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Abstract

Objectives

Noninvasive fetal electrocardiography (FECG) offers many advantages over alternative
fetal monitoring techniques in evaluating fetal health conditions. However, it is difficult to
extract a clean FECG signal with morphological features from an abdominal ECG recorded
at the maternal abdomen; the signal is usually contaminated by the maternal ECG and vari-
ous noises. The aim of the work is to extract an FECG signal that preserves the morphologi-
cal features from the mother’s abdominal ECG recording, which allows for accurately
estimating the fetal heart rate (FHR) and analyzing the waveforms of the fetal ECG.

Methods

We propose a novel nonlinear adaptive noise cancelling framework (ANC) based on a tem-
poral convolutional neural network (CNN) to effectively extract fetal ECG signals from moth-
ers’ abdominal ECG recordings. The proposed framework consists of a two-stage network,
using the ANC architecture; one network is for the maternal ECG component elimination
and the other is for the residual noise component removal of the extracted fetal ECG signal.
Then, JADE (one of the blind source separation algorithms) is applied as a postprocessing
step to produce a clean fetal ECG signal.

Results

Synthetic ECG data (FECGSYNDB) and clinical ECG data (NIFECGDB, PCDB) are used to
evaluate the extraction performance of the proposed framework. The statistical and visual
results demonstrate that our method outperforms the other state-of-the-art algorithms in the
literature. Specifically, on the FECGSYNDB, the mean squared error (MSE), signal-to-noise
ratio (SNR), correlation coefficient (R) and F;-score of our method are 0.16, 7.94, 0.95 and
98.89%, respectively. The F;-score on the NIFECGDB reaches 98.62%. The value of the
F;-score on the PCDB is 98.62%.
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Conclusion

As opposed to the existing algorithms being restricted to fetal QRS complex detection, the
proposed framework can preserve the morphological features of the extracted fetal ECG
signal well, which could support medical diagnoses based on the morphology of the fetal
ECG signal.

Introduction

Intrauterine hypoxia and congenital heart defects (CHDs) are the main reasons for fetal
growth retardation and even death, which is a major risk to the fetus [1]. Therefore, effective
fetal monitoring is essential throughout pregnancy to ensure the safety of the fetus and the
mother [2]. Continuous fetal heart rate monitoring, i.e., cardiotocography (CTG), has been the
most widely used technique for fetal monitoring since the 1960s, with Doppler ultrasound
(US)-based fetal heart rate (FHR) monitoring being the most popular [3]. However, fetal mon-
itoring has problematic reliability and does not provide the beat-to-beat fetal HR information
that is required for a reliable analysis of the heart rate variabilities [4]. In contrast, the fetal elec-
trocardiogram (FECG) allows for the screening of fetal well-being through the analysis of both
the FHR and the fetal ECG waveform morphological features [5]. For example, fetal hypoxia
that causes birth defects can be diagnosed by monitoring FHR estimated by fetal QRS complex
detection, and the morphological features of the FECG can provide further information to
enable the early diagnosis of congenital heart defects (CHDs) [6, 7]. Hence, it would be of
interest to extract FECG while preserving the diagnostic morphological information. The
FECG signal is extracted from the abdominal electrocardiogram (AECG) recording acquired
by surface electrodes that are placed onto the maternal abdomen [8]. Unfortunately, it is a
challenge to extract a FECG signal with clean morphology from an AECG recording. The
main reason is that in the AECG recording, the FECG component is much weaker than the
maternal ECG (MECG) component, and they usually overlap both in the time and frequency
domains. As a result, extracting the FECG from an abdominal mixed signal is susceptible to
influence from the strong MECG component [9]. Moreover, the AECG recording is usually
distorted by various noises, such as maternal electromyogram (EMG), power line interference,
baseline drift and white noise [10]. The above interferences would severely disrupt the extrac-
tion of the FHR and FECG morphology.

Over the past decades, many methods have been proposed for extracting FECG from the
AECG recordings [11]. They can be categorized by filtering techniques, template subtraction
(TS) and blind source separation (BSS). The popular filtering techniques include adaptive fil-
tering [7, 12], Kalman filtering [13] and wavelet transforms [14]. Classical adaptive filtering
requires a maternal thoracic ECG signal as a reference to remove the maternal ECG compo-
nent from the abdominal ECG. However, the relationship between the thoracic MECG and
abdominal MECG is complexly nonlinear, and the mapping ability of classical adaptive filter-
ing is very limited. TS [15] involves subtracting a synthetic MECG generated by detecting
maternal QRS accurately, leaving a residual signal containing the FECG. The main challenge
of TS is that the synthetic MECG may not hold the morphology of the maternal ECG compo-
nent in the abdominal ECG. This drawback degrades the effectiveness of the fetal ECG extrac-
tion. The BSS methods include a principal component analysis (PCA) [16], independent
component analysis (ICA) [17] and joint approximate diagonalization of eigen matrices
(JADE) [18]. The BSS techniques require multiple channels of AECG recordings, which would
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increase the discomfort for pregnant women. The other drawback of BSS is the inability to
directly separate the weak fetal ECG component from the abdominal ECG [19].

