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Abstract

The field of electrocardiography has been in existence for over a century, yet despite significant
advances in adult clinical electrocardiography, signal processing techniques and fast digital
processors, the analysis of fetal ECGs is still in its infancy. This is, partly due to a lack of
availability of gold standard databases, partly due to the relatively low signal-to-noise ratio of the
fetal ECG compared to the maternal ECG (caused by the various media between the fetal heart
and the measuring electrodes, and the fact that the fetal heart is simply smaller), and in part, due to
the less complete clinical knowledge concerning fetal cardiac function and development. In this
paper we review a range of promising recording and signal processing techniques for fetal ECG
analysis that have been developed over the last forty years, and discuss both their shortcomings
and advantages. Before doing so, however, we review fetal cardiac development, and the etiology
of the fetal ECG. A selection of relevant models for the fetal/maternal ECG mixture is also
discussed. In light of current understanding of the fetal ECG, we then attempt to justify
recommendations for promising future directions in signal processing, and database creation.

1 Introduction

Heart defects are among the most common birth defects and the leading cause of birth
defect-related deaths [1,2]. Every year, about one out of 125 babies are born with some form
of congenital heart defects [3]. The defect may be so slight that the baby appears healthy for
many years after birth, or so severe that its life is in immediate danger. Congenital heart
defects originate in early stages of pregnancy when the heart is forming and they can affect
any of the parts or functions of the heart. Cardiac anomalies may occur due to a genetic
syndrome, inherited disorder, or environmental factors such as infections or drug misuse
[4,1]. However, except for during labor, fetal electrocardiography has not proved an
effective tool for imaging specific structural defects. Rather, fetal electrocardiography has
been confined to more global issues such as general ischemia due to specific fetal
positioning that chokes the umbilical cord [5]. The reason for this limitation is that the
noninvasive fetal electrocardiogram (ECG) is contaminated by fetal brain activity,
myographic (muscle) signals (from both the mother and fetus), movement artifacts and
multiple layers of different dielectric biological media through which the electrical signals
must pass.
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When continuous electronic fetal heart rate monitoring was introduced into clinical practice
in the 1970s, there was enormous optimism that the widespread use of this technology
would reduce the incidence of intra-partum fetal injury and death. Unfortunately, fetal heart
rate monitoring has not lived up to its initial promise. A meta-analysis of nine randomized,
controlled trials comparing fetal monitoring to intermittent auscultation of the fetal heart rate
showed that current monitoring techniques increase the use of cesarean, forceps, and
vacuum delivery, but do not reduce perinatal morbidity or mortality [6].

Since the advent of fetal heart rate monitoring 40 years ago, there have been no clinically
significant advances in intra-partum fetal monitoring. Moreover, continuous fetal monitoring
is utilized in over 85% of labor episodes in the United States, and represents the standard of
care [7]. Fetal monitoring today is based entirely on the fetal heart rate and does not
incorporate characteristics of the fetal ECG (fECG) waveform characteristics that are the
cornerstone of cardiac evaluation of both children and adults. The primary reason for the
exclusion of this most critical source of information from clinical practice is that the
technology to reliably measure fECG is largely unavailable. As a consequence, research
correlating ECG characteristics to neonatal outcomes has not been done on a large scale.

Most cardiac defects have some manifestation in the morphology of cardiac electrical
signals, which are recorded by electrocardiography and are believed to contain much more
information as compared with conventional sonographic methods [8]. However, no signal
processing technique has been able to reliably deliver an undistorted fECG signal from
electrodes placed on the maternal abdomen because of the low signal-to-noise ration (SNR)
of the fECG recorded from the maternal body surface. The application of fetal
electrocardiography has therefore been almost completely limited to heart-beat analysis and
invasive ECG recordings, e.g., by placing an electrode on the fetal scalp during labor.
Although this is currently the only way to reliably measure fECG waveform, it can be
accomplished only under limited clinical circumstances, presenting a risk to the fetus' safety.

Fig. 1 illustrates an example of a short segment of fECG recorded both invasively (upper
trace) through a fetal scalp electrode, and non-invasively (lower two traces) through
electrodes placed on the mother's abdomen. Four fetal beats (labeled a, b, ¢ and d) are
circled on all three traces. Note the abdominal traces contain much smaller fetal beats
embedded in significant broadband noise, and much larger amplitude artifacts (transient
oscillations) which are due to the mother's heart!. Note also that the artifacts manifest both
in between and on top of fetal heart beats, with a similar morphology to the fetal heart beats.

In Fig. 2 the amplitude and frequency range of fECG have been compared with other
biosignals and artifacts. Accordingly, the fECG is much weaker than the other biosignals.
Moreover, from the signal processing perspective, there is no specific domain (time, space,
frequency, or feature) in which the fECG can be totally separated from the interfering
signals. Fig. 3 illustrates the fact that the main part of the fetal heart beat on the
electrocardiogram (the QRS complex) lies in the same frequency domain as the adult QRS
complex, as well as broadband muscle noise.

2 Historical Review of Early Work

The fetal electrocardiogram was first observed by M. Cremer in 1906 [13]. The early works
in this area were performed by using the galvanometric apparatus of that time, which were
limited by the very low amplitude of the fetal signals. As measurement and amplification

IHere we distinguish continuous noise from rapidly transient artifacts due to their different origins and the signal processing
techniques adopted for their removal.
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techniques improved, fetal electrocardiography became more feasible and popular [14,15].
The limiting factor was then the low fetal SNR, especially in presence of the strong maternal
cardiac interference; a problem which exists up to now. In the 1960's intra-uterine electrodes
(placed between the intact membranes of the fetus and the wall of the uterus) provided SNR
improvement for fECG analysis [16]. however, the technique was short lived due to the
inherent danger of premature rupture of the membranes induced by the insertion of the
electrode. Hon [17] introduced the use of the first direct electrode, inserted through the
cervix, and fixed to the presenting part of the fetus after rupture of the membranes (typically
to the fetal scalp).

Shortly afterwards, with the developments in computer science and signal processing
techniques, automatic signal processing and adaptive filtering techniques were used for fetal
R-wave detection [18], and maternal cardiac interference cancellation from abdominal
electrodes [19,20]. However, the techniques never provided more that approximate fetal
heart rate estimates, and the issue of fECG analysis has since been considered as challenging
problem for both the biomedical and signal processing communities.

