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Abstract: The non-invasive fetal electrocardiogram (fECG) technique has recently received
considerable interest in monitoring fetal health. The aim of our paper is to propose a novel fECG
algorithm based on the combination of the criteria of independent source separation and of a quality
index optimization (ICAQIO-based). The algorithm was compared with two methods applying
the two different criteria independently—the ICA-based and the QIO-based methods—which were
previously developed by our group. All three methods were tested on the recently implemented Fetal
ECG Synthetic Database (FECGSYNDB). Moreover, the performance of the algorithm was tested on
real data from the PhysioNet fetal ECG Challenge 2013 Database. The proposed combined method
outperformed the other two algorithms on the FECGSYNDB (ICAQIO-based: 98.78%, QIO-based:
97.77%, ICA-based: 97.61%). Significant differences were obtained in particular in the conditions
when uterine contractions and maternal and fetal ectopic beats occurred. On the real data, all three
methods obtained very high performances, with the QIO-based method proving slightly better than
the other two (ICAQIO-based: 99.38%, QIO-based: 99.76%, ICA-based: 99.37%). The findings from
this study suggest that the proposed method could potentially be applied as a novel algorithm for
accurate extraction of fECG, especially in critical recording conditions.

Keywords: fetal ECG extraction; abdominal ECG; independent component analysis (ICA);
quality index; optimization

1. Introduction

Fetal heart rate (FHR) monitoring during pregnancy is clinically relevant and can be obtained
with several invasive or non-invasive techniques, including Doppler ultrasound fetal magneto-
cardiography (FMCG) and fetal electrocardiography (FECG). Doppler ultrasound is the traditionally
applied technique for monitoring the fetus during pregnancy. It can usually identify and measure
embryonic heartbeat by six weeks [1], while exams performed between 18 and 22 week of gestation
allow screening for most fetal cardiac anomalies [2]. In particular, congenital heart disease (CHD)
is the most common congenital anomaly worldwide [3], with an incidence estimated at 6-12 cases
per 1000 live births [4]. Early diagnosis of CHD during pregnancy can increase survival rates of the
fetus and decrease long-term morbidity in both ductus-dependent and foramen ovale-dependent
CHD [5]. However, the probability of ultrasound to accurately detect CHD ranges from 65% to
81%, with a significant part of events missed. Inaccuracies in ultrasound detection can be due to the
complex anatomy of the fetal heart, its movement, small size and mixing maternal and fetal heart
rate. Higher detection rates can be achieved using three- and four-dimensional ultrasonography [6].
The disadvantages of these techniques are that they require expert personal and that they are extremely
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expensive. FMCG can be recorded reliably from the 20th week onward. Compared to ultrasound it has
a higher resolution and higher signal quality, allowing an assessment of PQRST complex alterations,
and detecting fetal arrhythmia. Early diagnosis of fetal arrhythmia permits an appropriate therapeutic
intervention and the reduction of unexplained fetal death in late gestation [7].

Compared to ultrasound and FMCG, fetal electrocardiography (fECG) is more cost-effective
and provides additional useful information for an accurate evaluation of the fetal status, having the
potential to provide FHR data with beat-to-beat accuracy. fECG can be performed invasively using
intra-uterine electrodes, which have a direct contact with the scalp of the fetus. Despite providing
a high quality fECG, this technique has consistent drawbacks due to its invasive nature and its
limited applicability during labor. Recently, non-invasive fECG recording has received considerable
interest in monitoring fetal health. With this modality, signals are recorded by multiple electrodes
placed on the abdomen of the mother. Non-invasive fECG has numerous advantages including the
safeness, the possibility of long-term continuous monitoring, the wide time-range of applicability
(from 18 weeks of gestation) and the relative low cost. On the other hand, several technical challenges
prevent a direct usability of the acquired signals. In particular, the fetal signal has low amplitude
and is mixed with several sources of noise and interference [8] such as maternal ECG (mECG),
baseline drifts, power line, muscle electrical activity (EMG), maternal respiration, motion artefacts
and electrode contact noise. These sources of noise often have higher amplitude than the fECG so the
signal to noise ratio (SNR) is low. Fetal ECG amplitude can vary depending on several factors of the
recording setup. For example, skeletal muscle artifacts introduce high frequency components between
10 Hz and 500 Hz during skeletal muscle activity, in particular during a contraction, masking fECG.
In addition, fetal movements can result in a different orientation of the fetal heart vector with respect
to the electrode grid, changing the amplitude and morphology of the measured signals. In addition,
fECG often overlaps in time and in frequency with mECG and the other noise components so the
extraction of fECG from abdominal leads results in a very challenging task. Importantly, it should be
noted that between the 28th and 32th weeks of gestation the recording of surface fECG is unfeasible
due to the formation of the vernix caseosa, a thin fatty layer which almost electrically shields the fetus [9].
However, for normal pregnancies (non-premature deliveries), the layer slowly dissolves in the 37th to
38th weeks of pregnancy [10].

For these reasons, different signal-processing methods have been implemented to extract fECG
from abdominal mixtures (for a review see [11]). Methods for fECG extraction can be broadly divided
into two groups: mECG canceling and blind source separation (BSS). The first group includes
the regression-based methods which use the mECG as reference input to estimate and cancel its
contribution on abdominal signals. This task can be performed in a continuous way by adaptive
filtering (AF) or in a beat-by-beat mode by template subtraction (TS). AF [12,13] uses maternal reference
channels to estimate their projection onto each abdominal signal [13-16]. TS can be considered as
a special case of AF that uses as reference input signal an impulse sequence synchronized with
maternal beats [12,17]. However, TS is usually implemented by first estimating the mean contribution
of the maternal cycle (template) and then subtracting it from the mixture of abdominal signals [18,19].
A powerful method to estimate the contribution of each single maternal heart beat to the abdominal
signal is to use a reduced space approximation by Principal Component Analysis (PCA) which can be
implemented by Singular Value Decomposition (SVD) [20-23].

BSS aims at separating the different components of the abdominal mixture without a priori
knowledge of the signal, but according to the statistical properties of the data. Commonly used
approaches are PCA or SVD [24,25] and Independent Component Analysis (ICA) [26-28].

Hybrid methods consisting in a combination of the previously described methods have also been
developed. Some approaches have been implemented, for example combining TS and BSS [29,30].

Recently our research group has contributed to the challenging task of extracting fECG from
abdominal maternal signals by developing two different signal-processing methods. Our first
algorithm was developed for the PhysioNet/Computing in Cardiology Challenge 2013 (CinC 2013),
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which promoted the development of accurate and robust algorithms for estimating fHR, fetal interbeat
intervals, and fetal QT intervals from multichannel maternal ECG recordings. Further details about
the CinC 2013 can be found in [31], which discussed the background issues, the design of the
Challenge, the key achievements, and the follow-up research. This first algorithm that we developed,
called the ICA-based method, belongs to the hybrid group of methods, being based on the sequence
of ICA, mECG canceling (in particular TS) and a second ICA [23] and obtained the top official
scores during event 1 and event 2 concerning fetal heart rate and fetal interbeat intervals estimation
section [32]. However, there was one non-official higher score, as reported in [31], obtained by Behar
and colleagues [33], which also implemented a hybrid method based on the fusion of several different
techniques of source separation (including PCA, template subtraction, and ICA).

Despite the high performance of our first algorithm, for a few records it failed in extracting
a sufficiently clean fECG. This drawback could be ascribed to the model order selection problem.
In theory, the number of independent sources is undetermined and always higher than the number of
acquired signals, thus ICA method works in a sub-optimal contest and it will be able to separate the
independent sources of interest only if their components in the acquired mixed signals have higher
power greater than the others. To face this problem, we implemented a second algorithm, the quality
index optimization (QIO)-based method, which a priori takes into account specific characteristics of the
fECG rather than only the unspecific independence of sources [34]. In this second method, two quality
indexes (fQI and mQI) were devised, which discriminate the two components of interest (fECG and
mECG, respectively) from noise sources. These indexes were built exploiting the morphological
and temporal characteristics of the fECG/mECG signals. An optimization procedure based on the
Nelder-Mead algorithm was then applied in order to find a linear combination of abdominal signals,
which maximizes these indexes. This method can be considered a novel approach for fECG extraction,
which attempt to find the fetal QRS (fQRS) in the abdominal mixture by exploiting its characteristics.

