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Summary

Towards operator-independent fetal heart rate mon-
itoring using Doppler ultrasound
Birth is probably the most critical phase in life for a fetus. During birth, it is ex-
posed to extreme stress and many complications may occur. These complications
may result in life-lasting impairment or even lead to fetal death. Therefore, it is
crucial for clinicians to have a diagnostic tool available for risk stratification be-
fore and during labor and for determining whether intervention is required. Such
a tool is cardiotocography (CTG), which consists of simultaneous monitoring of
the fetal heart rate (fHR) and uterine contractions (UC). By monitoring changes
in the fHR in response to UCs, information on the regulating function of the
autonomous nervous system, and hence on the health-status of the fetus, can be
obtained.

In clinical practice, the de-facto standard technology for fHR monitoring is
based on Doppler Ultrasound (US), in which a US transducer is fixed on the
maternal abdomen for continuous monitoring. For reliable fHR monitoring, it
is essential that the fetal heart lies within the US beam of the US transducer.
However, due to fetal movement or due to a displacement of the US transducer on
the maternal abdomen, the fetal heart location (fHL) relative to the US transducer
can change, leading to frequent periods of signal loss which hampers the clinical
assessment of the fetal condition. Consequently, engagement of clinical staff is
needed to repeatedly reposition the US transducer; this requires experience and
drastically affects the clinical workflow. In this thesis, we aim at overcoming the
challenges associated with US transducer positioning.

In the first part of the thesis, new methods are proposed for the automatic
estimation of the fHL to support clinicians in efficiently repositioning the US
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transducer on the maternal abdomen. Our basic method uses a multiple-element
transducer array and seeks to track the fHL within the array. To this end, the
Doppler power distribution measured across the transducer array is modeled in
relation to the fHL, and this model is fitted via maximum-likelihood estimation
to the received ultrasound signals. For evaluation of this method, a dedicated
experimental setup of a beating fetal heart is designed and realized. The results
show that the method can be used for accurate estimation of the fHL.

Due to the high acoustic attenuation of US waves by adipose tissue, the signal-
to-noise ratio (SNR) of US Doppler signals acquired during measurements on
mothers with a high body-mass-index (BMI) is low. Therefore, the fHL esti-
mation method is enhanced by using the developed Doppler power model in a
probabilistic framework based on an extended Kalman filter. This method relies
on the assumption that the fetal heart does not abruptly change its location.
Taking this prior information into account, an accurate fHL estimation can be
achieved at low SNR.

In the second part of the thesis, a new flexible transducer array covering a large
abdominal area is proposed which allows measuring the fHR independently of the
fHL. This solution has the potential to completely avoid the need for transducer
repositioning. In addition, a method for dynamic adaptation of the transmis-
sion power of the array elements is introduced with the aim of reducing the total
acoustic dose transmitted to the fetus and the associated power consumption of
the array, both being important for application in an ambulatory setting. Fur-
thermore, a signal processing strategy is introduced to reduce the contribution
of the transducer elements which are not directed towards the fetal heart and,
hence, only measure noise.

The proposed flexible transducer array has also potential to overcome com-
mon challenges associated with fHR measurements in twins. This is nowadays
especially relevant, due to the significant increase in twin pregnancies in West-
ern countries caused by the use of increased assisted reproductive technology and
increased maternal age. Twin pregnancies are associated with increased risk for
complications; therefore, fetal monitoring is crucial. In clinical practice, two inde-
pendent US transducers are typically employed to monitor the fHR of two fetuses.
However, correct positioning of the two US transducers can be challenging, often
leading to misinterpretation of the acquired signals. Using a multi-depth-multi-
channel Doppler signal acquisition with our new flexible transducer array, a coarse
3D visualization of the two fetal hearts can be obtained. This enables localization
of the fetal hearts and unambiguous estimation of the fHR of each fetus.

Doppler-based fHR monitoring is a well-established method to assess fetal well-
being before and during labor. Yet, this assessment is hampered by fHR signal
loss due to a changing fHL. The work presented in this thesis can help clinicians
with improved positioning of the US transducer and forms a basis for operator-
independent fHR monitoring in clinical practice and, ultimately, at home.
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CHAPTER 1

Introduction

1.1 Clinical motivation
Birth is probably the most critical phase in life. During birth, the fetus is exposed
to extreme stress such as temporary deprivation of oxygen during uterine contrac-
tions (UCs). Nonetheless, the vast majority of the 140 million babies who are born
annually in the world [1] are delivered without complications. This is because, in
general, a healthy fetus is capable of coping with this type of stress [2]. However,
in cases of complications or prolonged stress, the fetus may not be able to react
adequately. In those cases, oxygen deficiency may last long enough to cause ir-
reversible harm to the central organs - a complication called birth asphyxia [3].
Birth asphyxia is regarded as a major global problem, greatly contributing to
perinatal mortality and morbidity rates. Nowadays, it is estimated that birth
asphyxia is the direct cause of fetal death in 1 out of 1000 births [4]. This situa-
tion is even more severe in developing countries, where obstetrical surveillance is
not as advanced as in developed countries. In these developing countries, 7 out
of 1000 fetuses die during birth due to birth asphyxia [4]. Although obstetrical
surveillance has significantly improved over the years, perinatal mortality and
morbidity rates remain too high. This is especially appalling as it is estimated
that the majority of these adverse outcomes could be prevented [4, 5]. Improved
fetal surveillance is regarded as to play a key role in achieving this [6].

Currently, the most common method to assess the fetal well-being during
and before labor is based on continuous monitoring of the fetal heart rate (fHR)
and UCs, a method called cardiotocography (CTG). Since its introduction in the
1960s, CTG is routinely used for monitoring the fetal well-being in the Western
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2 Chapter 1. Introduction

world. By analyzing the extracted fHR and changes of the fHR in response to
UCs, information about the functioning of the autonomous nervous system, and
hence, whether the fetus is still able to react to stress, can be deduced. An
example of a cardiotocogram is shown in Fig. 1.1(a). Although the sensitivity
of CTG is high, its specificity is poor [7], which has led to a significant increase
in unnecessary caesarian sections [8]. In general, when the cardiotocogram is
reassuring, the fetus is in a good condition. However, in only 54% of the non-
reassuring cardiotocograms the fetus is actually compromised [9]. One of the
reasons for the poor specificity is the high inter- and intra-observer variability. To
address this problem, more recently, computer-assisted methods for CTG analysis
have been developed [10–12]. Furthermore, the analysis of fHR variability is
gaining more and more interest, as it may enable more direct assessment of the
functioning of fetal autonomous regulation [13–15].

For the measurement of the fHR signal of a cardiotocogram, typically Doppler
Ultrasound (US) is used. For this measurement, a skilled clinician positions a
US transducer on the maternal abdomen which is hold in place by a flexible
belt, see Fig. 1.2. The measured Doppler US signal reflects the motion of the
beating fetal heart and is used for estimation of the fHR. Although Doppler
US is commonly used in clinical practice, it has known technical limitations,
such as the challenging measurements of fHR on mothers with high body-mass-
index (BMI), acquisition of accurate beat-to-beat fHR for improved fetal health
assessment, and severe episodes of signal loss. Especially the latter significantly
reduces the clinical value of a cardiotocogram because relevant information may
be missed. An example of a cardiotocogram with severe episodes of signal loss
is shown in Fig. 1.1(b). To avoid misinterpretation, the International Federation
of Gynecology and Obstetrics (FIGO) recommends not to base any fetal health
assessment on a cardiotocogram with signal loss episodes of more than 20% [17].
Besides that, no matter how promising a computer-assisted CTG analysis method
may be, its successful application in clinical practice will always be limited by the
availability and quality of the fHR recordings.

The main reason why Doppler US based fHR monitoring fails is that the fetal
heart does not properly lie within the US beam of the transducer. Correct posi-
tioning of this transducer is not trivial and heavily dependent on the experience
of the clinician. Furthermore, due to fetal movement or displacement of the US
transducer on the maternal abdomen, the fetal heart location (fHL) relative to
the US transducer may continuously or intermittently change. Consequently, the
clinical staff frequently needs to (re-)position the US transducer to reduce the
total amount of signal loss. This heavily disturbs the clinical work flow, increases
work load and ultimately takes away the staff’s attention from the mother and
the fetus.
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Figure 1.1: (a) An example of a cardiotocogram - the simultaneous recording
of fetal heart rate (fHR) and uterine contractions (UC) (b) A cardiotocogram
with severe episodes of signal loss, making the assessment of fetal well-being chal-
lenging. The example cardiotocograms are obtained from the public data-set
published in [16].



4 Chapter 1. Introduction

Figure 1.2: Positioning of an ultrasound transducer for the monitoring of fetal
heart rate. The transducer at the top of the abdomen measures uterine contrac-
tions.

1.2 Research objectives
The objective of the research presented in this thesis is to develop new methods
which improve the reliability of Doppler US-based fHR monitoring for an im-
proved assessment of fetal well-being. Special attention is dedicated to methods
which improve the clinical work flow by assisting the clinical staff with the correct
(re-)positioning of the US transducer on the maternal abdomen. In that way, fHR
signal-loss periods may be reduced and clinical staff can make better use of the
gained time by paying full attention to the mother and the fetus. Beyond that,
this research aims at advancing even further by evaluating the feasibility of meth-
ods which completely avoid the need of US-transducer (re-)positioning and, hence,
make Doppler US -based fHR monitoring completely operator-independent.

1.3 Outline of the thesis
This thesis starts with a comprehensive review of Doppler US technology for fHR
monitoring (see Chapter 2). In this review, the clinical setting in which CTG
is commonly performed is thoroughly described. Furthermore, to interpret the
acquired Doppler signals, the various tissue structures in the maternal abdomen
are characterized and the anatomy and physiology of the fetal heart is presented.
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The current state-of-the-art in Doppler US technology for fHR monitoring is pre-
sented and critically discussed. Here, the focus lies on the design choices for the
US transducer specifications (e.g. transducer geometry), Doppler signal process-
ing strategies, as well as fHR extraction methods. The remainder of the thesis
is structured into two parts. In part I, new methods are proposed to support
clinicians with the efficient (re-)positioning of the US transducer on the maternal
abdomen. Correspondingly, in Chapter 3, a method is proposed to estimate the
fetal heart location (fHL) during Doppler-based fHR monitoring. This method
relies on a model of the Doppler power distribution measured across a multi-
element transducer array in relation to the fHL. This model is then fitted via a
maximum-likelihood estimation to the received ultrasound signals. In Chapter 4,
our fHL estimation method is further improved by using the developed Doppler
power model in a probabilistic framework, yielding more robust fHL estimation.
This is especially useful in high-noise measurement settings.

