3

y =

4 signals

Review

Non-Invasive Fetal Electrocardiogram Monitoring Techniques:
Potential and Future Research Opportunities in Smart Textiles

Geetika Aggarwal *© and Yang Wei

check for

updates
Citation: Aggarwal, G.; Wei, Y.
Non-Invasive Fetal
Electrocardiogram Monitoring
Techniques: Potential and Future
Research Opportunities in Smart
Textiles. Signals 2021, 2, 392-412.
https:/ /doi.org/10.3390/signals2030025

Academic Editor: Yoshiharu

Yamamoto

Received: 21 February 2021
Accepted: 23 June 2021
Published: 29 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Smart Wearable Research Group, Department of Engineering, Nottingham Trent University,
Nottingham NG11 8NS, UK; yang.wei@ntu.ac.uk
* Correspondence: geetika.aggarwal@ntu.ac.uk

Abstract: During the pregnancy, fetal electrocardiogram (FECG) is deployed to analyze fetal heart
rate (FHR) of the fetus to indicate the growth and health of the fetus to determine any abnormalities
and prevent diseases. The fetal electrocardiogram monitoring can be carried out either invasively
by placing the electrodes on the scalp of the fetus, involving the skin penetration and the risk of
infection, or non-invasively by recording the fetal heart rate signal from the mother’s abdomen
through a placement of electrodes deploying portable, wearable devices. Non-invasive fetal elec-
trocardiogram (NIFECG) is an evolving technology in fetal surveillance because of the comfort to
the pregnant women and being achieved remotely, specifically in the unprecedented circumstances
such as pandemic or COVID-19. Textiles have been at the heart of human technological progress
for thousands of years, with textile developments closely tied to key inventions that have shaped
societies. The relatively recent invention of smart textiles is set to push boundaries again and has
already opened the potential for garments relevant to medicine, and health monitoring. This paper
aims to discuss the different technologies and methods used in non-invasive fetal electrocardiogram
(NIFECG) monitoring as well as the potential and future research directions of NIFECG in the smart
textiles area.
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1. Introduction

Electrocardiogram (ECG) can be defined as a graphical representation of bioelectrical
signals helpful in determining the functionality of the heart through the analysis of graphic
representation obtained during the measurement of cardiac cycle of the person or human
body. The aim of the biomedical research is to continuously improve the diagnostic devices
and develop non-invasive methods of health monitoring, in addition to upgrading already
existing devices, thus reducing the cost involved [1-6]. The ongoing research predicts that
the main cause of prenatal death is heart defects, as congenital heart defects easily occur
during the formation of the heart at the initial stage of pregnancy [7-10].

During the pregnancy, the monitoring of fetal heart rate is essential to identify the
proper supply of oxygen, nutrients, and growth of the fetus. Monitoring of the fetus during
pregnancy may help in recognizing the pathological conditions, such as fetal hypoxia,
allowing prompt medical interventions before irreversible changes taking place. The
abnormality in the fetal heart rate of the fetus indicates that there is insufficient oxygen
supplied or other problems to the fetus.

FHR during pregnancy or labor can be monitored through invasive and non-invasive
fetal methods [11,12] so that the heart functionality of the fetus can be predicted to reflect
the growth and wellbeing of the fetus [13-15]. Electrocardiography (ECG) was used
by researchers in 1906 to invasively determine the FHR through abdominal during the
pregnancy [15,16]. In 1958, Edward H. Hon used the successive R waves method from ECG
for the calculation and estimation of FHR non-invasively [17-22]. With the advancement in
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technology, Callagan in 1964 monitored the FHR non-invasively using the doppler sound
monitoring procedure, in which an ultrasound beam was sent through the abdomen of the
mother and the reflected signal was measured, thus helping to analyze FHR [23-27].

Unlike invasive fetal electrocardiography (FECG), which involves surgery to insert
the electrodes into the scalp of the fetus through the abdomen of pregnant women, non-
invasive fetal electrocardiography (NIFECG) deploys electrodes placed on the abdomen of
the pregnant mother to extract the fetus” health information. The electrical signal of the
fetal heart rate helps identify the development of the fetus in addition to the presence of
any congenital heart disease within the fetus [28-31].