In our recent paper [34] this QIO-based method was compared with the ICA-based one on
the same dataset extracted from the PhysioNet Challenge 2013 Database and it outperformed the
ICA-based approach for most of the records.

However, when comparing the record-by-record performance of the ICA-based and QIO-based
methods we observed that, although generally the QIO-based method outperformed the ICA-based
one, for some records, the opposite was true [34]. Thus, we hypothesized that a combination of the
two approaches could improve the performance in f{QRS detection and reduce the number of records
with low performance. Indeed, as the QIO-based method and the ICA-based approach use different
information in separating fECG, an integration of the two criteria should lead to an improvement
in the performance in fECG extraction. In this paper, we propose a novel method, which combines
both the criteria: that based on the independence of sources and that based on the a-priori specific
characteristics of sources. In the following section the algorithm proposed in this paper will be referred
as “ICAQIO-based” method.

Recently a Fetal ECG Synthetic Database (FECGSYNDB) for benchmarking of fetal ECG extraction
and detection algorithms has been developed [35]. Data were generated using the fetal ECG synthetic
simulator (fecgsyn, [36]), which can generate maternal-fetal ECG mixtures with realistic amplitudes,
morphology, beat-to-beat variability, heart rate changes and noise. In [35] the authors also evaluated
their methodology by testing some common fECG extraction methods on the developed database.
Successively another research group has used the FECGSYNDB to evaluate the performance of its
fECG extraction algorithm based on sequential total variation denoising [37].

The aim of our paper is to propose the novel “ICAQIO-based” method and evaluate its
performance on the recently developed FECGSYNDB as well as on the PhysioNet CinC 2013 Database,
on which we already tested our previously developed algorithms. In order to test the improvement
achieved by the combination of the independence of sources and the quality index optimization with
the performances obtained applying the two criteria separately, we compare the performances of the
“ICAQIO-based” method with that of the “ICA-based” and “QIO-based” approaches.
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2. Materials and Methods

2.1. Data

The FECGSYNDB on which algorithms were tested consists of 1750 synthetic signals. The database
is structured in seven cases resembling different physiological events (see Table 1) and for each case
five different levels of additive noise are included (0, 3, 6,9, and 12 dB). In addition, for each case ten
different heart dipole models were generated by randomly selecting one of the nine vectorcardiograms
available in the fecgsyn toolbox. Finally, simulations were repeated five times to obtain a more
representative database. Each simulation is 5 min long for a total of 145.8 h, it is sampled at 250 Hz
with a 16-bit resolution and it is projected onto 34 channels (32 abdominal and two mECG reference
channels). For details about the parameters used for the simulation see [35,36].

Table 1. Description of the seven cases generated to simulate different physiological events.

Case Description
Baseline  Abdominal mixture of fECG and mECG without noise or events
Case 0 Baseline + noise (no events)
Case 1 Fetal movement + noise
Case 2 mHR/fHR acceleration or deceleration + noise
Case 3 Uterine contraction
Case 4 Maternal and fetal ectopic beats + noise
Case 5 Twin pregnancy + noise

fECG = fetal electrocardiogram; mECG = maternal electrocardiogram, mHR = maternal heart rate, fHR = fetal
heart rate.

In order to compare the performance of our algorithms with that of the ones already tested
on the same database, we selected the same combination of channels of the previous study [35].
In particular, among the different combinations used, we selected the one with 4 channels (1, 11,
22 and 32). This choice was motivated by the fact that it allows ICA to achieve the separation of sources
without loading excessively the mother with abdominal channels. In addition, the performance of
the Nelder-Mead algorithm improves in low dimension [38]. We also selected channels 33 and 34,
which are the mECG reference channels. It should be noticed that, compared with the PhysioNet
CinC 2013 Database, in the FECGSYNDB there are reference mECG channels, so the algorithms do not
include the mECG extraction step as our previous implementations [23,34].

Among the seven cases of the database we discard case 5 as the QIO-based approach is not suitable
to detect more than one fECG as it will be better explained in the following paragraphs. Moreover,
we selected only the two highest levels of noise (i.e., SNR = 0 and SNR = 3 dB) as, according to previous
results [35,37], they bring out the most significant differences among the different algorithms.

To test the performance of the proposed method on real data, we also used the annotated open
set of recordings “set-a” of the PhysioNet CinC 2013 Database. The dataset consists of 75 records
(length: 60 s) from five abdominal signal collections. Each record includes four channels of maternal
abdominal ECG sampled at 1 KHz. Further details about the PhysioNet CinC 2013 Database can be
found in [31,39]. The records a33, a38, a52, a54, a71, a74 were excluded because they had partial or
inaccurate reference annotations. Moreover, the first and the last annotated beat of each record were
ruled out from the evaluation because their reference annotations were often inaccurate.

2.2. Tested Methods

In this paper, we tested the novel proposed “ICAQIO-based” method and we compared it with
our previously developed “ICA-based” and “QIO-based” approaches. The three different methods are
schematized in Figure 1.
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Figure 1. Block-diagram of the three methods compared in this study: ICAQIO-based, QIO-based and
ICA-based. The pre-processing and the fQRS detection steps are common to the three algorithms.

The three extraction algorithms that are differently aggregated in these methods are:
ICA, mECG canceling and a QIO algorithm. ICA, which is a form of BSS technique assuming the
independence of sources, is becoming a very widely applied method in fECG. Maternal ECG canceling
is one of the most commonly applied technique for fECG extraction and in this study, it is implemented
as TS. Conversely, the third algorithm, was first introduced by our group in [34].

In Section 2.3 we will fully describe the “ICAQIO-based” method, which we propose in this
paper (Figure 1). In Section 2.4, we will briefly describe the “ICA-based” and “QIO-based” approaches
(Figure 1), for a full description see [23,34], respectively.

2.3. Proposed Combined Method: ICAQIO-Based

The proposed method attempts to extract the fECG from the abdominal mixture on the basis of
the combination of our previous approaches, respectively based on ICA [23] and on the optimization
of a quality index built on the morphological and temporal characteristics of the signal [34].
As the two methods are based on two different criteria, we figured out that their combination
could outperform each single method. The proposed ICAQIO-based method includes five steps:
pre-processing, separation of sources based on ICA, maternal ECG canceling, enhancement of fQRS
based on fQI optimization and fQRS detection (Figure 1). The main steps of the algorithm are
summarized hereafter, for a detailed description see [23,34].

2.3.1. Pre-Processing

Pre-processing aimed at removing the most undesired noisy components before separating
mECG and fECG. The same pre-processing steps were applied for all the three methods tested in
these studies and include: impulsive artefacts canceling, baseline wandering removal and power-line
interference canceling. A detailed description of the procedures used in this study can be found in our
previous papers [23,34]. Figure 2 shows a 5 s interval of the four selected channels of the FECGSYNDB
after pre-processing.

