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Abstract—Fetal activity monitoring is an important part of
monitoring at-risk pregnancies and labor. Fetal activity param-
eters (FAP) consist of fetal heart rate (FHR), fetal movements
(FM) rate, fetal tone, fetal breathing (FB) and movement. FAP
monitoring is to date an open challenge for mainly two reasons.
First, the estimation of FAP is highly time consuming and
thus cannot be used routinely. Second, part of FAP such as
FM estimation is sometimes subjective (mothers are asked to
count the fetal movements) and inaccurate. For this purpose,
we developed a 2MHz pulsed wave ultrasound Doppler system,
consisting of 12 transducers with 5 adjustable gates. The Doppler
signals were sampled at 1KHz. Several recent papers have shown
the accuracy of our system. However, its counterpart is the huge
number of signals necessary to estimate the FAP. Specifically,
each millisecond, 60 Doppler samples are acquired. In order to
reduce the volume of the acquired data and to accelerate the FAP
estimation rate, we propose herein to investigate the interest of
compressive sensing (CS) techniques to our application.

I. INTRODUCTION

Electronic fetal monitoring may be required during the
whole pregnancy to closely monitor certain fetal and maternal
disorders such as pre-eclampsia, diabetes, post-term pregnancy
(over 42 weeks) and antepartum hemorrhage, fetal growth
retardation, prematurity and abnormal artery velocity [1][2].

Many different types of fetal monitoring systems exist
nowadays. Ultrasound B-mode scanners are usually used to
obtain fetal measurements in order to detect abnormal growth.
Doppler measurements are employed to study blood circula-
tion between mother and fetus, as well as in the umbilical cord.
The cardiotocogram, continuous or discontinuous electronic
fetal heart rate monitoring device, is the reference in the
field of Electronic Fetal Monitoring (EFM). However, while
it accurately measures the FHR, it is less adapted to inform
about fetal movements. All these measurements are performed
at the beginning and periodically during the pregnancy.

Ultrasound (US) Doppler provides both detection of the
FHR and movements of the fetus, thus giving more informa-
tion on the fetal well-being. Widely used for FHR monitoring,
these mono or bi-transducer systems using continuous or
pulsed ultrasound waves provide partial automated detection
of movements [3] or fetal breathing [4] [5].

In this context, we have recently developed a more complete
system: a 2 MHz pulsed wave ultrasound Doppler system,
consisting of 12 transducers with 5 adjustable gates. The
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resulting Doppler signals were sampled at 1KHz. The system
allows to access to the FHR, the movements of the fetus (and
related parameters) and also the spontaneous rhythms. These
parameters are referred to as fetal activity parameters (FAP). It
has been shown that this system is very accurate [6]. However,
its counterpart is the huge number of signals necessary to
estimate the FAP. Specifically, each millisecond, 60 complex
value Doppler samples are acquired. In order to reduced the
volume of the data during acquisition and accelerate the FAP
estimation rate, we propose to investigate the applicability
of compressive sensing (CS) in the context of our Doppler
system. Compressed sensing (or compressive sampling) is
a mathematical framework that allows the reconstruction of
sparse signals or images (or compressible in a known basis)
from far fewer measurements than predicted by the classical
Nyquist-Shannon theory [7]. In medical ultrasound, several
application schemes of the CS theory have been proposed, in
US imaging (see [8] for a review of existing methods) or in
pulsed Doppler [9][10].

The reminder of this paper is organized as follows. First,
we report the most important technical information about
our Doppler system. Next, the basics of CS theory and our
application scheme to decrease the data acquired with our
system are given. Finally, results showing the FAP estimation
with fully sampled and with CS reconstructed Doppler signals
are reported.

II. MATERIAL
A. The system

A Doppler system has been developed for fetal activity mon-
itoring (Surfoetus system built by Althais Technologies™).
This Doppler system consists of twelve 2 MHz transducers (3
groups of 4 transducers) with five gates. This device includes
three electronic pulsed Doppler boards, a data acquisition
board, and the three groups of transducers.

Body exploration is performed with all the 12 transducers.
Five adjustable gates ranging from 2 to 14 centimeters were
explored . These gates were independently adjustable in depth.

B. Transducer arrangement

Transducers were divided into three groups A, B and C.
Group A was used to explore the fetal thorax, investigating



fetal heart rate and breathing movements, group B the upper
limbs and group C the lower limbs. The twelve transducers
monitor the activity of all the regions of interest in the
fetus. The ultrasound beam of the transducers was as wide
as possible to maximize the explored region.

C. Electronic Doppler control

The electronic module consisted of three boards, each board
driving a group of four transducers. The emission signal was
sinusoid, with frequency fy = 2M H z. A multiplexer selected
one of the four transducers driven by the board. The received
signal was first amplified by a low-noise amplifier, then by
a deep compensated amplifier in order to compensate for the
strong attenuation of the deepest gates. Finally the signal was
band-pass filtered (center frequency fp). After complex in-
phase demodulation, the components were sampled sequen-
tially and converted.