In order to quantify the volume of past and current research interest in this field, the number
of publications in the field of fetal electrocardiography and magnetocardiography, which
have been registered in PubMed [21], can be seen in Fig. 4. We can see that after a sharp
peak in the 1960's, the trend seems to have been decreasing until the year 2000 (of course in
terms of the number of publications). But in the last decade, the interest has again increased,
especially for fetal magnetocardiography. This should be partially seen as a result of novel
low-noise and low-price measurement and digitizing systems, and partially due to the
developments in array signal processing and adaptive filtering techniques. Of course,
comparing this with the total number of publications in the field of electrocardiography and
magnetocardiography (both for adults and fetuses) in Fig. 5, we notice that fetal
cardiography is still in its preliminary stages and there is still a long way to go, for making
fetal cardiography a clinically trustable means of fetal cardiac monitoring. It should also be
noted that as illustrated in Fig. 6, despite the increase in the number of investigations
involving the electrcardiogram or magnetocardiogram (MCG: see section 4.2) in Fig. 5,
when normalizing the number of these works by the total number of publications registered
in PubMed over the same period, we notice that the percentage of studies in ECG studies has
decreased since the 1980's, while MCG research has gained more interest. In section 5, we
categorize some of the existing methods in this area from different viewpoints and describe
their merits and drawbacks.

3 Physiology of the Fetal Heart

3.1 Fetal Heart Development

The heart is among the first organs developed in the fetus and undergoes a considerable
amount of growth in the very early stages of pregnancy [22] (Fig. 7). The most critical
period of this development is between 3 and 7 weeks after fertilization, when a simple heart
tube assumes the shape of a four-chambered heart (Fig. 8).

The heart is believed to begin beating by the 3rd week of life and pumps its own blood
through a separate closed circulatory system with its own blood type. Shortly after, the eye,
ear and respiratory systems begin to form. The fetal heart can then be externally monitored
by ultrasound imaging in the 7th to 9th week [22]; although only vague images are
recordable at this step. The cardiac waveforms and beat-to-beat variability of the heart rate
are not measurable in ultrasound imaging. At 20 weeks, the fetal heart beat can be heard
without amplification, with a rate of around 120-160 beats per minute, but little extra
diagnostic information can be ascertained from auscultation above heart rate.

Open Pacing Electrophysiol Ther J. Author manuscript; available in PMC 2011 May 23.
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Therefore, the fECG and MCG that contain morphological information of the cardiac
activity have received much interest. These signals can be recorded from the maternal
abdomen as early as the eighteenth to twentieth week after conception [8,23].

At 6 weeks post fertilization, brain waves can be recorded, the skeleton is complete and
most reflexes are present. However, the embryo is only about 0.5cm in length and the head,
mouth, liver, and intestines are just beginning to take shape. At 12-14 weeks (when the fetus
weighs around 30g and is about 7cm long), the muscles begin to develop and spontaneous
movements can be observed which intensify with age.

Rather late into the pregnancy, at around 26 weeks, the fetus begins to inhale and exhale. Of
course, the fetus is not breathing air and oxygenating the blood through this action. This is
thought to aid with the production of surfactant and exercise the respiratory system before
birth. Although the fetus is capable of living outside the womb at 23-24 weeks, this would
be considered premature at birth, and the normal gestation time is approximately 40 weeks
[25]. In fact, at 23 weeks there is only a 15% chance of viability outside of womb with the
viability probability rising to 56% at 24 weeks and 79% at 25 weeks.

3.2 Fetomaternal Compartments

A simplified anatomy of the fetomaternal compartments can be seen in Fig. 9. Accordingly,
the fetus is surrounded by several different anatomical layers with different electrical
conductivities [26,27]. The highest and lowest conductivity are found in the amniotic fluid
and the vernix caseosa, respectively. Both of these layers surround the fetus completely.

In the maternal abdomen compartments, the skin and the subcutaneous fat also have a poor
conductivity — about ten times smaller than the muscle tissue [27,28]. Therefore these two
layers, which are the interface of the surface electrodes and the internal tissues, have
considerable influence on the recorded fECG. All of these different tissues and layers form a
so called, volume conductor, in which the fetal cardiac signals propagates up-to the maternal
body surface. This volume conductor is not a steady conductor and its electric conductivity
and geometric shape constantly change throughout gestation. Specifically, in the second half
of gestation (20th week onward), in which the ECG and MCG are recordable from external
electrodes, it is known that the amniotic fluid [29,30], the placenta, and the fetus itself [31]
are all increasing in volume. The very low conductivity vernix caseosa layer is formed
between the 28th and 32nd weeks of gestation [26,27]. It almost electrically shields the fetus
and makes the recording of fetal surface ECG very difficult. However, for normal
pregnancies (non-premature deliveries), the layer slowly dissolves in the 37th to 38th weeks
of pregnancy [28]. In previous studies, different interpretations have been presented for the
fECG signals recorded during the third trimester of gestation (after the forming of the vernix
caseosa), based on preferred current pathways such as the umbilical cord, the oronasal
cavity, or even random holes in the vernix caseosa [26,27]. The preferred current pathway
hypothesis, besides the intrinsic weakness of the fECG and its gradual development, also
explains some of the differences between adult and fECG and vectorcardiogram shapes.

3.3 Fetal Presentations

During the first two trimesters of pregnancy the fetus does not have a specific presentation
and moves about a lot. By the middle of the third trimester the fetus commonly settles in a
head-down position known as the vertex presentation, which is more appropriate for birth
[32]. However, as shown in Figs. 10 and 11 the fetus may also settle in other less probable
presentations. The presentation of the fetus influences the fetal cardiac signals recorded from
the maternal body surface over different leads [33].

Open Pacing Electrophysiol Ther J. Author manuscript; available in PMC 2011 May 23.
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3.4 Anatomy of the Fetal Heart

The anatomy of a fully developed fetal heart is depicted in Fig. 12. There are some
functional differences between the fetal and adult hearts. It is known that after birth, the left
ventricle pumps blood to the body and the right ventricle pumps the blood to the lungs for
acquiring oxygen. However, for the fetus the fetal oxygen is supplied by the placenta;
therefore the blood is no longer pumped to the lungs for this purpose. Instead both ventricles
pump the blood throughout the body (including the lungs) [28]. For this purpose there are
two shunts, namely the the foramen ovale and the ductus arteriosus that link the outgoing
vessels of both ventricles. This allows blood to enter the right atrium and to bypass the
pulmonary circulation. A similar adaptation in the fetus is the ductus venosus, which is a
vessel that allows blood to bypass the liver. It carries blood with oxygen and nutrients from
the umbilical cord straight to the right side of the fetal heart [34].

