set of conic curves. The spline wavelet is
symmetric, tightly supported, and has linear phase, and the signal processed by it will not
be distorted. Therefore, we used orthogonal quadratic spline wavelets to decompose FECG
signals into four scale wavelets. The wavelet transformed signals will generate different
mode maximum pairs at different scales, and the zero crossings of the mode maximum
pairs will correspond to R-waves. By comparing the information on the four scales, it was
found that the R-wave energy was mainly distributed at scales 3 and 4, and the fourth scale
was stronger. Therefore, the fourth scale was used as the main signal of R-wave detection.

Step 2: We took all positive and negative modulus maxima of the fourth scale, cal-
culated the mean values, and set appropriate thresholds according to the mean values.
The positive mode maxima greater than the threshold were reserved, and the negative
mode maxima less than the threshold were reserved, and the thresholds were set to 1 and
—1, respectively. The positive mode maxima and negative mode maxima satisfying the
conditions were denoted as WP4(i) =1, 2,... )and WN4(i) i=1, 2, ... ), respectively.
They were combined as Peak(i) (i=1, 2, ... ). Finally, we found the points on scale 4 with
modulus maximal value pairs Peak(n) = —1 and Peak(n + k) = 1.

Step 3: The peaks and valleys of FECG signals correspond to a pair of positive and
negative mode maximum pairs on the scale. If there was an unmatched point, it would be
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wrongly detected and should be deleted. The FECG signal periods are generally 0.02 s to
0.05 s, so it could be found among 12 sampling sites. The R-wave peaks detection process
is shown in Figure 1.

Step 4: False detection and missed waveform detection. Before searching, we cycled
through the whole interval to filter out some useless elements. We found the maximum
difference between adjacent elements, MD, and if there existed a known M and M > MD,
we filtered it out and adjusted the search interval.

Step 5: We calculated the mean R-R interval of the signal, R; If the R-R interval was

less than 0.4 x R, the detection was a false detection. The improved dichotomy method
was used to adjust the threshold, and steps 2 to 4 were repeated. On the contrary, if the

R-R interval was greater than 1.5 x R, the detection was a missed detection. The improved
dichotomy method was used to adjust the threshold, and steps 2 to 4 were the same.
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Figure 1. R-wave detection of ECG signals.
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Q-waves and S-waves are high-frequency and low-amplitude waveforms in ECG
signals. The peak of Q-waves is the starting point on the left side of R-waves, and the peak
of S-waves is the ending point on the right side of R-waves. The first over-zero point was
searched within 20 ms of the left side of the R-wave mode polar pair, which corresponded
to the crest of the Q-wave; the first over-zero point was searched within 30 ms of the right
side of the R-wave tail mode polar pair, which corresponded to the crest of the S-wave.

False detection occurs when the fetal heart has a lesion that causes the ECG waveform
to shift, or when the Q-waves and S-waves are not present. Clinically, it was found that the
amplitude of Q-waves and S-waves were generally 0.05 times higher than that of R-waves
under concentric beats. If the amplitude was less than 0.05 times, the detection was judged
as a false detection. Figure 2 shows the detection of Q-waves and S-waves.

—[ Peak point of R-wave ]7

Left search zero Right search zero
crossing (20 ms) crossing (30 ms)
[ Identify the Q-wave peak ] [ Identify the S-wave peak]

Q and S-wave amplitude under
concentric beat <0.05R-wave amplitude?

Error
detection

The extreme points of the
first and last modes are
shifted left and right

No

Determine Q and
S-wave peaks

Figure 2. Q-waves and S-waves detection of ECG signals.

The starting point and ending point of QRS waves correspond to the starting point of
Q-waves and ending point of S-waves. The morphologies of starting and ending points are
variable, which increases the difficulty of detection. Theoretically, the starting point and
ending point of QRS waves correspond to the extreme point of the first mode of Q-waves
and the extreme point of the tail mode of S-waves, respectively.

Therefore, a time window of 30 ms and 40 ms was used on the left and right sides of
the detected Q-waves and S-waves, respectively, and the left and right mode poles were
searched within the time window. The first mode poles searched to the left were the first
mode poles corresponding to the Q-waves, and the first mode poles searched to the right
were the tail mode poles of the S-waves. The first mode poles of the Q-waves and the last
mode poles of the S-waves detected were the starting and ending points of the QRS waves,
which were QRS wave duration.

2.3.3. Detection of P-waves, T-waves, and ST Segments

The amplitude of T-waves in the FECG signals is much smaller than that of R-waves
in the QRS waves, and their morphologies are diversified. The correct detection of QRS
waves can reduce the difficulty of T-wave detection. The T-waves were mainly located on
two scales after wavelet transform decomposition, and we calculated its mode polar pair
on these two scales.