All three boards worked simultaneously, a transducer emit-
ting every millisecond. Pulse Repetition Frequency (PRF) was
1kHz, and a transducer was activated for 250us, see Fig.2.
This time is sufficient to carry out five samplings of the
direct and squared components necessary to explore five gates.
Sensors of each group work separately, emitting and receiving
the ultrasound beam in turn.

D. Ultrasound Doppler signal parameters

When an ultrasound wave with frequency fj is emitted from
a transducer towards a moving target, the frequency of the
received backscattered wave is fo + fy. After complex in-
phase demodulation, the quadrature analytical Doppler signal
can be written as:

zi(t) = Br(t) exp j27 far, (1) + @i (t)] = 1 (t) +7Qx(t) (1)

where k£ = 1,...K (in our case K = 60), (i (t) is the
random magnitude of the Doppler signal, depending on the
characteristics of the transducers and the measurement area,
and (¢) is the random phase, depending on the positions of
the scatterers in the explored medium. Note that & runs from 1
to K = 60 as with our multi-Doppler system, 12 transducers
are used for 5 different depths, thus a total of 60 complex value
Doppler signals. The frequency shift f; (Doppler frequency),
can be written as:

far(t) = %vk(t) cos 0}, 2)

C

where v, = |U| and vy, is the target velocity, 6y is the angle
between the ultrasound beam and the vector v, and ¢ is the
ultrasound wave velocity in the explored medium. Note that
angles 0}, do not have to be evaluated precisely here, since the
purpose is to extract variations in fetal heart rate.

Each Doppler signal contains a large amount of informa-
tion concerning target movement (velocity, position) via the
Doppler frequency and the overall phase. This overall phase
or(t) = 2w fq,(t) + pr(t) directly provides the position or
displacement Az of the target [11]:
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Fig. 1. Pre-processing of Doppler signal prior to Fetal activity
parameter estimation.

4 f()
C

o= Az = 4—7TAz 3)
A

where A = f% is the wave length. The velocity of the target
is proportional to the Doppler frequency, whose estimation has
been largely addressed in the literature, e.g [12].

Finally, the magnitude of the backscattered signal depends
on the characteristics of the transducers and the nature of the
scatterers. To follow the magnitude of movements towards and
away from the transducer separately, a direction separation
filter is necessary, consisting of eliminating both positive
frequency components and negative frequency components.
This separation filter thus gives two (forwards and backwards)
signals. As mentioned above, direction information can also
be accessed through the overall phase.

The estimation of the different FAP parameters (fetal heart
rate (FHR), fetal movements (FM) rate, fetal tone, fetal
breathing (FB) movement) are thus based on the Doppler
signals. The Doppler signals are preprocessed to access the
FAP, as shown in Fig. 1.

From these pre-processing, FAP can be estimated using time
and/or frequency techniques, as shown in [13], [14], [15], [16]
and references therein.

E. Data storage

Data was recorded directly on the computer hard drive using
a 12 bit data acquisition board, storing data at a speed of 240
KB per second. Each minute of recording uses thus more than
22 MB. The data is recorded during 30 min and post-processed
in order to estimate the FAP. We may remark that despite
its accuracy, our system requires the acquisition, storage and
processing of a large quantity of data. In order to reduced the
volume of the data during the acquisition and accelerate the
FAP estimation rate, we propose in this paper to investigate the
applicability of compressive sensing (CS) to our acquisition
scheme.



III. PROPOSED COMPRESSED SENSING SCHEME FOR
MULTIDIMENSIONAL DOPPLER

A. Basics of compressed sensing

Compressed sensing (or compressive sampling) is a mathe-
matical framework that offers guarantees for "perfect” signal
or image reconstruction from far less measurements than the
number predicted by Nyquist-Shannon theorem [7]. Many
theoretical results on CS may be found in the literature.
We give hereafter only the basics, so that the reader may
understand the interest and the requirements of CS.

The first important issue in CS is the sparsity of the signal
or of the image to reconstruct (or to recover). Specifically, a
vector x containing /N elements is S-sparse in a basis ) if the
vector v such as © = 1« has only S < N nonzero elements.

The second important aspect of CS is the concept of inco-
herent measurements. Let us denote by y the vector containing
these measurements. It is related to = by y = R®z. @, an
N by N real value matrix called the measurement matrix,
generates linear combinations of elements in z. R is called
the restriction matrix and is of size M by N, with M << N.
It only contains zeros and ones (one elements equal to 1 in
each row). R chooses a subset of M measurements out of the
N possible values of ®z. It should be noted that the success of
CS largely depends on the choice of ® and R. They have to
ensure incoherence (see [17] for technical details about the
concept of incoherence) between the sampling vectors and
the vectors forming the sparsity basis . A typical choice
providing maximal incoherence, not always easy to use in
practice, is a matrix R® formed by M random (e.g. Gaussian)
vectors.