Recently, with the development of deep neural networks (DNNs), many researchers have
tried to extract FECG signals using the DNN technique [20]. Zhong et al. [21] proposed a deep
convolutional encoder-decoder network to directly extract the FECG from the AECG signal.
Using a two-dimensional DNN, Xu et al. [22] took advantage of the structured information in
the time-frequency domain of the AECG signal to detect fetal QRS complexes without elimi-
nating the MECG component. The model developed by Lee et al. [23] had a deeper architec-
ture, which led to performance improvements. Vo k et al. [3] designed an end-to-end deep
neural network to detect fetal QRS complexes from multichannel abdominal ECG recordings.
However, there are several deficiencies in the existing DNN-based research: (1) It is difficult to
train a model that directly extracts the weak FECG information from the abdominal mixed sig-
nal since the MECG usually has a greater amplitude than that of the FECG. A fetal scalp ECG
is required for supervised learning of the model, and the scarcity of training data may seriously
degrade the generalization performance of the model. (2) An FECG signal extracted by the
existing models is still contaminated by residual maternal ECG and noise, resulting in a low
signal-to-noise ratio (SNR). Usually, the QRS complexes of the FECG signal extracted by the
existing methods can be detected without further processing of the FECG due to the high
amplitude of the R peak [24]. However, the detection of smaller waves, such as the P and T
waves, would be a challenging task in actual clinical practice. (3) In addition, most research
does not consider the particularity of the sequence modeling. For the prediction of a long-
term ECG signal, the predicted value y, at time ¢ depends on the state of the long historical
information that has been previously observed: {x;,. . .,x;}. Therefore, it is not suitable to simply
replace the 2D CNN that processes images with a 1D CNN to process signals where the small
convolutional kernel cannot perceive the long quantity of historical information within the
limited depth of the network.

In this paper, referring to the architecture of adaptive noise cancelling (ANC), we propose a
DNN-based framework to extract the FECG signal from the AECG recording. As shown in
Fig 1, the framework consists of two temporal convolutional encoder-decoder networks with
residual and skip connections. The first network uses an additional reference signal correlated
to the maternal ECG (i.e., thoracic ECG of the mother) to estimate the maternal ECG compo-
nent in the abdominal ECG. After that, the estimation is subtracted from the abdominal ECG,
leaving a residual signal containing the fetal ECG. Then, the second network and a postproces-
sing (JADE) step remove the residual maternal ECG and noise from the noisy fetal ECG signal
to produce a clean fetal ECG signal. Our main research contributions are summarized as fol-
lows: (1) We show that using two networks (one for MECG elimination and the other for
FECG denoising) is capable of extracting the FECG from the AECG recording with high accu-
racy for QRS detection while better preserving most of the morphological features, as opposed
to using one network model for direct FECG extraction. (2) The proposed method is a combi-
nation of the convolutional neural network (CNN) and adaptive noise cancelling (ANC). ANC
is capable of adjusting its parameters autonomously to remove the uncorrelated noise compo-
nents. In the ANC architecture, our model utilizes the error between the current reference sig-
nal and the signal to be processed for online optimization and prediction. As a result, our
model requires no significant model training or testing while achieving a higher, or compara-
ble performance, to the state-of-the-art methods. (3) For the problem that in the prediction of
the long-term ECG signal, the small kernel of the regular CNN cannot perceive the long quan-
tities of historical information within the limited network depth, we use dilated convolution
[25] to increase the receptive field and perceive the long quantity of historical information of
the ECG signal, which corresponds to the long-term memory of the LSTM. Another benefit of
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Fig 1. The overall process of the proposed framework. The MECG component is eliminated in stage 1 and the extracted FECG is denoised in stage
2.

https://doi.org/10.1371/journal.pone.0278917.9001

dilated convolution operations is the reduction in computational cost and memory footprint,
enabling implementation on resource-constrained devices. In contrast with the recurrent neu-
ral network (RNN), our convolution-based model implements the massively parallel comput-
ing of the long-term ECG signal via GPU computation and, as such, is rather generally
practical.

The rest of this paper is organized as follows. Section 2 presents the experimental data and
our proposed model architecture, as well as provides detailed theoretical analyses. In Section 3,
experimental results are discussed along with the corresponding interpretations. Finally, the
discussion and the conclusion are drawn in Section 4 and Section 5, respectively.

Materials and methods
Experimental data

In this work, three available datasets from the FECG synthetic database (FECGSYNDB) [26],
Physionet noninvasive fetal ECG database (PNIFECGDB) [27] and set A of Physionet/com-
puting in the cardiology challenge database (PCDB) [28] are used.

The FECGSYNDB is a large database of simulated noninvasive fetal ECG signals, which
provides a robust resource that enables reproducible research in the field. The recording
obtains two thoracic ECG signals and 32 abdominal mixed signals by treating each abdominal
signal component (FECG/MECG or noise signals) as an individual source. The combination
of four channels (1, 11, 22 and 32) [28] is used for the evaluation of our algorithm, where the
noise level is 0 dB, as suggested by Andreotti et al. [29]. The PNIFECGDB contains two chest
channels and 3-4 abdominal channels, taken from a single subject between 21 and 40 weeks of
her pregnancy. All recordings were sampled at 1 kHz at a 16-bit resolution. To facilitate the
comparison with the state-of-the-art results [7], a total of fourteen recordings (ecgal54, 192,
244,274,290, 323, 368, 444, 597, 733, 746, 811, 826 and 906) are selected. One minute of signal,
30 seconds after the start of the recording, is extracted for all the available channels of each
recording. The true fetal QRS locations were manually annotated and considered to be the ref-
erence. The PCDB is the largest publicly available, noninvasive FECG database to date, which
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consists of 75 one-minute abdominal ECG recordings acquired at a sampling rate of 1 kHz on
four channels. The fetal R-peak annotations are provided. Seven recordings (a33, a38, a47, a52,
a54, a71 and a74) are excluded, leaving 68 recordings available, due to inaccurate annotations
[30].