We detected the mode polar pair generated by the P-waves in the left 1/3 of the
R-wave first mode polar pair, and detected the mode polar pair generated by the T-waves
in the right 1/2 of the R-wave tail mode polar pair; then we can find the positions of the
P-waves and T-waves.
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According to the waveform characteristics, the first and last mode polarization points
of the T-waves were generated from the starting and ending points of the T-waves, and
there was a certain correspondence between the mode polarization pair and the waveform
starting point. However, there was actually a certain shift phenomenon. Therefore, the
extreme points of the T-waves modes could be moved by three sampling points to the right,
which were the starting point of the T-waves. According to the principle of approximate
symmetry, we used the obtained starting points and peak points to detect the termination
points. In addition, P-waves and T-waves have similar symmetry in morphology, so the
starting points and ending points of P-waves could be detected by the same method.

2.4. Evaluation Methods

To evaluate the performance of FECG signal extraction, we applied the SNR based on
eigenvalues (SNRE;¢) and the SNR based on cross-relation numbers (SNRgus) [14]:

Ymax
Re: — _ fmax 4
SN Eig sum('y) _')’maxl ( )

where v is the M eigenvalues of the matrix uTu, and Ymax is the maximum eigenvalues of

the matrix UTU; and
I
SNRrms = [ 15 ©)

where ¢ = mx ?ﬁazz i‘g}rl f()T f(k), and f is FECG signals containing QRS waves
number [14]. When the SNR is larger, the extracted signal quality is higher and the
extraction performance is better.

For evaluating the detection of FECG signals of the ADFECGDB database, fetal head
signals were used as a reference standard to calculate sensitivity (Se), positive predictive

value (PPV), and the F1 score:

TP
5= Th T EN’ ©)
TP
PPV = —— 7
V= TP Fp’ @)
TP
Fl = TP+ FP+ FN’ ®)

where TP (true positive) indicates the number of FECG R-peak positions correctly detected,
FP (false positive) indicates the number of FECG R-peak positions incorrectly detected, and
FN (false negative) indicates the number of FECG R-peak positions missed [6].

3. Results
3.1. Extraction of FECG Signals

We compared the FECG signal extraction performance of the proposed method with
that of the FastICA algorithm and the SVD algorithm alone. The SNRs using the AD-
FECGDB database are shown in Table 1. The extraction performance of the proposed
algorithm was better than that of the FastICA algorithm and the SVD algorithm alone. The
SNRRums of the best channel signals reached 45.028 dB.
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Table 1. Performance comparison of FECG signal extraction algorithms using the ADFECGDB
database.

FastICA SVD FastICA + SVD
Data
SNREig SNRRMms SNRE,-g SNRRrms SNREig SNRRrms

RO1 1.158 0.369 2.982 6.956 3.194 7.759
R04 1.549 0.184 2.494 5.265 2.749 6.637
RO7 2.305 5.125 1.872 3.391 5.349 26.632
RO8 1.072 0.142 1.186 9.682 3.125 45.028
R10 2.927 7.797 2.873 5.118 3.258 10.362

A visualized comparison is shown in Figure 3. The signal quality of Figure 3e was
significantly better than that of Figure 3b, as the noise in Figure 3e was significantly
improved. In addition, when maternal-fetal signals overlapped (indicated by the black
box), a single algorithm led to FECG signal missing waveforms (indicated by the red box),
which were addressed by using the proposed method (indicated by the yellow box).
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Figure 3. A total of 7000 sampling points of R01 data in the ADFECGDB database were applied to the
extraction algorithm: (a) The second channel of maternal abdominal mixed signals; (b) FECG signals
estimated by the SVD algorithm; (c) MECG signals extracted by the FastICA algorithm; (d) Residual
noises assessed by the FastICA algorithm; and FECG signals extracted by the proposed algorithm.

Figure 4 compares FECG signal extraction between the proposed method and the
SVD algorithm. The quality of the FECG signals extracted by the proposed method was
obviously better than that extracted by the SVD algorithm.
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Figure 4. A total of 7000 sampling points of R04, R07, and R08 data in the ADFECGDB database were
applied to the extraction algorithm: (a) Maternal abdominal mixed signals (R04, R07, and RO08 signals
were, respectively, used as the maternal abdominal mixed signals of the third, third and second
channels); (b) FECG signals estimated by the SVD algorithm; and (c) FECG signals extracted by the
proposed algorithm.