After birth, the foramen ovale closes with the first breaths and the ductus arteriosus partially
closes in 10 to 15 hours after birth and takes up-to three weeks for complete closure. The
ductus venosus also closes shortly after birth, when the umbilical cord is cut and blood flow
between the mother and fetus stops [34]. There are also other minor changes in the
physiology of the baby's heart and its circulatory system that take place within the first year
after birth.

3.5 Electrical Activity of the Fetal Heart

While the mechanical function of the fetal heart differs from an adult heart, its beat-to-beat
electrical activity is rather similar. The wave-like pumping action of the heart is controlled
by a network of neural fibers that are distributed throughout the myocardium and coordinate
its regular contraction and relaxation [35]. The myocardial stimulation starts from the
sinoatrial node (SA-node), which serves as the natural pacemaker for the heart. The SA-
node is a cluster of cells located in the upper-right posterior wall of the right atrium, which
sends the electrical impulse that triggers each heartbeat. This impulse further stimulates the
second cluster of cells, namely the atrioventricular node. (AV-node) that is situated in the
lower posterior wall of the right atrium. After the AV-node, the depolarization front enters
the bundle of His, the left and right bundles, and ends in the Purkinje fibers, depolarizing the
ventricular muscles in its way.

The procedure of myocardium contraction is known as the depolarization (or systole) cycle
that is followed by the repolarization (or diastole) cycle, in which the myocardium relaxes
and becomes ready for the next activation. A complete cardiac cycle is depicted in Fig. 13.

3.6 The Electrocardiogram Morphology

The ECG measured on the body surface is a result of the stage-wise activation of the
myocardium and results in the so-called PQRST-complex depicted in Fig. 13. This letter
representation was first coined by Einthoven in 1895 [36,37]. In this notation, the P-wave
accounts for the spreading of the depolarization front through the atria. During the next
50ms, only very weak signals are recordable, as it takes some time for the depolarization
front to travel through the AV-node and since only a small number of myocardiac cells take
part in the atrioventricular conduction the signals are very small? [38]. Next, the ventricles
are depolarized resulting in the QRS-complex. At the same time the atria are repolarized,
however this repolarization is obscured by the depolarization of the ventricles. Finally we
have the T-wave, which corresponds to the repolarization of the ventricles. In some
measurements the T-wave is followed by a small wave known as the U-wave, which for

2Note that although frequently addressed as being isoelectric, the PQ segment is not isoelectric [38].

Open Pacing Electrophysiol Ther J. Author manuscript; available in PMC 2011 May 23.
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normal ECG, is believed to be due to repolarization of the His-Purkinje system [37]. Other
hypotheses for the origin of the U-wave have been suggested in [39]. The segment between
the end of the U-wave up-to the beginning of the next P-wave is known as the isoelectric
segment of the ECG, in which the myocardium does not have a measurable activity.

Morphologically, adults and fetuses have rather similar ECG patterns; but the relative
amplitudes of the fetal complexes undergo considerable changes throughout gestation and
even after birth. The most considerable change concerns the T-waves, which are rather weak
for fetuses and newborns [23].

3.7 Fetal Heart Rate and Heart Rate Variability

The changes in fetal heart rate (FHR) and fetal heart rate variability (FHRV) are not well
understood, particularly since the fetal central nervous system may not be fully formed at
birth. Although there is no direct neural link to the fetus from the mother, it is thought that
maternal activity can affect the fetal heart rate and blood pressure indirectly through the
action of transmitted hormones (cortisol/catecholamines) and possibly directly through
compromised placental vasculature or blood volume [40,41,42]. Moreover, the maternal and
fetal HR can become entrained, but the mechanism of entrainment is not clear [40]. In
general though, the mother and fetus(es) have separate autonomic nervous sytems which are
indirectly linked (mostly with the mother affecting the fetus) by changes in blood pressure
and hormones.

At 20 weeks, the FHR has a baseline value of around 120 to 160 beats per minute (BPM).
However, although the variations of the fetal heart rate are different to children and adults,
the FHR is known to possess circadian variations with evolve over the course of the
pregnancy [43]. Structurally, the heart-rate variability (HRV) of the fetus is also known to
be simpler (less dynamic) than an adult. However, as the fetal autonomic nervous system
evolves, the HRV patterns also become more and more complex [44,45]. A typical example
of this complexity is depicted in Fig. 14.

Recently Muro et al. [46] made FHR recordings at 21, 24, 27, 30, 33, and 36 weeks from a
normal pregnant woman and found significant diurnal variations in all the recorded
gestational ages. Furthermore, they found the amplitude of diurnal variation increased with
advancing gestation. The FHR baseline recorded at night (midnight—9:00 hours)
significantly decreased from 24 to 30 weeks, while the afternoon/evening FHR baseline
(15:00-21:00 hours) decreased after 27 weeks. These findings suggest that the changes in
the diurnal variations of FHR baseline with advancing gestation reflect the process of
development of the fetal nervous system.

Lunshof et al. [47] showed that a significant diurnal rhythm in basal FHR was present in
73% of their fetal study population, and this rhythm was closely related to the maternal heart
rate rhythm. They also found that diurnal rhythms in FHRV, accelerations, and activity were
present in only 30% to 50% of the fetuses. Lange et al. found that FHRV changed with
gestational age and mean HR, or activity levels, but not on gender or time of day.

It is also known that number of heart rate accelerations and decelerations per hour that a
fetus experiences may also be related to its health, and is a function of gestational age. The
rate and duration of episodes of sustained fetal tachycardia (SFT)3, increases with
gestational age [48]. Shono et al. [48] analyzed 24 h FHR in 102 normal preghant women
(at 30-41 weeks) to determine the gestational age related changes in SFT. For 38-39 weeks,
nocturnal SFTs (19:00-07:00 hours) were significantly more frequent than during day-time

3An increase in FHR from 160 BPM or more and persisting for more than 1.5 to 2 hours is considered to be SFT.

Open Pacing Electrophysiol Ther J. Author manuscript; available in PMC 2011 May 23.
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(07:00-19:00 hours). At 30-31 weeks of gestation, there were no significant episodes, but in
the 40th week, the rate and average duration increased to 85% and 114 min.

3.8 The Diagnostic Fetal ECG

Currently fECG analysis is used in the clinical domain almost entirely to analyze heart rate
and the associated variability. Morphological analysis of the fECG is generally not
undertaken for cardiac-anomaly populations for the following reasons:

» Although structural heart defects are the most common structural fetal defect, they
are rare (present in less than 1% of the population).

»  Structural defects are evaluated using echocardiography, because the problem is
structural, not conductive.

e There is no evidence that structural defects have abnormal conduction (although
this has never been studied in-utero) or that it would be useful in clinical predictive
medicine.