Preprocessing. The prefiltering step for the processing of biological signals is crucial. In
the context of fetal QRS and FECG morphology extraction, a low f; (the cutoff frequency of a
high pass filter to remove the baseline wander) should be chosen to preserve the fetal T-waves
[9]. Therefore, a bandpass filter with a cutoff frequency of 0.5 Hz (f,) and 100 Hz (f;,, the cutoff
frequency of a low pass filter to remove the high-frequency content) is applied to the signal.
After that, all the signals are normalized using z score normalization [31].

Nonlinear adaptive noise cancelling for FECG extraction. Generally, abdominal ECG
recordings can be obtained by noninvasive electrodes placed on the maternal abdomen. In the
abdominal recording, there are several signal components, and the following equation can be
modeled:

AECG(t) = MECG(t) + FECG(t) + n(t),t =1,2,..., T (1)

where t is the time; AECG(t) is the abdominal ECG; MECG(t) is the maternal ECG in the
abdominal ECG; FECG(t) is the fetal ECG in the abdominal ECG; and n(t) are various interfer-
ences and noise. The abdominal MECG component is formed by the transmission of the
maternal ECG from the chest to the abdomen, where the phase and amplitude of the thoracic
ECG (TECG) may change significantly. Essentially, this process can be regarded as a complex
nonlinear transformation:

MECG(t) = f[TECG(1)] 2)

In Formula (2), the function f{) represents the nonlinear mapping relationship between the

TECG and the abdominal MECG. So long as the best mapping relationship f (+) is available,
we can obtain the best estimation of the abdominal MECG. Then, the noisy FECG signal is
extracted by subtracting this estimation from the abdominal ECG recording, as shown in For-
mula (3):

F=AECG - M

. (3)
= AECG — f(TECG)

where F is the extracted FECG signal that contains the remaining noise and M is the best esti-

mation of the abdominal MECG, which is equivalent to f (TECG).

Therefore, the primary task of nonlinear adaptive noise cancelling (ANC) is to obtain the
optimal nonlinear transformation function f{-) between the thoracic ECG and the abdominal
MECG. In this paper, a deep temporal convolutional network (called TCED-Net) model is
constructed as a filter of the ANC architecture to implement the nonlinear mapping of the
maternal thoracic ECG to the abdominal MECG, thereby extracting the FECG signal.

Model architecture. Our network is similar to a generator architecture introduced by
Isola et al. [32] in their investigation of conditional adversarial networks to solve image-to-
image translations. The difference is that the generator we consider is a U-Net [33] version
suitable for the sequence modeling task, corresponding to an encoder-decoder with skip con-
nections between mirrored layers. The network architecture is illustrated in Fig 2; it consists of
an encoder (left side) and a decoder (right side). The encoder extracts the salient features of a
signal of size 1x60000, preserving the detailed low-frequency structure of the signal. At each
extraction step, we double the number of feature channels (the size of the channels is [16, 32,
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Fig 2. Schematic diagram of our proposed network.

https://doi.org/10.1371/journal.pone.0278917.9002

64, 128, 256, 512], respectively). The temporal convolution block (given in more detail in Fig
4) acts as a feature extractor, in which each orange box corresponds to the multichannel fea-
ture maps. The number of channels is denoted on top of the box. Obviously, in a block, convo-
lutions keep the feature maps of the layer the same size as that of the previous one. Each block
is followed by an average pooling operation with stride 2 for downsampling. At each down-
sampling step, we halve the number of feature maps. Each green box represents a set of feature
maps cropped from the average pooling, and its x-y-size is provided at the lower left edge of
the box. The decoder recovers successive signal details in a bottom-up way from the bottleneck
layer of the encoder to produce an output of the same size as the input. At each decoding step,
deconvolution is used to upsample the feature maps, which doubles the size of the feature
maps and halves the number of feature channels. Each green box with a horizontal line pattern
represents a set of feature maps issued from an upsampling layer. Then, we add a skip connec-
tion to concatenate the feature maps between the two corresponding encoding and decoding
layers, followed by a temporal convolutional block. The skip connection allows the direct shut-
tling of the signal details from an encoder layer to its corresponding decoder layer, and helps
to backpropagate the gradients to the bottom, making training of the end-to-end mapping eas-
ier and more effective while the network goes deeper [34, 35]. At the final layer, a 1x1 convolu-
tion is used to map the 16-component feature vector to the desired number of channels.
Temporal convolution is used to process the long-term ECG signal in a massive parallel
computation, which follows the typical architecture of a convolutional network. For the pre-
diction of the temporal sequence, one distinguishing characteristic is that the convolutions in
the architecture are “causal”, where an output at time ¢ is involved only with elements from
time t, and earlier, in the previous layers [36]. However, the length of the history information
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that a “causal” convolution can look back on is restricted to the depth of the network. To
receive a piece of the long history information, we need a deep network or a large receptive
field (kernel size), neither of which is particularly feasible. Therefore, following the work of Bai
S etal. [36], we use a dilated causal convolution to increase the receptive field. Given a 1-D sig-
nal x, and a kernel £:(0,. . .,k—1}, the output y of an element » with a dilated convolution is
defined as:

y(n) = Zf(i) ~x(n—d-i) (4)

where k and d are the kernel size and the dilation factor, respectively. Note that when dis 1,
then a dilated convolution is the same as a regular convolution. As shown in Figs 3 and 4, a
larger dilation enables an output at the top level to receive a wider range of inputs with fewer
layers of the network.