5 . . . . . . . . .
160 1605 161 1615 162 1625 163 1635 164 1645 165
time (s)

=]

ECG4 (pV) ECG3 (wV) ECG2{uV) ECGI (uV)

Figure 2. 5 s interval of the four selected channels of the FECGSYNDB after pre-processing.
Selected record: dipole model = 2, simulation = 1, case = 3, SNR = 0 dB.
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2.3.2. Independent Component Analysis

The application of ICA after pre-processing aims at separating the fECG from the mECG and
the other components. These components include the electromyographic signal, residual noise and
artefacts. Among the different approaches proposed for fECG extraction, BSS is one of the most
commonly applied [24-29,40]. It attempts to decompose the multichannel abdominal mixture into the
different components i.e., mECG, fECG and noise. BSS can be performed using PCA, which assumes
that the signals are a linear combination of the sources, that large variance represents interesting
structures and that the principal components are orthogonal. However, the second assumption could
not be satisfied, which means the maximization of variance criterion does not comply with fECG,
mECG and noise source separation. Conversely ICA, beyond the linear mixing, assumes that the
sources are statistically independent, non-Gaussian and/or autocorrelated; assumptions that are
generally satisfied for fECG, mECG and noise sources.

Several algorithms have been implemented, which realize ICA, including second order blind
identification (SOBI) [41], joint approximate diagonalization (JADE) [42] and FastICA [43]. In our
approach, the FastICA [43] with deflationary orthogonalization was selected as ICA algorithm as it
gave the most reliable results respect to the other tested algorithms (SOBI and JADE) [23]. The ICA
algorithm was applied using the all registration length as block size. The hyperbolic cosine was the
preferred contrast function; in the few cases when convergence failed, kurtosis was automatically
selected. Figure 3 shows the results of ICA applied to the pre-processed signals shown in Figure 2.

ic 1 (au)

ic 2 (au)

ic 3 (au)

ic 4 (au)

160 1605 161 1615 162 1625 163 1635 164 1645 165
time (8)

Figure 3. Components resulting from ICA application to the signals in Figure 2. Intensity values are
expressed in arbitrary units (au).

2.3.3. Maternal ECG Cancelling

After the separation of the components constituting the abdominal mixture, mECG canceling
was applied estimating and subtracting the component due to the maternal ECG from the signals.
Indeed, the maternal component is the main interference in abdominal fetal ECG recordings. Thus,
mECG canceling procedure is the most common approach in fECG extraction and its robustness
makes it a basilar in any non-invasive fECG analysis system. Maternal ECG canceling consists of the
construction of an estimate of the mECG component and in its subtraction from the abdominal signals.
Specifically, TS refers to a technique based on the estimation of the PQRST maternal pattern on the
abdominal signals using its synchronization with the maternal QRS. Several TS techniques have been
implemented in the literature, some are based on the construction of an average PORST complex,
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which is then subtracted from each subsequent mECG after scaling and shifting operations [18,19],
others apply PCA for dimensionality reduction [20-22].

In our methods, the mECG canceling procedure was performed estimating the approximation
of each mECG beat by PCA implemented by SVD. First, to allow an accurate cancelling of mECG all
signals obtained from the previous step were upsampled at 4 kHz with the Fourier transform method.
Then, a trapezoidal window (whose length depends on the mean RR-interval computed on the whole
record) is used to select and weight the signal around each detected mQRS. This operation allows
obtaining weighted PQRST segments, which represent the columns of X, an nd x ng matrix, where nd
is the length of the PQRST segments and g is the number of mQRSs. This matrix is then decomposed
using the “thin” form of SVD [44], which is valid for nd > ng, as follows:

X =usvT (1)

where S is an nq x nq diagonal matrix of the singular-values, U (nd x nq) and V (ng x nq) are the
unitary matrices of the left and right singular-vectors, respectively. The first columns of the matrix U,
corresponding to the first eigenvectors, giving the largest contribution to covariance, likely represent
the maternal PQRST waves. The matrix X is then rebuild (i.e., X;) using a reduced number of
singular-vectors:

X, = U,S, V] 2)

where the matrices S, (ne x ne), U, (nd x ne) and V, (ng X mne) contain “ne” number of singular
eigenvalues and singular eigenvectors respectively. The final step consists in the subtraction of
the estimated PQRST segments: they are first unweighted by the trapezoidal window and then
the ending of each segment is connected with the beginning of following one with a straight line,
obtaining an estimated mECG, which is then subtracted from the original signal.

For the FECGSYNDB, the two reference mECG channels were used to achieve a robust detection
of maternal QRS complexes. For the PhysioNet CinC 2013 Database the component with the best
mECG was identified by taking into account a priori knowledge of the QRS derivative, width and
pseudo-periodicity. The maternal QRS detection was then performed on the selected ICA component.
For a detailed description about maternal QRS detection see [23]. In both cases, maternal ECG canceling
was performed independently for each of the four ICA separated channel.

Figure 4 shows the application of the mECG canceling to the independent component 3 (ic3)
of Figure 3. In this example, the ICA step well separated the maternal and the fetal components so
that the estimated maternal contribution is very small (Figure 4, middle) and canceling has a little
added value: it removes small, maternal, residual spikes as that occurring at the time 164.5 s. This step
removes mECG while leaving the noise.

fECG (au) emECG (au) ic 3 (au)

3
160 160.5 161 161.5 162 162.5 163 1635 164 164.5 165
time (s)

Figure 4. Application of maternal ECG canceling. Top: ECG after the application of ICA (ic3 in Figure 2);
middle: estimated mECG (emECG) obtained by SVD; bottom: residual fECG signal resulting from by
the two previous signals subtraction. Intensity values are expressed in arbitrary units (au).
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2.3.4. Fetal Quality Index Optimization

Maternal ECG canceling provides four residual signals (Figure 5), however the fECG amplitude
could be still low compared to the other components or even not visible so the fQRS enhancement can
increase the performance of the algorithm.

In this step, a fQI, which characterizes the morphological and temporal characteristics of fECG is
devised. The fQI is then computed on a generic signal obtained as linear combination of abdominal
signals, thus resulting in a multivariate function of the coefficients of that linear combination.
The algorithm finally attempts to maximize the fQI by searching for the maximum of this multivariate
function. Thus, fQl is a value, between 0 and 1, which represents the quality of the fetal component
estimated as linear combination of the abdominal signals. However, it should be noticed that fQI is
specific of each record, in particular it is affected by fECG inter-beat interval. Therefore, the value of
the maximum fQI is not an absolute index of quality of the enhanced fQRS signal extracted from the
different abdominal ECGs, but is relative to each record.

— 5 T T T T T T T T T
=
R’
~—i
g
_5 1 1 1 1 1 1 1 1 1
— 10 T T T T T T T T T
Z,
L") 0
Lo |
g
_10 1 1 1 1 1 1 1 1 1
— 10 T T T T T T T T T
5
=) NWMWMMWMMWMWW
o
E -10 1 1 1 1 1 1 1 1 1
— 10 T T T T T T T T T
o
2 ol
o
]
- _10 1 1 1 1 1 1 1 1 1
160 1605 161 1615 162 1625 163 1635 164 1645 165

time (5)

Figure 5. Residual signals (resl, res2, res3, res4) obtained after maternal ECG canceling from the four
selected channels.

In order to describe the characteristics of both the fECG and the noise, specific features were built
which were based on signal derivatives and on specific time windows (see Table 2). For further details
about the definition of these features see [34].

A fQI was then devised based on these features, the following empirical formulation
was implemented:

fQI — Df —Dn — 3 +*Dhn — 0.1« Dfa — ¢
Df4+Dn+3+*Dhn+0.1*Dfa+¢
in which ¢ is a very small constant introduced to avoid division by zero.
Once the fQl is devised, it is assumed that a linear combination of abdominal signals enhancing the
fORS exists. The fQI is computed on a generic signal z obtained by linear combination of the abdominal
signals thus resulting in a multivariate function of the coefficients of such linear combination:

@)

z=alX, (4)
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The aim of finding the signal z with maximum fQI can be achieved searching for the coefficients
vector a which maximizes the function fQI(a). An analytic expression for the derivatives of this quality
function does not exist, therefore direct search algorithms must be adopted in searching for the maxima.
However, this function is scale independent (assuming the constant e negligible), and an unconstrained
optimization algorithm can be used. The Nelder-Mead algorithm [45] was selected as the optimization
method as it gives good performance in low dimensional optimization problem (the number of
abdominal signals is four) and represents a nice compromise between performance and convergence

speed [38].