This paper is divided into five sections. Section 2 provides an overview of fetal
electrocardiography (FECG). The different techniques to obtain FECG non-invasively are
presented in Section 3, where they are critically discussed and compared. The importance
of FECG and the electrode configurations for FECG signal extraction are listed in Section 4.
Section 5 lists the conclusions, and presents the potential future research directions.

2. Background of FECG

Fetal electrocardiogram (FECG) is a biomedical signal, see the example shown in
Figure 1, that provides an electrical representation of fetal heart rate (FHR). It is composed
of three parts: (i) the P-wave, (ii) the QRS-complex, which is associated with the contraction
of the ventricles, and due to the magnitude of the R-wave it is extremely reliable, and
(iii) the T-wave, which corresponds to the repolarization phase and follows each heart
contraction [31-36]. The delay associated to the R-R interval leads to the heartbeat’s
frequency and provides useful information about the heart condition. Morphologies of
interest include the shape, size, and duration of individual and groups of FECG waveforms
as well as the various ratios relating these quantities to each other [19,37-45].
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Figure 1. Key features of FECG [45] (Reprinted with permission from ref [45] Radek Martinek (2012)).

The FECG extracted from the maternal electrocardiogram (MECG) is exceedingly
small, about 5 times less in amplitude compared to the MECG and is sometimes embedded
in the noise signals [19,42-46].

As shown in Figure 2, the FECG signals are usually buried in noise and artefacts, such
as interference noise, muscle contractions, instrumental noise, etc., which easily corrupt
the FECG signal [47-49]. Therefore, signal processing is essential to remove the noise and
artefacts to extract the actual FECG signal to analyze and determine the growth of the
fetus [50].
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Figure 2. The example of FECG embedded within the MECG signal [45] (Reprinted with permission
from ref [45] Radek Martinek (2012)).

3. Comparison of Fetal Heart Rate Monitoring Techniques

The fetal heart rate or fetal electrocardiography monitoring thorough abdominal FECG
electrodes, i.e., through non-invasive fetal electrocardiogram (NIFECG), has widespread clin-
ical acceptance as it is suitable for long-term recordings without any surgery, unlike invasive
FECG. This section illustrates the commonly used fetal heart rate monitoring techniques.

This section illustrates the commonly used non-invasive fetal heart rate monitoring
techniques in addition to FECG.

3.1. Photoplethysmography (PPG)

Photoplethysmography (PPG) is used to measure the fetal heart rate, introduced in
1930. PPG is a non-invasive fetal monitoring procedure which uses changes in blood
level volumes to measure FHR [51-54]. The procedure involves the detection of FHR by
transmitting a wavelength of 650-950 nm through the maternal abdomen, having a peak
wavelength of 890 nm to penetrate the human tissue. The reflected light is analyzed to
calculate the fetal heart rate. The example of a PPG signal comprising of both AC and DC
components is shown in Figure 3 [53].
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Figure 3. PPG signal comprising of AC and DC components [53] (Reprinted with permission from
ref [53] Javier Pérez Contonente).

The AC component is the resultant of pulsatile changes in arterial blood volume,
whereas the DC component corresponds to the tissues and muscles [53-55]. The AC
component is helpful in determining the FHR as the arterial blood volume is synchronous
with the heartbeat, but the signal obtained from the AC component is exceedingly small in
range due to noises and artefacts [56,57]. The major challenge in determining fetal heart
rate through PPG is the extraction of signals from noisy transducer data, which is mainly



Signals 2021, 2

395

affected by acoustics, fetal and maternal contractions, fetal movements, and maternal
breathing. The authors of [52] introduced a PPG system for fetal heart rate monitoring
involving a bandpass filter (BFP) in the range of 710-740 Hz from the abdomen of the
mother, a cut-off frequency of the reference signal kept at 15 Hz, and the signal is down-
sampled to 55 Hz, followed by a bandpass filter of 0.6-15 Hz to remove artifacts and
unwanted noise in the received signal, deploying four phonogram sensors, as shown in
Figure 4a, and the PPG sensors for experiment validation, shown in Figure 4b [52].