» By far the most common arrhythmia is premature atrial contractions, which are
usually benign.

»  Pathologic fetal heart block arrhythmias are extremely rare, and usually occur in
patients with systemic lupus erythematosus (SLE).

One notable exception is the recent arrival of commercial monitoring systems that provide
proxy ST-segment analyses using the waveform from the fetal scalp electrode (e.g. the
STAN monitor from Neoventa Medical, Goteborg, Sweden). Beginning in the late 1990s,
European investigators began using the STAN monitor in routine clinical practice. This
system is based on an analysis of the quantitative ratio between the amplitude of the fetal T-
wave and the fetal R-wave and on the presence or absence of a biphasic ST segment. The
ratio is used clinically either to provide reassurance or raise concern in the event of a non-
ominous but non-reassuring fetal heart tracing. The physiologic basis for this test is the
observation that repolarization of the adult myocardium is extremely sensitive to hypoxia,
resulting in elevation of the ST-segment in adults with coronary artery disease. Similar
findings have been demonstrated in fetal sheep, with experimental hypoxia leading to
elevation in the ST-segment and T-waves in the fetal ECG [49]. The change in this ratio is
thought to represent altered cellular ionic currents during anaerobic cardiac metabolism
[50,51].

This metric that compares the voltage amplitude of two components of the ECG waveform
(the T-wave and the R-wave) can be accomplished reliably even in the absence of a standard
ECG vector. This characteristic is critical because the fetal position is uncertain and subject
to change, and thus vector-based analyses are inherently problematic in a fetal population. A
series of clinical trials were begun that compared use of the STAN algorithm in addition to
standard fetal monitoring with fetal monitoring alone. Early results demonstrated that use of
STAN helped to identify cases of intra-partum acidosis [52,53,54,55,56].

One of the inherent limitations of this approach to fetal cardiac monitoring, however, is that
it requires placement of a fetal scalp electrode, which is possible only during labor.
Moreover, only one dimension of the electrical activity of the heart can be imaged using this
type of electrode. This means that the sensitivity of such a technique is particularly limited
by noise and is confined to problems that affect the entire heart. Activity that affects other
portions of the heart, or is only a subtle effect, will be missed by such electrodes. Another
issue that affects the scalp electrode includes movement of the fetus, which will appear as
axis movements. If several ECG leads were available, such problems could potentially be
addressed, providing more specific analysis, earlier in pregnancy.

Open Pacing Electrophysiol Ther J. Author manuscript; available in PMC 2011 May 23.
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4 Data Collection

An essential component to evaluating any fECG analysis algorithm is a representative and
high quality database. Fetal ECG data collection can either be invasive or noninvasive. In
invasive methods, the recording electrodes have direct contact with the fetal skin, which
may only be achieved by using an intra-uterine electrode during labor [57,58,59]. The
signals recorded by invasive methods have better quality as compared with noninvasive
methods; but the procedure is rather inconvenient and is limited to recordings during labor.
On the other hand, noninvasive methods use the signals recorded from the maternal
abdomen, which can be done in any stage of pregnancy using dozens of electrodes.
However, the low fECG SNR and the other interferences are the limiting factors of this
method. Nevertheless, due to the numerous advantages of the noninvasive method, a large
body of research has been conducted towards the development of signal processing
techniques for retrieving the fECG from noninvasive recordings.

4.1 Modern Data Collection Techniques and Open Databases

When assembling (or using) a fECG database it is essential to consider the number of
electrodes, type of electrode, heterogeneity of the patient population, conditions and
gestational ages, as well as the data quality (in terms of presence of noise, sampling
frequency, and amplitude resolution). In terms of recording quality, for morphological
analysis, one would expect that doubling or trebling adult requirements would be a suitable
approach, leading to sampling frequencies of around 2 kHz and resolution of 16 bits. No
current standards exist for electrode location, but concentric circles on the abdomen,
covering all available angles will provide the maximal coverage.

Currently there are two public databases widely used by the signal processing community.
The first, known as the Daisy dataset [60], consists of a single dataset of cutaneous potential
recording of a pregnant woman. A total of 8 channels (4 abdominal and 3 thoracic) are
available, sampled at 250 Hz and lasting 10 seconds. This dataset is part of a database know
as the SISTA (Signals, Identification, System Theory and Automation) database from the
SISTA group of the department of Electrical Engineering of the Katholieke Universiteit
Leuven, Belgium

The second database, known as the Non-Invasive Fetal Electrocardiogram Database, is a
series of 55 multichannel abdominal fECG recordings taken from a single subject over a
period of 20 weeks. this database was recently contributed to PhysioBank [61]%. The
recordings are in the EDF+ format, and include two thoracic (maternal ECG) signals and
three or four abdominal (maternal+fetal ECG) signals. The signals were recorded at 1kHz,
16bit resolution with a bandpass filter (0.01Hz-100Hz) and a main notch filter (50Hz). The
recordings contain 2 thoracic signals and 3 or 4 abdominal signals. The data has been
prepared for PhysioNet by the Digital Signal Processing Group (GPDS) of the Electronics
Engineering Department, ETSE Escuela Técnica Superior de Ingenieria, University of
Valéncia, Spain.

However, no existing public database contains any associated clinical information or data
from more than one subject. Moreover, there is no gold standard measurement in any of
these databases (from the scalp electrode).

4http://WWW.physionet.0rg/physiobank/database/nifecgdb/
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4.2 Alternative Measurement Techniques

In previous works, besides electrocardiography, the well-being of the fetal heart has also
been monitored by other techniques [8], including:

»  Echocardiography [62,63]; also known as sonography of the heart which is based
on standard ultrasound techniques.

»  Phonocardiography [5,64,65]; which is a graphic registration of the heart sounds
and murmurs produced by the contracting heart (including its valves and associated
great vessels), picked up as vibrations and transformed by a piezoelectric crystal
microphone into a varying electrical output according to the pressure imposed by
the sound waves [66,67].

e Pulse Oximetry [68]; is used to measure oxygen saturation of fetal blood as an
adjunct to electronic fetal heart monitoring. The amount of reflected infra-red light
is used to determine the relative amount of oxygen in the blood under the fetus'
skin. To do this, a custom catheter is passed through the dilated cervix, after the
rupture of the membranes, to lodge against the cheek where the probe is sited. Fetal
pulse oximetry is a relatively new fetal assessment technology. After consideration
of the results of a multicenter randomized, controlled, clinical trial on fetal pulse
oximetry in the United States, the U.S. Food and Drug Administration approved the
technology for clinical use on May 12, 2000. However, recent studies indicate that
knowledge of the fetal oxygen saturation is not associated with a reduction in the
rate of cesarean delivery or with improvement in the condition of the newborn [68],
and the product is used only for research purposes.

e Cardiotocography [69]; which is the simultaneous measurement of the fetal heart
rate with an ultrasound transducer, and the uterine contractions with a pressure-
sensitive transducer (called a tocodynamometer), for measuring the strength and
frequency of uterine contractions [70].