R R 2 9

M V2 y \’;/“3
Output
d=4
Conv
d=2
Conv
d=1
Input

&
X X ”\‘, L %

Fig 3. A dilated temporal convolution with factor d = 1, 2, 4 and filter size k = 3.
https://doi.org/10.1371/journal.pone.0278917.9003
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https://doi.org/10.1371/journal.pone.0278917.9004
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In our work, the residual block that makes up our network is shown in Fig 5; it consists of
two stacked dilated causal convolution layers and nonlinearity layers, for which we use the
scaled exponential linear units (SELU) [37]. In addition, regularization operations (batch nor-
malization, spatial dropout) are added to each layer. To achieve stabilization of the deeper or
larger network and accelerate the convergence of the model, a residual connection is
employed, where a 1x1 convolution ensures that the residual input and output have the same
dimension.

Loss function

For the proposed network, learning the end-to-end mapping, from the mother’s thoracic ECG
to abdominal MECG, needs to estimate the weights © represented by the convolutional and
deconvolutional kernels. This is achieved by minimizing the mean squared loss between the
output of the network and the signal to be processed. Specifically, for abdominal MECG elimi-
nation, given a collection of N training sample pairs, D = {(x,,¥,), (X5, ¥5), - - -, (x5, ¥a) }> {x1
X2 . Xn} are the thoracic ECG sampling points, and {y;, ¥»,. . .,yn} are the abdominal MECG
sampling points as the ground truth. Suppose the output of the network is

)A/ = (5’175/27 R 7}71\/)’ ie,
j’i :f(‘xi) (5)

Then, the mean squared error of the network on the training sample pairs is:

B©) =D -0 (©
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Table 1. Hyper-parameters for online optimization of the proposed network.

Hyper-parameter
Optimizer
Input signal size
Feature channels
Stride size of temporal convolution

Kernel size

https://doi.org/10.1371/journal.pone.0278917.t001

Considered value Hyper-parameter Considered value
Adam Learning rate n 107
1x60000 Output signal size 1x60000
[16, 32, 64, 128, 256, 512] Dilated rate [1,2,4,8, 16, 16]
1 Stride size of down/up sampling 2
5 Padding of the dilated convolution (kernel size-1)xdilated rate

For the error of Formula (6), given the learning rate n, the parameters of the model are
adjusted in the direction of the negative gradient based on the gradient descent strategy. In
this paper, we use the PyTorch and Adam optimizers [38] to implement error backpropaga-
tion. The detailed hyperparameters of the network are listed in Table 1.

It is a remarkable fact that the optimal weights © in the different channels or recordings are
disparate, so the converged models are nonuniversal. In other words, our model utilizes the
error between the current thoracic ECG signal and abdominal MECG signal for online optimi-
zation and prediction without significant model training or testing.

TCED-Net-based ANC framework for abdominal MECG elimination. In this section,
we explain how the proposed network is integrated into the ANC framework, and uses a tho-
racic ECG to produce the estimation of the abdominal MECG. As mentioned above, the tho-
racic signal is uncorrelated with the abdominal FECG or noise component but correlated in
some unknown way with the abdominal MECG component. Here, the proposed model is
essentially a nonlinear transformation function that can be continuously optimized. The block
diagram of abdominal MECG elimination using TCED-Net is shown in Fig 6. TCED-Net is
denoted as a nonlinear function f{-), and the mother’s thoracic ECG is denoted as T. An
abdominal ECG to be processed contains the abdominal MECG component M, FECG compo-
nent F and noise component n. The model transforms the thoracic ECG signal and produces
the output y = (T), and the error is shown in Formula (7).

e=E[(M+F+n—y)]

(M — )] + 2E[(M — y) - (F + n)] + E[(F + n)’]
(M = )] + 2E[(M — y) - (F + n)]+
E[F?] + 2E[F - n] + E[n?]

A mother’s abdominal mixed ECG signal

S ,

M(t) + F(t) +n(t)

A mother’s thoracic ECG signal

| | |
o MJ%.,

z i

"
[ T ( l) i nonlinear transformation | ¥ () f\+
! function £'(e) NV
- O] wa '
1 Back propagated
1 error €(t P —~
: Adam |' © F(t)=A(t)-M(t)

Fig 6. The block diagram of the abdominal MECG elimination using the proposed nonlinear ANC.
https://doi.org/10.1371/journal.pone.0278917.9006
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Since in the abdominal ECG, the fetal ECG, maternal ECG and noise are independent of
each other, E[(M — y) - (F+ n)] & 0, E[F - n] & 0. The final error is:

e = E[(M —y)"] + E[F*] + E[n’] (8)
Optimizing the model minimizes the error, we obtain Formula (9).
min {€} = min {E[(M — y)’]} + E[F’] + E[n’] 9)

It is obvious that minimizing ¢ makes E[(M~y)*]—0, equivalent to y— M. The output y is
exactly the abdominal MECG component, which is then subtracted from the abdominal ECG.
The residual signal comprises the desired FECG and the remaining noise.