(b)

Figure 4. (a) A schematic diagram showing the locations of phonogram sensors. Chl, Ch2, Ch3, and

Ch4 are four phonogram sensors. (b) Locations of phonocardiogram sensors and fetal ECG electrodes
for the cross-validation experiment [52] (Reprinted with permission from ref. [52] (2018, CC BY 4.0)).

The FECG signals were captured invasively using PPG electrodes, and the experiment
procedure and signal processing successfully removed the noise and maternal artefacts
from the FECG signal [52,58].

3.2. Cardiotocography (CTG)

Cardiotocography (CTG) is a procedure for fetal heart rate detection introduced by
Konrad Hammacher in 1970 [59-62]. CTG can be carried out both invasively and non-
invasively, as shown in Figure 5a [49] and Figure 5b [49]. In invasive CTG, an electrode
is directly attached to the scalp of the fetus using a wire through the cervix. In contrast,
in non-invasive CTG, electrodes are placed on the abdomen of pregnant women for the
fetal heart rate detection. The signal quality of invasive CTG is more accurate but with less
comfort and higher risk compared to non-invasive CTG [49,62].

Several studies concluded that long-term continuous monitoring using CTG resulted
in discomfort to the patients. In addition, a study comprised of pregnant women at
20 weeks of pregnancy showed that the continuous fetal monitoring using CTG could
result in an increase in the number of caesarean sections and misidentification of maternal
heart rate [61,62].
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Figure 5. (a) Non-invasive FECG measurement. (b) Invasive FECG measurement [45] (Reprinted
with permission from Radek Martinek (2012)).

3.3. Doppler Sound

The Doppler principle is used in fetal heart rate monitoring by analyzing the me-
chanical activity of the heart, such as movement of valves of the heart of the fetus in the
cardiac cycle [63,64]. The use of Doppler ultrasound to monitor the FHR, as shown in
Figure 6 [64], was proposed in the 1960s, but it is not suitable for continuous monitoring
due to discomfort and irritation caused to the patients due to the gel and conduction paste
used during the procedure.

The procedure is non-invasive and deploys the ultrasound transducer placed on the
maternal abdomen. The ultrasound with the frequency range of 1-2.3 MHz penetrates the
tissue and the reflected sound wave generated by the internal structure of the body or fetus
is received by the ultrasound transducer, which analyzes the fetal heart rate [65,66].
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Figure 6. An illustration of the Doppler sound procedure for FHR monitoring.

3.4. Fetalelectrocardiography (FECG)

For the fetus, fetal electrocardiography (FECG) helps to analyze FHR and health
conditions because the heart of the fetus is the first organ to develop during the first
3—4 weeks of pregnancy. To determine FHR of the fetus, several fetal monitoring techniques,
both invasive and non-invasive, are used. However, considering the comfort of the patient,
anon-invasive process for FECG is usually preferred [67-71]. In [72], Clifford et al. analyzed
and evaluated the FECG device’s accuracy in the context of fetal scalp electrodes (FSE) by
comparing the results from the experiment. Thirty-two pregnant women were involved
for data recording and the electrode placement was achieved following the configuration
shown in Figure 7. The signal quality varied according to fetal positioning. However, the
results of the study depicted that an average correlation of 0.96 was achieved in comparison
to results obtained using invasive fetal scalp electrodes (FSE).
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Figure 7. Electrode placement for FECG.

In [69], the authors used a commercially available FECG device AN24 to continuously
monitor the fetus and to determine the fetus health. Some of the commercially available
NIFECG devices are shown in Figure 8.
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(e)

Figure 8. Examples of CE/FDA-certified commercially available NIFECG-based devices [69]. (a) Mon-
ica AN24, (b) Monica Novii Wireless Patch System, (c) MERIDIAN M110 Fetal Monitoring System,
(d) PUREtrace, (e) Nemo Fetal Monitoring System (Reprinted with permission from Radek Martinek
(2019) (2019, Creative Commons License)).