In Part II of the thesis, a new flexible transducer array covering a large abdom-
inal area is proposed. It allows measuring the fHR independently of the fHL and
has the potential of completely avoiding the need for transducer repositioning. In
Chapter 5, the design of this flexible transducer array is described. In addition, a
method for dynamic adaptation of the transmission power of the array elements
is proposed. This methods aims at reducing the total acoustic dose transmit-
ted to the fetus and mother and the associated power consumption of the array,
both being important for application in an ambulatory setting. In Chapter 6, a
signal processing strategy is introduced to reduce the contribution of the trans-
ducer elements which are not directed towards the fetal heart and, hence, only
measure noise. In Chapter 7, the proposed flexible transducer array is used to
overcome common challenges associated with fHR measurements in twins when
using conventional US transducers. In the last chapter of this thesis (Chapter 8),
a general discussion on this thesis is provided and directions for future research
are proposed.
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CHAPTER 2

Doppler ultrasound technology for fetal heart rate
monitoring: a review

This chapter is based on Hamelmann et al., Doppler ultrasound technology for
fetal heart rate monitoring: a review, in IEEE Transactions on Ultrasonics, Fer-
roelectrics, and Frequency Control,vol. 67, no. 2, pp. 226-238, 2019.
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Abstract
Fetal well-being is commonly assessed by monitoring the fetal heart rate (fHR).
In clinical practice, the de-facto standard technology for fHR monitoring is based
on Doppler ultrasound (US). Continuous monitoring of the fHR before and during
labor is performed using a US transducer fixed on the maternal abdomen. The
continuous fHR monitoring, together with simultaneous monitoring of the uterine
activity, is referred to as cardiotocography (CTG). In contrast, for intermittent
measurements of the fHR, a handheld Doppler US transducer is typically used.
In this review paper, the technology of Doppler US for continuous fHR moni-
toring and intermittent fHR measurements is described, with emphasis on fHR
monitoring for CTG. Special attention is dedicated to the measurement environ-
ment, which includes the clinical setting in which fHR monitoring is commonly
performed. In addition, to understand the signal content of acquired Doppler US
signals, the anatomy and physiology of the fetal heart and the surrounding mater-
nal abdomen are described. The challenges encountered in these measurements
have led to different technological strategies, which are presented and critically
discussed, with focus on US transducer geometry, Doppler signal processing, and
fHR extraction methods.
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2.1 Introduction
Cardiotocography (CTG) is the simultaneous and continuous recording of fetal
heart rate (fHR) and uterine contractions (UC). The CTG-method was inde-
pendently described in the late 1950s and early 1960s by Edward Hon [18] in
the United States, Roberto Caldeyro-Barcia [19] in Uruguay, and Konrad Ham-
macher [20] in Germany. Eventually, the first commercial fetal monitor was re-
leased by Hewlett Packard in 1968 [21]. Since then, CTG has become the standard
method to assess the fetal well-being before and during labor [21]. The primary
objective of CTG is to reduce fetal mortality and morbidity by identification of
fetuses at risk and determination of the optimal timing of delivery [21–23]. It was
shown that the use of CTG is associated with a decrease in neonatal mortality [24].

However, it is well known that while CTG has high sensitivity, its specificity is
limited, which has led to an increase in unnecessary Caesarian sections [7,8]. The
interpretation of CTG recordings is often challenging and inter- and intra-observer
variability are high [25]. Therefore, computer-assisted analysis of CTG recordings
has been introduced [10–12] and, more recently, the extraction of features from
the fHR and its variability have been investigated because of their potential to
describe more directly the autonomous regulation of the fetus [13–15].

In general, the fHR can be measured by various technologies, which can be
categorized into technologies for intermittent and continuous fHR measurements.
They have different clinical objectives; while intermittent measurement techniques
are used for the verification of fetal life or assessment of cardiac performance,
continuous measurement techniques are used to obtain an fHR recording of a car-
diotocogram. During pregnancy, the fetal heart spontaneously starts beating at a
gestational age (GA) of 5 weeks. This can be measured by a trained sonographer
using diagnostic US imaging systems, either with a transvaginal or, at higher GA,
using abdominal US transducers [26]. Alternatively, the fHR can be obtained us-
ing handheld Doppler US devices (Doppler auscultation) [27]. At a later stage
in pregnancy, experienced clinicians may also measure the fHR by listening to
the sounds produced by the beating heart, using a fetal stethoscope or, in low-
income countries, the so called Pinard horn, which is a low-cost trumpet-shaped
device [28].

Intermittent measurements are dependent on the operator and can only be
used for spot-check assessment of the fetal conditions. However, especially during
labor, techniques for continuous fHR recordings are required. The most accu-
rate and reliable technique for continuous fHR monitoring is based on a direct
fetal scalp electrode [29], which, however, can only be used when the membranes
are ruptured. Due to its invasiveness and risk of infections, it is considered a
non-preferred method [30]. More recently, abdominal ECG measurements have
allowed obtaining continuous fHR recordings non-invasively [31, 32]. Abdominal
ECG requires advanced signal processing to deal with low signal-to-noise ratio
(SNR) and the overlaying electric signal of the maternal ECG [31]. Especially dur-
ing GA = 28−32 weeks, when the fetus has formed a fatty layer (vernix caseosa),
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acting as an electrical insulator, low SNR is a limiting factor [33]. Other meth-
ods, including fetal phonocardiography (fPCG) [34], fetal photoplethysmography
(fPPG) [35] and fetal magnetocardiography (fMCG) [36] have been described in
the literature, but are not routinely used in clinical practice.

At this time, the most common technology to measure the fHR of a CTG
recording is based on Doppler US, where the US transducer is fixed on the mater-
nal abdomen for continuous recording. Yet there are known technical limitations,
such as the inaccurate beat-to-beat estimation of the fHR [37] and frequent periods
of signal loss. Signal loss is especially severe for premature deliveries, high body-
mass-index (BMI) mothers, multiple gestations, and during the second stage of
labor [38–40], making the analysis of fHR recordings challenging. The Federation
of Gynecology and Obstetrics (FIGO) recommends to only use fHR recordings
for clinical analysis when in no more than 20% of the recording time a fHR signal
is lost [17].

While some reviews describe the state of the art in CTG or Doppler signal
analysis, with a focus on feature extraction and clinical interpretation [41, 42],
limited information is available for understanding the role of US Doppler signal
acquisition, along with the associated limitations, challenges and opportunities.
The focus of this review paper lies on the technical building blocks of a Doppler
US-based fHR monitoring system and their relation to possible error sources,
which may prevent a successful fHR recording. Figure 2.1 schematically shows
these technical building blocks and for each technical building block, exemplary
signals are shown in Fig. 2.2. This article is structured as follows. In Sec. 2.2,
the measurement environment is thoroughly characterized, including the clinical
setting, the anatomical structures within the maternal abdomen, and the me-
chanical physiology of the fetal human heart. In Sec. 2.3, the monitoring system
is described. According to the schematic shown in Fig. 2.1, the main features
of the ultrasound transducer (Sec. 2.3.1), Doppler signal processing (Sec. 2.3.2),
fHR extraction (Sec. 2.3.3) and display/presentation (Sec. 2.3.4) are reported. A
discussion on the current technology and design choices (Sec. 2.4) is followed by
our views on future perspectives (Sec. 2.5).

2.2 Measurement environment

2.2.1 Clinical setting
CTG is performed in both the antenatal and intrapartum period. Commonly, for
GA ≥ 28 weeks a cardiotocogram is routinely performed for a minimum recording
time of 30 minutes to identify fetuses at risk [43]. The monitoring frequency
strongly depends on individual clinical risk assessment and can vary from single
recordings on an outpatient to several recordings per day [41,43]. When a mother
is admitted to the labor ward, a 30-minute test is frequently performed for initial
fetal well-being assessment. Continuous CTG monitoring is routinely initiated
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Figure 2.1: Technical building blocks of a Doppler-based fetal heart rate monitor-
ing system. In this review, a detailed section is dedicated for each of these blocks
and exemplary signals of the intermediate processing steps are shown in Fig. 2.2.

during the first stage of labor and then continued until the delivery [43].
For the acquisition of the fHR signal in clinical practice, skilled personnel

palpates the fetal presentation and moves the US transducer across the maternal
abdomen while listening to the Doppler signal, made audible by the fHR monitor-
ing system [44]. For better acoustic coupling, US gel is applied between maternal
skin and the US transducer [44]. When the heart lies within the measurement
volume of the transducer, the clinician fixates the position of the transducer using
a flexible belt and commences continuous fHR recording [7].

During labor, mothers are encouraged to frequently change their position from
reclining to sitting and to walking position [7]; immersion into water during labor
is also possible [45]. Medical equipment is required to work for all the mother’s
positions [46] and needs to function in the hectic labor environment, where the
clinical staff repetitively interacts and takes care of mother and fetus using various
clinical procedures.

2.2.2 The maternal abdomen
Various anatomical structures and tissue types are present between the fetal heart
and the US transducer. Transmitted US waves propagate through the maternal
skin and subcutaneous tissue, the uterine muscle, the amniotic sac filled with
amniotic fluid, and the chest of the fetus. When they finally reach the fetal
heart, they are reflected towards the US transducer following the same acoustic
path in reverse order [47]. An illustration of the anatomical structures within the
maternal abdomen is shown in Fig. 2.3.

The distance between the US transducer and fetal heart depends mainly on
the thickness of the subcutaneous fatty tissue, which can strongly vary between
mothers of different countries [48] and different socio-economic status [49]. Besides
that, the fetal presentation affects this distance and determines under which angle
the heart is insonified. For mothers with an average BMI, the fetal heart to
transducer distance is typically 4 cm to 18 cm. While the fetus can freely move
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Figure 2.2: Exemplary signals after intermediate signal processing steps: (a) raw
radiofrequency US signal, (b) non-directional Doppler signal, (c) envelope of the
Doppler signal, (d) autocorrelation function and (e) fHR signal trace. Note the
different units on the abscissas.
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Figure 2.3: Schematic drawing of the anatomical structures within the maternal
abdomen. For the depicted cephalic presentation, the US transducer is positioned
at typical location.

within the uterus at early GA, the most prevalent fetal presentation at term is
the cephalic presentation ("head down") [50] and the frequency of gross body
movement is reduced [51]. Velazquez and Rayburn characterized fetal movements
(FM) based on their duration and strength [52]. Gross body movement was
described as a strong rolling and stretching motion of the body sustained over a
period of 3 − 30 seconds. Shorter simple movements of fetal extremities vary in
strength and may be an isolated event and last up to 15 seconds. In addition, a
weak motion of the fetal chest is present as a result of fetal breathing and fetal
hiccups [52].