Given the measurement model y = R®ya (an under-
determined system of M equations with N unknowns), one
may recover « (and consequently x) by solving the following
{1 minimization problem:

min ||l subject to y = R®yYpa 4)

B. Compressed sensing for fetal activity analysis

As explained in the section describing our multi Doppler
system, the FAP are estimated using K = 60 Doppler signals
called x in equation (1), corresponding to the 12 transducers
and to the 5 explored depths. The transducers are grouped by
4, in three groups working simultaneously and in the same
manner. We show in Fig. 2 the timing corresponding to the
acquisition of 20 Doppler signals of one of the three groups of
transducers. Each transducer acquires 5 samples during a time
interval of 250us, each one corresponding to one depth. For
instance, the first transducer delivers during the first 250us
when it is active the samples [x1(1)zo(1)z3(1)z4(1)z5(1)].
After 1'ms and during its next activity time interval of 250us,
it will acquire the samples [21(2)x2(2)z5(2)x4(2)x5(2)].

Given the sampling rate and the duration of the acquisition,
an important amount of data is generated. The idea in this
paper is to use the CS framework in order to decrease the
number of samples of each Doppler signal. We propose

1ms 250 s
Transducerl m m\_
Transducer2 XX XXX [
Transducer3 XXX XX
Transducer4 XXXXX

Fig. 2. Timing showing the classical way of acquiring the Doppler
signals with our system. In each time laps of 250us when a
transducer is active, it acquires 5 samples of 5 Doppler signals,
highlighted by the x markers.

=1ms <250 ps
Transducerl X0000 m\_
Transducer2 X0Xxo0o0 [
Transducer3 00XOX
Transducer4 ooxoo0

Fig. 3. Timing showing the proposed CS way of acquiring the Doppler
signals with our system. In each time laps when a transducer is active,
it acquires less than 5 samples, highlighted by the x markers. The o
markers indicate that that sample is not acquired at all.

herein to use an identity matrix as measurement matrix ¢
for all the K = 60 Doppler signals. With this choice of a
structured measurement matrix, it is shown in [18] that the
restriction matrix R has to be designed such as M elements are
randomly chosen from signals zj;. Our measurement model,
as highlighted in Fig. 3, is as follows:

yr = Riay, ©)

for k running from 1 to K = 60. In (5), the restriction
matrices Ry, are of size M by N and have all the elements
equal to 0, except one element by row equal to 1. The positions
of the ones are uniformly random distributed. As shown in Fig.
3, this way of skipping some of the Doppler signal samples,
potentially decreases the length of the activation period of
each sensor, initially of 250us. Consequently, the sampling
frequency whose initial value is 1k H z may be decreased, thus
generating less data per Doppler signal.

We propose in this paper to recover jointly all the K
Doppler signals x; from the measurements y. Let us denote
by X the matrix formed by juxtaposing the the K Doppler
signals xx. As we have explained previously, one of the key
points in the CS framework is the sparsity assumption of
the signals to recover. Herein, we consider the 2D Fourier
transform (F) of X to be sparse [19]. The recovery of the
Doppler signals follows the optimization process in (6). It
should be noted that the value of A, the parameter weighting
for sparsity, has been automatically tuned using a reweighted
{1 approach [20].
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Fig. 4. Reconstruction result of a Doppler signal from 30% of the
original sample (real and imaginary part, Fourier transform) and
FHR estimated with the original and reconstructed signals.

K
min(||FX |1+ A lyx — Reall3) (6)

k=1
IV. RESULTS

The results of our method allowed the reconstruction of US
Doppler signals from 33% of the initial time samples. That is,
M = N/3. One reconstruction result is reported in Fig. 4. The
result shows the accuracy of the reconstruction, corresponding
to a root mean square error of less than 10%. We may also
remark that the FHR estimated with the original and CS-
reconstructed Doppler signals are very close, corresponding
to a mean square error of 0.58 over 6 minutes of acquisition.
Note that this is true for all the FAP usually calculated with
our system.

V. CONCLUSION

We have shown in this paper the applicability of CS
framework to a multidimensional Doppler system. Used for
fetal activity monitoring during pregnancy, this system uses
12 US transducers for 5 different depths, which corresponds
to 60 complex value Doppler signals. Given the large amount
of data generated, we have proposed a CS scheme aiming to
reduce the number of acquired samples and to accelerate the
acquisition process. We show that a reduction of 66% of the
initial number of samples does not alter the estimation of the
fetal activity parameters such as the fetal heart rate.
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