Table 2. Quantities and features defined for devising the fQI

Quantities Characterizing fECG and Noise

absolute value of the derivative computed on short intervals (0.013 s), which enhances the

adf fORS and smoothes the noise
adhn absolute value of the derivative computed on shorter intervals (0.003 s), which takes into
account mostly the noise
w04 window of 0.4 s specific for the f{QRS
w013 window of 0.13 s for high frequency noise
w01 window of 0.1 s for very high frequency noise
w40 window of 4.0 s for isolated impulsive artefacts
Features based on the above quantities
Df trimmed mean of the maxima of adf computed on successive w04
Dn trimmed mean of the maxima of adf computed on successive w013
Dhn trimmed mean of the maxima of adhn computed on successive w01
Dfa trimmed mean of the maxima of adf computed on successive w40

Figure 6 shows the fQRS-enhanced signal extracted from the residual signals by the application
of the fQI optimization algorithm. It can be observed how the application of the fQI optimization step
improves the estimation of fECG compared to that obtained after ICA and canceling (Figure 4, bottom).

f;‘\ 10 T T T T T T T T T
2
& OMWMMMW
.
9_10 1 1 1 1 1 1 1 1 1

160 1603 161 1615 162 1625 163 1635 164 1645 165

time ($)

Figure 6. The f{QRS-enhanced signal obtained by fQI optimization from the residual signals of Figure 5.
Compared to the signal in Figure 4 (bottom) it can be observed that some QRSs (i.e., 161.4 s) are
enhanced and the noise amplitude around the QRSs is lower. Arbitrary units are used for the ordinate

axis because the optimization of fQI includes signals normalization.

2.3.5. Fetal QRS Detection

The procedure for fQRS detection was based on two passes. In the first one the absolute derivative
of the enhanced fQRS was filtered by a forward-backward Butterworth bandpass filter (6.3-16 Hz).
The QRS was then detected with an adaptive threshold on derivative amplitude automatically
initialized and recursively updated depending on the temporal distance from the previous QRS
detection [46]. The fiducial point of each detected QRS was selected as the time of the maximum
or minimum (according to the sign assigned in the initialization phase) of the derivative signal.
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The second pass was based on a QRS detector, which, starting from the best fetal RR interval identified
in the previous step, proceeded in forward /backward direction. Figure 7 shows an example of the
estimated fetal RR series compared to the reference one. It is evident how the estimated series is almost
superimposed to the reference one. It should be noted that the core of the QIO approach stands in
finding the linear combination of signals that maximizes the fQI; for this reason, only one single fQRS
component is extracted. Thus, QIO method is unsuitable to manage the twin pregnancy condition and
for this reason we decided to exclude case 5 in the evaluation of the performances, as stated before.

mRR
tfRR
efRR

065~

06~

0355

RR interval (s)

0.5 Pl

il

04 Wil i

035

| | 1 1 | ]
0 50 100 150 200 250 300
time (8)

Figure 7. Fetal RR series estimation after the application of the ICAQIO-based method. mRR: maternal
RR series obtained by the reference maternal channels (magenta); rfRR: reference fetal RR series
(blue); efRR: estimated (red) fetal RR series obtained by the application of the two-pass fetal QRS
detection procedure.

Figure 8 summarizes the main steps of the ICAQIO-based method in processing a real signal.
In particular, we selected the record “a75” of the PhysioNet CinC 2013 Database.
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Figure 8. Application of the ICAQIO-based algorithm to the record “a75” of the PhysioNet CinC 2013 Database.
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2.4. Methods for Comparison

2.4.1. QIO-Based Method

The QIO-based method depends uniquely by the capacity to enhance the fECG, after mECG
canceling, on the basis of its temporal and morphological characteristics.

As regards the FECGSYNDB, the method applied corresponds to that published in [34], with the
exception of the mQRS enhancement and detection steps, as this database provide maternal reference.
The method includes three steps: mECG canceling, enhancement of f{QRS based on fQI optimization
and fetal QRS detection (Figure 1). These modules are the same as described for the ICAQIO-based
method. As discussed above for the ICAQIO-based approach, case 5 was not included in the evaluation
of the performance of this algorithm.

As regards the PhysioNet CinC 2013 Database, which do not include the reference maternal
channels, the algorithm included an additional step of mQRS enhancement, based on devising a mQ],
and a maternal QRS detection step, as previously described in [34].

2.4.2. ICA-Based Method

As regards the FECGSYNDB, the ICA-based method applied was a combination of mECG
canceling and ICA for fECG separation. This method is a simplified version of the one presented
by our team at the PhysioNet CinC 2013 [23,32]. Indeed, our CinC 2013 method applied a second
step of ICA after mECG canceling which on the FECGSYNDB did not significantly improve the
performance (data not shown). The approach used in this study includes the following three steps:
separation of sources based on ICA, mECG canceling and fetal QRS detection (Figure 1). Also in this
case, these modules are the same as described for the ICAQIO-based method. In particular, in the
maternal ECG canceling step mECG channels were used for mQRS detection. For the application on
the PhysioNet CinC 2013 Database, the original version of the approach, proposed in [23,32], was used.

The ICA-based approach applied the fQRS detection procedure to all the channels obtaining four
hypothetical QRS annotations and the relative RR series. Then, the best estimated fQRS annotations
(and so the best fECG channel) were automatically selected without considering the fQRS reference
annotations. The selection was based both on the basis of the knowledge of the typical fetal RR values
and on the minimization of a criterion based on the following features: the mean of absolute RR first
derivative, the mean of absolute RR second derivative and the number of detected fQRSs matching
maternal QRSs. The minimization of the mean of absolute RR first/second derivatives is based on the
hypothesis that the fetal RR series is more regular respect to the one resulting from the application of
the QRS detection algorithm to a noisy signal.

Figure 9 shows the fetal RR series estimated by the ICA-based method for the same record of
Figure 7. In the interval 130-170 s such estimate is bad as the ICA fails to sufficiently separate fetal
component from noise and the performance is lower compared to the ICAQIO-based approach.

For the application on the FECGSYNDB, we implemented two different versions of the ICA-based
method. The first one (ICA-based) was a complete algorithm applying an automatic channel selection
for providing an estimated fetal RR series and an estimated fetal ECG. This method was compared
with the ICAQIO-based and QIO-based methods on all the cases of the FECGSYNDB, excluding case 5
(Twin pregnancy). The second version of the algorithm (ICA-based_post) was aimed at comparing
the performance of our algorithm with the ICA methods tested in [35], which were applied on the
same FECGSYNDB. These methods all selected the channel whose estimated fQRS annotations best
fitted with the reference annotations, so the ICA-based_post algorithm also was implemented in this
way, without the automatic choice of the channel. To compare our algorithm with those tested in [35],
we applied the ICA-based_post on all the cases of the FECGSYNDB, including case 5 and considering
all the noise levels.
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Figure 9. Fetal RR series estimation after the application of the ICA-based method. mRR: maternal
RR series obtained by the reference maternal channels (magenta); rfRR: reference fetal RR series
(blue); efRR: estimated (red) fetal RR series obtained by the application of the two-pass fetal QRS
detection procedure.

2.5. Evaluation of fQRS Detection

The performance of the tested methods was evaluated on the total length of the fQRS signal,
using sensitivity (SE), positive predictive accuracy (PPA) [47] and their harmonic mean (F1) [14]:

TP
E=—
SE= i N ©)
TP
PPA= 15 Fp ©)
- PPA-SE 2.TP -

~ "PPA+SE  2TP+FN+FP
where TP indicates the number of true positives (correctly detected fQRS), FN the number of false
negatives (missed fQRS detections) and FP the number of false positives (falsely detected non-existent
fORS). For the calculation of SE and PPA, each fQRS detection was considered correct if it differed
of less than 50 ms from the reference annotation. Since the first and last f{QRSs could be sometimes
mis-annotated, they were excluded from the evaluation.