»  Magnetocardiography [71,28,72,73,74]; which is a technique to measure the
magnetic fields of cardiac signals using extremely sensitive devices such as the
Superconducting Quantum Interference Device (SQUID) [75].

Among these methods, echocardiography is perhaps the most commercially the most
available means of fetal cardiac monitoring. However, the ECG and the MCG contain more
information, since most cardiac abnormalities have some manifestation on the ECG or MCG
morphology or RR-interval timing [8]. Note that due to the morphologic similarity of the
MCG and ECG, MCG processing methods are similar to the ECG-based ones; although
using the current SQUID technology for magnetic recordings, the SNR of the fetal MCG is
usually higher than its ECG. However, ECG recording apparatus are simpler and currently
more affordable as compared with MCG systems.

5 Data Analysis

We can categorize the existing fetal data analysis literature by their methodologies. The
existing methods in this area include:

5.1 Direct Fetal ECG Analysis

In early works, fECG detection was done over raw data without any processing. For instance
in [76], some special cases were reported in which due to the vertex presentation of the
fetus, the fetal R-peaks appeared as positive peaks while the maternal peaks had negative
peaks. In such cases, the detection of the fetal RR-intervals is rather simple and may be
achieved by simple peak detection, even without the removal of the maternal ECG.
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However, these methods are not always applicable and highly depend on the fetal
presentation and gestational age.

5.2 Adaptive Filtering

Different variants of adaptive filters have been used for maternal ECG cancellation and
fECG extraction. These methods consist of training an adaptive or matched filter for either
removing the maternal ECG using one or several maternal reference channels [19,57], or
directly training the filter for extracting the fetal QRS waves [18,77]. Ad hoc, adaptive filters
such as “partition-based weighted sum filters’ [78], and least square error fittings [79], have
also been used for this purpose.

Note that the existing adaptive filtering methods for maternal ECG artifact removal, either
require a reference maternal ECG channel that is morphologically similar to the
contaminating waveform, or require several linearly independent channels to roughly
reconstruct any morphologic shape from the three references [19]. Both of these approaches
are practically inconvenient and with limiting performance, since the morphology of the
maternal ECG contaminants highly depends on the electrode locations and it is not always
possible to reconstruct the complete maternal ECG morphology from a linear combination
of the reference electrodes®. Therefore, a maternal ECG cancellation method that would not
require any excess reference electrodes or at most a single reference without the
morphologic similarity constraint is of great interest.

The Kalman Filtering framework, developed in [81,82,80], which can be considered as
members of the general class of adaptive filters, are promising approaches that use only an
arbitrary maternal ECG reference for maternal ECG cancellation and fECG enhancement.
This framework can be extended to more advanced filter types such as the Particle Filter in
future research.

5.3 Linear Decomposition

Decomposition of single or multi-channel recordings is another common approach. In this
method, the signals are decomposed into different components by using suitable basis
functions. The basis functions can be selected from classes that are somehow in coherence
with the time, frequency, or scale characteristics of the fetal components. Wavelet
decomposition [83,84], and matching pursuits [85], are among these methods.

Spatial filtering techniques such as singular value decomposition (SVD) [86,20,87,88,89],
blind and semi-blind source separation [90], can be considered as data-driven
decomposition methods, which construct the required basis functions from the data itself, by
maximizing some statistical measure of signal separation. In [91,92], it has been shown that
for fECG extraction blind source separation methods outperform adaptive filters such as the
one proposed in [19]. One of the advantages of spatial filtering over conventional adaptive
filters is that they can also separate the maternal and fetal complexes with temporal overlap.

Different variants of blind and semi-blind source separation methods have been used for
fECG extraction [93,94]. These methods are commonly based on the assumption of
independent components (or more generally independent subspaces) for the maternal and
fetal signals, or the existence of some temporal structure for the desired signals [95,96,97].
Blind source separation methods have also been combined with wavelet decomposition for
extracting and denoising the fECG signals [98,99]. One of the key problems in blind source
separation approaches is that there is an implicit assumption that the signals and noises are

SSee [80] for the limitations of the single dipole model of the heart.
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mixed in a linear and stationary manner. Since both the fetal and maternal signals move (as
they breathe, and shift positions), the stationary mixing is often not a good approximation.

Decomposition methods are currently the most common and effective way of fECG
extraction and denoising. However, the existing methods are rather generic and have not
been fully customized to the periodic structures of ECG. Therefore, a challenging issue is to
design multichannel signal processing methods (linear or nonlinear) that are specific to
ECG/MCG signals. One recently described approach [100,80,101] involving adaptive blind
source decomposition techniques, combined with model-based signal processing has shown
promising results. Figs. 15 and 16 illustrate typical results of these new approaches. Note in
particular that the clinical features are preserved in these examples. Another notable feature
of the extracted fetal ECG is that the respiratory influence on the QRS complex is preserved.
This opens up the possibility that fetal respiration activity could be routinely monitored and
investigations be performed to associate particular respiratory patterns with subsequent
neonatal problems such as sudden infant death syndrome or neonatal apnea.

5.4 Nonlinear Decomposition

Linear decomposition methods using either fixed basis functions (e.g. wavelets), or data-
driven basis functions (e.g. singular vectors) have limited performance for nonlinear or
degenerate mixtures of signal and noise. In fact, fetal signals and other interferences and
noises are not always ‘linearly separable’ [80]. One solution for such cases is to use
nonlinear transforms for separating the signal and noise parts of the observations. Of course,
nonlinear transforms are rather ad hoc and require some prior information about the desired
and undesired parts of the signal. In [102,103,104,105], using nonlinear projections, a series
of maternal ECG cancellation and fECG enhancement methods have been developed. These
methods consist of using the noisy signal and its delayed versions for constructing a state-
space representation of the signal, smoothing the state-space trajectory using conventional or
PCA smoothers [106], and transferring the samples back to the time-domain representation.
These methods are very attractive from the point that they are applicable to as few as one
single maternal abdominal channel. However, the selection of the required time-lags is
empirical and the important inter-beat variations of the cardiac signals can be wiped-out
during the state-space smoothing. Moreover, they have higher computational complexity as
compared with linear methods, and the correct embedding dimension can changes as the
noise statistics change.