TCED-Net-based ANC framework for extracted FECG signal denoising. The extracted
fetal ECG after maternal ECG removal contains a significant amount of residual noise, which
may hinder the morphological analysis of the FECG waveform in clinical practice. Typically,
the fetal ECG components among the different channels are nonlinearly correlated, whereas
some remaining noise components are mostly uncorrelated. In this section, the proposed non-
linear ANC architecture is applied to enhance the quality of the multichannel fetal ECG sig-
nals. The block diagram of the k-channel extracted FECG signal denoising using TCED-Net is
depicted in Fig 7. The channel to be denoised is considered to be the primary channel, and the
other channel(s) are considered to be the reference channel(s). We consider that multichannel
FECG signals from different acquisition positions can provide more complete information on
the fetus, so every channel signal needs to be denoised. The signal components in each channel
are shown in Formula (10).

(10)

x(t) = F(t) + M, (t) + n,(t)

where {F;(t), F5(t),. . .Fx(t)} are the extracted fetal ECG signals, and {M;(t), Mx(%),. . .,Mi(t)}

Mo

Fi(t) + M1 (1) + nq (1)

Back propagated
error e(t)

Fa(t) + Ma(t) +"2($J—’

T - - 9
Fa(0) + Ma() +na(0) {2 o stomation | Y2/ 4+ | p(p) ST
or post-
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l

Fy

i

Fig 7. The block diagram of the extracted FECG signal de-noising using the proposed nonlinear ANC. The output
is an estimation of the FECG component of channel 1.

https://doi.org/10.1371/journal.pone.0278917.9007
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and {n;(t), ny(t),. . .,n(t)} are the residual maternal ECG and noises, respectively. In Fig 6, we
use channel 1 as the primary channel and the others as reference channels for illustration. r =
[x,(8), x3(8),. . oxx(D)] T is an (k—=1)xN dimensional matrix that is composed of signals of the ref-
erence channels. According to the above optimization strategy, given a collection of (k-1)
training sample pairs D = {(x,,r,), (x,,1,), ..., (x;,7,_,)}. Suppose the output of the network
is:

)A/i:f(ri) (11)

where i: Q—{1,.. ,(k—1)} is the index of the reference channels. Then, the mean squared error
of the network on the training sample pair (xy, r;) is:

1 & .
€ = Nz{xlj - yij}2
=

=E[(F, + M, +n, _)A’i)Q] (12)
= E[(Fl _j}i)Q] + 2E[(F1 _j/i) * (Ml + ”1)] JFE[(Ml + ”1)2]
= E[(F1 _j’i)z] + 2E[(F1 _)A/i) * (Ml + ”1)] +E[M12] + 2E[M1*”1] + E[”lz]

As mentioned above, the fetal ECG components among the different channels are nonli-
nearly correlated, whereas some remaining maternal ECG and noise components are mostly
uncorrelated. Therefore, we know that E[(F, — ¥,) * (M, + n,)] = 0, E[M, * n,] =~ 0. The final
error is:

e, = E[(F, — j’i)Z] + E[M12] + E[n,’] (13)

Similar to the maternal ECG estimation scheme, optimizing the model minimizes the error,
and we obtain Formula (14).

min {¢;} = min {E[(F, _)7{)2}} + E[Mlﬂ + E[”lz] (14)

Obviously, minimizing ¢; would make E[(F, — ,)°] — 0, equivalent to 7, — F,. The output
¥, of the network is exactly the desired clean FECG component of channel 1. Compared to the
MECG estimation, the main difference of the FECG denoising is that the target signal is the
output y, of the network, instead of the error ;.

As explained above, i: Q—{1,. . .,(k—1)} is the index of the reference channels. Going
through a loop that iterates over i, we obtain a set of fetal ECG signals that are approximate to
the FECG component in channel 1.

Postprocessing

In this section, a BSS step is used to process the set of fetal ECG signals and to finally extract
the fetal ECG of channel 1. BSS methods are the most commonly used techniques for multi-
channel signal separation. In the literature [29], the BSS performance was assessed through
three different algorithmic implementations (PCA, JADE and fast-ICA). Finally, the JADE
algorithm achieved the best result using eight channels. For this reason, JADE is selected as the
postprocessing algorithm added after the proposed framework.

Statistical assessment

The FECGSYNDB provides the fetal QRS complex locations, and the “true” fetal ECG wave-
forms, prior to mixing with MECG and the other noise sources, which enables the assessment
of both the fetal QRS detection accuracy and the ability to conserve fetal ECG morphological
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features. For PNIFECGDB and PCDB, only the locations of the fetal QRS complexes are avail-
able. Therefore, we used sensitivity (SE), positive predictive value (PPV) and the F;-score to
evaluate the performance of the proposed method on real clinical data.

TP
SE=——.100(° 15
TP + EN 00(%) (15)

TP
PPV = —— . 100(% 16
TP + FP (%) (16)

2-TP

F=— 2 . 100(% 17
' 2.TP+FP+EN (%) (17)

where TP denotes the number of correctly identified R peaks within 50 ms of the reference
annotations [39]. FN indicates the number of missed R peak detections. FP is the number of
falsely detected nonexistent peaks.

Accurate fetal QRS detection enables accurate FHR tracings. However, accurate fetal QRS
detection does not necessarily imply that the morphology of the extracted fetal ECG is well
preserved. In terms of assessing how accurately the morphological information of the extracted
FECG signal can be preserved, mean squared error (MSE), signal-to-noise ratio (SNR) and the
correlation coefficient (R) are used as the performance indices.