Figure 5 shows that the quality of the extracted FECG signals are significantly enhanced
by the proposed method, and the issue of missing waveforms is solved when maternal-fetal
signals overlap (indicated by the black box).

In order to further validate the proposed algorithm, we used 10 datasets from the
PhysioNet2013 database. The SNRs are shown in Table 2. The SNRs of the signals extracted
by the proposed algorithm were higher.
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Figure 5. A total of 7000 sampling points of R10 data in the ADFECGDB database were applied
to the extraction algorithm: (a) The second channel of maternal abdominal mixed signals in R10
data; (b) FECG signals estimated by the SVD algorithm; (¢) MECG signals extracted by the FastICA
algorithm; and (d) FECG signals extracted by the proposed algorithm.

Table 2. Performance comparison of FECG signal extraction algorithms using the PhysioNet2013

database.
FastICA SVD FastICA + SVD
Data
SNRE;q SNRRas SNRE;q SNRRas SNRE;q SNRRgas

a0l 0.739 0.051 0.732 0.342 2.296 4.073
a03 1.281 1.394 1.787 2.177 1.796 2.183
a04 0.992 0.112 1.122 1.081 2.018 3.185
a06 0.538 —0.644 0.747 0.220 3.197 7.529
a08 1.071 0.142 1.185 0.681 3.120 7.767
al0 0.793 0.093 1.261 0.557 4.357 11.178
al2 1.067 0.900 1.492 1.138 14.556 11.202
al3 7.146 1.007 5.773 0.668 9.461 5.916
al7 6.324 1.188 6.242 0.982 9.159 2.734
a2l 1.058 0.749 0.648 0.088 4.046 15.640

3.2. Detection of FECG Signals

For the detection of FECG signals, we used the ADFECGDB database to verify the
detection algorithm. The results of correct detection, missed detection, and incorrect
detection of R-waves are shown in Table 3. The average value of Se, PPV, and F1 were

96.90%, 98.23%, and 95.24%, respectively.

Table 3. FECG signal detection performance evaluated by five datasets from the ADFECGDB

database.
Correct Missing Incorrect o % o o
Data Detection Detection Detection Sel% PPVI% F1/%
RO1 627 17 2 97.36 99.68 97.06
RO4 620 12 19 98.10 97.02 95.24
RO7 613 14 21 97.77 96.69 94.60
RO8 623 19 5 97.04 99.20 96.29
R10 620 37 9 95.65 98.57 93.09
average 3103 99 56 96.90 98.23 95.24

* Se is sensitivity, PPV is positive predictive value, and F1 score is the harmonic average of accuracy and recall.
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In addition, we used the MATLAB GUI development environment to develop a
user-friendly GUI (Figure 6) for FECG signal extraction, including data import, signal
preprocessing, FECG signal extraction, and key characteristic parameter detection and
marking. Signal preprocessing included removing noises such as baseline drift, power
frequency interference, and pulse trace from the initial mixed ECG signals. Calculation
of characteristic parameters included real-time calculation of maternal heart rates, R-R
intervals, fetal R-R intervals, QRS durations, fetal heart rates, and other parameters.

a. Data import Fetal electrocardiogram Comprehensive Analysis System
The basic information OtraionUSes et md Choose ECOMe e

I b. Basic information

‘ ‘ ' ‘ MJ ) .
ey .=
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Signal amplification analysis

Figure 6. The FECG signal analysis GUI mainly consisted of six parts: (a) Data import; (b) Basic infor-
mation; (c) Original signal browser; (d) Results viewer; (e) Analysis of key characteristic parameters;
and (f) Characteristic reference values.

The R-R intervals, heart rates, and other values calculated from five datasets in the
ADFECGDB database are shown in Table 4. The parameters calculated were all within the
normal range, and the variance was less than 0.1 when compared with the real heart rate.
A more intuitive line chart is shown in Figure 7.

Table 4. Calculation of key characteristic parameters.

Maternal Characteristic Parameters Fetal Characteristic Parameters
Baseline
Data MECG QRS Mean R-R Heart Rates FECG QRS Mean R-R Fetal Heart
Fetal Heart
Numbers Intervals (s) (bpm) Numbers Intervals (s)  Rates (bpm)
Rates (bpm)
RO1 413 0.728 82.40 644 0.490 122.45 122
R04 433 0.690 86.96 632 0.490 122.45 122
RO7 401 0.747 80.32 627 0.478 125.52 126
RO8 411 0.729 82.30 642 0.460 130.43 130
R10 480 0.642 93.46 657 0.456 131.58 132
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Figure 7. Evaluation of the accuracy of maternal and fetal heart rate calculations using variances.
The blue curves in (a) and (b) were maternal and fetal heart rates calculated, respectively. The orange
curves in (a) and (b) represented the difference between the heart rate and the real heart rate of each
channel. The yellow dotted lines represented, respectively, the reference range of normal heart rates
of the mother and the fetus.