Another recently developed technique is a deflation method of subspace decomposition,
which uses a combination of linear projection (and back-projections) with linear/nonlinear
denoising schemes [101]. This method is very promising and has found various applications
including the extraction of the fECG from low SNR channels with few number of electrodes
[101].

In Table 1, a general comparison is made between the existing methods of fECG analysis.
Accordingly, each method has its own benefits and limitations and is applicable for specific
scenarios.

5.5 Forward Modeling vs. Inverse Solutions

An important aspect of noninvasive cardiac signal studies (either for adults or fetuses) is to
find relationships between the cardiac potentials generated at the heart level and the
potentials recorded on the body surface. This problem is known as the forward problem of
electrocardiography, for which electromagnetic principles are used with electrophysiological
models of cardiac potentials and volume conduction models, to predict the potentials that
can appear on the body surface. Forward modeling also provides valuable insight for the
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more practical problem of estimating the cardiac potentials from body surface recordings,
namely the inverse solution. Forward and inverse problems have long been studied for adult
cardiac signals [107,108]; but there are only few works of this sort for fetal cardiac signals.

Some pioneer studies on fetomaternal compartment conductivities and fECG modeling were
presented in [26,27,109,110], where the fECG and the volume conductor medium from the
fetal heart up-to the maternal abdominal leads were modeled and simulated. They have also
questioned some previous results on the conductivity of the maternal internal body tissues
and note that the fECG —as seen from the maternal abdomen— does not have the same
dimensionality throughout pregnancy. This may partially be due to the physiological
changes of the fetal heart itself, and partially due to the low conductivity of the vernix
caseosa that surrounds the fetus and electrically shields it from the outside world in certain
gestational ages. Some of these findings have also been verified with experimental results.

In a more recent study, the problem of reliability of the fetal MCG and ECG has been
studied using forward modeling in normal and pathologic cases [28]. They use different
models for different stages of gestation. Specifically, in the forward modeling of the last
trimester of gestation, they considered a layer of vernix caseosa containing two holes and
achieved fECG maps that resembled the actual measured maps. The holes in the vernix
caseosa were considered over the mouth of the fetus and the onset of the umbilical cord,
corresponding to the preferred current pathways. Other issues concerning the low-amplitude
of the fetal T-waves are also presented in this work. However, for the processing of their
real data, they used simple methods such as average waveform subtraction of the maternal
MCG.

6 Modeling the Fetal ECG
6.1 The Fetal Heart Source

The myocardium, during its contraction, may electrically be considered as a surface of
potentials. The resultant electrical activity of the heart has been modeled with various
methods ranging from single dipole models to activation maps [111]. Among these methods,
the simplest and yet the most popular is the single dipole model that is believed to explain
80%-90% of the representation power of the body surface potentials [112], and the ECG
and VCG are based on it. According to the single dipole model, the cardiac electrical
activity may be represented by a time-varying rotating vector, the origin of which is
assumed to be at the center of the heart and its end sweeps a quasi-periodic region in the
space. This vector may be mathematically represented in the Cartesian coordinates, as
follows:

d(n)=x(tya,+y(tjay,+z(t)a;, )

where 4y, ay, and @, are the unit vectors of the standard three vectorcardiogram body axes

With this definition, and by assuming the body volume conductor as a passive resistive
medium which only attenuates the source field [107], any ECG signal recorded from the
body surface would be a linear projection of the dipole vector d(t), onto the direction of the
recording electrode axes v = ad,+bay+ca,:

ECG(H)=<d(t), v>=a - x(t)+b - y()+c - (1) )
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In its most simplified form we can consider the dipole source of d(t) inside a homogeneous
infinite volume conductor. The potential generated by this dipole at a distance of |r| is:

d@)-r 1

Fx
droltP 4no

I3

v Tz
W'ﬂﬁ)ﬁ]

@(1) = go= [x(1) =5 +¥(?)

(3)

where gy is the reference potential, r = ray + ryay + r,a, is the vector which connects the
center of the dipole to the observation point, and ¢ is the conductivity of the volume
conductor [107,113].

The ECG signals recorded from the body surface are the potential differences between two
different points. Equation (3) therefore indicates how the coefficients a, b, and ¢ in (2) can
be related to the radial distance of the electrodes and the volume conductor material. (In
reality the volume conductor is neither homogeneous nor infinite, leading to a much more
complex relationship between the dipole source and the body surface potentials.)

A 3-dimensional orthogonal vector representation of the ECG, (the VCG), is also possible
by using three of the above models. Basically any set of three linearly independent ECG
electrode leads can be used to construct the VCG. However, in order to achieve an
orthonormal representation that best resembles the dipole vector d(t), a set of three
orthogonal leads that correspond with the three body axes are selected. The normality of the
representation is further achieved by attenuating the different leads with a priori knowledge
of the body volume conductor, to compensate for the non-homogeneity of the body thorax
[113]. The Frank lead system [114], or the corrected Frank lead system [115] which has
better orthogonality and normalization, are conventional methods for recording the VCG.

More generally, the cardiac signals may be represented by a multi-pole with N degrees of
freedom. In [26] it has been discussed that the electrical activity of the fetal cardium is rather
similar to an adult heart (especially in the second half of gestation), however due to the
considerable distance between the recording electrodes and the fetal heart(s), and also due to
the very low conductivity layers such as the vernix caseosa that (almost) electrically insulate
the fetus from the outside world, the fetal electrical activity may be effectively modeled with
a single dipole.

6.2 The Propagation Media

As suggested by Geselowitz [116,107] since the effective frequency range of the ECG is
below 1-2KHz and considering the distance between the body surface electrodes and the
cardiac sources, the propagation medium of the maternal body may be considered as a linear
instantaneous medium. The body surface recordings are hence a linear instantaneous
projection of the cardiac sources and artifacts onto the axes of the recording electrode pairs.
It is however known that the electrical impedance of the body volume conductor changes
with respiration. Therefore despite of its linearity, the propagation medium is time-varying
and the body surface recordings are rather nonstationary.

