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Abstract

Fetal magnetocardiography (fMCG) is a non-invasive method of measuring magnetic signals
generated by the depolarizing heart. fMCG has proved to have superior signal-to-noise ratio
characteristics and enables precise detection of the R-R intervals for fetal heart rate variability
(FHRV) analysis. FHRV is one of the most useful clinical indicators for investigating fetal
neurodevelopment. Currently, fMCG recordings rely on superconducting quantum interference
devices (SQUIDs) which require cryogenics leading to a high cost device. New cryogenic-free
sensors called optical pump magnetometers (OPMSs) have emerged as alternative to SQUIDs. To
take advantage of the flexibility of the OPM sensors, we explored the ability of OPM sensors to
measure the fMCG at different maternal positions and sensor locations. Data were collected with
a 14-channel OPM array using different sitting positions (mother leaning forward, backward, and
prone). Projection operator algorithm based on minimum norm (POMN) was applied to extracted
fMCG. R peaks were obtained to perform standard FHRV analysis. We were able to configure

a standalone array of the OPMs that conforms to the shape of the maternal abdomen to obtain
signals with sufficient quality. We extracted and quantified FHRV parameters in three low-risk
fetuses. Results showed that FHRV values are in the range of previous SQUID studies.

. INTRODUCTION

Fetal magnetocardiography (fMCG) is a hon-invasive method of measuring magnetic signals
generated by the depolarizing heart. The tracings derived from fMCG appear similar to fetal
electrocardiograms (ECG) [1], and studies have shown that electrical and magnetic signals
have similar morphological characteristics for the P-wave, QRS complex, and T-wave [2].
fMCG is acquired using Superconducting Quantum Interference Devices (SQUIDS) [3]
allowing high signal-to-noise ratio (SNR) compared with fetal ECG where signals are
effected due to the vernix caseosa and insulating maternal tissues [4]. fMCG has proved to
have superior SNR characteristics even though there has been improvement of fetal ECG
equipment and sensors. Although abdominal fetal ECG is commercially available and is
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a relatively inexpensive tool for fetal monitoring, technical challenges still remain. The
American Heart Association recently acknowledged the academic and clinical usefulness of
fMCG [5].

It has been shown that fMCG is capable of accurately and reliably detecting cardiac rhythm
[6], [7]- The temporal resolution of the QRS complex detection of fMCG enables precise
fetal heart rate variability (FHRV) analysis from R-R intervals, and reflects the normal/
pathologic state of the fetuses. Changes in FHRV values are thought to be associated with
the development of the autonomic nervous system [8].

Currently, fMCG recordings rely on ultrasensitive SQUIDs which require cryogenics and a
bulky magnetically shielded room, leading to a high cost device; they are also fixed in space.
In this context, new cryogenic-free sensors called optical pump magnetometers (OPMs) have
emerged as alternative to SQUID sensors. Previous studies have measured fetal biomagnetic
signals using OPM sensors [9], [10]. A study reported by our group [11], demonstrated a
direct comparison of signal morphology in simultaneously recordings of fMCG with the
SQUID technology. To take advantage of the flexibility of the OPM sensors, in this work

we explored the ability of OPM sensors to record the fMCG at different maternal positions
and sensor locations. We provided details about the OPM fMCG measurements and signal
processing. We presented FHRV extracted from the OPM signals.

[I. MetHobs

A. Measurements

Data was recorded for 6 minutes from 3 healthy pregnant women with a 14-channel OPM
array. Sensors were positioned in the radial direction to lightly touch maternal abdomen.
Previous to OPM recording, an ultrasound was performed to localize the fetal heart. This
study was approved by the Institutional Review Board, and all the participants provided
written informed consent to participate.

To take advantage of the conformal and geometric flexibility of the OPM sensors, the OPM
signals were measured with three different maternal positions and sensor locations:

1 Leaning backward: The subject sat comfortably on a reclining chair where OPM
sensors were positioned in a curved belt and leaning backwards on a chair (Fig.
1A).

2. Leaning forward: The subject sat comfortably on a seat leaning forward on

a curved grid (see Fig 1B). OPM sensors were positioned on the layout in
the middle row which contains most the fetal heart signals according to the
ultrasound.

3. Prone position: The subject lies flat in a customized wooden bed with a
pregnancy pillow. The OPM array is in contact with the abdomen from below
with a curved grid (Fig. 1C).

The grid (see Fig. 1D, left) corresponds to a 3D-printing holder that contains 5 rows to
accommodate up to 26 sensors (3 upper rows with 6 sensors holders each, and 2 lower rows
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with 4 sensors holders each). Belts (see Fig. 1D, right) are two 3D-printing flexible holders
to allocate 10 sensors each. The spacing between sensor holders was 3 cm. The belts were
held over the maternal abdomen with flexible elastic straps.

B. Signal processing

C.