To test the significant differences within the different cases we reported F1 gross values for the
different cases and applied the McNemar test on paired proportions for evaluating paired differences
between methods.

3. Results

3.1. Simulated Data: FECGSYNDB

The overall gross statistics, which is obtained by computing the F1 for all the records with the
two lowest level of SNR (excluding case 5), showed that the proposed combined ICAQIO-based
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algorithm obtained the best performance (98.78%) over both the single methods (QIO-based: 97.77%;
ICA-based: 97.61%). As regards the two single methods, the QIO-based method outperformed the
ICA-based one.

Moreover, the ICA-based_post algorithm, with a posteriori selection of the channel, for comparison
with the previously ICA tested algorithms on the FECGSYNDB in [35], obtained a performance
of 97.51%.

In Table 3 the gross values of F1 for the ICAQIO-based method, the QIO-based method and the
ICA-based method for each case are reported.

Table 3. F1 % results for each case and each method, shown as gross value (min, max) 1

Method Baseline Case 0 Case 1 Case 2 Case 3 Case 4

ICA-based 100.00 100.00 99.98 99.17 98.27 86.62
(100.00, 100.00) (100.00, 100.00) (98.70, 100) (20.50, 100.00)  (69.60,100.00)  (17.00, 100.00)

QIO-based 100.00 100.00 99.97 99.88 92.75 92.59
(100.00, 100.00) (99.80, 100.00) (97.70,100.00)  (95.00,100.00)  (21.50,100.00)  (77.50, 100.00)

ICAQIO-based 100.00 100.00 99.97 99.97 99.26 93.68

(99.90, 100.00) (100.00,100.00)  (98.30,100.00)  (98.50,100.00)  (82.70,100.00)  (74.80, 100.00)
1 Values are obtained for SNR = 0 and SNR = 3 dB.

Comparing paired differences within each case between the performance of the ICAQIO-based,
the QIO-based and the ICA-based algorithms, we obtained that in case 3 the F1 gross value of the
ICAQIO-based method was significantly higher than that of the QIO-based method (p = 0.0003) and
the F1 gross value of ICA-based method was significantly higher than that of QIO-based method
(p = 0.0003). No significant differences between the ICAQIO-based method and the ICA-based method
were obtained in case 3. In case 4 the F1 gross value of the ICAQIO-based method was significantly
higher than that of the ICA-based method (p = 0.0002) and the F1 gross value of QIO-based method was
significantly higher than that of ICA-based method (p = 0.0002). No significant differences between the
ICAQIO-based method and the QIO-based method were obtained in case 4. No significant differences
among the three methods were obtained in the other cases. Figure 10 shows the F1 of the three methods
for all the cases.

100 ° * * 5 = l 1
90 - : : i[
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70 F - ;|
p=0.0003
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[ -
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40 - .
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Figure 10. Comparison of F1 results for the three tested algorithms, ICAQIO-based, QIO-based and
ICA-based, all the selected cases. Dots represent mean values, crosses represent extreme values.
Samples tested: 1750 synthetic signals; 0 and 3 dB SNR levels; 10 different heart dipole models;
5 simulations.

Figures 11 and 12 show the histograms of F1 for each method for the cases in which statistically
significant differences were found among the different methods, i.e., case 3 and case 4. It can be
observed that the distributions are skewed and there are records for which the methods fail in giving
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acceptable performance. In particular, the ICA-based method, has more records for which it gives
a very low performance. For this reason, the gross values of F1, along with the min and the max values,
are reported in Table 3 as a representative measure of the overall performance of the algorithms.

Case 3
100 T T T r

] o

I c~qo0

50 R
0 1 o 1 1 -
0 20 40 60 80 100
F1

Figure 11. F1 histograms for the three tested algorithms, ICAQIO-based, QIO-based and ICA-based, for
case 3 (uterine contraction). Samples tested: 1750 synthetic signals; 0 and 3 dB SNR levels; 10 different
heart dipole models; 5 simulations.

Case 4
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Figure 12. F1 histograms for the three tested algorithms, ICAQIO-based, QIO-based and ICA-based,
for case 4 (maternal and fetal ectopic beats + noise). Samples tested: 1750 synthetic signals; 0 and 3 dB
SNR levels; 10 different heart dipole models; 5 simulations.

3.2. Real Data: PhysioNet CinC 2013 Database

The gross F1 score of the proposed ICAQIO-based algorithm, which was obtained by computing
the value for all the selected records of the PhysioNet CinC 2013 Database, was 99.38%.

This performance was slightly higher than that obtained for the ICA-based method (99.37%),
which was the method implemented for the PhysioNet CinC 2013 with the few changes as explained
in [34]. On this Database, the QIO-based method was the one that obtained the highest performance
with a gross F1-value of 99.76% [34]. The performance obtained by the three different algorithms are
summarized in Table 4.

Table 4. Gross statistics obtained for each method shown as % (min, max).

Method SE PPA F1
ICA-based (87.997?'380,00) (89.02?.13(?0.00) (88.891?.13070.00)
QIO-based (96.692?.1750-00) (96.692?‘17(?0.00) (96.692?'17(?0.00)

ICAQIO-based (89.8?3?(?0.00) (89,894?.13(?0‘00) (89.9?3.5(?0.00)
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4. Discussion

In this paper, we propose a novel hybrid fetal extraction algorithm, which combines the
classical mECG canceling procedure with two other different approaches for fetal QRS enhancement:
independent component analysis and a quality index optimization criterion. This algorithm integrates
two methods that we previously developed and tested on the PhysioNet CinC 2013 Database.
The first one is a method based on ICA, which is a simplification of the method that we presented at
the Physionet CinC 2013 [23,32]. Indeed, in the implementation on the FECGSYNDB, with respect to
the previous algorithm, we eliminated the second step of ICA as we observed that, on this database,
it did not improve the performance (data not shown). The second method is an algorithm based on
devising a quality index that is built exploiting the morphological and temporal characteristics of
the signal of interest (in this case the fECG) and then finding a linear combination of signals which
maximizes this index [34]. It should be noted that all the methods integrate a classical step performing
mECG canceling, aimed at removing from the abdominal mixture this undesired component before
obtaining the final fECG. Indeed, in our previous paper [34] we have shown as the mECG canceling
is fundamental and that its integration with ICA provides better results than ICA alone. Moreover,
QIO optimization alone is not able to separate the fECG from the mECG.

Considering the overall gross statistics, according to our expectations, we found that on the
FECGSYNDB the combined ICAQIO-based method outperformed the two methods applied as single
(F1 ICAQIO-based: 98.78%; F1 QIO-based: 97.77%; F1 ICA-based: 97.61%). This can be due to
the fact that the two methods use different criteria to enhance the fQRS so that one can succeed
when the other fails. Indeed, in our previous paper [34], we have compared the performance of
ICA-based and QIO-based methods record-by-record and we observed that, although generally the
QIO-based method outperformed ICA-based one, for some records, the opposite was found. Thus,
as we have hypothesized, a combination of the two approaches improves the overall performance in
fORS detection. The improvement obtained adding a successive step of fQIO optimization after ICA
and mECG canceling, can be observed from the comparison of fECG signals in Figure 4 (bottom trace)
and 6 and even more from the comparison of the estimated fetal RR series shown in Figures 7 and 9.
Indeed, in the represented record, while the application of ICA + mECG canceling (ICA-based method)
presents some errors in the estimation of the fetal RR series, the fetal RR series estimated with the
ICAQIO-based approach is exactly superimposed to the reference series.

On the real data of the PhysioNet CinC 2013 all the three methods performed very high, above 99%,
without a significant difference among the three methods. The performance of the ICAQIO-based
approach was slightly higher than that of ICA-based method, the performance of the QIO-based
method slightly exceeded that of ICAQIO-based approach.