Seminal work performed by Oostendorp et al. [26,27,109,110] in the 1980's provides one of
the most complete pictures of how the abdominal fECG transpires at the surface electrodes.
In their work, they considered all the conductive media through which the fECG passes
before being recorded at the mother's abdominal skin surface. Fig. 17 illustrates the media
through which the current generating the fECG is conducted to the surface of the maternal
abdomen (at approximately 30 weeks into gestation), where it is then recorded. Note that
there are many layers of biomaterial, with differing dielectric constants. However, the
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largest difference between any of these layers is the vernix caseosa (which forms between
weeks 22-30) which has a conductivity of o = 1077 to 107°QIm~1. All other materials
involved have a conductivity of o = 1072 to 101QIm~1. Moreover, the vernix is the only
material which introduces a significant frequency dependency of the conductivity or phase.
In fact, the vernix can cause a phase shift up to z/2 radians [109].

6.3 A Synthetic Fetal ECG Model

f=wi=— Z
F

(

Based on the single channel ECG model proposed in [117] (and later updated in [118],
[119], and [120]), the following dynamic model was suggested by Sameni et al. [121] for
the d(t) dipole vector:

vo A6;)? Qo 28y do A
— Aei\e»‘l’[_( - )q ]}':—Z — A exp[ ——— )7 Jz=- — AQ;e.vl)[—( ’)q ]
x\2 2 .2 2 ~ 5 >
b;) 267) 7 (b)) 2(b)) ~ (b7) 2(b) @

where AG=(8 — 8))mod(2n), A8, =(0 — &) )mod(21), AG:=(6 — 67 ymod(2r), and w=2xf, where f
is the beat-to-beat heart rate.

The first equation in (4) therefore generates a circular trajectory rotating with the frequency
of the heart rate. Each of the three coordinates of the dipole vector d(t), is modeled by a

summation of Gaussian functions with the amplitudes of o}, «}, and o7; widths of b, b, and

b; and located at the rotational angles of 47, ¢/, and &-. The intuition behind this set of
equations is, that the baseline of each of the dipole coordinates is pushed up and down, as
the trajectory approaches the centers of the Gaussian functions, generating a moving and
variable length vector in the (X, y, z) space. Moreover, by adding perturbations or deviations
to the parameters of (4) (i.e. considering them as random variables rather than deterministic
constants), it is possible to generate more realistic cardiac dipoles with inter-beat variations.

Such a model, is of course, a simple approximation. However, it does provide a possible
framework for testing signal processing algorithms. Various mixing models can be used to
generate arbitrary projections onto a surface such as the maternal abdomen. See Sameni et
al. [121] for more information.

7 Current Challenges

Despite of the richness of the literature, there are still several key areas that require further
study in the field of fetal electrocardiography, particularly in the domain of multichannel
noninvasive maternal abdominal measurements. The objective is to retrieve the fECG
morphology with the highest possible fidelity, as required for morphological studies. In this
context, the limiting factors and challenging signal processing issues include:

e weakness of fetal cardiac potentials and low conductivity layers surrounding the
fetus which lead to low amplitude fECG at the maternal body surface;

» high interference of maternal ECG, uterus contraction, maternal respiratory, and
motion artifact signals;

» possible movements of the fetus and the need for a sort of “‘canonical
representation’ of the fetal cardiac signals with respect to the fetal body axis;

» development of automatic procedures that can be applied to long datasets with
minimal interaction with an expert operator;
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»  providing confidence measures for the estimated cardiac signals and finding
theoretical bounds for the amount of ‘retrievable information’ from body surface
recordings in presence of noise.

Moreover, conventional ECG filtering methods are commonly based on some measure of
time, frequency, or scale separability of signals and noise, which is common with all
denoising techniques. However, cardiac signals have additional pseudo periodic structure,
which appear not to have been well-utilized in ECG denoising schemes.

In previous studies multichannel decomposition methods have been commonly applied to
the observed signals rather ‘blindly’ and there is generally no guarantee that the fetal
components be extracted as separate components. Therefore, an important issue is to
increase the probability of extracting the fetal components and also to improve the quality of
the extracted components, through appropriate preprocessing and using a priori information
about the signal/noise mixtures. This is a necessary step for developing robust fetal ECG/
MCG extraction algorithms.

Linear decomposition methods are very common, not only due to the validity of linear
model itself but also for the simplicity of these models. (A discussion about the validity of
linear models for ECG decomposition is presented in [80].) However, as mentioned before,
there are cases in which the desired signals are not linearly separable and nonlinear
decomposition is inevitable. (See [80] for related discussions.) Therefore, an interesting field
of study is to combine linear and nonlinear techniques to benefit from the simplicity of
linear transforms and the power of nonlinear methods at the same time.

Another related issue is to find physiological interpretations for components extracted by
multichannel source separation techniques. While these methods are commonly based on the
maximization of rather abstract statistical criteria, such as statistical independence, it is not
very evident what the resultant components physically correspond to, when applied to real
data. For cardiac signals, this issue is more crucial, when we consider that the heart is a
distributed source and not a point source.

Morphologic modeling of the fECG is another issue of interest. While previous fetal ECG/
MCG maodels concentrate on forward models based on electromagnetic and volume
conduction theories [26,28], for evaluating signal processing techniques based on body
surface potentials, more abstract models are required. In fact, in order to evaluate and
compare single or multichannel processing techniques, we need models that enable us to
manipulate the signal processing aspects of the simulated signals such as their morphology,
RR interval timing, fetal position, dimensionality, and SNR, without going into the details of
signal propagation and volume conduction theories. For adult ECG, an example of such
models was developed in [117], where single channel adult ECG was modeled with a
dynamic model. However, the existing models have not considered the multidimensional
nature of the ECG and are not appropriate for the evaluation of multichannel techniques that
use the ‘mutual information’ of the different channels.

8 Recommendations and Future Possibilities

These observations lead us to make several suggestions for future directions. First, a set of
public gold standard databases are required, such as those for adult ECGs found at
PhysioNet [61]. Such a database would need to contain high quality ECG (2 kHz, 16 bit)
multichannel recordings of hundreds of normal and abnormal fetuses for several stages of
pregnancy and different conditions. Accompanying clinical information such as outcome
Apgar score, maternal medical state and history, and possibly limited genetic information
should also be recorded, together with the results of tests such as amniocentesis. Clinical
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annotations should also be recorded, such as fetal location, contractions, movements,
artifacts and clinical events (such as decelerations).

Since the exact (or even approximate) optimal combination of electrode positions is
currently unknown, and likely to be dependent on the location and activity of the fetus, a
large number of surface electrodes needs to be used (perhaps around 32), covering most of
the abdomen. From this, it may be possible to determine (dynamically), which subset of
electrodes provides the maximal amount of information for a given presentation [122].
Nevertheless, one should note that the registration of large number of robust signals from the
abdomen in long recording sessions, is challenging from, both, the measurement and clinical
aspect. The measurement aspect concerns the design of low-noise multichannel recording
systems and the sensor development technology. The clinical aspect concerns the difficulty
of attaching/detaching large numbers of sensors to/from the abdomen of pregnant women. In
order to have good contact with the skin, the clinician has to clean the skin and firmly attach
the sensors. This procedure is rather time-taking and stressful for the pregnant woman (even
for volunteer subjects).

