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As a passive, harmless, and low-cost diagnosis tool, fetal heart rate (FHR) monitoring based on fetal phonocardiography (fPCG)
signal is alternative to ultrasonographic cardiotocography. Previous fPCG-based methods commonly relied on the time difference
of detected heart sound bursts. However, the performance is unavoidable to degrade due to missed heart sounds in very low
signal-to-noise ratio environments. This paper proposes a FHR monitoring method using repetition frequency of heart sounds.
The proposed method can track time-varying heart rate without both heart sound burst identification and denoising. The average
accuracy rate comparison to benchmark is 88.3% as the SNR ranges from −4.4 dB to −26.7 dB.

1. Introduction

As a well-being policy, pregnant women in many countries
are periodically demanded to monitor the variations in fetal
heart rate (FHR). This monitoring of FHR and its variability
provide up-to-date information about the fetus to prevent
intrauterine death or permanent damage to the fetus [1].
Many techniques canmonitor fetal heart rate previously. Fetal
magnetocardiography (fMCG) using superconducting quan-
tum interference device allows accurate assessment of beat-
to-beat fetal heart rate variability [2].However, the equipment
of fMCG is too expensive to be widely accessed in primary
hospital. Cardiotocography (CTG) is continuous monitoring
of the fetal heart rate using an ultrasound transducer placed
on the mother’s abdomen [3–5]. Physicians evaluate specific
clinical CTG parameters by means of visual inspection.
Hence, the accuracy of CTGmonitoring is generally depend-
ing on observer’s expertise. Fetal electrocardiogram (fECG)
signal taken from the abdominal electrocardiogram of preg-
nant woman is another diagnostic tool for evaluating FHR
[6]. However, the fECG signal is often masked by maternal
ECG, power line interference, maternal electromyogram, and
so forth. Very complex algorithms are needed to separate
the fECG signal from mixed signal before further analysis.

As a totally passive methodology, fetal phonocardiography
(fPCG) signal collected from mother’s abdomen using a
microphone transducer was proposed about ten years ago
to monitor FHR [7]. This new technique makes long-term
and frequent measurements of FHR possible. They detected
the burst shaped heart sounds from signal envelope and esti-
mated FHR via the time difference of heart sound occurrence
[8–16]. Consequently, the accuracy of FHR estimation relies
on heart sound detection rate. The performance degrades
greatly if heart sounds are missed and/or wrong heart
sounds are detected. Denoising technique is usually used as
preprocessing due to the low energy of fetal heart sounds and
multiple interferences [17].

It is known that fetal heart sounds are originated from
interaction between fetal heart and blood flow therein. The
sounds are repetitive from one cardiac cycle to another. FHR
monitoring is thus equal to tracking the local repetition
frequency of heart sound in adjacent cardiac cycles. Hence,
heart beat identification anddenoising are then not necessary.

2. Methodology

2.1. Repetition Frequency Estimated by Cyclic Frequency Spec-
trum. In the field of signal processing theory, repetition
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frequency is usually characterized by cycle frequency. It
means occurrence rate of a repetitive event in a period of
time. For example, the cycle frequency of fetal heart sounds is
2.5Hz if they repeat every 0.4 seconds. It is assumed that 𝑥(𝑡)
is a virtual digital sequence of an fPCG signal with an exact
cycle period 𝑇. The objective of FHR estimation is to extract
the cycle frequency of the fetal heart sound.The time-varying
autocorrelation is written as

𝑅𝑥 (𝑡, 𝜏) ≜ lim
𝑁→∞

1
2𝑁 + 1

⋅
𝑁

∑
𝑛=−𝑁

𝑥(𝑡 + 𝜏
2 + 𝑛𝑇)𝑥∗ (𝑡 − 𝜏

2 + 𝑛𝑇) ,
(1)

where 𝑛 is cycle index, 𝑇 is a real number denoting cycle
period, 𝜏 is time delay, and 𝑁 determines the number of
cycles involved in analysis. 𝑅𝑥(𝑡, 𝜏)must be periodic because
fetal heart sounds are exactly cyclic. It can be expanded into
Fourier series:

𝑅𝑥 (𝑡, 𝜏) =
+∞

∑
𝛼=−∞

𝑅𝑥 (𝛼, 𝜏) 𝑒𝑗2𝜋𝛼𝑡, (2)

where 𝛼 is a real number called cycle frequency. The coeffi-
cient of the Fourier series can be calculated by the following:

𝑅𝑥 (𝛼, 𝜏) = ⟨𝑥(𝑡 + 𝜏
2) 𝑥 (𝑡 − 𝜏

2) 𝑒𝑗2𝜋𝛼𝑡⟩
𝑡
. (3)

The operator ⟨⋅⟩𝑡 means the time average. 𝑅𝑥(𝛼, 𝜏) is called
cyclic correlation function. It can be seen that it reduces to
the traditional correlation if the cycle frequency 𝛼 is fixed to
zero. 𝑅𝑥(𝛼, 𝜏) can be transformed into frequency domain via
Fourier transform:

𝑆𝑥 (𝛼, 𝑓) = ∫
∞

−∞
𝑅𝑥 (𝛼, 𝜏) 𝑒−𝑗2𝜋𝑓𝜏𝑑𝜏. (4)

𝑆𝑥(𝛼, 𝑓) is called cyclic spectral density.Thephysicalmeaning
of 𝑆𝑥(𝛼, 𝑓) indicates that 𝑆𝑥(𝛼, 𝑓) ̸= 0 if the signal𝑥(𝑡) has any
cyclic component at cycle frequency 𝛼. In the point of view of
fPCG signal, 𝑆𝑥(𝛼, 𝑓)must have a peak at heart rate because
the heart sounds are dominant cyclic components at the heart
rate in adjacent fetal cardiac cycles.Therefore, detecting FHR
is equal to detecting the basic cycle frequency of the digital
sequence. The frequency spectrum is not of interest in this
paper. An integral is performed to 𝑆𝑥(𝛼, 𝑓) to remove the
frequency variable 𝑓 for the purpose of simplification:

𝛾𝑥 (𝛼) = ∫
∞

∞

󵄨󵄨󵄨󵄨𝑆𝑥 (𝛼, 𝑓)󵄨󵄨󵄨󵄨 𝑑𝑓. (5)

This is called cyclic frequency spectrum (CFS).Therefore, the
FHR is indicated by the dominant peak of 𝛾𝑥(𝛼):

Hr = arg {max (𝛾𝑥 (𝛼))} × 60, (6)

where arg{⋅} is the argument that meets the condition in
the brace and max(⋅) is the maximum operator. A sharp
and outstanding peak means a high degree of repetition of
heart sounds in the signal. The normal FHR is commonly in
[110160] bpm. That is, the cycle frequency in consideration
is in [1.82.7]Hz. For extreme value, the signals in this paper
are analyzed in a greater range, [1.33.5]Hz. These extreme
heart rates are 80 bpm and 210 bpm, which correspond to
bradycardia and tachycardia, respectively.

To test the performance of CFS, the well-known simu-
lated fPCG signals proposed by Cesarelli et al. [18, 19] are
used.These simulated signals considered different fetal physi-
ological and pathological conditions and recording situations
by simulation technique. The noises considered consist of
vibrations created bymaternal body organs, fetalmovements,
and unwanted sounds from surrounding environment.These
simulated signals have been openly published in PhysioNet
for freely public access and have been widely accepted
for algorithm evaluation. For example, two segments of a
simulated fPCG signal both have 6 s with sampling frequency
of 1 KHz, where the true real-time heart rate is between
140 bpm and 155 bpm, seen in Figure 1.There are noises which
saturate the signal due to maternal fast body movements,
acoustic sensor displacements, and/or high magnitude exter-
nal noises. CFS analysis is applied to the signal. Figure 1(a)
shows the low noise part of the fPCG signal in time domain.
Figure 1(b) shows the CFS of the signal. It can be found that
the dominant peak occurs at the cycle frequency of 2.35Hz;
that is, the FHR of this segment is 2.35 ∗ 60 = 141 bpm.
Figure 1(c) shows the heavy noise part of the signal. The
signal is so heavily contaminated by noises that the heart beats
cannot be identified by human visual inspection. Figure 1(d)
shows that the CFS still has an outstanding prominent peak
as if the noise has no effect on the peak. The peak is located
at 2.51Hz (151 bpm). The example illustrates that CFS can
indicate the repetition frequency of the heart sounds in this
segment. CFS analysis takes the segment as an integral input.
Hence, heart sound detection that is essential in previous
methods becomes not necessary in the proposedmethod.The
noise is generally random and does not have any repetition
feature. So the dominant peak of CFSwill not be affected even
the noise is so heavy to saturate the amplitude, as the example
given in Figure 1(c).