Throughout gestation, the uterus grows from a fist-sized organ towards an
organ that occupies most of the abdominal cavity, reaching from the pelvic bone
to the xiphoid process [47]. Blood supply to the uterus is provided by the uterine
arteries [47]. In the antepartum period, the uterus starts contracting weakly,
irregularly and non-frequently to prepare for the expulsion of the fetus [53]. In
the intrapartum period, UCs become stronger, more frequent, and last longer,
with duration of 10 − 30 seconds every 15 − 30 minutes at the onset of labor, and
up to 60 seconds long UCs every 2 − 3 minutes during the expulsion phase [47].

The placenta can attach to any side of the uterus, but anterior, posterior
and lateral placental locations are most common [54]. At term, maternal blood
flow through the placenta is approximately 600 − 700 ml/min. The free-floating
umbilical cord, which typically consists of two umbilical arteries and one umbilical
vein, provides nutrition and oxygen from the placenta to the fetus and transports
waste products such as carbon dioxide to the mother [54].
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The fetal heart lies within the chest of the fetus and is surrounded by the ribs.
Ossification of the fetal skeleton develops throughout gestation and is at term far
from complete [55, 56]. In addition, the fetal lungs are filled with fluid, which
favors the propagation of US waves, by avoiding they are blocked by air [57].

2.2.3 Anatomy and physiology of the fetal heart
During gestation, the heart is among the first organs which are formed and it
develops from a tube-like organ, at day 21 of gestation, to a four-chambered
heart [47]. Luewan et al. used spatiotemporal image correlation M-mode imaging
to derive the normal fetal cardiac dimensions for GA = 14 − 40 weeks. They
found that the fetal-heart biventricular outer diameter (BVOD) can be described
by BVOD = −2.3624 + 0.2769GA − 0.0030GA2 [58], leading to a term BVOD of
3.9 cm. The anatomy and physiology of the fetal heart differs from the anatomy
and physiology of the adult heart. Since blood is oxygenated in the placenta, there
is no need to pump the entire blood through the lungs. Therefore, two shunts
are present in the fetal heart (see Fig. 2.4(a)). The ductus arteriosus connects
the pulmonary artery with the aorta and the foramen ovale connects the left and
right atrium. In that way, most of the oxygenated blood coming from the placenta
directly flows into the systemic circulation [47].

Despite the presence of these two shunts, the same electro-mechanical cardiac
events of an adult fetal heart are present in the fetal heart. The cardiac cycle
can be divided into a diastolic and systolic phase for both atria and ventricles,
respectively (see Fig. 2.4(b)). In early diastole, the mitral and tricuspid valves
are open and blood flows passively into the ventricles. In late diastole, both atria
contract to complete the filling of the ventricles. At the beginning of ventricular
systole, all cardiac valves are closed and the blood volume in the ventricles does
not change. Due to the contraction of the ventricles (isovolumetric contraction),
the blood pressure in the ventricles increases, which opens the pulmonary and
aortic valves, allowing blood to be ejected [47].

The complex three-dimensional motion and deformation of myocardial tissue
during a contraction is determined by the orientation of myocardial fibers [57].
Tutschek et al. used tissue Doppler imaging to measure the tissue velocities at
different sites of the fetal heart at various GAs and characterized the systolic tissue
velocity of right ventricle (RV) and left ventricle (LV) with vRV = 0.017GA2 −
0.5944GA + 9.0522 cm/s and vLV = 0.009GA2 − 0.2104GA + 5.0742 cm/s [59],
respectively. Similar values have been found by Elmstedt et al. [60]. Reed et
al. investigated the blood flow through the fetal cardiac vales using pulsed-wave
(PW) Doppler with a linear array scanner and maximal flow velocities of up to
v = 70 cm/s have been measured in the aorta [61].

After the first spontaneous beating of the fetal heart at GA = 5 weeks, the
fHR rapidly increases to an average value of fHR = 170 beats per minute (bpm)
at GA = 10 weeks [26], and then slowly decreases until term [62]. Von Steinburg
et al. analyzed 78,852 CTG traces and concluded that the normal fHR, which
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is non-indicative for any fetal compromise, lies in the range of fHR = 110 bpm
−160 bpm [62]. In the developing fetal heart, the electrophysiological channels
in the myocardial tissue are immature and calcium-ions are removed more slowly
from the myocardial tissue after contraction compared to the adult fetal heart [63].
Consequently, to deal with increased cardiac demand, rather than contracting
more strongly, the fetal heart typically responds by rapidly increasing its heart
rate [63].

2.3 Monitoring system

2.3.1 Ultrasound transducer

2.3.1.1 Physics of ultrasound propagation

When a US transducer is positioned on the maternal abdomen, the transmitted
US waves propagate through the maternal abdomen and interact with the tissue
structures described in Sec. 2.2.2. The transmission and specular reflection of US
waves at the boundary between two media with different acoustic properties can
be characterized by their difference in acoustic impedance Z = ρc , with medium
density ρ and US propagation velocity c. A detailed explanation can be found
in [64]. Next to specular reflections, US scattering into all directions occurs when
US waves interact with structures, like the red blood cells, that are smaller than
their wavelength, λ = c/f0 with transmission frequency f0. Scattered US waves
are typically lower in amplitude compared to specular reflections. Both specular
reflection and scattering contribute to the echo US wave, which is eventually
received by the transducer on the abdominal surface. An example of such received
US signal is shown in Fig. 2.2(a). The intensity I of a propagating US wave
decreases as a function of depth z when propagating through the abdomen as

I(z) = I(0)e−αf0z, (2.1)

with the attenuation coefficient, α, representing the energy loss due to both
absorption and scattering. The attenuation coefficient is typically approximated
as linear function of the US frequency f0, expressed in dB/cm/MHz, although the
actual relationship is mostly non-linear [64]. Therefore, as the fetus may lie deep
within the uterus, US transducers for fHR as well as FM measurements typically
operate in a low frequency range: f0 = 1MHz − 3MHz [38, 42, 65–71]. This is
especially important for measurements on mothers with a large BMI, because the
fat layer increases the US transducer to fetal heart distance and is characterized
by high US attenuation [72]. A comprehensive overview of the acoustic properties
of the anatomical structures in the maternal abdomen can be found in [73].
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(a)

(b)

Figure 2.4: (a) Anatomy of the fetal heart, with left atrium (LA), right atrium
(RA), left ventricle (LV), right ventricle (RV), tricuspid valve (TV), pulmonary
valve (PV), aortic valve (AV) and mitral valve (MV). The foramen ovale shunts
the RA and LA and the ductus arteriosus shunts the aorta with the pulmonary
artery allowing oxygenated blood to bypass the pulmonary circulation. The black
arrows indicate the direction of blood flow. (b) Cardiac phases and valve motion
during a cardiac cycle. The index o and c indicate the opening and closing of the
valves, respectively.
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2.3.1.2 Transducer geometry

For such single-element aperture, the beam profile has a full-width-at-half-maximum
(FWHM) in the Fraunhofer zone (far-field) that, at a depth z, can be approxi-
mated by

FWHM = 1.4zλ/2a, (2.2)

where a is the transducer element radius [64]. Given the typical fetal heart to
transducer distance, see Sec. 2.2.2, the fHR monitoring system indeed operates
in the Fraunhofer zone, which starts at depth zF = a2/λ. Eq. 2.2 establishes an
inverse relationship between the width of the beam profile and both diameter,
2a, and US frequency, f0 = c/λ. Increasing the transmit frequency f0 reduces
the FWHM, and thus the FOV of the transducer, such that the fetal heart more
likely moves out of view. In addition, increasing f0 comes at the cost of reduced
penetration depth. On the other hand, decreasing f0 reduces the sensitivity to
measure flow and tissue velocities. Assel et al. used the Field II [74] US simula-
tion program to characterize the transducer design requirements for a handheld,
portable and easy-to-use fHR monitoring [75]. They concluded that a diverging
beam, generated by a single convex transducer with a width of 10 mm, curvature
radius of 100 mm, and f0 = 2 MHz leads to the best balance between signal
strength and robustness to fetal and maternal movement [75]. For continuous
monitoring of fHR, the transducer’s FOV can be increased using an array with
multiple elements. Typically, in such an array, a central transducer element is
surrounded by multiple elements in a circular pattern [71, 76]. Such transducer
geometry is shown in Fig. 2.5(a), for which the corresponding generated US pres-
sure field was generated using the k-wave [77] simulation program (Fig. 2.5(b) and
Fig. 2.5(c). The US waves transmitted by such US transducers interfere, leading
to local variations in US pressure within the medium [78]. The local pressure vari-
ations affect the amplitude of the reflected US echo, which eventually is received
by the array.

Since the fetal heart is large compared to the spatial dimensions of these local
variations, i.e. there is always a part of the fetal heart sufficiently insonified [58],
these local variations do not hamper fHR monitoring. However, these variations
do have an effect on the received signal strength in preterm fetuses. Furthermore,
these local variations affect the performance of methods addressed to estimate
the fetal heart location (fHL) [71, 79]. Usage of multiple array transducer has
been described to allow insonification of different sites of the uterus, with the aim
of measuring FM along with the estimation of the fHR [65, 76]. Further, flexible
transducer arrays which have the potential of measuring the fHR for all fHLs have
also been described [80–82].

2.3.1.3 Transducer positioning

The FOV depends on the US transducer geometry and frequency, and sets the
volume in which the fHR can be measured. As a result of fetal descent in the birth
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Figure 2.5: (a) Geometry of a multi-element transducer used for continuous fHR
monitoring. The corresponding pressure field was generated using the k-wave
simulation program using a transmission frequency of f0 = 1 MHz. (b) US pres-
sure field in the x − y-plane at depth z = 100 mm. (c) US pressure field in the
z − y-plane at x = 0 mm.
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canal, fetal movement, the abdominal shape-altering effect of uterine contractions,
and the maternal pushing during the second stage of labor, the fetal heart may
move out of the transducer’s FOV [83]. Furthermore, the location of the fetal
heart also changes due to the filling of the bladder [72]. A filled bladder occupies
more space in the pelvic cavity and possibly pushes the uterus upwards [72].
Therefore, correct transducer positioning is crucial for continuous monitoring of
the fHR.

