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Abstract— Non-invasive recordings of fetal heart and brain
have been possible for almost a decade with the advancement in
biomagnetic sensors using the SQUID (Superconducting
Quantum Interference Device) technology. Techniques such as
orthogonal projection and ICA have been applied to attenuate
interference from other biological sources such as maternal
heart. Successful application of such techniques among other
factors depend on the non-stationary characteristics of the
signals. To minimize the effect of non-stationarity due to
maternal and/or fetal movement in long duration datasets, we
proposed to investigate the minimal time window that is needed
to obtain averaging with good SNR to apply the orthogonal
projection technique to attenuate maternal magnetocardiogram
(MCG) and obtain fetal MCG. The quantifying measure is
based on spectral power of signals from 151-channel SQUID
array system.

1. INTRODUCTION

Fetal magnetocardiogram (fMCG) is a diagnostic tool
capable of providing clinicians with non-invasive detection
and analysis of fetal heart measurements comparable to that
of electrocardiography. Parameters such as cardiac time
intervals, heart rate variability can supply essential
information about fetal well-being especially in high risk
cases. To collect fMCG data, we used an instrument called
SARA, an acronym for SQUID Array for Reproductive
Assessment that has been devised and installed at the
Department of Obstetrics and Gynecology, University of
Arkansas for Medical Sciences. SARA is a 151 channel
array system that captures maternal cardiac signal, fetal
cardiac signal, fetal brain signal and other biological signals
pertinent to fetal development. The sensors are distributed
evenly on a concave surface. They cover an area greater than
850cm’” spanning the maternal abdomen longitudinally from
the symphysis pubis to the uterine fundus and a similar
distance laterally (Figure 1). SARA is completely non-
invasive and provides a higher signal to noise ratio than fetal
electrocardiogram (fECG). Compared to SARA, single
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channel SQUID systems, ultrasound and other fetal
monitoring systems require repositioning of the sensors to
capture fetal signals during fetal movements.
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Fig.1 Shows 151 channel arrangement in SARA space. The dots
represent channels. The shape matches a pregnant abdomen. The
maternal MCG is usually present in the top channel and the fetal
MCG are present in the mid to lower channels.

The fMCG is measured in the presence of environmental
noise and other biological signal interference like maternal
magnetocardiogram (mMCG). After removing the
environmental noise [4], the largest interference is mMCG.
A variety of techniques can be applied for separating fMCG
from mMCG and each has their own advantages and
disadvantages. Orthogonal projection (OP) is one of the
methods that have been used for close to a decade to
separate fetal MCG signals from maternal MCG [3]. The
projections are carried out in the temporal domain. The
unwanted interference is projected out of the measurement
by constructing the orthogonal projection operator from
signal space vectors corresponding to the interfering
components, in this case mMCG. These vectors are
determined by template matching, averaging, and orthogonal
construction. Even though OP has been used extensively, the
resulting fMCG can contain maternal residue as a
consequence of non-stationarity in long duration data sets.
Non-stationarities can be caused by maternal and fetal
movements. Hence if the data can be limited to shorter time
segments, some stationarity can be achieved to get better
fetal signals. Hence the aim of this paper is to determine the
minimum time window required by OP for averaging and
removal of the interfering mMCG without distorting the
fetal signals. This will also improve the fMCG quality when
there is non-stationarity.



II. METHODOLOGY

A. Data Collection

Twenty datasets of fetuses ranging in gestational age from
30 to 37 weeks were collected using a 151 SQUID array
system. Data was sampled at 312.5Hz. Each recording lasted
for 15 minutes. OP was applied on the entire data for the
removal of mMCG. These data sets were selected because in
all of them the fMCG signals were clean and without mMCG
residual. This was confirmed visually by experts for our lab.
Hence considering the spectral estimate of these data as
standard for comparison, we devised a method to determine
the minimum time window length to apply OP.

The following steps provide the method used in the OP

process to project out mMCG. The data were band-pass

filtered using 4™ order Butterworth filter with zero phase

distortion having a pass band of 1-60 Hz. The maternal R

waves were automatically identified using the adaptive

Hilbert transform approach [1-2]. To build the averaged

mMCG needed for the OP algorithm, the mean RR interval

was calculated and 40% of data before R and 60% after R

was selected to so as to include maternal P and T waves.

This procedure was carried out on all the channels. The

resulting averaged cardiac cycle is used to determine the

signal space vectors corresponding to mMCG. The largest
amplitude time point in the averaged mMCG defines a signal
space vector that is projected out using Gramm-Schmidt
orthogonalization. The procedure is then repeated on the
residual, and the next signal space vector is selected and
projected out, and so on. The vector selection procedure is
stopped when the residual drops below a specified threshold,

a multiple of the rms noise estimate. Details of the algorithm

are found in [3]. Typically yields about 10 mMCG vectors

are used. If these vectors are denoted by vy, vy, Vi,....,Vy,
where n is the number of vectors and using these a matrix,

V, is constructed. The dimensions of this matrix are [m by

n], where m is the number of channels.