We used the wavelet mode maximum method to detect QRS waves and ST segments
of FECG signals. The results of QRS wave detection are shown in Figure 8.
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Figure 8. Detection of QRS waves (using R01 data from the ADFECGDB database): (a) is the detection
results of QRS waves; (b) is the amplification marker of (a).

Changes in the ST segments are an important indicator to assess whether the fetus is
healthy [26]. The results of T-wave detection are shown in Figure 9. The T-wave morphology
was diverse and the amplitudes were smaller compared to that of the QRS waves. There
was variability in the detection and identification of the ST segments.
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Figure 9. Detection of ST segments (using R01 data from the ADFECGDB database): (a) is the
detection results of ST segments; (b) is the amplification marker of (a).

4. Discussion
4.1. Significance of This Study

In this work, we proposed a method for the extraction of FECG signals by combining
FastICA and SVD algorithms. Singular values in SVD correspond to important information
implied in the matrix, and the sum of the top 1% singular values may account for more
than 99% of the total singular values. We chose the two largest singular values and the
corresponding left and right singular vectors to approximate the characteristic matrix of
FECG signals. Then, the SVD algorithm was combined with the FastICA algorithm to
extract FECG signals. Using the ADFECGDB and PhysioNet2013 databases for validation,
the SNR of the best channel signal reached 45.028 dB and the R-peak amplitude was almost
unattenuated. In addition, the issue of missing waveforms was addressed.

We employed the wavelet mode maxima method to detect QRS waves and ST segments
of FECG signals. We used the orthogonal quadratic spline wavelet to decompose FECG
signals into four scales to obtain detailed information. The energy of R-waves, Q-waves,
and S-waves was the strongest at the fourth scale, and that of T-waves was the strongest
at the second scale. Therefore, we searched the maximum pair of modes at the fourth
scale and the second scale. Then, the zeroes and peak point positions were obtained. we
compared the detected R-peak positions with the reference positions, and the Se, PPV, and
F1 score were 96.90%, 98.23%, and 95.24%, respectively. Finally, we designed a GUI that
integrated the proposed extraction and detection algorithms to provide systematic support
for fetal health evaluation.

4.2. Comparison with Related Work

Compared with previous work [14], under the same number of iterations, the SNRs
based on eigenvalues and cross-relation numbers have been improved. Table 5 shows the
performance comparison between the proposed algorithm and state-of-the-art methods.
The proposed algorithm is similar to Refs. [12,28]. Sarafan et al. [12] proposed a method
combining ICA, TS, and EKF. They used three different ICA algorithms to obtain MECG
and FECG estimates, and then used EKF to filter out residual MECG components, with an
F1 score of 92.61%. Similarly, Panigrahy and Sahu [28] used EKS to estimate MECG signals.
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As the relationship between FECG signals and MECG components in the mixed signals
was nonlinear, they used an adaptive neuro fuzzy inference system (ANFIS) to estimate
the actual MECG component. Experimental results showed that our proposed algorithm
combining FastICA and SVD had a higher accuracy. The FastICA algorithm uses negative
entropy to measure the non-Gaussian properties of the signal, which effectively combines
the algorithm characteristics of fixed point iteration and the statistical characteristics of
negative entropy, making the algorithm simple and fast for convergence.

In recent years, many researchers have applied deep learning algorithms to ECG
signals processing [29,30]. In the analysis of FECG signals, signal features were identified by
constructing neural networks in Refs. [3,16,17,31]. As shown in Table 5, when detecting R-
waves, the performance of these algorithms were similar to that of the proposed algorithm.
However, for the extraction of low-amplitude signal features, such as P, S, and T waves,
deep learning algorithms may be more efficient and perform better in identifying detailed
features. In addition, deep learning algorithms do not need to manually select specific signal
features, and can automatically learn appropriate features. In Ref. [3], Fotiadou et al. used
convolutional neural network blocks as feature extractors to automatically extract signal
features and directly determine fetal heart rate. Compared with the proposed algorithm,
the disadvantage of these network models may lie in the fact that the generalization ability
could not be increased simply by adding more training samples. On the other hand,
when the training data contain samples from different databases, the accuracy of the deep
learning methods may be improved.

Table 5. Comparison with published state-of-the-art methods for FECG signals extraction.