Before positioning of the US transducer, the fetal presentation is palpated
by a clinician. Palpation of the fetal presentation can be difficult in preterm
pregnancies as well as for mothers with a high BMI [84]. Sometimes, US imaging
is required to further assist in finding the fHL [85]. Clinicians swipe the US
transducer across the maternal abdomen while listening to the Doppler signal, and
subsequently fix the US transducer using a flexible belt. This may be a tedious
task and requires experienced clinicians. To support clinicians in positioning
the US transducer, methods have been developed to estimate the fetal location
[71,78,79]. These methods exploit a multi-element array and measure the Doppler
power in each individual transducer element, which is then put into a probabilistic
framework for fetal heart location estimation. In that way, a visual feedback can
be provided to the clinician to position the US directly above the fetal heart. This
improves signal quality, reduces the probability that the fetal heart moves out of
the FOV during continuous monitoring, and improves clinical workflow when the
fHR signal is lost [71, 79]. For fHR monitoring independent of the transducer
positioning, the FOV may be increased to cover all potential fetal heart locations
by integrating multiple elements into a single flexible transducer array [80, 82].
In a patent described by Groberman et al., a US array may be arranged to yield
different modes of operation, one using a low f0 for fetal heart localization, and
the other one using a high f0 for fHR measurement [86].

For monitoring twins or triplets, multiple US transducers are positioned on the
maternal abdomen. Careful positioning is required to guarantee that both fHRs
are correctly registered and no duplicate monitoring of the same fetus occurs
[2]. It is recommended to use a multi-channel monitor that allows simultaneous
recording of both fetuses. An alarm is launched when the fHRs are too similar,
to prevent the risk that the fHR of the same fetus is measured twice [2]. Correct
and unambiguous detection of twin-fHR is crucial, as there is a trend of increasing
twinning rates in developed countries [87] and twin pregnancies have increased
mortality and morbidity [88].

Another consequence of incorrect US transducer positioning is the chance of
recording the maternal heart rate (mHR) instead of the fHR [89]. Esplin et
al. reported cases where the mHR was misinterpreted as fHR. This commonly
occurred after repositioning of the patient, after fetal movement, or during pushing
in the second stage of labor, when the baseline of mHR increases and falls in the
typical range of fHR [89].Therefore, simultaneous recording of maternal heart rate
is recommended [89].
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2.3.1.4 Ultrasound safety in obstetrics and gynecology

When US interacts with tissue at sufficiently high intensities, it potentially causes
biophysical harm due to heating, mechanical effects, cavitation, or chemical effects
[90]. These effects require special attention as the fetus is particularly sensitive
during early pregnancy [91]. However, until now, there is no clinical evidence that
US used in obstetrics and gynecology has any harmful effect on the fetus when
following the international recommendations of expert groups [91]. In the USA,
the acoustic output of medical devices is directly regulated by the Food and Drug
Administration (FDA). US transducers used for fetal imaging need to comply
with the FDA-guidelines (Track-1) of a maximum spatial-peak-temporal-average
intensity Ispta = 94mW/cm2 and a maximum spatial-peak-pulse-average Isppa =
190W/cm2 [92]. US systems for fHR monitoring produce acoustic output power
levels that are significantly lower. Therefore, there is no contra-indication for
use even for extended monitoring periods [91]. Nevertheless, in general, obstetric
ultrasound should not be carried out for nonmedical reasons and US exposure
should be as-low-as-reasonably-achievable [91,93].

2.3.2 Doppler signal processing
2.3.2.1 Doppler modes

When a US wave is reflected by a moving target (see When a US wave is reflected
by a moving target (see Sec. 2.3.1.1), its frequency changes accordingly. This shift
in frequency is known as the Doppler frequency shift, fd, which is described as:

fd = 2f0vcos(θ)
c

(2.3)

where vcos(θ) is the velocity of the target along the direction of the US beam.
In general, if the target approaches the transducer, the received frequency in-
creases (i.e. fd > 0), while it decreases when the target moves away. Two differ-
ent modes of Doppler US exist, continuous wave (CW) Doppler and pulsed-wave
(PW) Doppler, and both are applied for fHR monitoring. In general, handheld
systems used for intermittent measurements typically employ CW US, while fHR
monitoring during a CTG recording are typically obtained using PW Doppler
systems. In CW Doppler systems (see Fig. 2.6(a)), at least two transducer ele-
ments are required, one acting as transmitter and the other one as receiver. The
sample volume (SV) is defined as the region where the US beams of transmitter
and receiver overlap.

In a PW Doppler system (see Fig. 2.6(b)), the transducer transmits US pulses
with a certain pulse duration (T ) and pulse repetition frequency (PRF). The
reflected US pulses are sampled at a time corresponding to a specific depth from
the transducer, a process called range gating. The range gate duration, together
with T, define the length of the SV. The width of the SV is defined by the geometry
of the transmitted US beam [64]. For fHR monitoring systems, typically long SVs
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(a)

(b)

Figure 2.6: a) Continuous wave Doppler acquisition. (b) Pulsed wave Doppler
acquisition.

are used, making the fHR recordings more robust against movement of the fetal
heart and helping with positioning of the US transducer. This comes at cost of
spectral broadening and increased chance that multiple tissue structures move
within the SV. To reduce signal ambiguity caused by pulsating maternal arteries,
Wohlschlager et al. described in a patent the automatic adjustment of the range
gate duration based on the assessment of periodicity of the acquired Doppler
signals [94]. Further, multi-depth Doppler acquisitions have been proposed in
which the US signal is range-gated at various depths for improved fHR estimation
and FM classification [76, 95]. In another patent, Doppler signals are acquired
using multiple range gates and it is tested whether measured fHRs fall in the
range of a typical fetal heart [96].

In PW Doppler systems, each transmitted US pulse produces one sample of
the Doppler signal. It should be noted that for PW Doppler, the phase shift,
rather than the Doppler frequency shift, fd, between pulses is actually measured.
Nevertheless, Eq. 2.3 can still be used to measure the target velocity [97]. Since
the PRF represents the sampling frequency of the Doppler signal, it sets a limit
to the maximum measurable velocity vmax = ±c0PRF/4f0cos(θ)) without alias-
ing. As described in Sec. 2.2.3, the tissue velocities of the left and right ventricle
are sufficiently low (i.e. vRV = 12.5 cm/s and vLV = 11.1 cm/s) to allow mea-
suring a Doppler signal without aliasing for US frequencies in the typical range
of f0 = 1MHz − 3MHz. However, aliasing may occur for faster blood velocities
measured at high US frequencies when the fetal heart is located deep within the
body.
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2.3.2.2 Doppler signal extraction

The received US radiofrequency echo-signals are modulated both in amplitude,
depending on the US wave propagation through tissue and the scanning condition,
and in phase, depending on the depth of the target [76]. A large variety of
demodulation techniques exist and the reader is referred to e.g. [98, 99] for a
comprehensive description. The most widely used demodulation for CW and
PW Doppler is the phase-quadrature demodulation, which consists in mixing the
received US signal with the carrier signals cos(2πf0t) and sin(2πf0t), to yield, after
low-pass filtering, the base-band in-phase (I) and quadrature (Q) components,
respectively. After the range gate process described in Sec. 2.3.2.1, a band pass
filter is applied to remove clutter produced by slow-moving tissue, fetal movements
and UC [67,76], as well as possible maternal blood vessel interferences as well as
fast isolated fetal movements [11,59]. It should be noted that in fHR monitoring
often only a single signal channel (I or Q) is used, which is referred to as non-
directional Doppler US. The demodulation for a non-directional signal can be
implemented using a few passive components and, hence, has the advantage of
reduced costs. An example of such non-directional Doppler US signal is shown
in Fig. 2.2(b). By analyzing the phase relation in the IQ signal, the forward and
reverse signal components can be extracted using a variety of methods [100], which
are implemented using digital circuits [101–103]. This is referred to as directional
Doppler US. Here, we highlight again the applications objective of measuring the
fHR for the assessment of fetal well-being before and during labor. This is different
from standard US Doppler modalities, which aim at in-depth analysis of cardiac
flow dynamics. In those modalities, the Doppler signal is further processed and
a velocity-time representation is typically provided for specific locations, defined
by the SV. In Doppler systems for fHR measurement, the SV is large compared
to the fetal heart, and only a global assessment of cardiac rhythm is possible.

2.3.3 Fetal heart rate extraction
2.3.3.1 Signal content

Shakespeare [67] analyzed the signal content of Doppler signals obtained with a
commercially available fHR monitor and was able to identify six cardiac events:
atrial contraction (Atc), ventricular contraction (Vtc), mitral valve opening (MVo),
mitral valve closing (MVc), aortic valve opening (AVo) and aortic valve closing
(AVc). However, these events are hardly all visible in the Doppler signal at the
same cardiac cycle. In most Doppler recordings, only four cardiac events can be
reliably detected [68,95]. Depending on transducer positioning and insonification
angle, the acquired Doppler signals of the same fetal heart may significantly dif-
fer [70]. Rotation and movement of the fetus may completely change the Doppler
signal content over time. The most dominant component of the Doppler signal is
due to cardiac wall movement [59,67], with Vtc having only 30% of the amplitude
compared to Atc [67].
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2.3.3.2 Fetal heart rate estimation

For fHR estimation, first the envelope of the Doppler signal is detected and subse-
quently fed into an fHR estimation algorithm. For envelope detection, the Hilbert
transform is typically used to calculate the analytic signal. The amplitude is thus
detected and subsequently low pass filtered [65,70], but other envelope detection
methods may be considered [34]. An example of such envelope signal is shown
in Fig. 2.2(c). Commercially available fHR monitor typically use the envelope
of the non-directional Doppler signal, while other algorithms are based on the
envelope of the directional Doppler signal [78, 95]. In early fHR monitors (1st
generation fHR monitor), the fHR was estimated from the time between peaks
in the envelope signal of two successive heartbeats. However, due to the noisy
nature of the signal and multiple peaks within one cardiac cycle, reliability and
accuracy of the estimated fHR were poor [104]. With the increasing availability of
microprocessors, in modern systems (2nd generation fHR monitors) these prob-
lems are overcome by the implementation of an autocorrelation function (ACF)
for fHR estimation [104,105]. In an ACF approach, the Doppler envelope signal is
correlated with a delayed copy of itself to detect the periodicity within the signal.
A standard implementation may be defined as

ACF [τ ] =
N−τ∑
j=0

x [n+ j]x [n+ j + τ ] , 0 ≤ τ ≤ N (2.4)

where x is the analyzed signal, n the first sample in the autocorrelation win-
dow, N the length of the ACF window expressed in samples and τ the delay [70].
The delay at which the ACF shows a maximum, τmax, can be converted into an
fHR estimate, expressed in bpm, by fHR = fs60/τmax, with fs being the signal
sampling frequency. The ACF applied to an exemplary envelope signal is shown
in Fig. 2.2(d). Most fHR monitors in clinical practice provide the fHR estimate at
evenly sampled data points using sample-and-hold methods. The internationally
established standard is to provide the fHR estimate every 0.25 seconds, which
guarantees that no heart beat is missed at maximal fHR of 240 bpm [106], but
may result in duplicate and incorrect fHR samples. Therefore, algorithms have
been developed to recover the time event series of consecutive heart beats from
the evenly sampled fHR recordings [106, 107]. By comparing the Doppler signal
waveform of one cardiac cycle with the waveforms of other cardiac cycles within
the same window N , only an average fHR estimate is obtained. It is known that
due to low SNR, the beat-to-beat accuracy of a Doppler-based fHR monitor is
lower compared to electrophysiological measurements, which can make use of the
distinct morphology of the ECG signal [108].