It should be highlighted that both the ICA-based and QIO-based methods were developed using
the “set-a” of the PhysioNet CinC 2013 as learning set using some tuning of the algorithms on these
data to maximize the performance. For example, the optimal type of ICA algorithm, contrast function
and number of eigenvalues were selected for the ICA-based method, while the coefficients and
window lengths were chosen for the QIO-based method. Despite this tuning, the two methods have
demonstrated to be highly generalizable, giving still high performance, although a bit lower to that
obtained on the “set-a” of the Challenge, on other datasets. Indeed, the ICA-based obtain the top
official score on the “hidden” set of the Challenge and both the methods performed overall above 97%
on the FECGSYNDB.

This tuning could however have led to an over-estimation of the performances of the ICA-based
and the QIO-based methods on this specific dataset, making less evident the improvement of the
combination of the two criteria, were the performance of combined method was overall comparable to
the ICA-based approach and the QIO-based method.

When applied on larger database including several non-stationary and critical conditions for fECG
extraction, the ICA-based and QIO based approaches, while still giving an overall high performance,
failed for some records and gave lot of extreme values. The ICAQIO-based on the contrary, limited the
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number of extreme values, highlighting the advantage of combining the criteria of independence of
sources and quality index optimization.

Considering the ICA-based and the QIO-based method separately, we observed that the
QIO-based approach obtained a higher score than that of the ICA-based with an a priori selection of the
channel (ICA-based), both on the FECGSYNDB and on the PhysioNet CinC 2013 Database. This result
confirmed our previous findings [34]. The better performance obtained by the proposed QIO-based
approach could be due to some several reasons. First, the ICA-based approaches can fail in separating
fECG if the number of underlying sources is higher than the number of the measured signals and
if the fECG power is small compared to noise. In addition, the QIO-based method eliminates the
problem of ICA-based approach of automatically selecting the mECG (or fECG) among the estimated
independent sources.

Comparing the performances separately for each case on the FECGSYNDB, we observed that the
most significant differences were obtained for case 3 and case 4, that were uterine contraction and
maternal and fetal ectopic beats + noise, respectively. Thus, in these cases the combinations of the
two criteria, ICA and fQI optimization, can be particularly helpful in the accurate extraction of fECG.
We presented gross F1 values for each case to have a more general evaluation of the performance of
the algorithms. Indeed, the distributions of the F1 values are skewed, with several records giving high
performance but other records for which the performance is low, i.e., extreme values. In particular,
in case 3 the QIO-based method presents more low-performance records, while in case 4 the ICA-based
method has more extreme values. Indeed, in case 3 F1 value of the ICAQIO-based method was
significantly higher compared with that of QIO-based method and in case 4 with that of ICA-based
method. In this sense, the ICAQIO-based approach, which combines the two criteria, is overall more
robust to extreme values compared to both ICA-based and QIO-based algorithm in particular in critical
conditions as uterine contractions and ectopic beats.

In general, it should be observed that for all the three compared methods (ICAQIO-based,
QIO-based and ICA-based) we obtained high gross overall F1 scores, which were all above 97% on
the FECGSYNDB and above 99% on the PhysioNet CinC 2013 Database. Notably these results were
obtained considering the lowest SNR levels, thus showing that the methods proposed are robust to
high noise level. Importantly the proposed methods work in a fully unsupervised way with the same
parameter setting for all the selected records of the database.

In this study, we also tested the ICA-based method with a posteriori selection (ICA-based_post),
in order to compare the performance of our algorithm on the FECGSYNDB, to that of the methods
tested in [35]. We obtained a performance of 97.51%, which was slightly higher than the one obtaining
the best performance using JADE in [35] (97.46%). These results confirm that our hybrid approach
based on the combination of ICA and mECG cancelling outperformed the results of the most common
BSS-based methods for fECG extraction.

Some limitations of the proposed method should be considered. First, the algorithms were
only tested on simulated data and on the Physionet Challenge 2013 Database, with a possible
over-estimation of the results. Further tests on realistic data are needed to better evaluate the
performance of the different algorithms and to evaluate their robustness as well as their ability
to extract fECG in different recording conditions such i.e., ectopic beats and uterine contractions.
In particular, systematic tests of the performance of the technique as a function of changes in realistic
noise, signal quality of mECG, relative amplitude and signal quality of fECG, number of channels of
mECG and fECG, nonstationarty, nonstationary mixing and arrhythmia are needed.

Another drawback is the computation time of the proposed algorithm, which was about one
minute for each record of 5 minute duration with Matlab R2014a on a Samsung NP730U3E Notebook
(i7-3537U, 2 GHz x4; DDR3 6 GB—1600 MHz; SSD 256GB; Linux Ubuntu 16.04, Samsung, Seoul,
South Korea ). A decrease of the computation time could be achieved both using a more efficient
or more suitable optimization algorithm and/or tuning/changing the fQI function. However,
this optimization could be possible, without truly incurring in over-fitting, only if a larger annotated
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database were available. Finally, the QIO approach is based on finding the linear combination of signals
that maximizes the fQI, thus only one single fQRS component is extracted. For this reason, the QIO
method, and so the combined ICAQIO-based method, is unsuitable to manage a twin pregnancy
condition. In the future, the algorithm could be modified in order to also manage this condition thus
allowing the extraction of two fECG components. One possible solution could be to use multiple QIO
algorithms with an ICA module at each iteration, thus integrating the search for the maximum of fetal
QI with the search for the maximum independence.

5. Conclusions

In this paper, we have introduced a novel combined independent source separation and quality
index optimization method (ICAQIO-based) for fECG extraction from abdominal maternal leads.
The method was tested and compared with the two single methods, on the recently developed
FECGSYNDB for benchmarking of fECG extraction and detection algorithms and on the PhysioNet
CinC 2013 Database. The comparison of the three methods showed that the combination of the criterion
of independence of source and the optimization of a fetal quality index optimization, outperformed the
two methods applied alone, in particular in critical conditions like uterine contraction and maternal
and fetal ectopic beats, where the two criteria applied independently give more low performance
records. The algorithm can be applied in a fully unsupervised way and also works in the presence
of low amplitude fECG signals and noise. Future studies will be needed to test the performances
of the algorithm in a real-world scenario with different conditions of noise, recording setup and
fetal configurations.
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The following abbreviations are used in the manuscript:

BSS Blind source separation
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fECG Fetal electrocardiogram

FHR Fetal heart rate

ICA Independent Component Analysis
mECG Maternal electrocardiogram
PCA Principal Component Analysis
PPA Positive predictive accuracy
QI Quality index

QIO Quality index optimization

SE Sensitivity

SNR Signal to noise ratio

SVD Singular Value Decomposition
TS Template subtraction
References

1.  Arleo, EK,; Troiano, R.N. Outcome of early first-trimester pregnancies (<6.1 weeks) with slow embryonic
heart rate. Am. J. Roentgenol. 2011, 197, 252-255. [CrossRef] [PubMed]

2. Rajiah, P.; Mak, C.; Dubinksy, T.J.; Dighe, M. Ultrasound of fetal cardiac anomalies. Am. ]. Roentgenol.
2011, 197, W747-W760. [CrossRef] [PubMed]


http://dx.doi.org/10.2214/AJR.10.4792
http://www.ncbi.nlm.nih.gov/pubmed/21701037
http://dx.doi.org/10.2214/AJR.10.7287
http://www.ncbi.nlm.nih.gov/pubmed/21940548

Sensors 2017, 17,1135 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Van der Linde, D.; Konings, E.E.; Slager, M.A.; Witsenburg, M.; Helbing, W.A.; Takkenberg, J.J.;
Roos-Hesselink, ].W. Birth prevalence of congenital heart disease worldwide: A systematic review and
meta-analysis. ]. Am. Coll. Cardiol. 2011, 58, 2241-2247. [CrossRef] [PubMed]