Authors Methods Year Database Sel% * PPVI% F1/%
ADFECGD and
Gurve et al. [32] ICA 2020 PhysioNet2013 93.30 94.00 93.60
ADFECGD and
Gurve et al. [32] NNMF + ICA 2020 PhysioNet2013 95.30 94.60 94.80
Taha et al. [5] FastICA 2020 PhysioNet2013 97.30 93.30 95.70
ADFECGD and
Barnova et al. [6] EEMD 2021 PhysioNet2013 81.79 87.16 84.08
ADFECGD and
Barnova et al.[6] EEMD + RLS + ICA 2021 PhysioNet2013 95.09 96.36 95.69
Sarafan et al. [12] FastICA + TS + EKF 2020 PhysioNet2013 - - 92.61
Zhang et al.[33] K-means + PCA 2019 PhysioNet2013 96.23 95.35 95.78
Panigrahy et al.[28] EKS + DE + ANFIS 2017 PhysioNet2013 91.47 92.18 -
DalSy and
Jaba et al. [34] PSF + ANC 2021 PhysioNet2013 97.92 94.66 96.12
Liu et al. [35] SQA + FTM 2014 PhysioNet2013 94.13 93.74 93.90
Mollakazemi et al. [36] PCA +WT 2021 PhysioNet2013 - - 98.77
Jallouli et al. [27] Chffg;‘irz\;ay" elet 2021 PhysioNet2013 99.76 99.2 99.47
Rasti-Meymandi et al. [37] AECG-DecompNet 2021 PhysioNet2013 97.40 93.52 95.42
Fotiadou et al. [3] DNN+ LSTM 2020 PhysioNet2013 98.10 - -
Vo et al. [16] 1-D Octave convolution 2020 PhysioNet2013 - - 90.70
Ting et al. [17] 2-D-CNN 2021 PhysioNet2013 95.20 - -
. ADFECGDand
Mohebian et al. [31] ConvlD + CycleGAN 2021 NLFECG - - 99.70
ADFECGD and
Our method FastICA + SVD + WT 2022 PhysioNet2013 96.90 98.23 95.24

* Se is sensitivity, PPV is positive predictive value, and F1 score is the harmonic average of accuracy and recall.

4.3. Limitations and Future Work

This study has limitations. Firstly, we only used public data to verify the accuracy of
the algorithm. In future work, we will use the abdominal electrode method to collect real
data to verify the algorithm. Secondly, deep learning methods can extract deep features
and identify the details of signals effectively. In future work, we can apply these algorithms
to analyze the FECG signals. For instance, a lightweight network model can be designed
to extract FECG signals efficiently. Lastly, infant physical conditions and signal sampling
locations may affect the intensity and characteristics of FECG signals and noises. Multi-
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channel MECG signals at different sampling locations contain different FECG information.
Therefore, we plan to integrate multi-dimensional signals into the system and analyze
multi-channel signals simultaneously. As such, the fetus health can be evaluated more
comprehensively.

5. Conclusions

FECG has become an important means of recognizing fetal heart activity and fetal
diseases. However, the FECG signal is extremely weak and easily interfered by noises, so
the extraction of clean FECG signals is important and challenging in clinical practice. In
this paper, we proposed an improved FastICA and SVD algorithm to extract FECG signals
and a wavelet mode maximum method to detect QRS waves and ST segments of FECG
signals. These algorithms were integrated into a GUIL The proposed method may be used
as a new method for FECG signals extraction and detection. In future work, deep learning
methods and multi-channel signals may be considered.

Author Contributions: Conceptualization, ].H. and Z.Z.; methodology, J.H. and Y.Y,; software, ].H.;
validation, J.H., Y.Y.,, Z.Z. and S.W,; formal analysis, ].H.; investigation, ].H., Y.Y., Z.Z. and S.W.;
resources, S.W.; data curation, J.H., Y.Y.,, Z.Z. and S.W.; writing—original draft preparation, J.H.
and Y.Y.; writing—review and editing, ] H., Z.Z. and S.W,; visualization, J.H., Y.Y., Z.Z. and S.W,;
supervision, Z.Z. and S.W.; project administration, Z.Z. and S.W.; and funding acquisition, Z.Z. and
S.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
(Grant Nos. 61871005, 11804013, 61801312), and the Beijing Natural Science Foundation (Grant Nos.
4222001, 4184081).

Institutional Review Board Statement: Ethical approval was waived as open-access database
was used.

Informed Consent Statement: Informed consent was waived as open-access database was used.

Data Availability Statement: The data used to support the findings of this study are included in
the article.