Improved robustness of fHR estimation using the ACF comes at the cost of
reduced beat-to-beat accuracy [69]. Therefore, Wrobel et al. proposed to retro-
spectively correct fHR variability features extracted from the fHR trace obtained
with the ACF approach, using linear regression [108]. More recently, the ACF
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method has been further improved to obtain accurate beat-to-beat fHR estima-
tion [37,70]. Peters et al. proposed a two-step approach, in which global estimates
of peak location are obtained from a low-pass filtered envelope signal and subse-
quently used to define the time window in which the ACF is calculated. In this
way, they guaranteed that only two successive heart cycles contribute to the fHR
estimate [37]. In Jezewski et al., the window size and execution timing of the
ACF are dynamically updated based on the latest estimate of the fHR. Further,
peaks found in the ACF are given a higher probability of corresponding to the
correct cardiac cycle if they fall in the range of the previously determined fHR [70].
In [95], the fHR estimation from directional Doppler signals is compared with fHR
estimation from non-directional Doppler signals. Improved performance is shown
for the fHR estimation based on the directional Doppler signals.

It is important that the quality of the Doppler signals and the associated
reliability of fHR estimation is assessed prior to CTG analysis, and if required,
recordings with low quality are removed [109]. A common strategy for signal
quality assessment is based on assessing the prominence of the peak found in the
ACF [70]. Besides that, signal quality may be directly evaluated from features
obtained in the raw Doppler signal, such as entropy or wavelet coefficients [110],
or using template-matching approaches [111].

2.3.3.3 Signal simulation for algorithm development

Signal processing and analysis are executed on proprietary systems and on the lat-
est systems only the estimated fHR is available as digital output. For the research
community, it is often challenging to access the raw Doppler US signals acquired
with a commercially available US transducer, which prevents advancement of ac-
curate and robust fHR estimation algorithms. Besides that, data acquisition on
the vulnerable patient population, i.e. the developing fetus and pregnant mother,
is associated with high organizational burden. In-vitro and in-silico models have
been developed, which allow the generation of artificial signals suitable for algo-
rithm development. Already in 1986, Morgenstern et al. developed a test setup
to compare the beat-to-beat accuracy of commercial fHR monitors [112].

This setup consists of a diaphragm in a water tank which is brought into a
predefined periodical motion, corresponding to typical fHR values. The motion
of the diaphragm was tuned such that the frequency of acquired Doppler signals
matches those of in-vivo signals [112]. In a different study, a valve mimicking
diaphragm, brought into motion by a pulsatile pump, is placed in a semicircular
water bath allowing insonification by the US transducer under calibrated angles
[113]. The setup was used to prove that the insonification angle between US
transducer and heart valve has a negligible effect on the estimation of fetal cardiac
time intervals [113]. In [114], the linear motion of an electrical relays armature is
controlled via a microcontroller to create Doppler shifts similar to those caused by
the cardiac wall as well as by valve motion. However, this setup is only applicable
for experiments in air.
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For more realistic measurements, in [71, 79] an experimental setup was de-
signed in which a chicken heart is brought into a beat-like motion pattern within
a water tank. US attenuation due to fat was obtained by adding an acoustic
absorbing layer between the target and the US transducer and this setup allows
mimicking the out-of-beam motion of the heart due to fetal movement or trans-
ducer displacement [78]. A limitation of the described setups is that no real heart
contraction can be mimicked, disregarding the complex sequence of events during
a cardiac cycle (Fig. 2.4(b).

As an alternative to experimental data, artificial Doppler signals may be cre-
ated using simulations. Lee et al. recorded the in-vivo audio signal via the
output jack of a handheld Doppler device [115]. The heart beats within the signal
were manually annotated to create a template, which can be used to generate
Doppler signals corresponding to predefined fHR traces and, by the addition of
noise, of different signal-to-noise ratios [115]. Similarly, Voicu et al. analyzed
the statistical characteristics of a real directional envelope signal. This was used
to generate a directional envelope signal corresponding to either the forward or
backward component of the Doppler signal, or, by combining both components,
a non-directional Doppler envelope signal [95].

2.3.4 Display and presentation
To help positioning of the US transducer on the maternal abdomen or to enable
diagnostic analysis, the Doppler signal is often made audible by the monitoring
system [44]. This is possible because the Doppler frequency shifts produced by the
tissue velocities of a cardiac contraction fall in the low kHz range, i.e. fd < 1 kHz,
which is within the audible range of a human [67]. The acquired Doppler signals
are typically not directly shown on the fHR monitor. Here, we highlight again
the difference from clinically used spectral Doppler measurements, in which the
acquired Doppler signals are presented in a velocity-time curve enabling the quan-
titative analysis of tissue and blood velocities. Instead, only the estimated fHR
signal (compare Fig. 2.2(e) is directly sent to the CTG monitoring system, where
it is displayed together with the UC signal. In handheld systems for intermittent
measurements, the fHR is often shown on an LCD screen on the device itself.
In proprietary company products, the raw Doppler signals remain inaccessible,
which makes the evaluation and development of Doppler signal processing and
analysis techniques challenging [116].

2.4 Discussion
This review paper provides an overview of the state of the art technology of
Doppler-based fHR monitoring. Key aspects to be considered for designing a
Doppler-based fHR monitoring system are highlighted and discussed. One of these
aspects is the FOV of the transducer. A large FOV helps with positioning the US
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transducer and makes the recording more robust to fetal heart location changes.
However, a drawback of large FOVs is that adjacent moving tissue structures
contribute to the Doppler signal, leading to clutter artefacts and reduced SNR
by spectral broadening. The FOV can be influenced by the transducer geometry,
i.e., the radius of the individual transducer elements, the number of elements and
their spacing within the array, as well as the used transmission frequency (i.e. a
lower frequency increases the size of the beam).

Although lower frequencies are advantageous in terms of low signal attenua-
tion, higher frequencies lead to improved sensitivity to measure flow and tissue
velocities. The choice between these design options is strongly dependent on the
intended use case, e.g., intermittent vs. continuous monitoring, and the target
population in which the fHR monitor is used.

The choice of the appropriate Doppler mode is mainly determined by the pos-
sible need for depth adjustment, which is only possible in PW systems. Although
the PW system receiver architecture is slightly more complex compared to CW
systems, obtaining the Doppler signal from a specific depth allows optimizing the
SNR of the signal. Similarly, acquisition of a directional Doppler signal is not
as simple as the acquisition of a non-directional Doppler signal. However, with
currently available processing devices like Field Programmable Gate Arrays (FP-
GAs), there is no reason to give up the improved Doppler signal analysis offered
by directional approaches.

The most commonly applied method to estimate the fHR from the acquired
Doppler signals is based on the ACF approach, in which the periodicity within
the signal is determined. The advantage of this technique, compared to, e.g.,
peak detection methods, is in its robustness to extract the fHR from low SNR
signals. Here, the key parameter to be tuned is the length of the ACF window,
with improved robustness at longer length, but reduced beat-to-beat accuracy.
When no beat-to-beat accuracy is required, a long window length should be used.

After more than 50 years, CTG plays a central role in clinical decision making,
and it is likely to maintain this role in the future [23]. For Doppler based fHR
monitoring technology, the key limitation is obtaining the correct transducer po-
sition on the maternal abdomen and the associated problems of signal loss. New
innovations should tackle this problem leading to more robust monitoring of the
fHR, improved fetal health assessment, and improved clinical workflow.

Another limiting factor for improving the fHR estimation is the restricted
access to raw US data, which is internally processed on proprietary fHR monitors
of different companies. The situation is similar to that of clinical US imaging
scanners, which do not provide such access to researchers. In that case, the
problem has been overcome through the introduction of open scanners that have
significantly boosted US imaging research [117]. Providing access to raw US
data might help the scientific community to develop improved signal processing
methods for more accurate and robust estimation of the fHR.
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2.5 Future perspectives

2.5.1 Improving fetal health assessment
Future technological developments of Doppler based fHR monitoring will be driven
by the need for improved fetal health assessment based on information not easily
available by other technologies such as fECG, fMCG, fPCG or fPPG. Although
fetal movement identification is already part of most fetal monitors, improved
signal analysis may add further clinical value of FM monitoring in CTG [118]. It
was shown that appropriate processing of Doppler signals obtained during CTG
recording enables an objective assessment of fetal activity [119].

Besides fHR estimation alone, studies have investigated the possibility of ex-
tracting the timing of cardiac events from Doppler US signals for improved di-
agnostic capabilities [120–122]. This may be accompanied by measurements us-
ing other modalities. Khandonker et. al simultaneously acquired the abdominal
fECG and Doppler US signals for improved identification of cardiac events, which
allows derivation of myocardial performance indices [123]. While Kupka et al.
used time frequency analysis of the Doppler US signal [124], Khandonker et al.
used multiresolution wavelet decomposition for automatic identification of cardiac
valve motion [123]. Further, in Marzbanrad et al. more sophisticated algorithms,
e.g. empirical mode decomposition and hybrid support vector machines-hidden
Markov models, for the automated estimation of fetal cardiac timing effects from
CW Doppler US were used [125].