V = (vy, V2, V3,....,Vy)

The projector operator is given as

P=1-(VV'V)'VvT)

where I is an identity matrix.

Then the vectors are projected out of data by multiplying the

operator P with the data.

To get a minimal time window to apply orthogonal

projection without distorting the resulting fMCG signal, we

followed the steps below. For this purpose we chose time
window length from 1 to 5 minutes.

1. Using OP, in the entire data, the mMCG was projected
out to get fIMCG. Let that variable be dAfMCG,

2. Again using OP, in the time segmented raw data, the
mMCG was projected out and hence retaining fMCG.
Let these variables be dfMCG, to dfMCGs.

3. The spectral estimation was constructed on the fMCG
signal from step 1. fft function of MATLAB was used to
get it.

4. Then spectral powers of each channel, up to 55Hz were
added. Let that variable be SP.. Alternately, the power
can be computed in the time domain over the same
spectral range.

5. Step 3 & 4 were repeated on time segmented fMCG
data. Let the summed spectral power variables of each
time segment be SP,, SP,, SP;, SP, and SPs.

6. Finally spectral difference (SD) was calculated as added
power spectral from step 5 of each time windowed data
subtracted from added power spectral from step 4.

SD,, = SP. - SP,
where n represents the length of the time window.

7. If the SD for all the channels was close to zero, then we
considered that data from that time length has a clean
fMCG result from OP.

III. RESULTS AND DISCUSSION

To assess the performance of orthogonal projection in the
shorter windowed data sets, spectral difference was
calculated. Figure 2 shows a single data set that represents
the SD result. Figure 3 shows 10-second segments of the
same data set. Figure 4 shows the contour plot of spectral
estimates of each channel in SARA space. Figure 2(a) is the
spectral difference obtained subtracting SD; from SD.. From
around channel 88 onwards the SD is high indicating that
SP, (Figure 4(a)) is lower than SP. (Figure 4(f)). These are
mid-lower to lower channels in the SARA space from which
the fetal signals are usually acquired. So this would indicate
that fMCG was also attenuated to a larger extent along with
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Fig.2. It shows Spectral difference (SD) in pT /v/Hz in each channel for one
data set. Each subplot (a)-(e) represents SD of data obtained from OP
applied to window length of 1 to 5 in minutes

mMCG hence implying that there was not enough data
selected for averaging based on R waves. This fMCG output,
where no clear fetal R wave is seen, will not be useful for
any further analysis. The corresponding fMCG data is shown
in Figure 3(a) where the blue signal is dfMCG, and red is
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dfMCG.. Even though data of time window length of 2 and
3 minutes show fetal R waves (Figure 3(b) and 3(c)), their
signal strength is much lower than that of dfMCG,. This
could lead to missed beats when calculating measurements
related to the fetal heart. In the case of a 4 minute time
window, the SDy is close to zero for all the channels (Figure
2(d)), the dfMCG, overlaps dfMCG. (Figure 3(d)) and the
contour plot of the spectral estimate of dfMCG, is similar to
that of dfMCG.. The same applies to the data dfMCGs from
a 5 minute time window. The above method was applied to
all 20 data sets and the results are described in Table 1.

Table 1: Represents the number of data sets for which SD =0
in each of the 5 time window lengths.

Time window length # of data sets (out of
(in minutes) 20) where SD~=0
1 2
2 5
3 9
4 18
5 18
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Fig.3. It shows fMCG data obtained from OP applied in time window
length of 1-5 minutes ((a)-(e)) to the raw data. The Red indicates fMCG
by applying OP to the entire data and Blue are fMCG from time
windowed data. Each subplot corresponds to subplots in Fig 2.

Hence by this method we found that the four-minute time
window is the minimum time duration for which the fetal
data is not distorted after applying orthogonal projection. As
given in Table 1, in this time window, spectral difference
close to zero was observed in 18 out of 20 data sets. In the

other two data sets, even though SD was not close to zero, it
was significantly lower than 1-, 2- and 3-minute windows.
Even in this shorter time segment stationarity cannot be
assured.

In summary, interference elimination by projection is robust
and relatively easy to automate. The unwanted interference
is projected out of the measurement by constructing the
orthogonal projection operator from signal space vectors
corresponding to the interfering components. For MCGs,
these vectors are determined by averaging, and orthogonal
construction. We determined that the current analysis
strategy needed to be improved to compensate for non-
stationarity aspects of the data that were encountered in long
duration data sets. The assumption is that we can minimize
the effect of non-stationary by using shorter window size
and apply the orthogonal projection to attenuate maternal
MCG. This study was an attempt to provide an insight in to
minimal window size while maintaining the quality of the
maternal MCG averaging that is used for extraction of fetal
MCG. In future, we plan to apply OP on four-minute
window segments in large duration datasets where there are
extensive movement artifacts in several sections of the
recording.
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Fig.4. Spectral power of different time window of a single fetus as a
contour plot. (a)-(e) shows spectral power of data obtained by applying
OP to time window lengths corresponding to 1-5 minutes and (f) shows
the spectral power of OP applied to entire data. The color scale units
are the log of spectral power.
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