Acknowledgments: The authors would like to thank the anonymous reviewers for their valuable
comments and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Monson, M.; Heuser, C.; Einerson, B.D.; Esplin, I.; Snow, G.; Varner, M.; Esplin, M.S. Evaluation of an external fetal elec-
trocardiogram monitoring system: A randomized controlled trial. Am. ]. Obstet. Gynecol. 2020, 223, el-e244. [CrossRef]
[PubMed]

Zwanenburg, F; Jongbloed, M.R.M.; Van Geloven, N.; Ten Harkel, A.D.].; Van Lith, ] M.M.; Haak, M.C. Assessment of human
fetal cardiac autonomic nervous system development using color tissue Doppler imaging. Echocardiography 2021, 38, 974-981.
[CrossRef] [PubMed]

Fotiadou, E.; Xu, M.; Van Erp, B.; Van Sloun, R.J.G.; Vullings, R. Deep Convolutional Long Short-Term Memory Network for Fetal
Heart Rate Extraction. In Proceedings of the 42nd Annual International Conference of the IEEE Engineering in Medicine and
Biology Society (EMBC), Montreal, QC, Canada, 20-24 July 2020; pp. 608-611.

Sulas, E.; Urru, M.; Tumbarello, R.; Raffo, L.; Pani, D. Systematic analysis of single-and multi-reference adaptive filters for
non-invasive fetal electrocardiography. Math. Biosci. Eng. 2019, 17, 286-308. [CrossRef] [PubMed]

Taha, L.; Abdel-Raheem, E. A null space-based blind source separation for fetal electrocardiogram signals. Sensors 2020, 20, 3536.
[CrossRef]

Barnova, K.; Martinek, R.; Jaros, R.; Kahankova, R.; Matonia, A.; Jezewski, M.; Czabanski, R.; Horoba, K.; Jezewski, J. A novel
algorithm based on ensemble empirical mode decomposition for non-invasive fetal ECG extraction. PLoS ONE 2021, 16, e0256154.
[CrossRef]

Wu, S.; Shen, Y.; Zhou, Z.; Lin, L.; Zeng, Y.; Gao, X. Research of fetal ECG extraction using wavelet analysis and adaptive filtering.
Comput. Biol. Med. 2013, 43, 1622-1627. [CrossRef]

Vasudeva, B.; Deora, P; Pradhan, PM.; Dasgupta, S. Efficient implementation of LMS adaptive filter-based FECG extraction on an
FPGA. Healthc. Technol. Lett. 2020, 7, 125-131. [CrossRef]


http://doi.org/10.1016/j.ajog.2020.02.012
http://www.ncbi.nlm.nih.gov/pubmed/32087146
http://doi.org/10.1111/echo.15094
http://www.ncbi.nlm.nih.gov/pubmed/34018638
http://doi.org/10.3934/mbe.2020016
http://www.ncbi.nlm.nih.gov/pubmed/31731352
http://doi.org/10.3390/s20123536
http://doi.org/10.1371/journal.pone.0256154
http://doi.org/10.1016/j.compbiomed.2013.07.028
http://doi.org/10.1049/htl.2020.0016

Sensors 2022, 22, 3705 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ferranti, M.; Le, T.H.; Vandebril, R. A comparison between the complex symmetric based and classical computation of the
singular value decomposition of normal matrices. Numer. Algorithms 2021, 67, 109-120. [CrossRef]

Kumar, A.; Tomar, H.; Mehla, VK.; Komaragiri, R.; Kumar, M. Stationary wavelet transform based ECG signal denoising method.
ISA Trans. 2021, 114, 251-262. [CrossRef]

Martinek, R.; Kahankova, R.; Jezewski, J.; Jaros, R.; Mohylova, J.; Fajkus, M.; Nedoma, J.; Janku, P.; Nazeran, H. Comparative
effectiveness of ICA and PCA in extraction of fetal ECG from abdominal signals: Toward non-invasive fetal monitoring. Front.
Physiol. 2018, 9, 648. [CrossRef]

Sarafan, S.; Le, T.; Naderi, A.M.; Nguyen, Q.D.; Kuo, B.T.Y.; Ghirmai, T.; Han, H.D.; Lau, M.PH.; Cao, H. Investigation of methods
to extract fetal electrocardiogram from the mother’s abdominal signal in practical scenarios. Technologies 2020, 8, 33. [CrossRef]
[PubMed]

Hyvarinen, A. Fast and robust fixed-point algorithms for independent component analysis. IEEE Trans. Neural Netw. 1999, 10,
626—634. [CrossRef] [PubMed]