To understand the importance of electrode placement, a study was non-invasively
conducted using the Monica AN24 Monitor with five electrodes [41,69,72-74]. It was
observed that the non-invasive FECG was a preferred method to provide comfort to
pregnant women in comparison to invasive FECG [72,75,76]. However, the results indicated
that the signal quality of the FECG data obtained was affected by maternal cardiograph
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(MECG) artefacts and noise, but the FECG signal can be extracted after applying a set
of filters [42,77-79]. In [7], a study was conducted using three pairs of electrodes which
were placed on the abdomen of pregnant women. Complex continuous wavelet transform
(CCWT) was deployed for the extraction of the FECG signal, using a four-stage procedure,

as shown in Figure 9.

Stage 4
lead1, lead 2 and lead 3 Stage 1 Stage 2 Stage o
— | comprising comprising | | COMPrsing .
| oSl | | OofCCWT [°| GfFECG of lgorithm
"L\fcraajng and MECG detection to measufe
) detection FHR

Figure 9. The proposed 4-stage fetal heart rate (FHR) extraction method [7].

In the first stage, the signals coming from the three pairs of electrodes were averaged,
followed by stage two comprising of CCWT and MECG detection. The detection and
extraction of FECG was carried out in stage three, while stage four focused on analyzing
the fetal heart rate (FHR). Furthermore, a method to extract FECG from the MECG using a
multivariate singular spectrum analysis (MSSA) was used, comprising of two stages known
as decomposition and reconstruction. This technique helped the researchers in detecting
the FHR and separating the unwanted noise both in stationary and non-stationary signals.
The main advantage of FECG monitoring is that it can be used remotely, in a non-clinical
environment with high simplicity [7,80].

4. Importance of Electrode Configurations for FECG Measurement
4.1. Electrode Configurations

Table 1 shows the comparison of electrode placement configurations over the maternal
abdomen to monitor the FECG non-invasively. Comparisons have been made based on
the number of electrodes placed on the maternal abdomen, and the filter parameter design
used for pre-processing, such as bandwidth (BW), sampling frequency (Fs), resolution (R)
of the A/D converter, and the gain (G).
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Table 1. Comparison of different electrode placement for FECG monitoring.
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Bergveld et al., Bandwidth = 0.2 to - _ Between 20 and
> 1986 [82] 4 120 Hz Participants = 37 ; 37 weeks ”
Algunaidi c ; 4;.- Sampling Frequency Participants = 30 Between 36 and Peak detection
3. 4 L =256 Hz - )
. 38 weeks Algorithm

etal., 2011 [83]
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In Table 1, the comparison of different electrode placements is listed, which can further
be divided into three different ranges, as listed in Table 2 [93].

Table 2. Different groups of electrode placement for NIFECG.

No. of Electrodes

Discussion Reference

Group 1: range of electrodes
between 1 and 4

Advantages: For NIFECG monitoring, the electrodes are placed on the abdomen of
pregnant women. Hence, less are used for fetus monitoring, resulting in a simple
procedure without any discomfort to pregnant women. [15,81-89]
Disadvantages: The data recorded does not provide detailed information about the
growth of the fetus.

Group 2, comprises a range
between 10 and
20 electrodes.

Advantages: It is evidenced that the more electrodes placed on the abdomen of
pregnant women, the more comprehensive information can be gained about the
fetus, thus helping in analyzing the well-being of the fetus efficiently and effectively. [89,90]
Disadvantages: Discomfort among the pregnant women due to several electrode
placements on the abdomen of pregnant women.

Group 3, comprises a range
of more than 20 electrodes

Advantages: Provides the detailed information about the growth of the fetus.
Disadvantages: The deployment of 20 or more electrodes for FHR monitoring
involves a complex setup procedure in addition to being expensive. [91,92]
Furthermore, results in skin irritation and severe discomfort to pregnant women due
to gel used in setting up the electrodes to establish effective electrode configuration.

In terms of detection accuracy of FHR, it was noticed from Table 1 that 97.47% was
achieved with a four-electrode configuration through a three-step method, including time
frequency analysis, complex wavelet, and Heuristic algorithm, at a sampling frequency of
300 Hz, resolution of 12 bits, with a gain of 7800. An accuracy of 91% was obtained with
8-electrode and 32-electrode configurations at a sampling frequency of 1 KHz. Addition-
ally, from Table 1, comparing the sequential method and liner regression method using
12-16 electrodes, an accuracy of 85% was achieved in FHR monitoring. The accuracy of the
method used for NIFECG monitoring to determine the fetal heart rate is entirely dependent
on the number of electrodes used for monitoring, placement of electrodes, gestation week,
and parameters such as sampling frequency, resolution bits, and the gain. Furthermore, in a
long-term monitoring, use of the conventional hydrogel electrodes would also significantly
affect the accuracy since the hydrogel electrodes would dry out over time, thus affecting
skin-electrode impedance.