Tegnander, E.; Williams, W.; Johansen, O.].; Blaas, H.G.; Eik-Nes, S.H. Prenatal detection of heart defects
in a non-selected population of 30,149 fetuses: Detection rates and outcome. Ultrasound Obstet. Gynecol.
2006, 27, 252-265. [CrossRef] [PubMed]

Trines, J.; Fruitman, D.; Zuo, K.J.; Smallhorn, J.E; Hornberger, L.K.; Mackie, A.S. Effectiveness of prenatal
screening for congenital heart disease: Assessment in a jurisdiction with universal access to health care.
Can. J. Cardiol. 2013, 29, 879-885. [CrossRef] [PubMed]

Rogers, L.; Li, J.; Liu, L.; Balluz, R.; Rychik, J.; Ge, S. Advances in fetal echocardiography: Early imaging,
three/four dimensional imaging, and role of fetal echocardiography in guiding early postnatal management
of congenital heart disease. Echocardiography 2013, 30, 428-438. [CrossRef] [PubMed]

Peters, M.; Crowe, J.; Piéri, ].E; Quartero, H.; Hayes-Gill, B.; James, D.; Stinstra, J.; Shakespeare, S.
Monitoring the fetal heart non-invasively: A review of methods. J. Perinat. Med. 2001, 29, 408-416. [CrossRef]
[PubMed]

Pardi, G.; Ferrazzi, E.; Cetin, I.; Rampello, S.; Baselli, G.; Cerutti, S.; Civardi, S. The clinical relevance of the
abdominal fetal electrocardiogram. J. Perinat. Med. 1986, 14, 371-377. [PubMed]

Oostendorp, T. Modeling the Fetal EGG. Ph.D. Thesis, K.U. Nijmegen, Nijmegen, The Netherlands, 1989.
Oostendorp, T.; van Oosterom, A.; Jongsma, H. Electrical properties of tissues involved in the conduction of
fetal ECG. Biomed. Eng. Comput. 1989, 27, 322-324.

Behar, J.; Andreotti, F; Zaunseder, S.; Oster, J.; Clifford, G.D. A practical guide to non-invasive foetal
electrocardiogram extraction and analysis. Physiol. Meas. 2016, 37, 1-35. [CrossRef] [PubMed]

Ungureanu, M.; Wolf, W. Basic aspects concerning the event-synchronous interference canceller. IEEE Trans.
Biomed. Eng. 2006, 53, 2240-2247. [CrossRef] [PubMed]

Widrow, B.; Glover, J.R.; McCool, ] M.; Kaunitz, J.; Williams, C.S.; Hearn, R H.; Zeidler, J.R.; Dong, E., Jr.;
Goodlin, R.C. Adaptive noise canceling: Principles and applications. Proc. IEEE 1975, 63, 1692-1716.
[CrossRef]

Behar, J.; Johnson, A.; Clifford, G.D.; Oster, J. A comparison of single channel foetal ECG extraction methods.
Ann. Biomed. Eng. 2014, 42, 1340-1353. [CrossRef] [PubMed]

Ma, Y.; Xiao, Y.; Wei, G.; Sun, G. A multichannel nonlinear adaptive noise canceller based on generalized
FLANN for fetal ECG extraction. Meas. Sci. Technol. 2016, 27, 15703. [CrossRef]

Rodrigues, R. Fetal beat detection in abdominal ECG recordings: Global and time adaptive approaches.
Physiol. Meas. 2014, 35, 1699-1711. [CrossRef] [PubMed]

Strobach, P.; Abraham-Fuchs, K.; Harer, W. Event-synchronous cancellation of the heart interference in
biomedical signals. IEEE Trans. Biomed. Eng. 1994, 41, 343-350. [CrossRef] [PubMed]

Cerutti, S.; Baselli, G.; Civardi, S.; Ferrazzi, E.; Marconi, A.M.; Pagani, M.; Pardi, G. Variability analysis of
fetal heart rate signals as obtained from abdominal electrocardiographic recordings. J. Perinat. Med. 1986, 14,
445-452. [CrossRef] [PubMed]

Martens, S.M.; Rabotti, C.; Mischi, M.; Sluijter, R.J. A robust fetal ECG detection method for abdominal
recordings. Physiol. Meas. 2007, 28, 373-388. [CrossRef] [PubMed]

Behar, J.; Oster, J.; Clifford, G.D. Combining and benchmarking methods of foetal ECG extraction without
maternal or scalp electrode data. Physiol. Meas. 2014, 35, 1569-1589. [CrossRef] [PubMed]

Kanjilal, P; Palit, P.; Saha, G. Fetal ECG extraction from single-channel maternal ECG using singular value
decomposition. IEEE Trans. Biomed. Eng. 1997, 44, 51-59. [CrossRef] [PubMed]

Lipponen, J.A.; Tarvainen, M.P. Principal component model for maternal ECG extraction in fetal QRS
detection. Physiol. Meas. 2014, 35, 1637-1648. [CrossRef] [PubMed]

Varanini, M.; Tartarisco, G.; Billeci, L.; Macerata, A.; Pioggia, G.; Balocchi, R. An efficient unsupervised
fetal QRS complex detection from abdominal maternal ECG. Physiol. Meas. 2014, 35, 1607-1619. [CrossRef]
[PubMed]

Callaerts, D.; De Moor, B.; Vandewalle, ].; Sansen, W.; Vantrappen, G.; Janssens, J. Comparison of SVD
methods to extract the foetal electrocardiogram from cutaneous electrode signals. Med. Biol. Eng. Comput.
1990, 28, 217-224. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jacc.2011.08.025
http://www.ncbi.nlm.nih.gov/pubmed/22078432
http://dx.doi.org/10.1002/uog.2710
http://www.ncbi.nlm.nih.gov/pubmed/16456842
http://dx.doi.org/10.1016/j.cjca.2013.04.028
http://www.ncbi.nlm.nih.gov/pubmed/23725863
http://dx.doi.org/10.1111/echo.12211
http://www.ncbi.nlm.nih.gov/pubmed/23551603
http://dx.doi.org/10.1515/JPM.2001.057
http://www.ncbi.nlm.nih.gov/pubmed/11723842
http://www.ncbi.nlm.nih.gov/pubmed/3546668
http://dx.doi.org/10.1088/0967-3334/37/5/R1
http://www.ncbi.nlm.nih.gov/pubmed/27067431
http://dx.doi.org/10.1109/TBME.2006.877119
http://www.ncbi.nlm.nih.gov/pubmed/17073329
http://dx.doi.org/10.1109/PROC.1975.10036
http://dx.doi.org/10.1007/s10439-014-0993-9
http://www.ncbi.nlm.nih.gov/pubmed/24604619
http://dx.doi.org/10.1088/0957-0233/27/1/015703
http://dx.doi.org/10.1088/0967-3334/35/8/1699
http://www.ncbi.nlm.nih.gov/pubmed/25070020
http://dx.doi.org/10.1109/10.284962
http://www.ncbi.nlm.nih.gov/pubmed/8063300
http://dx.doi.org/10.1515/jpme.1986.14.6.445
http://www.ncbi.nlm.nih.gov/pubmed/3820044
http://dx.doi.org/10.1088/0967-3334/28/4/004
http://www.ncbi.nlm.nih.gov/pubmed/17395993
http://dx.doi.org/10.1088/0967-3334/35/8/1569
http://www.ncbi.nlm.nih.gov/pubmed/25069410
http://dx.doi.org/10.1109/10.553712
http://www.ncbi.nlm.nih.gov/pubmed/9214783
http://dx.doi.org/10.1088/0967-3334/35/8/1637
http://www.ncbi.nlm.nih.gov/pubmed/25069651
http://dx.doi.org/10.1088/0967-3334/35/8/1607
http://www.ncbi.nlm.nih.gov/pubmed/25069520
http://dx.doi.org/10.1007/BF02442670
http://www.ncbi.nlm.nih.gov/pubmed/2377003