Besides standard Doppler, the clinical value of Doppler US imaging in the
context of fetal health assessment has been proven during labor. Hecher et al.
combined Doppler US-based fHR monitoring with color flow imaging in a study on
fetuses with intrauterine growth restriction. They concluded that the pulsatility
index derived from the Doppler velocity waveform of the ductus venosus, a shunt
between the umbilical vein an the inferior vena cava, together with short-term
variations of fHR are important markers for determining the optimal timing of
delivery [120]. In the meta-analysis conducted by Alfirevic et al., analysis of
umbilical artery waveforms has also been identified as an important tool to prevent
perinatal death and antenatal admissions [126]. Doppler velocimetry during labor
has been used to evaluate the pathophysiological mechanisms underlying fHR in
compromised fetuses [122]. These analyses rely on an operator who positions the
diagnostic US transducer and identifies the measurement site in the US images.
Therefore, at this time, the full potential of Doppler US technology has not yet
been brought to bear on continuous monitoring. However, with the development
of operator independent transducer arrays [82] this potential may be unlocked.

In a patent by Hoctor et al, a capacitive micro machined US transducer
(CMUT) array is described, which allows insonifying a three dimensional space
to track the fetal heart when the fetus moves within the maternal abdomen [127].
CMUT arrays are a relatively new type of US transducers which have the poten-
tial to be cost effective and can be integrated into miniaturized electronics [128].
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Further, they do not contain lead. The use of lead is a drawback of conventional
piezo-electric transducers given environmental regulations [129]. It should be
noted that the pitch (spacing) between individual transducer elements of multi-
element transducer arrays used in clinical practice is relatively large. A large
pitch, viz. a pitch larger than λ/2, prevents using these arrays for effective beam
steering without the creation of grating lobes [64]. New arrays suitable for beam
steering need to be developed for fetal Doppler. The authors believe that for
automatic selection of the correct SV, artificial intelligence may be a key enabling
technology for identification of the heart location [130].

2.5.2 Improving accessibility and reducing costs
The non-stress test CTG is a sensitive tool to detect fetuses in immediate dan-
ger of deterioration and compromise [131], but performing regular monitoring
sessions in the clinic is time-consuming and cost-inefficient [132] and, therefore,
tele-monitoring of fHR, not only limited to the Doppler US technology, is gain-
ing more and more interest [131, 133, 134]. In the study performed by Boatin
et al. [134], a Doppler US transducer is positioned by trained personnel before
a wireless monitoring session is initiated, whereas in [131], mothers are trained
to perform the whole measurement session, including transducer positioning, on
their own. In a questionnaire conducted by Brown et al., professionals were asked
for their opinion on long-term continuous fetal monitoring, concluding that the
majority of clinicians have a positive opinion but have concerns that such sys-
tems may increase maternal anxiety [135]. It should be noted that clinicians are
concerned about the increased availability of handheld US Doppler devices as
they, even though safety limits are met, are accompanied by the danger of wrong
reassurance [136]. A key requirement of fHR monitoring at home is that it is fool-
proof [134]. Operator-independent systems as described in [82] may be a step into
this direction.

Another important direction of technological development of Doppler US sys-
tems is to make them accessible and affordable in low-income and middle-income
countries. Approximately 98% of all annual, global stillbirths occur in these coun-
tries and fHR monitoring and labor surveillance is regarded as one of the key inter-
ventions for prevention [6]. In 2016, as alternative to the Pinard horn, Byaruhanga
et al. evaluated the use of a low-cost handheld fetal Doppler device powered by a
hand crank generator allowing fHR recordings sessions of several minutes [28]. In
another recent study, a novel low-cost Doppler US-based fHR monitor device has
been successfully implemented and evaluated in resource-limited hospitals [137].

2.6 Conclusion
In this review paper, the Doppler US technology for fHR monitoring is thor-
oughly described. Over the years, different transducer designs, signal processing
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techniques and fHR extraction methods have been developed for more accurate
and more robust monitoring of the fHR. Till this date, Doppler US is the most
used technology in clinical practice and, with further technological developments,
it will remain an important tool for the assessment of fetal well-being.
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Abstract
Doppler Ultrasound (US) is the most commonly applied method to measure the
fetal heart rate (fHR). When the fetal heart is not properly located within the
ultrasonic beam, fHR measurements often fail. As a consequence, clinical staff
needs to reposition the US transducer on the maternal abdomen, which can be
a time consuming and tedious task. In this article, a method is presented to
aid clinicians with the positioning of the US transducer to produce robust fHR
measurements. A maximum likelihood estimation (MLE) algorithm is developed,
which provides information on fetal heart location using the power of the Doppler
signals received in the individual elements of a standard US transducer for fHR
recordings. The performance of the algorithm is evaluated with simulations and
in-vitro experiments performed on a beating-heart setup. Both the experiments
and the simulations show that the heart location can be accurately determined
with an error of less than 7 mm within the measurement volume of the employed
US transducer. The results show that the developed algorithm can be used to
provide accurate feedback on fetal heart location for improved positioning of the
US transducer, which may lead to improved measurements of the fHR.
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3.1 Introduction
During labour the fetus is exposed to an extremely stressful situation in which
many complications may occur that possibly compromise the perinatal well-being.
Fetal metabolic acidosis is associated with severe perinatal mortality and morbid-
ity [138]. Therefore, it is crucial for clinicians to have a tool available that helps to
identify fetuses at risk and determine whether intervention is required. Typically,
assessment of the fetal well-being is based on measurements obtained with a Car-
diotocographic (CTG) system, which continuously measures uterine contractions
(UC) and the fetal heart rate (fHR). Analysis of fHR, fHR variability and UC
has shown the potential to detect fetuses that may be compromised by a lack of
oxygen [15,139–141].

Most commonly, the fetal heart rate is measured using Doppler Ultrasound
(US). An US transducer is positioned on the maternal abdomen and directed
towards the expected fetal heart location (fHL). The contraction of the fetal heart,
i.e. the fHR, can then be determined from the received US Doppler signals with
algorithms typically making use of an autocorrelation function [37,38].

The quality of the received Doppler signals is highly dependent on the cor-
rect positioning of the US transducer on the maternal abdomen. When the US
transducer does not insonify the fetal heart, the signal-to-noise ratio of the re-
ceived Doppler signal is low and the fHR can not be determined. In clinical
practice, a skilled clinician palpates the maternal abdomen and determines the
fetal presentation. While relying on a signal-quality indicator displayed on the
CTG monitoring system and listening to the Doppler audio output of the moni-
toring system, the US transducer is moved over the maternal abdomen until the
fHR can be measured. This can be especially challenging in preterm pregnancies
where the fetal heart is relatively small and where the fetus can move more freely
in the uterus. Furthermore, palpation of the fetal presentation can be difficult
in preterm pregnancies as well as for mothers with a high BMI. Sometimes, US
imaging techniques are required to further assist in finding the fHL [85].

When the clinician has found the optimal transducer position, the US trans-
ducer is fixed using a belt, such that the transducer is held in place for continuous
recording of the fHR. Due to movement of the fetal heart out of the US beam or
due to displacement of the US transducer on the maternal abdomen, fHR record-
ing may fail. Severe episodes of signal loss have been frequently reported, which
make the interpretation of CTG recordings extremely challenging [39, 108]. For
a reliable interpretation of the CTG, the Federation of Gynaecology and Obstet-
rics recommends to only accept fHR recordings which do show a total signal loss
of less than 20% [17]. This imposes an undesired workload on the clinical staff
who repeatedly needs to come to the bedside and reposition the US transducer.
In a hectic clinical environment this is not always possible, such that the result-
ing recordings may be of poor clinical value. Clinical decisions based on these
recordings may lead to under- or over treatment of the patients.

By facilitating an easy and intuitive US transducer positioning on the maternal
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abdomen, the clinical work flow might be improved and occurrence of fHR signal
loss reduced, possibly leading to an improved perinatal outcome. In a previous
study, a method for aiding US transducer positioning has been presented and
its feasibility has been shown [78]. The method is based on determining the
strength of the Doppler signals received with the individual transducer elements of
a CTG US transducer. Given the spatial arrangement of the individual transducer
elements, a rough estimate of the fHL can be provided. However, in order to
provide reliable feedback on the fHL, the accuracy of the fHL estimate needs to
be sufficiently high. In this research, a maximum likelihood estimation (MLE)
algorithm is developed and validated which allows one to quantitatively determine
the fHL from the received US Doppler signals. The rest of this paper is organized
as follows; in Sec. 3.2.1 the measurement system is described and the fHL
estimation algorithm is presented in Sec. 3.2.2 to Sec. 3.2.4. Using simulated
data, described in Sec. 3.2.5, and using measurements on an experimental in-
vitro beating heart phantom, described in Sec. 3.2.6, the performance of the fHL
estimation algorithm is evaluated. The results are presented in Sec. 3.3 and
critically discussed in Sec. 3.4. The paper concludes with a summary of the most
important findings in Sec. 3.5.

3.2 Material and methods

3.2.1 Measurement system
For the acquisition of the Doppler US data, a commercially available CTG US
transducer (Philips Avalon, Philips Medizin-Systeme Böblingen GmbH, Germany)
is used. It consists of seven transducer elements positioned in a circular arrange-
ment (see figure 3.1). Each element is wired and connected to an open US plat-
form (Vantage 256, Verasonics, Inc., Kirkland, USA), which provides free control
over the respective elements when operating in transmission and receiving mode.
In this work, the transducer elements are numbered with index i and defined
according to Fig. 3.2.

For the US generation, a driving pulse with center frequency f0 = 1 MHz,
a pulse duration T = 50 cycles and pulse repetition frequency PRF = 2 kHz is
used. After each transmitted pulse, the individual elements receive the raw US
data during an adjustable time window ∆τ , which defines the depth z and the
length of the sample volume (SV) from which the reflected US waves are analyzed.
The sample volume length (SVL) is defined by SVL = c0(T + ∆τ)/2, where c0
is the speed of sound in the medium [64]. The received raw US data are then
digitized with a sample frequency fs = 4 MHz.

In order to obtain the Doppler signal from the set SV, the raw US data are pro-
cessed using a common IQ-demodulation scheme [97]. Subsequently, the strength
of the Doppler signals is determined by calculating the power Pi of the Doppler
signals received by the individual elements i in a sliding time window of 1 s with
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Figure 3.1: Modified CTG Ultrasound transducer. Each transducer element,
indicated with element number i = 1 to 7, is wired via coaxial cables to an open
US platform and can be individually controlled.