4.2. Electrode Types

In FHR monitoring, the hydrogel electrodes improve ion conductivity and provide
impedance matching between the skin and electrodes, thus minimizing noises and im-
proving signal quality. However, hydrogel electrodes degrade and collect hair and dirt
in addition to the possibility of causing skin irritation whilst being used, so they must be
frequently replaced [94-97]. Moreover, the hydrogel layer on the electrodes tends to dry
out over time so the long-term monitoring capability to monitor fetal heart rate will be
compromised [98,99].

In view of the shortcomings of hydrogel electrodes in FHR monitoring, the smart-
based electrodes have attracted more attention [99-101]. Smart textiles exploit the universal-
ity of textiles which cover all types of woven, nonwoven, and knitted materials/fabrics. In
recent years, the interest in smart textiles as tools to continuously monitor physiological sig-
nals, such as ECG, has increased due to the high comfort and portability, unlike traditional
monitoring systems using hydrogel electrodes which could create skin irritation [101,102].

Conventional textile manufacturing methods have been used to fabricate e-textile
electrodes. An example shown in Figure 10a is the smart textile electrodes made through
sewing conductive yarn to form electrodes. These electrodes are highly stretchable and
flexible due to the nature of interlocking stitching patterns. Gold- or silver-coated yarn [103]
as well as stainless yarn [104] are commonly used due to their high conductivity and the
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fact that they are readily available in the market [39]. However, the drawback is to build up
a firm contact between skin and electrode surface without applying too much compression
force through a strap.

(a) (b)

Figure 10. (a) Sewn ECG electrode; (b) screen printed ECG electrode. (Reprinted with permission
from ref [39] Hasan, Muhammad (2009)).

In contrast, printing techniques (e.g., screen printing) have also been adapted to
fabricate electrodes on textiles. The carbon-based silicone is commonly used as an interface
between skin and conductive layer to enhance the skin impedance matching and to provide
a solid /stable contact, thus improving the ECG signal quality and minimizing the noise.
An example of screen-printed ECG electrodes is shown in Figure 10b, where carbon-loaded
silicone is printed directly onto textile where it is needed to form the electrodes. These
printed electrodes provide a higher degree of flexibility in terms of mass production,
customization, impedance matching, and noise reduction. Vojtech et al. developed a
three-electrode ECG monitoring system using prefabricated conductive textile [39,105,106].
In comparison to conductive textile or knitting, sewing enable enhanced freedom because
of the broad range of patterns that can be used and the ability to overlap stitches to create a
denser patch of conductivity within the fabric [107]. Kannaian et al. deployed sewing and
embroidery to integrate silver-coated threads into fabrics to achieve electrodes for a textile-
based ECG monitoring system [108]. There are several methods available to be employed
to adhere the conductive substance to the chosen substrate: dip and dry, sputtering, screen
printing, chemical etching, stencil printing, and permeation [106,107]. The electrode type
and method deployed for ECG monitoring depend on the properties of the conductive
substance and the substrate. However, the screen printing can produce higher printing
volume with fewer printing cycles to achieve a stable conductive pattern on e-textile
surfaces and is also a standard mass production method used in the textile industry.