For dilated mothers, fetal scalp electrodes may have been placed and could provide a gold
(or rather silver) standard by which we can compare the processed abdominal fECG.
Comparisons of clinical parameters, such as ST-level, QT-interval and R-peak location (for
HRYV studies) should be compared to ensure that the extraction methods do not lead to
clinically significant changes in these parameters (for both healthy and unhealthy subjects).

Such a database will allow the objective comparison of different signal processing
techniques for fECG extraction. Without such a resource, we are unable to judge which
algorithms provide the best performance for a given condition. Since complex real time
processing is now possible on modern embedded systems, it is important that we assess how
intelligent systems, neuro-fuzzy networks, morphological operators and other modern
classification techniques can be employed to make the extracted information more useful for
clinical applications.

One other area in which work is still required is that of modeling the fetal dipole and
conductive medium of the womb, particularly in terms of personalized medicine. If patient-
specific models can be made through simple non-invasive tests such as ultrasound- or
impedance- based methods, then signal processing methods can use such information to
make more accurate attempts at cleaning up the signal and extracting useful information.

Since robust and accurate fetal morphology extraction systems have not been properly
evaluated, little work has been performed on the meaning of arrhythmias and changes in
variability in the fetus. The underlying rhythms of the fECG, and associated phenomena
such as respiration, require detailed investigations to determine what abnormal changes are
indicative of adverse events, and can be used to provide decision support.

Finally, data fusion and information integration is almost a completely unexplored area of
fetal monitoring. For better predictive performance and more accurate decision support, it is
likely that a combination of cardiac activity recording modalities, such as the
phonocardiogram, MCG, ultrasound, etc together with the invasive and/or non-invasive
ECG will provide improved performance. Of course, simply adding data sources together
does not guarantee more information, since extremely noisy signals may in fact lead to a
reduction in the quality of the data. Therefore, the development of accurate and reliable
signal quality metrics is essential. Signal quality metrics can be used either as a primary
rejection scheme (whereby the channel is suppressed when the quality is below some pre-
defined threshold) or can be used in a continuous fashion to unweight the contributions of a
channel that is less trustworthy. For example, Li et al. [123,124] have described a
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framework in which signal quality can be used to automatically used to reject variables
derived from unreliable channels of data.

In conclusion, there are many areas in the field of fECG analysis which require attention
before we can trust the results being produced by research algorithms and commercial
devices. However, recent developments in signal processing are encouraging, and new
developments in the field have the potential to positively impact patient care at little extra
cost in terms of hardware.
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Figure 1.
Fetal ECG recorded invasively (upper trace) through a fetal scalp electrode, and non-
invasively (lower two traces) through electrodes placed on the mother's abdomen. Fetal heart
beats are circled and labeled a, b, c and d.
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Figure 2.

The amplitude and frequency range of different biosignals, some of which interfere with
fetal cardiac signals [9,10,11]. The labels in this figure stand for the maternal
electrocardiogram (MECG), electroencephalogram (mEEG), electrooculogram (mEOG),
electromyogram (MEMG), electrohystrogram (mEHG), and the fetal ECG (fECG). Note that
the amplitude of these signals also depends on the site from which the data is recorded.
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Figure 3.

A general representation of the signal, artifacts and noise present in the ECG in the
frequency domain. The region in which the fECG QRS complex manifests is also marked.
Note that the fECG largely overlaps with the maternal ECG and other interference. The
fECG information also overlaps with the undesired signals in time, space, and feature
domains as well; therefore, methods that only work in one specific domain are not able to
fully separate the fetal cardiac signals. Image adapted from [12].
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Figure 4.

Number of publications in the field of fetal electrocardiography and magnetocardiography,
registered in PubMed [21].
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Figure 5.
Number of publications in the field of electrocardiography and magnetocardiography,

registered in PubMed [21].
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Figure 6.
The percentage of publications in the field of electrocardiography and magnetocardiography
normalized by the number of publications in all subjects, registered in PubMed [21].
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The Heart

Figure 7.
The fetus and its heart in the early stages of development; adapted with permission from
[24].
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Figure 8.
Development stages of the fetal heart during gestation in chronological order (from a to f);
adapted with permission from [24].
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Page 32

The major fetomaternal compartments that influence the fetal cardiac surface potentials;

adapted with permission from [28]. The vernix caseosa is formed over the fetal skin.
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Figure 10.
Different fetal presentations and the percentage of incidence at the end of gestation; adapted

with permission from [28].
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Figure 11.

Different fetal vertex positions and their incidence at the end of gestation; adapted with
permission from [28]. In the right side abbreviations, L stands for left, R for right, O for
occiput, A for anterior, T for transverse and P for posterior. The LOA position is seen in the
left graph.
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Figure 12.
The anatomy of the fetal heart; adapted with permission from [28].
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Figure 13.
The activation cycle of the fetal heart; adapted with permission from [28].
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Figure 14.

The increasing complexity in fetal HRV time-series in different gestational ages; adapted

with permission from [45].
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Figure 15.

Upper plot: Mixture of maternal and fetal ECG. Maternal beats are negative spikes (HR = 90
BPM). Fetal beats are the smaller, positive spikes (HR = 138 BPM). Lower plot: Extracted
fECG (before denoising). Note that number of beats and relative positions are preserved and
so fetal HR estimation and HRV is viable.
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Figure 16.

Average fetal heart beat morphology taken from scalp electrode (blue line) and average fetal
heart beat extracted from abdominal maternal/fetal mixture (magenta line). Note the
preservation of clinical features (R-peak, QT-interval, ST-segment).
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ME

Figure 17.

Schematic representation of the media through which the current generating the fECG is
conducted to the surface of the maternal abdomen at approximately 30 weeks. ME: Maternal
Epidermis; SF: Subcutaneous Fat; FS: Fascia Superficialis; MR: Musculus Rectus
Abdominalis; FP: Fascia Profunda; P: Peritoneum; E: Electrode; EG: Electrode Gel: S:
Serosa; M; Myometrium; D: Decidua; C: Chorion; A: Amnion; VC: Vernix Caseosa; FE:
Fetal Epidermis; MB; Maternal Bladder. Adapted from [26].
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