Yuan, L.; Zhou, Z.; Yuan, Y.; Wu, S. An improved FastICA method for fetal ECG extraction. Comput. Math. Methods Med. 2018,
2018, 7061456. [CrossRef] [PubMed]

Kaleem, A.M.; Kokate, R.D. A survey on FECG extraction using neural network and adaptive filter. Soft Comput. 2021, 25,
4379-4392. [CrossRef]

Vo, K; Le, T.; Rahmani, A.M.; Dutt, N.; Cao, H. An efficient and robust deep learning method with 1-D octave convolution to
extract fetal electrocardiogram. Sensors 2020, 20, 3757. [CrossRef]

Ting, Y.C.; Lo, EW.; Tsai, PY. Implementation for fetal ECG detection from multi-channel abdominal recordings with 2D
convolutional neural network. J. Signal. Process. Syst. 2021, 93, 1101-1113. [CrossRef]

Zhou, Z.Q.; Huang, K.J.; Qiu, Y.; Shen, H.B.; Ming, Z.Y. Morphology extraction of fetal electrocardiogram by slow-fast LSTM
network. Biomed. Signal. Process. 2020, 68, 102664. [CrossRef]

Malek, A.S.; EInahrawy, A.; Anwar, H.; Naeem, M. Automated detection of premature ventricular contraction in ECG signals
using enhanced template matching algorithm. Biomed. Phys. Eng. Express. 2020, 6, 015024. [CrossRef]

Singla, M.; Azeemuddin, S.; Sistla, P. Learning-Based Model for Central Blood Pressure Estimation using Feature Extracted from
ECG and PPG signals. In Proceedings of the 42nd Annual International Conference of the IEEE Engineering in Medicine and
Biology Society (EMBC), Montreal, QC, Canada, 20-24 July 2020; pp. 855-858.

Goldberger, A.; Amaral, L.; Glass, L.; Hausdorff, ] M.; Ivanov, P.C.; Mark, R.G.; Mietus, J.E.; Moody, G.B.; Peng, C.K.; Stanley, H.E.
PhysioBank, PhysioToolkit, and PhysioNet: Components of a new research resource for complex physiologic signals. Circulation
2000, 101, €215-€220. [CrossRef]

Kaleem, A.M.; Kokate, R.D. Performance evaluation of fetal ECG extraction algorithms. In Emerging Research in Electronics,
Computer Science and Technology; Springer: Singapore, 2019; pp. 187-194.

Dessi, A.; Pani, D.; Raffo, L. An advanced algorithm for fetal heart rate estimation from non-invasive low electrode density
recordings. Physiol. Meas. 2014, 35, 1621-1636. [CrossRef]

Peri, E.; Xu, L.; Ciccarelli, C.; Vandenbussche, N.L.; Xu, H.; Long, X.; Overeem, S.; Dijk, ]J.P.; Mischi, M. Singular Value
Decomposition for removal of cardiac interference from trunk electromyogram. Sensors 2021, 21, 573. [CrossRef] [PubMed]

Li, YE; Le, J. Clinical value of QRS, ST segment and T wave in fetal electrocardiogram. Obstet. Gynecol. Int. 1992, 5, 275-276.
Olofsson, P; Norén, H.; Carlsson, A.; Rosén, K.G. Identifying newborns with umbilical cord blood metabolic acidosis by
intrapartum cardiotography combined with fetal ECG ST analysis (STAN): Comparison of the new and old FIGO systems to
classify cardiotocograms. |. Matern. Fetal. Neonatal. Med. 2020, 33, 404-409. [CrossRef] [PubMed]

Jallouli, M.; Arfaoui, S.; Ben, M.A.; Cattani, C. Clifford Wavelet Entropy for fetal ECG Extraction. Entropy 2021, 23, 844. [CrossRef]
[PubMed]

Panigrahy, D.; Sahu, PK. Extraction of fetal ECG signal by an improved method using extended Kalman smoother framework
from single channel abdominal ECG signal. Australas. Phys. Eng. Sci. Med. 2017, 40, 191-207. [CrossRef] [PubMed]
Vijayakumar, V.; Ummar, S.; Varghese, T.J.; Shibu, A.E. ECG noise classification using deep learning with feature extraction.
Signal. Image Video P. 2022, 1-7. [CrossRef]

Tseng, K.K.; Wang, C.; Xiao, T.]J.; Chen, C.M.; Hassan, M.M.; Albuquerque, V.H.C. Sliding large kernel of deep learning algorithm
for mobile electrocardiogram diagnosis. Comput. Electr. Eng. 2021, 96, 107521. [CrossRef]