95% overlap.
The aim of this work is to unambiguously determine the fHL from the received

Doppler power in all transducer elements, indicated by P = {P1, P2, . . . , P7}. As
described in previous work, the US beam profile, which is referred to as acoustic
radiation pattern Ψ, shows strong interference and multiple side lobes when all
transducer elements are used for transmission [78].

This makes an unambiguous determination of the fHL challenging, since the
measured Power Pi in an individual transducer could be linked to multiple loca-
tions. This problem can be reduced by using only the center element, element
number i = 4 (see Fig. 3.1), for transmission, while all elements can receive. Fur-
thermore, this has the advantage that the total radiative load is decreased by a
factor 7, which may be a concern in long continuous measurements on fetuses. In
the rest of this work, this driving scheme is used.

3.2.2 Power model
Given the spatial arrangement of the seven transducer elements, the fetal heart lo-
calization problem can be solved by weighting the element position by the Doppler
received power Pi of the respective element. The closer the fetal heart, indicated
by the vector h = [r, γ, z] in Fig. 3.2, is located in front of a certain transducer
element, the stronger the received power Pi of that element will be. However,
such an approach does not take into account that the received power is a function
of the US radiation pattern.

Consequently, we chose to model the received power Pi in an individual ele-
ment for a specific fetal heart location h using a three dimensional description of
the transmit-receive radiation pattern Ψi(r, γ, z), evaluated at h, as

Pi(h) = αΨi(h) + ηi. (3.1)
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Figure 3.2: Schematic drawing of the array aperture with seven circularly arranged
transducer elements. The position of the fetal heart is indicated by the vector h
and needs to be determined from the power P received in the individual elements.

The transmit-receive radiation pattern Ψi(h) does not provide any information
on the absolute value of Pi. Various factors such as attenuation effects, transducer
element sensitivity, the set driving voltage of the transmitting element, the window
length W in which the power is calculated, as well as the heart rate itself, will
affect the measured power values. By incorporating a scaling parameter α to
the power model in (3.1), these factors can be partly accounted for. Here the
assumption is made that α is equal for all transducer elements, which is justified
by the fact that the majority of these factors are set at constant values, which
are the same for all elements. Lastly, the term ηi represents model inaccuracies
due to a non-perfect description of Ψi and measurement noise. A source of this
measurement noise may be spectral broadening due to velocity gradients, various
motion directions and accelerations of the fetal heart, as well as a contribution of
other moving tissue structures within the targeted SV [142].

3.2.3 System characterization
The fetal heart is typically located at varying depths between approximately 4 cm
and 15 cm, depending on fetal presentation, gestational age and maternal BMI [72,
143]. In this study, in-vitro experiments are carried out at corresponding depths.
Hence, it is necessary to have a full characterization of Ψ(h) for all possible
fHLs. Therefore, the transmitted beam profile ψt is characterized by measuring
the acoustic pressure of the transmitted US waves using a needle hydrophone
(Precision Acoustics Ltd., Dorchester, UK) setup. The translation stage used to
move the needle hydrophone through the water tank of the setup has a limited
range of motion. This prevents to measure the whole transmitted beam at once
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Figure 3.3: Results of the hydrophone measurement. a) Measured beam profile
(blue dots) at depth z = 30 mm and the fitting results (red line) using a Gaussian
function, b) Exponential fit of amplitude parameter a(z) and c) linear fit of beam
width c(z).

and it makes extrapolation of the beam profile to larger depth necessary.
This is done by fitting the measured beam profile, after background noise

subtraction, by a Gaussian function using a least squares method. The equation
of the Gaussian function is given by

ψt(r, γ, z) = a(z) exp(−(r2 + 2rr0 cos(γ + γ0) + r2
0))/c(z)2), (3.2)

with amplitude parameter a(z) and beam width c(z), while the element position is
given by the constant parameters r0 and γ0. For the transmitting center element
r0 = 0 mm. Fig. 3.3(a) presents an example of a data cross section measured
at z = 30 mm and the corresponding fit result using (3.2). After that, based
on visual inspection of the measurement results, we chose to fit the amplitude
parameter a(z) to an exponential function, while c(z) is approximated linearly.
The results of the respective fits can be found in figure 3.3(b) and figure 3.3(c).

Using the reciprocity theorem, the beam profiles ψr,i of the receiving elements
are in fact equal to the transmitted beam ψt, except that the parameters r0 and
γ0 are set to the spatial position of the respective elements i. Therefore, from the
measured beam profile an estimate for the transmit-receive radiation pattern Ψi

for each transducer element can be defined by

Ψ̃i(r, γ, z) = ψt(r, γ, z)ψr,i(r, γ, z). (3.3)

Note that the width of the radiation pattern is affected by the size of the
individual transducer elements as well as the used center frequency f0. For higher
center frequencies, the width of the radiation pattern becomes narrower at the
cost of an reduced penetration depth due to increased US absorption of higher
frequencies.

Evaluating Ψ̃i(r, γ, z) at the fetal heart location h = [r, γ, z] yields the received
power Pi(h), as given in (3.1). However, at this point the fetal heart is regarded as
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a point object located at h. For a more realistic description, the size of the fetal
heart can be incorporated into the model by integrating the radiation pattern
Ψ̃i(r, γ, z) over the insonified surface of the fetal heart. We chose to model the
shape of the fetal heart by a disc H with diameter dh = 3.5 cm, corresponding to
the average size of the fetal heart at a gestational age of 40 weeks [58]. The choice
of integrating the radiation pattern over a disc is intended to improve the model
of (3.1) without a complex description of the fetal heart shape. Accordingly, the
model can be rewritten as

Pi(h) = αΦi(h) + ηi, (3.4)

where the substitution Φi(h) =
∫

H
Ψ̃i(r, γ, z)dh was made.

3.2.4 Fetal heart location estimation
Using a probabilistic approach, (3.4) is used to obtain an estimate h̃ of the fHL.
According to Bayes’ rule, the a posteriori probability density function p (h, α|P, I),
the probability that h and α are true given the measured power P, can be written
as

p (h, α|P, I) = p (P|h, α, I) p(h, α|I)
p (P|I) . (3.5)

Here p (P|h, α, I) is called the likelihood function and I denotes any relevant
background information, such as Φi, the window length W or the driving voltage
of the transducer elements. Since no prior information about the fetal heart loca-
tion is available, the a priori probability density function, p(h, α|I), is assumed
to be uniform [144].

Furthermore, as we are interested in maximizing the a posteriori probability
density function for h, the evidence p(P|I) in (3.5) can be treated as a nor-
malization constant. Therefore, in our case, the maximization criterion for the a
posteriori probability density function is equal to the maximization criterion of
the likelihood function:

α̃, h̃ = arg max
a,h

(p (P|h, α, I)) . (3.6)

It is assumed that the receiving elements are statistically independent, which
allows to express the joint likelihood function as a product of the individual like-
lihood functions of the corresponding elements. This is not completely accurate,
since knowledge about the received power in one element provides information
about the power in the other elements [145].

Further, it is assumed that ηi are independent and identically distributed
normal random variables with zero mean and variance σ2. It should be noted that
this assumption is made with the intention of reducing mathematical complexity,
despite the fact that ηi in reality may be distributed differently. More specifically,
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as Pi is calculated by taking the mean squared value of the Doppler signal, it is
more appropriate to model ηi with a gamma distribution [146, 147]. Therefore,
the impact of this incorrect modelling on the fHL estimation accuracy is further
evaluated in Sec. 3.4.

Consequently, we can write the maximum likelihood estimator as

α̃, h̃ = arg max
a,h

( 7∏
i=1

p (Pi|h, α, I)
)

= arg max
a,h

( 7∑
i=1

ln(p (Pi|h, α, I))
)

= arg max
a,h

(
−

7∑
i=1

1
2σ2

i

(Pi − αΦi(h))2

)
= arg max

a,h
L

(3.7)

Here, the log-likelihood function L is computed for numerical convenience,
which can be justified by the monotonic increasing behaviour of the logarithm.
Finding a solution to δL/δα = 0 yields

α̃ =

7∑
i=1

PiΦi(h)

7∑
i=1

Φi(h)2
. (3.8)

Furthermore, it is checked whether the second derivative δ2L/δ2α < 0 to ensure
that α̃ corresponds to a maximum rather than a minimum [144]. The maximum
likelihood estimator for h̃ is therefore defined as:

h̃ = arg max
h

(
−

7∑
i=1

1
2σ2

i

(Pi − α̃Φi(h))2

)
. (3.9)

The estimate h̃ is obtained by computing the log-likelihood function in a
transversal plane parallel to the transducer surface and grid searching for its
global maximum. The depth z of this plane is set by the selected SV. An example
of the log-likelihood function in the transversal plane can be found in Fig. 3.4,
where L was normalized to its maximal value for displaying purposes.

3.2.5 Simulations
Using (3.4) the performance of the fHL estimation algorithm can be evaluated
under various conditions using simulated data.
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Figure 3.4: Example of the computed log-likelihood function in a plane parallel
to the transducer surface for three different fetal heart locations. During the
measurements the fetal heart was located at depth of z = 120 mm. The black
circle indicates the real fetal heart location in the experiment and the cross is
the maximum likelihood estimate found with the fHL estimation algorithm. For
reference the actual positions of the seven transducer elements are displayed.

For ease of computation it was assumed in the MLE algorithm that the model
inaccuracies ηi are normally distributed. This can not be true since Pi can never
be negative. Rather than ηi, it is more realistic to assume that the noise in the
received Doppler signal is normally distributed with variance σ2

d [146]. Since the
power is calculated using the mean squared value within a window of N samples,
ηi may be assumed to be distributed according to a gamma distribution with
a constant shape parameter k = N/2 and scale parameter θ = 2σ2

d/N [147].
With this adapted noise model, the received power is simulated for different fetal
heart locations to evaluate the performance of the fHL estimation algorithm. The
simulations are performed with α = 1 and we defined the signal-to-noise ratio as
SNR = 10 log(α/(θk)).

3.2.6 In-vitro experiments
For experimental evaluation, an in-vitro beating fetal-heart setup was built, de-
picted in Fig. 3.5. In this setup, the US transducer is attached to a rotatable
mount, which can be moved by a translation stage and is submerged in a water
tank. At an adjustable distance, a chicken heart is threaded on 5-µm thick fishing
strings, which are pinned to the wall of the water tank to hold the heart at a fixed
position. The choice of using a chicken heart is motivated by the requirement
of having similar dimensional and acoustical properties compared to those of a
human fetal heart. Luewan et al. measured the biventricular outer diameter of
the fetal heart and reported that it varies between 0.9 cm and 3.9 cm for gesta-
tional age of 14 to 40 weeks [58]. The dimensions of the chicken heart used in
the experiments are comparable (see figure 3.5 (b)). Another string is wrapped
around the heart and via a pulley attached to a connecting plate.
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Figure 3.5: (a) Schematic of the fetal heart in-vitro setup. The motor pulls
the chicken heart along the z-direction with a sinusoidal motion pattern. By
translating the US transducer through the water tank, displacement of the beam
out of the US beam can be mimicked. (b) Chicken heart attached to fishing
strings.