4.3. Current ECG Monitoring Development with Smart Textile Electrodes

Traditionally, ECG monitoring relies upon adhesive hydrogel electrodes. There are
some key challenges that arise with this type of electrode including discomfort to patients
due to skin irritation caused by hydrogels [109,110], difficult positioning when more
electrodes are needed, and less accurate signal quality over longer period due to the
degradation of hydrogel [105]. Over the past few years, novel concepts of using smart
textile electrodes for monitoring ECG electrodes have emerged. Smart textiles-based
electrodes are preferred for ECG monitoring as they can be deployed for longer term
monitoring easily without any risk of hydrogel degradation and provide enhanced comfort
to patients due to no skin irritation [111-113]. Some examples of current development in
smart textile ECG electrodes are summarized in Table 3.
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Table 3. Some examples of smart textile ECG research.
No. Method Material System Integration Reference
1. Knitting Stainless steel T-shirt [113]
Knitting and Stainless steel .
2. Embroidery filament, nylon fabric T-shirt [114]
Weaving and Knitting Silver yarns Chest band [115]
Screen printing Silver ink Chest band [116]
Electroless platting Silver chloride Smart garment [117]

With the increase in cardiovascular diseases, there has been a growing interest in
developing wearable devices, specifically smart textiles for ECG monitoring, that can
continuously monitor cardiac activity without causing discomfort to patients [105]. A smart
textile-based T-shirt achieved by knitting and embroidering stainless steel yarns on nylon
fabric was deployed for long-term ECG monitoring, thus providing no skin irritation to
patients, and enhancing the comfort to patients [113,114]. The authors of [115,116] used the
woven and screen-printed smart textile electrodes for ECG monitoring. The authors of [117]
achieved a silver chloride electrode using electroless plating for the ECG monitoring.

However, the use of smart textile electrodes in FECG and NIFECG has yet to be
reported due to the following barriers: (a) the optimized number of electrodes required
for fetal heart rate monitoring needs to be investigated, and (b) the signal quality of FECG
needs to be improved due to the small amplitude compared with MECG. The deployment
of smart textile electrodes in non-invasive fetal electrocardiography (NIFECG) for fetal
heart rate (FHR) monitoring will revolutionize the healthcare monitoring in a way that
smart textile-based electrodes would provide enhanced comfort to patients and no skin
irritation during long-term monitoring.

5. Conclusions

This paper provided a review of monitoring techniques including CTG, PPG, and
Doppler sound, with the emphasis on fetal electrocardiogram (FECG), to detect fetal
heart rate to determine the well-being and growth of the fetus. The importance of non-
invasive FECG in contrast to invasive FECG in terms of comfort to patients was mentioned
and highlighted in this paper. The different electrode configurations used in NIFECG
monitoring were also discussed. It was shown that NIFFECG with fewer electrodes is more
suitable for home use environments because the setup requires minimum preparation time,
providing the essential FECG information and enhancing the comfort to the patients.

One of the key drawbacks of current NIFECG is the use of hydrogel electrodes,
which tend to degrade over time. The positioning of these electrodes may also increase
the complexity for being used at home by pregnant women. These drawbacks could be
overcome by the introduction of smart textile-based electrodes, which are realized using
either conventional textile manufacturing methods or printing. These electrodes do not
need the assistance of a hydrogel layer to provide adhesion. Instead, the garment on which
the electrodes are formed provides contraction to attach the electrodes against the skin. In
addition, these electrodes are realized on the correct position and therefore the complex
setup process is minimized. It is suggested that future research could focus on improving
the contact between smart textile electrodes and skin. This is of importance since the
quality of the FECG signal is an indicator of the well-being of the fetus to diagnose any
chronic diseases at an early stage of pregnancy, and thus to help in taking the essential
preventive and precautionary steps on time. Moreover, electrode number and positioning
need to be investigated in the context of smart textiles to provide a compromise between
wearability, useability, washability, and signal quality, which is a future research direction
in NIFECG monitoring using smart textile electrodes. Therefore, the deployment of smart
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textile electrodes in NIFECG monitoring will play a crucial role in long-term monitoring
and comfort to patients.

It is envisioned that the future perspective of smart textiles NIFECG in medical
diagnosis will not be limited for the personal use because the device is believed to benefit
the patients by carrying out the measurement either at hospitals by doctors or at home
by themselves. There has been an ever-increasing utilization of cloud-based computing
and Internet of things (IoT). Smart textile NIFECG should be light-weight and low-cost,
providing data security and enhancing data transmission rate. Through cloud computing,
the smart textile-based NIFECG measurement could be wirelessly connected to other
medical IoT devices or a centralized hub, enabling accessing the essential health information
from different locations.
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