OPM signals were band-pass filtered between 0.5-50 Hz and notch filtered for power line
attenuation. To obtain the fMCG signal from OPM data, projection operator algorithm based
on minimum norm (POMN) was applied to attenuate the maternal cardiac signals (MMCG)
[12]. Next, we detrended the fMCG data using a wavelet transform approach [13].

OPMN method has the advantage of either removing the mMCG or obtained pure fMCG
signals, and causes less signal redistribution within sensor space compared with regular
projection operator (OP) algorithm [14]. In this work, we used the covariance version of
OPMN as follows:

1 Removed the maternal MCG traces (mMCG),) using OP method [14] from raw
data (B4, to build a preliminary model for the fetal heart activity data (fMCG))

2. R peaks (R) from fMCG, are obtained via a peakdetection algorithm [15]
3. Time-averaged signals (M pppn) are calculated using the Rrpeaks from fMCG,

4, A projector operator is calculated as follows:
POPMN = (MOPMNMSPMN)(AC + Sf Tr(Ac)I)_l, where sf= 10_5, AC is the
covariance matrix of By, and 77(-) denotes the matrix trace operator.

5. To obtain only pure fMCG data (fMCG;), the covariance projection operator is
applied to By, as follows: FMCG; = P oppsn Braw

fMCG indicators

The R peaks of the fMCG traces were obtained via a peak-detection algorithm [15].
Standard fetal heart rate variability metrics were quantified: FHR (beats per minute, bpm),
R-R intervals (millisecond, ms), root mean square of successive differences (RMSSD, ms)
and standard deviation of normal-to-normal beat intervals (SDNN, ms). FHR and R-R
intervals are influenced by both parasympathetic (vagal) and sympathetic activity. RMSSD
quantify the short term variability, and SDNN measures overall variability of sympathetic
and vagal oscillations. FHRV indicators were extracted from the first 300 seconds of fMCG
data.

RESULTS AND DISCUSSION

We successfully recorded biomagnetic signals from 3 participants at one of the three sitting
positions between 34 to 36 weeks of gestational age (GA). Participants were 21 + 2 years
with BMI 30+1 kg/n?, all were Black/African American, and 67% of babies were males.

Fig. 2 shows a representative block of 7-sec time series of the measurements in the three
positions at 34 (forward), 35 (backward) and 36 (prone) weeks GA. Fig. 2 shows the raw
data (Fig. 2A , 2C and 2E) and the corresponding extracted fMCG signals (Figs. 2B, 2D and
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2F) with amplitudes around 2 and 4 pT (pico-Tesla). Dots on the top of Figs. 2A, 2C and
2E represent the positions of the maternal (green) and fetal (blue) R peaks. In Fig. 2A the
artifact contributions due to maternal breathing (around 5Hz) can be observed.

For each dataset, R-R intervals are shown in Fig. 3A-3C, and FHRV values are shown

in Table 1. Grand average and standard deviation values of R-R intervals and FHR were:
444.14 + 12.8 ms and 135.4+ 3.9 bpm, respectively. RMSSD and SDNN were 5.1+1.9 ms
and 17.2+6.4 ms, respectively. All FHRV parameters are in range of previous SQUID fMCG
studies [16], [17], [18], [19].

V. CONCLUSIONS AND FUTURE DIRECTIONS

We were able to configure a stand-alone array of the OPMs that conforms to the shape

of the maternal abdomen to obtain signals with sufficient quality for fetal applications.

We extracted and quantified FHR variability parameters in three low-risk fetuses. Results
showed that fetal heart rate variability values in the range of previous studies. We plan to
expand the number of subjects where data will be collected serially with different maternal
and sensor positions. Future development in OPM systems are geared towards sensor size
reduction and smaller shielding room systems [20] that could be potentially increase the use
of biomagnetic sensors for fetal-maternal studies.
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(D)

Fig. 1.
Pregnant woman positioned on OPM system. (A) (B)
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Fig. 2.
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7s-fMCG signals from three datasets measured in the three positions at 34 (forward), 35

(backward) and 36 (prone) weeks GA. Raw time series are shown in (A, C, E) and the

corresponding extracted fMCG signals in (B, D, F). Dots on the top of figures (A, C and E)
represent the maternal (green dots) and fetal (blue dots) R peaks positions.
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Fig. 3.

R-R intervals measured in the three positions at 34 (backward), 35 (forward) and 36 (prone)
weeks GA
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FHRV ANALYSIS IN THE THREE POSITIONS AT 34 (BACKWARD), 35 (FORWARD) AND 36 (PRONE) WEEKS GA

TABLE |

Metric forward backward prone
FHR (bpm) 138.2 137.1 130.8
R-R (ms) 435.2 438.5 458.8
RMSSD (ms) 35 4.7 7.1
SDNN (ms) 20.9 20.8 9.8
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