It should be noted that the heart sounds are not perfectly
periodic due to the heart rate variability (HRV). So, the
heart sounds are quasi-periodic. The degree of the periodic
property can be reflected by the sharpness of the peak. That
is, the more periodic the heart sounds become, the sharper
the dominant peak will be. In the extreme case, if the heart
sounds having ultimate recording time are perfectly periodic,
the CFS will have only one nonzero magnitude at the cycle
frequency. On the contrary, if the heart rate varies much,
the degree of periodic property of the heart sounds reduces
greatly; then the peak of the CFS will become flat. In another
extreme case, the heart sounds appear randomly; then the
CFS will not have any dominant peak. In this sense, the
repetition frequency of heart sounds reflects the average
frequency of heart rate. So, the repetition frequency can be
used as a metric of fetal heart rate.
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Figure 1: Fetal heart rate detection for an fPCG signal. (a) A low noise fPCG signal; (b) CFS analysis. Cycle frequency indicated by the
dominant peak is 2.35Hz (141 bpm). (c) A heavy noise fPCG signal; (d) CFS analysis. Cycle frequency indicated by the dominant peak is
2.51Hz (151 bpm).

Table 1: Summary of the tests.

Record number SNR (dB) Heart rate variation (bpm) Accuracy rate
1 −4.4 108–159 92.3%
2 −6.6 108–159 91.9%
3 −8.1 108–156 90.1%
4 −10.2 108–159 89.1%
5 −14.8 108–168 89.7%
6 −17.2 108–156 90.1%
7 −20.1 108–177 88.5%
8 −23.8 111–153 88.8%
9 −25.6 111–168 82.0%
10 −26.7 108–168 81.0%
Note: the accuracy rate is defined in (9).

2.2. Time-Varying Estimation Using SlidingWindow. To track
time-varying FHR, a sliding window covering the fPCG
signal is used. Therefore, (5) becomes time-dependent:

𝛾𝑥 (𝛼, 𝑡) = ∫
∞

∞

󵄨󵄨󵄨󵄨𝑆𝑥 (𝛼, 𝑓, 𝑡)󵄨󵄨󵄨󵄨 𝑑𝑓, (7)

where 𝑆𝑥(𝛼, 𝑓, 𝑡) is a cyclic spectral density over a time
window [𝑡 − 𝜁, 𝑡 + 𝜁]. So, 𝛾𝑥(𝛼, 𝑡) can be called time-varying
cyclic spectrum.The width of the sliding window is 2𝜁. From
the repetition feature of heart sound, it can be concluded
that the width of the sliding window must be greater than
two cardiac cycles to ensure that the fetal heart beats at least
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Figure 2: Time-varying fetal heart rate monitoring. (a) An fPCG signal with saturated noise. (b) Detected time-varying fetal heart rate.

two times in the window. Otherwise, there is no repetition
feature in the windowed signal. The time-varying FHR can
be tracked by searching the peak in 𝛾𝑥(𝛼, 𝑡):

Hr (𝑡) = arg {max (𝛾𝑥 (𝛼, 𝑡))} × 60. (8)

So, the instantaneous FHR can be detected by the peak
location of the time-varying cyclic frequency spectrum.

An fPCG signal is 478 s in time length, as seen in Fig-
ure 2(a). The signal is contaminated by saturated noise. The
estimated SNR is−15.7 dB. A sliding windowwith width of 8 s
and overlap of 0.1 s is applied to the signal.The detected time-
varying FHR is shown by the black solid line in Figure 2(b).
The tracking trajectory accurately reflects the FHR variations.
Accelerations and decelerations are clearly observed in the
trajectory.