MSE:%EN:(x,.—x,.)? (18)

i=1

SNR = 10l0g10#

z ) (19)

Do (= X) (%, — %)
\/Z; 1 x_x \/21 1 x_x’)

where %, is the fetal ECG extracted from the abdominal ECG, and x; is the synthetic fetal ECG

as the ground truth. x and % indicate the means of the two signals. N is the number of samples

(20)

in the signal. Generally, a larger SNR and R, or a smaller MSE, indicates a higher accuracy of
an algorithm.

Results

In this work, qualitative and quantitative analyses (e.g., the visualization of FECG morphology
and the detection of fetal QRS complexes) are conducted to evaluate the performance of the
proposed framework for FECG extraction. For the task of maternal ECG estimation, the tho-
racic ECG signal usually has a high SNR, and the model is optimized easily as well, which may
increase the risk of overfitting. Therefore, we set the number of training epochs to 100. In con-
trast, for the FECG denoising, the extracted fetal ECG in each channel contains a significant
amount of remaining noise, which makes the model convergence difficult. The corresponding
training epochs are set to 200. Before applying the proposed method and its counterparts, we
preprocess all the recordings.
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Fig 8. The visual comparison of extracted FECG signals among different methods where the noise level is 0 dB.
And all signals are normalized for better observation.

https://doi.org/10.1371/journal.pone.0278917.9008

Experimental results on the simulated data from the FECGSYNDB

The proposed method is compared with different state-of-the-art techniques, including LMS,
RLS, ES-RNN, TS and EKF. We use synthesized ECG signals to investigate the accuracy of the
extracted fetal ECG morphology, as well as for the fetal QRS detection accuracy. Referring to
the literature [29], a combination of four abdominal channels (1, 11, 22 and 32) and the first
thoracic channel are used, where the noise level is 0 dB.

To intuitively reflect the capabilities of the proposed method, the visualization of an exam-
ple of the extracted FECG is depicted in Fig 8. We can see that our framework achieves a nota-
ble performance against the existing techniques in preserving the morphological features of
the FECG signal extracted from the AECG recording. Specifically, the MECG component sup-
pression effect of the existing methods is not ideal, and the residual MECG components
remain (see the red ellipse box in Fig 8). It should be emphasized, that in the case of overlap-
ping of the fetal QRS and maternal QRS, the fetal QRS of the existing methods are significantly
distorted (see the blue rectangular box in the subfigure of Fig 8). The above phenomenon will
severely disrupt the subsequent FQRS detection and morphology analyses of the FECG waves.
We notice that although the morphological features of the FECG extracted by the EKF are
obvious, as shown in the subfigure, its weak features, such as the T waves, are lost. From the
last row of Fig 8, we can see that the morphology of the FECG extracted by our method is
clean without obvious MECG residuals. Another aspect is that the FECG’s T waveforms are
preserved, making evaluating fetal abnormalities through QT interval measurements possible.

The statistical results (average F;-score, MSE, average SNR and average R) of the methods
under the 0 dB noise level are tabulated in Table 2. These statistical indices are computed by

Table 2. The statistical results of different methods on the FECGSYNDB.

Methods Noise level (dB) F,-score MSE SNR R
LMS 0 86.21 0.68 1.66 0.52
TS 0 88.31 0.40 3.96 0.82
RLS 0 90.20 0.48 3.18 0.76
EKF 0 94.84 0.38 4.26 0.86
ES-RNN 0 92.77 0.45 3.48 0.80
Our method 0 98.89 0.16 7.94 0.95

https://doi.org/10.1371/journal.pone.0278917.1002
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the extracted locations of the R-peaks and wave morphology against the reference annotations.
The results shown in Table 2 indicate that our method is reliable on its own. In all cases, it
achieves the best performance against the other state-of-the-art techniques.

Experimental results on clinical ECG data from the PNIFECGDB

Following the suggestion of [7], a total of fourteen recordings are selected. For each recording,
the first three abdominal channels and the first thoracic channel are kept to make fair compari-
sons among the different methods. Since a reference fetal ECG is not available, we conducted a
quantitative analysis of the fetal QRS detection accuracy. Examples of two abdominal ECG sig-
nals of recordings “ecgca 244” and “ecgca 811” and a fetal ECG extracted using the proposed
framework are shown in Fig 9. The original signal is in the first row, where the fetal ECG com-
ponent is very weak compared to the maternal ECG component. Typically, the ECG character-
istics collected from the maternal body are not invariable and often change with the changes in
electrode placements. As shown in the second row, we show a thoracic ECG signal that is
recorded at the maternal chest. Obviously, there is a loose similarity between the thoracic ECG
and the AECG recording. The third row shows the maternal ECG component estimated by
our network using the reference ECG signal, which is morphologically similar to the abdomi-
nal maternal ECG waveform. The fetal ECG signal is extracted so long as we subtract the esti-
mated maternal ECG component from the abdominal ECG, as shown in the fourth row.
However, there are obvious maternal ECG components remaining in the extracted fetal ECG
signal (see the red ellipse box in Fig 9), which may be mistakenly detected as fetal QRS features.
Thus, denoising the extracted noisy fetal ECG signal to enhance its quality becomes of para-
mount importance. We obtain a fetal ECG signal with clean morphology according to the
above scheme for fetal ECG denoising (see the fifth row of Fig 9). It should be emphasized,
that although the amplitude of the fetal ECG is much lower than that of the maternal ECG, the
suggested method still produces an ECG signal with relatively clean morphology, especially for
the T wave and QRS complex.