Mohebbian, M.R.; Vedaei, S.S.; Wahid, K.A.; Dinh, A.; Marateb, H.R.; Tavakolian, K. Fetal ECG extraction from maternal ECG
using attention-based CycleGAN. IEEE. |. Biomed. Health 2022, 26, 515-526. [CrossRef]

Gurve, D.; Krishnan, S. Separation of fetal-ECG from single-channel abdominal ECG using activation scaled non-negative matrix
factorization. IEEE. . Biomed. Health Inform. 2020, 24, 669-680. [CrossRef]

Zhang, Y.; Yu, S. Single-lead noninvasive fetal ECG extraction by means of combining clustering and principal components
analysis. Med. Biol. Eng. Comput. 2020, 58, 419-432. [CrossRef]

Jaba, D.K.A.; Dhanalakshmi, S.R.K. An improved parallel sub-filter adaptive noise canceler for the extraction of fetal ECG. Biomed.
Tech. 2021, 66, 503-514. [CrossRef] [PubMed]

Liu, C.; Li, P; Di, M.C.; Zhao, L.; Zhang, H.; Chen, Z. A multi-step method with signal quality assessment and fine-tuning
procedure to locate maternal and fetal QRS complexes from abdominal ECG recordings. Physiol. Meas. 2014, 35, 1665-1683.
[CrossRef] [PubMed]


http://doi.org/10.1007/s11075-013-9777-9
http://doi.org/10.1016/j.isatra.2020.12.029
http://doi.org/10.3389/fphys.2018.00648
http://doi.org/10.3390/technologies8020033
http://www.ncbi.nlm.nih.gov/pubmed/34277367
http://doi.org/10.1109/72.761722
http://www.ncbi.nlm.nih.gov/pubmed/18252563
http://doi.org/10.1155/2018/7061456
http://www.ncbi.nlm.nih.gov/pubmed/29887913
http://doi.org/10.1007/s00500-020-05447-w
http://doi.org/10.3390/s20133757
http://doi.org/10.1007/s11265-021-01676-w
http://doi.org/10.1016/j.bspc.2021.102664
http://doi.org/10.1088/2057-1976/ab6995
http://doi.org/10.1161/01.CIR.101.23.e215
http://doi.org/10.1088/0967-3334/35/8/1621
http://doi.org/10.3390/s21020573
http://www.ncbi.nlm.nih.gov/pubmed/33467431
http://doi.org/10.1080/14767058.2018.1494148
http://www.ncbi.nlm.nih.gov/pubmed/29945485
http://doi.org/10.3390/e23070844
http://www.ncbi.nlm.nih.gov/pubmed/34209158
http://doi.org/10.1007/s13246-017-0527-5
http://www.ncbi.nlm.nih.gov/pubmed/28210991
http://doi.org/10.1007/s11760-022-02194-3
http://doi.org/10.1016/j.compeleceng.2021.107521
http://doi.org/10.1109/JBHI.2021.3111873
http://doi.org/10.1109/JBHI.2019.2920356
http://doi.org/10.1007/s11517-019-02087-7
http://doi.org/10.1515/bmt-2020-0313
http://www.ncbi.nlm.nih.gov/pubmed/33946135
http://doi.org/10.1088/0967-3334/35/8/1665
http://www.ncbi.nlm.nih.gov/pubmed/25069817

Sensors 2022, 22, 3705 17 of 17

36. Mollakazemi, M.].; Asadi, F; Tajnesaei, M.; Ghaffari, A. Fetal QRS Detection in Noninvasive Abdominal Electrocardiograms
Using Principal Component Analysis and Discrete Wavelet Transforms with Signal Quality Estimation. J. Biomed. Phys. Eng. 2021,

11, 197-204.
37. Rasti-Meymandi, A.; Ghaffari, A. AECG-DecompNet: Abdominal ECG signal decomposition through deep-learning model. Phys.

Meas. 2021, 42, 33706298. [CrossRef] [PubMed]


http://doi.org/10.1088/1361-6579/abedc1
http://www.ncbi.nlm.nih.gov/pubmed/33706298

	Introduction 
	Materials and Methods 
	Datasets 
	FECG Signal Extraction Based on the FastICA and SVD Algorithm 
	FECG Signal Detection Based on the Wavelet Mode Maximum Method 
	Wavelet Mode Maximum Method 
	QRS Wave Detection 
	Detection of P-waves, T-waves, and ST Segments 

	Evaluation Methods 

	Results 
	Extraction of FECG Signals 
	Detection of FECG Signals 

	Discussion 
	Significance of This Study 
	Comparison with Related Work 
	Limitations and Future Work 

	Conclusions 
	References