3. Experiments

3.1. Time Resolution and Cycle Frequency Resolution. Thepri-
mary purpose of the sliding window is to limit the extent
of the subsequence to be analyzed, so that the cyclic charac-
teristics are approximately constant over the duration of the
window. The more rapidly the repetition frequency changes,
the shorter the window should be. So, it is reasonable to
conclude that as the window length becomes longer, the
peak will become sharper; that is, the repetition frequency
resolution increases. On the other hand, as thewindow length
decreases, the ability to resolve changes with time increases.
Consequently, the choice of window length becomes a trade-
off between repetition frequency resolution and time resolu-
tion. With the preknowledge of the change rate of FHR, the
window length can be empirically selected as 5–10 s to obtain
an acceptable trade-off.

3.2. Performance of Fetal Heart Rate Monitoring Using the
Repetition Frequency. To evaluate the proposed method,
it is necessary to test the performance under controlled
conditions. This is achieved by the simulated fPCG signals
[18, 19]. Each signal lasts 478 s. These signals considered
different fetal physiological and pathological conditions and
recording situations by simulation technique. The noise
considered consists of vibrations created by maternal body
organs, fetal movements, unwanted sounds from surround-
ing environment, and so forth.The SNR ranges from −4.4 dB
to −26.7 dB. Visual check by human eyes shows that fetal
heart sounds cannot be recognized as the SNR is lower than

−15 dB. The FHR in each signal is tracked by the proposed
method. If the difference between the detected heart rate and
the benchmark is within ±5 bpm, the detected heart rate is
considered accurate. The accuracy rate is defined as

accuracy rate

= number of beats within difference ⩽ 5 bpm
total number of beats

.
(9)

A summary of the tests is presented in Table 1. It can be found
that the proposed method can accurately track the fetal heart
rate even the SNR is lowered to −26.7 dB, where the heart
sounds are totally covered by the noise.The key point why the
proposedmethod is so robust to noise is because it detects the
repetition frequency of heart sounds instead of detecting the
time difference of heart sounds.

3.3. Performance Comparison to the Previous Methods. Two
typical previous methods are selected to be compared to the
proposed method in this subsection. One is a rule-based
method proposed by Kovâcs et al. [16], where the FHR was
evaluated by searching S1-S2 pairs. The other method is an
advanced method proposed by Várady et al. [14], where the
FHR was estimated by the periodicity of heart sound bursts
from cross-correlation of signal envelope. Both methods
need detection of the fetal heart sound burst. Hence, the
performance of the two methods is heavily dependent on the
detection accuracy of fetal heart sound burst. Ten simulated
fPCG signals with SNR varying from −4.4 dB to −26.7 dB
are used to evaluate the three methods and the results are
given in Table 2. It is found that the rule-based method
and the advanced method outperform the proposed method
in low noise environments. However, both the rule-based
and the advanced methods degrade greatly due to the fast
increasing of missing rate for sound burst detection with
decreasing SNR. The proposed method does not need sound
burst detection. It is to estimate the repetition frequency of
heart sound, which is less affected by random noise. Hence,
the FHR estimation is robust to noise even if the sound burst
is destroyed by heavy noise because the repetition feature still
remains.

4. Conclusions

fPCG is a promising technique to monitor fetal heart rate.
However, the performance of previous methods generally
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Table 2: Performance comparison.

Record number SNR (dB) The proposed method Rule-based method
[16]

Advanced method
[14]

1 −4.4 92.3% 95.4% 96.2%
2 −6.6 91.9% 95.4% 96.1%
3 −8.1 90.1% 94.1% 96.3%
4 −10.2 89.1% 90.3% 94.5%
5 −14.8 89.7% 82.6% 90.4%
6 −17.2 90.1% 60.8% 86.7%
7 −20.1 88.5% — 82.4%
8 −23.8 88.8% — 63.6%
9 −25.6 82.0% — —
10 −26.7 81.0% — —
Note: (a) the accuracy rate is defined in (9). (b) “—” means that so many heart sound burst pairs were missed that the accuracy rate was very low.

depends on the detection rate of heart sound bursts from
an fPCG recording. The authors find that the fetal heart rate
can be evaluated by the repetition frequency of heart sounds,
which can be extracted from peaks in the cyclic frequency
spectrum without sound burst detection and denoising. The
feature of repetition can remain even if the SNR is lowered
to −26.7 dB. As the SNR is lower than −15 dB, the proposed
method outperforms the two typical previous methods.
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