In Table 3, we report the average F;-score of our method and of other approaches. The
results shown in Table 3 indicate that our method outperforms most existing techniques and
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Fig 9. FECG extraction using the proposed framework on PNIFECGDB data. The left one is the extracted FECG
and fetal HR signals on channel-1 of the recording “244”. The right one is the result on channel-1 of “811”. All signals
are normalized for better observation.
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Table 3. The statistical results of different methods on the PNIFECGDB.

Methods SE (%)
RLS 96.42
TSpca [9] 94.41
ES-RNN [7] 96.99
FLANN [40] 97.08
GFLANN [41] 98.03
Our method 99.02

https://doi.org/10.1371/journal.pone.0278917.t003

PPV (%)
95.86
95.69
97.16
97.29
98.92
98.86

F;-score (%) Number of channels Matching window length (ms)
96.14
95.05
97.07 The first three abdominal channels and first thoracic channel 50
97.19
98.47
98.94

extracts more fetal QRS features (F;-score = 98.94%). It is worth noting that accurate beat-to-
beat detection of fetal R peaks is needed for computing the fetal heart rate (HR) signal. Smooth
fetal HR traces extracted by our method are shown in Fig 10.

Experimental results on clinical ECG data from the PCDB

The above work needs an additional mother’s thoracic ECG as a reference to achieve reason-
able maternal ECG removal from the abdominal ECG, which is inconvenient in practical clini-
cal applications. This section investigates the performance of the proposed framework on the
PCDB in the absence of a thoracic ECG reference. The PCDB represents the largest publicly
available fetal ECG dataset to date where each recording contains four abdominal channels
without any reference thoracic ECGs. Specifically, we build an average maternal ECG cycle
(the synthetic thoracic ECG reference) by detecting the locations of the maternal R peaks from
the abdominal signal as the replacement of a real thoracic ECG signal. Figs 11 and 12 show the
performance of the proposed method on several samples from PCDB. In each subfigure, the
original signal and the maternal ECG template are in the first and second rows, respectively. It
can be seen that the synthetic reference does not correctly represent the maternal ECG wave-
form of the mother’s abdomen. After subtracting the maternal ECG component that is esti-
mated by our network using the synthetic thoracic ECG reference from the abdominal ECG,
we obtain the noisy fetal ECG signal, as shown in the third row. The fourth row shows that the
proposed fetal ECG denoising scheme effectively suppresses the residual maternal ECG and
noise, extracting the FECG signal with relatively clean morphological features. However,
because the artificial maternal ECG differs from the real thoracic ECG, the waveform of the
extracted fetal ECG is distorted to some degree, and some small features (e.g., the P and T
waves) are lost.

Table 4 shows a performance comparison among the different techniques that do not
require maternal ECG reference on the PCDB. As shown in Table 4, our framework outper-
forms the other state-of-the-art methods in terms of fetal QRS detection accuracy, achieving
SE, PPV and F;-scores of 98.61%, 98.63% and 98.62%, respectively. The corresponding fetal
heart rate (HR) signal computed by our method is shown in the last row of Figs 11 and 12 (the
red trace is the estimated fetal HR signal, and the blue trace is the reference fetal HR signal).

—estimated FHR —estimated FHR
—reference FHR —reference FHR
=180 ~==+/-5bpm 2180 ~—=-+/-5bpm
E 120 E 120 7
0 10 20 30 40 50 60 0 10 20 30 40 50 60
time (s) time (s)

Fig 10. Smooth fetal HR traces extracted by our method.
https://doi.org/10.1371/journal.pone.0278917.9010
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https://doi.org/10.1371/journal.pone.0278917.g011

Discussion

Although the accurate detection of fetal QRS complexes is necessary for computing the fetal
heart rate (HR) trace, we believe that the main space for innovation in the field of fetal ECG is
in designing algorithms for morphological analysis of the waveform. Extracting morphological
features of the fetal ECG signal allows for a diagnosis of the well-being of the fetus. Fetal acido-
sis is known to affect ECG morphology, while asphyxia of the fetus is thought to be associated
with changes in the P wave, PQ interval and ST segment. In this study, we propose a frame-
work comprised of two networks to decompose both the maternal ECG and fetal ECG signals
from the mother’s abdominal ECG recording. As opposed to the existing techniques being
restricted to the extraction accuracy of the fetal QRS complexes, the main goal of this research
is to extract a fetal ECG signal with clean morphological waveforms.

With the help of the mother’s thoracic ECG, using the first network to estimate the mater-
nal ECG, and subtracting this from the abdominal ECG recording, is similar to the adaptive
noise cancelling (ANC) technique. However, in a classical linear ANC, to achieve a reasonable
MECG removal, the reference signal (thoracic ECG) should be morphologically similar to the
abdominal maternal ECG component. It should be noted, that in most cases, the ECG charac-
teristics collected from the body of a pregnant woman are not invariable, and often change
with the change in electrode placements. Thus, considering that the relationship between the
thoracic ECG and the abdominal maternal ECG is nonlinear, a deep temporal convolution
model is proposed as a nonlinear filter of the ANC architecture to map the maternal ECG
from the mother’s chest to the abdomen. After the maternal ECG is removed, the proposed
adaptive nonlinear filter is also applied to enhance the quality of the extracted multichannel
fetal ECG signals that still contain a substantial amount of noise. Concretely, the channel to be
denoised, pairing with the other channels (reference channels), is sent into the nonlinear ANC
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https://doi.org/10.1371/journal.pone.0278917.9012

to produce a sequence equivalent to the fetal ECG component of the channel to be denoised.
Going through a loop that iterates over a number of reference channels, we obtain a set of fetal
ECG signals that are approximate to the fetal ECG component in the channel to be denoised.
Then, JADE (one of the blind source separation algorithms) as the postprocessing step is
applied to the collection, and finally produces a clean FECG signal.