Sensors 2017, 17,1135 20 of 20

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

Sameni, R.; Jutten, C.; Shamsollahi, M.B. A deflation procedure for subspace decomposition. IEEE Trans.
Signal. Proc. 2010, 58, 2363-2374. [CrossRef]

De Lathauwer, L.; De Moor, B.; Vandewalle, J. Fetal electrocardiogram extraction by blind source subspace
separation. IEEE Trans. Biomed. Eng. 2000, 47, 567-572. [CrossRef] [PubMed]

Liu, G,; Luan, Y. An adaptive integrated algorithm for noninvasive fetal ECG separation and noise reduction
based on ICA-EEMD-WS. Med. Biol. Eng. Comput. 2015, 53, 1113-1127. [CrossRef] [PubMed]

Zarzoso, V.; Nandi, A.K. Noninvasive fetal electrocardiogram extraction: Blind separation versus adaptive
noise cancellation. IEEE Trans. Biomed. Eng. 2001, 48, 12-18. [CrossRef] [PubMed]

Andreotti, F; Riedl, M.; Himmelsbach, T.; Wedekind, D.; Wessel, N.; Stepan, H.; Schmieder, C.; Jank, A.;
Malberg, H.; Zaunseder, S. Robust fetal ECG extraction and heart rate detection from abdominal leads.
Physiol. Meas. 2014, 35, 1551-1567. [CrossRef] [PubMed]

Ghazdali, A.; Hakim, A.; Laghrib, A.; Mamouni, N.; Raghay, S. A new method for the extraction of fetal
ECG from the dependent abdominal signals using blind source separation and adaptive noise cancellation
techniques. Theor. Biol. Med. Model. 2015, 12, 25. [CrossRef] [PubMed]

Clifford, G.D,; Silva, I; Behar, J.; Moody, G.B. Non-invasive fetal ECG analysis. Physiol. Meas. 2014, 35,
1521-1536. [CrossRef] [PubMed]

Varanini, M.; Tartarisco, G.; Billeci, L.; Macerata, A.; Pioggia, G.; Balocchi, R. A multi-step approach for
non-invasive fetal ECG analysis. Comput. Cardiol. 2013, 2013, 281-284.

Behar, J.; Oster, J.; Clifford, G.D. Non invasive FECG extraction from a set of abdominal channels.
In Proceedings of the Computing in Cardiology, Zaragoza, Spain, 22-25 September 2013; Volume 40.
Varanini, M.; Tartarisco, G.; Balocchi, R.; Macerata, A.; Pioggia, G.; Billeci, L. A new method for QRS
complex detection in multichannel ECG: Application to self-monitoring of fetal health. Comput. Biol. Med.
2016, in press. [CrossRef] [PubMed]

Andreotti, F,; Behar, J.; Zaunseder, S.; Oster, J.; Clifford, G.D. An open-source framework for stress-testing
non-invasive foetal ECG extraction algorithms. Physiol. Meas. 2016, 37, 627-648. [CrossRef] [PubMed]
Behar, J.; Andreotti, F; Zaunseder, S.; Li, Q.; Oster, J.; Clifford, G.D. An ECG model for simulating
maternal-foetal activity mixtures on abdominal ECG recordings. Physiol. Meas. 2014, 35, 1537-1550.
[CrossRef] [PubMed]

Lee, K.J.; Lee, B. Sequential Total Variation Denoising for the Extraction of Fetal ECG from Single-Channel
Maternal Abdominal ECG. Sensors 2016, 16, 1020. [CrossRef] [PubMed]

Lagarias, ].C.; Reeds, J.A.; Wright, M.H.; Wright, P.E. Convergence Properties of the Nelder-Mead Simplex
Method in Low Dimensions. SIAM ]. Optim. 1998, 9, 112-147. [CrossRef]

Silva, I.; Behar, J.; Sameni, R.; Zhu, T.; Oster, J.; Clifford, G.D.; Moody, G.B. Non-invasive fetal ECG:
The physionet/computing in cardiology challenge. Comput. Cardiol. 2013, 40, 149-152.

Da Poian, G.; Bernardini, R.; Rinaldo, R. Separation and Analysis of Fetal-ECG Signals From Compressed
Sensed Abdominal ECG Recordings. IEEE Trans. Biomed. Eng. 2016, 63, 1269-1279. [CrossRef] [PubMed]
Belouchrani, A.; Abed-Meraim, K.; Cardoso, J.F.; Moulines, E. A blind source separation technique using
second-order statistics. IEEE Trans. Sign. Proc. 1997, 45, 434—444. [CrossRef]

Cardoso, ].E; Solumiac, A. Blind beamforming for non Gaussian signals. IEE Proc. F Radar Signal Process.
1993, 140, 362-370. [CrossRef]

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

Golub, G.H.; Van Loan, C.F. Matrix Computations, 3rd ed.; Johns Hopkins University Press: Baltimore, MD,
USA, 1996.

Nelder, J.A.; Mead, R. A simplex method for function minimization. Comput. J. 1965, 7, 308-313. [CrossRef]
Taddei, A.; Marchesi, C.; Landucci, L. Performance comparison of fast QRS detection algorithms.
In Ambulatory Monitoring; Marchesi, C., Ed.; Springer: Dordrecht, The Netherlands, 1984; pp. 189-207.
AAML. Testing and Reporting Performance Results of Cardiac Rhythm and ST-Segment Measurement Algorithms;
ANSI/AAMI/ISO EC57: 1998/(R); American National Standards Institute: Arlington, VA, USA, 2008.

® © 2017 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 (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/TSP.2009.2037353
http://dx.doi.org/10.1109/10.841326
http://www.ncbi.nlm.nih.gov/pubmed/10851798
http://dx.doi.org/10.1007/s11517-015-1389-1
http://www.ncbi.nlm.nih.gov/pubmed/26429348
http://dx.doi.org/10.1109/10.900244
http://www.ncbi.nlm.nih.gov/pubmed/11235584
http://dx.doi.org/10.1088/0967-3334/35/8/1551
http://www.ncbi.nlm.nih.gov/pubmed/25071095
http://dx.doi.org/10.1186/s12976-015-0021-2
http://www.ncbi.nlm.nih.gov/pubmed/26576777
http://dx.doi.org/10.1088/0967-3334/35/8/1521
http://www.ncbi.nlm.nih.gov/pubmed/25071093
http://dx.doi.org/10.1016/j.compbiomed.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27106501
http://dx.doi.org/10.1088/0967-3334/37/5/627
http://www.ncbi.nlm.nih.gov/pubmed/27067286
http://dx.doi.org/10.1088/0967-3334/35/8/1537
http://www.ncbi.nlm.nih.gov/pubmed/25071094
http://dx.doi.org/10.3390/s16071020
http://www.ncbi.nlm.nih.gov/pubmed/27376296
http://dx.doi.org/10.1137/S1052623496303470
http://dx.doi.org/10.1109/TBME.2015.2493726
http://www.ncbi.nlm.nih.gov/pubmed/26513775
http://dx.doi.org/10.1109/78.554307
http://dx.doi.org/10.1049/ip-f-2.1993.0054
http://dx.doi.org/10.1109/72.761722
http://www.ncbi.nlm.nih.gov/pubmed/18252563
http://dx.doi.org/10.1093/comjnl/7.4.308
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Data 
	Tested Methods 
	Proposed Combined Method: ICAQIO-Based 
	Pre-Processing 
	Independent Component Analysis 
	Maternal ECG Cancelling 
	Fetal Quality Index Optimization 
	Fetal QRS Detection 

	Methods for Comparison 
	QIO-Based Method 
	ICA-Based Method 

	Evaluation of fQRS Detection 

	Results 
	Simulated Data: FECGSYNDB 
	Real Data: PhysioNet CinC 2013 Database 

	Discussion 
	Conclusions 