The key to the performance of the proposed framework is that the network can adaptively
learn the end-to-end mapping from the mother’s thoracic ECG to the abdominal ECG. The
experimental results on several datasets thus far are promising. We have verified the feasibility
of our method using synthetic ECG data (FECGSYNDB) and clinical ECG data (PNI-
FECGDB), which can extract the fetal ECG signal with morphological features from the

Table 4. The statistical results of different methods on the PCDB.

Methods SE (%) PPV (%) F,-score (%) Matching window length (ms)
Cerutti [29] 86.39 87.08 86.66
TSpca [9] 89.93 91.78 90.82
STFT-GAN [42] 92.37 93.69 93.02
RCED-Net [21] 92.60 94.68 93.62

FUSE [43] 95.98 95.15 95.50 50

AECG-DecompNet [6] 93.52 97.41 95.43
1-D Octave Convolution [3] 90.32 91.82 91.06
Ensemble Kalman Filter [44] 96.91 97.59 97.25
Convolutional Neural Network [23] 89.06 92.77 90.88
Our method 98.61 98.63 98.62

https://doi.org/10.1371/journal.pone.0278917.t1004
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abdominal ECG recording using the thoracic ECG as a reference (Figs 8 and 9 and Tables 2
and 3). Considering that it is difficult to acquire the mother’s thoracic ECG reference in clini-
cal practice, we then generate an artificial maternal ECG as a reference of the clinical ECG data
(PCDB) to further investigate the reliability of our algorithm. Figs 11 and 12 indicate that
despite the significant difference between the synthetic ECG reference and the abdominal
maternal ECG, the proposed model can effectively suppress the maternal ECG component
and extract a relatively clean fetal ECG signal. In Table 4, we compare our method with exist-
ing related works that do not require a maternal ECG reference. The results prove that without
a real thoracic ECG as a reference, our method is robust and has superior performance over
the existing related works.

Contributions and advantages

The contribution of this research focuses on the processing of the mother’s abdominal ECG
recordings and the removal of the abdominal maternal ECG. However, the improved nonlin-
ear filter is found to be effective in denoising the extracted fetal ECG signal. After filtering, the
morphology of the fetal ECG waveform is retained to the extent that even the small signal
waves can be visually distinguished.

Compared with the deep learning-based methods that extract the fetal ECG directly from
the abdominal ECG, the proposed framework consists of two extraction networks (one for
MECG elimination and the other for FECG denoising) and a blind source separation (JADE),
which is capable of extracting the fetal ECG with high accuracy in QRS detection while better
preserving most of the morphological features. In addition, different from the offline optimiza-
tion of the existing extraction models, the adaptive filtering scheme is applied to adjust the
model’s parameters autonomously to remove the undesired components (e.g., maternal ECG
and noise) from the abdominal ECG signal. Specifically, in the ANC architecture, our model
utilizes the error between the current reference signal and the input signal for online optimiza-
tion and prediction. As a result, our model requires no significant model training or testing
while achieving a higher or comparable performance to the state-of-the-art methods. Finally,
in the case of fewer layers of the network, the small kernel of a regular CNN cannot perceive
the long quantity of historical information of the ECG signal to make the prediction. The
dilated causal convolution increases the receptive field to capture the long-term temporal
dynamics of the long-term ECG signal, which corresponds to the long-term memory of the
LSTM. Another benefit of the dilated convolution operation is the reduction in computational
cost and memory footprint, enabling implementations on resource-constrained devices. In
contrast with the recurrent neural network (RNN), the convolution-based model implements
the massively parallel computing of the long-term ECG signal via GPU computation and, as
such, is rather generally practical.

Limitations

Our extraction framework has some limitations. First, to achieve reasonable maternal ECG
removals, the mother’s thoracic ECG reference should be acquired synchronously with the
abdominal ECG recording, which is inconvenient in practical clinical applications. We built
an artificial thoracic ECG reference by detecting the locations of the maternal R peaks from
the abdominal signal as a replacement in the absence of the thoracic reference ECG signals.
However, this operation involves estimating QRS complex waveforms of the maternal ECG
from the abdominal ECG, which may be a challenging problem in situations where the fetal
ECG and maternal ECG waveforms temporally overlap. Second, the number of network itera-
tions (“epoch”) is an empirical value that can only be adjusted according to the experimental
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results. To avoid overfitting or underfitting of the network, the value of “epoch” should not be
too large or small.

Conclusion

In this paper, a framework consisting of two-stage temporal convolutional encoder-decoder
networks, and a blind source separation (JADE), is investigated to eliminate the maternal
ECG, and to extract a clean fetal ECG from the abdominal ECG. As opposed to the existing
algorithms being restricted to fetal QRS complex detections, the extraction goal of our method
is to preserve the morphological features of the fetal ECG waveform. The statistical and visual
results show that our method has the potential to implement the screening of fetal well-being
through an analysis of both the FHR and fetal ECG waveform morphological features. Future
work could focus on performing extractions of the relevant morphological features such as the
PR intervals, QT intervals, and ST segments to advance the research toward machine learning
for automated diagnosis and classification of fetal health.
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