An electrical motor brings the connecting plate into motion, hence pulling on
the string. As a consequence, the chicken heart displaces along the z-direction.
The driving voltage of the motor was set such that it produces a sinusoidal move-
ment pattern with 140 beats per minute (bpm), a typical fetal heart rate mea-
sured during labor. The distance between the rotary hinge and the motor was
tuned, such that the distance covered by the chicken heart during one cycle is
equal to the distance covered by the fetal cardiac wall during one heart beat, i.e.
dz = 0.5 mm [60].

Aligning the transducer with respect to the chicken heart is challenging and
was carefully executed. The chicken heart was positioned in front of element i = 4.
Translation of the US transducer through the water tank and subsequent rotation
of the transducer around the z-axis enables measurements of P for different heart
locations in a two dimensional plane at constant depth z. Experiments were
carried out at two representative depths z = 80 mm and z = 120 mm, which fall
into the required working range of the fetal heart rate monitor. The midpoint of
the SV of the measurement system was set to these depths, respectively.

Two different types of experiments were performed, from now on referred to as
static and dynamic measurements. In the static measurement, the US transducer
was kept at a fixed position while measuring the power of the Doppler signal from
the beating chicken heart. In the dynamic measurement, the US transducer was
translated through the water tank at a constant velocity v = 0.28 cm/s, which
mimics a drift of the fetal heart out of the US beam at moderate speed.

For the different depths and the different measurement types, the experiments
are repeated four times to determine the accuracy and reproducibility of the fHL
estimation method.
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3.3 Results
In order to evaluate the performance of the fHL estimation algorithm, the error
of the estimation is determined. For both the simulations and the experiments,
this error is defined as the Euclidean distance between the real fHL, h, and the
estimated fHL, h̃.

3.3.1 Simulations
Figure 3.6 shows the accuracy of the fHL estimation for different simulated fHL in
a plane at distance z = 80 mm for different noise levels. The color bar indicates the
error of the estimation. When no noise is added to the model, i.e. SNR = ∞ dB,
the developed algorithm estimates the fHL perfectly. After the addition of noise,
a circular region in which the fHL can accurately be determined is visible. Within
the center of this region, the error is below 4 mm and gradually increases towards
the outside. Outside the area covered by the transducer elements, indicted by
the black circles in the figure, the error increases rapidly. At high noise level
(SNR = −14 dB) the fHL can not be determined accurately any more.

A similar behaviour is visible in Fig. 3.7, where the fetal heart location was
simulated at depth z = 120 mm. For the same noise levels, the region in which
the fHL can accurately be determined is broader compared to z = 80 mm.

It is striking that, for the depth z = 80 mm, with increasing noise level the
error of the estimation is larger in the center, see Fig. 3.6 for SNR = 6 dB and
SNR = 0 dB, compared to regions between the elements. At these specific noise
levels, six regions can be identified in which the fHL estimation is significantly
better than in the center. These regions are located in between a set of three
transducer elements.

At larger depth z = 120 mm, see Fig. 3.7, the error is still higher in the center
but the difference is not as marked as at z = 80 mm. Furthermore, the perfor-
mance of the fHL estimation in the regions between the sets of three transducer
elements does not deteriorate as fast as in the situation at depth z = 80 mm.

3.3.2 In-vitro experiments
Figure 3.4 shows the log-likelihood function L, computed in a transversal plane
at z = 120 mm, for three different fHLs during the dynamic measurements. For
displaying purposes, L is normalized by its maximal value. When the chicken
heart is in front of the center element, the maximum of the log-likelihood function
is also in the center. However, it can be noted that near the maximum, the log-
likelihood function is rather flat. When the heart is moving outside the center,
the log-likelihood function shows a sharp global maximum corresponding well to
the real fHL. Moving further away from the center, the likelihood function shows
on which side, relative to the center of the US transducer, the heart is located.
However, the error between real and estimated fHL is approximately 25 mm.
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Figure 3.6: Simulated results of fHL estimation performance as a function of
increasing noise level. The added noise is gamma distributed with constant shape
parameter k and with increasing scale parameter θ. The depth of the fetal heart
location is set to z = 80 mm. The black circles indicate the actual positions of
the seven transducer elements. The color bar indicates the error made in the
estimation.
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Figure 3.7: Simulated results of fHL estimation performance as a function of
noise increasing level. The added noise is gamma distributed with constant shape
parameter k and with increasing scale parameter θ. The depth of the fetal heart
location is set to z = 120 mm. The black circles indicate the actual positions of
the seven transducer elements at z = 0 mm. The color bar indicates the error
made in the estimation.
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In Fig. 3.8 the average errors of the static measurements at z = 80 mm and
z = 120 mm are depicted. The intersections of the grid lines correspond to the
real fHLs in the static experiments. Here it is again visible that the closer the
fetal heart is located in front of the center element the better the performance of
the fHL estimation. The region in which the fHL can accurately be determined is
larger for the measurements performed at z = 120 mm compared to z = 80 mm.
It can be noted that the performance of the algorithm is not symmetrical in all
directions.

In Fig. 3.9, also the results of the dynamic experiments are presented. At
depth z = 80 mm, the average error of the dynamic measurements is below
7 mm, as long as the fetal heart is not further than r = 20 mm away from the
center. Beyond that distance the error increases rapidly. For the measurements
at z = 120 mm, the same trend can be observed, but the average error is lower
than 7 mm up to r = 25 mm. It can also be observed that the standard deviation
of the error is smaller for the measurements at z = 120 mm. Compared to the
dynamic measurements, the performance of the fHL estimation is improved in
the static measurements, as indicated by the lower average error and the reduced
smaller standard deviation.

For the static measurement at z = 80 mm (Fig. 3.9), the error is 7-mm large
in the center, while at r = 5 mm to r = 15 mm the average error is lower. Also,
in the dynamic measurement a slight reduction of the performance towards the
center can be noted. For the measurements at z = 120 mm, this effect can not
be recognized.

3.4 Discussion

3.4.1 Effect of increasing noise level
The results of the simulations, see Fig. 3.6 and Fig. 3.7, show that the performance
of the algorithm is best when the fetal heart is located within the range of the
transducer elements. Generally, the closer the fetal heart is located to the center,
the lower the error. When no noise is added to the model, i.e. SNR = ∞ dB,
the developed algorithm estimates the fHL perfectly. After adding noise to the
model, a circular region in which the fHL can be determined accurately is visible.
This region corresponds closely to the area covered by the transducer elements.
This can be explained by the fact that the closer the fetal heart is located within
the US beam, the higher the received power P is. Background noise will affect
less the received power P and hence the log-likelihood function. The results of
the measurements (see Fig. 3.8 and Fig. 3.9) confirm the results of the simulation.
Also here, the more centrally the fetal heart is located within the center of the US
beam, the better the performance of the fHL estimation. When the fetal heart
moves outside the measuring range, the received power Pi within the elements is
too low for correct estimation of the fHL.
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Figure 3.8: Two dimensional representation of the fHL estimation results of all
static measurements obtained with the in-vitro beating heart setup. In (a) the
results for the measurements at z = 80 mm and in (b) the results for the mea-
surements at z = 120 mm are presented. The black circles indicate the relative
position of the seven transducer elements. The color bar indicates the error made
in the estimation.
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Figure 3.9: Performance of the estimation algorithm for fetal heart locations in a
plane at z = 80 mm (a) and z = 120 mm (b), respectively. The error is defined
as the Euclidean distance between set and estimated fetal heart location. On
the abscissa the distance r to the z-axis is given. The error is averaged for all
different rotations and repetitions of the dynamic and static measurement. The
shaded area and the errorbars correspond to the standard deviation of the error
for the dynamic and static measurement, respectively. The black bars at the top
of the figure indicate the position of the center element and the outer elements,
respectively.
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It is striking that with increased noise level the error of the fHL estimation
is worse in the center, see Fig. 3.6, while between the elements the error of the
fHL estimation is less increased. Given the modelled radiation pattern, it is
expected that the power received in the center element is maximal when the
fetal heart is centrally located in front of that element. The individual likelihood
function corresponding to that element will therefore have its maximum also in
the center. With increasing noise level, the power measured within the elements
is higher. This does actually not have an effect on the position of the individual-
likelihood-function maxima for the center element. However, the maxima of the
other likelihood functions will shift closer to the location where the radiation
pattern of the respective transducer element is highest. As a consequence, the
maximum likelihood estimator for the fHL will shift away from the center, hence
increasing the error. The in-vitro results confirm this observation, as it is shown
in Fig. 3.9.

In the simulations at depths z = 120 mm (Fig. 3.7), the performance of the
estimation is not as dependent on the spatial location of the fetal heart for in-
creasing noise levels. Only for SNR = 0 dB, the effect of an reduced performance
in the center is noticeable. The is due to the fact that the radiation pattern be-
comes broader at increasing depth and hence the log-likelihood functions are less
steep.

3.4.2 Effect of different depths
Comparing the results of the simulation (Fig. 3.6 and Fig. 3.7) with the same
noise level, the region in which the fHL can accurately be determined is broader
for z = 120 mm than for z = 80 mm. This is due to the fact that the US beams
diverges while the sound travels through the medium, i.e. the radiation pattern
broadens. In fact, with increasing depth also the amplitude of the radiation
pattern decreases. However, due to the fact that the MLE algorithm estimates the
scaling parameter α, the absolute value of P is not important in the simulation.
In the in-vitro experiments, it is expected that the SNR deteriorates faster at
larger depths compared to depths closer to the transducer. However, since the
experiments are carried out in a water tank, the difference in signal amplitude is
not significant. In in-vivo experiments, it needs to be further evaluated whether
the positive effect of the broader beam at larger depth is still noticeable when the
signal is further attenuated due to additional tissue structures in front of the fetal
heart.

Looking at the results of the simulation in Fig. 3.6 for the noise level of SNR =
6 dB and SNR = 0 dB, six regions can be identified where the fHL estimation
is less deteriorated. These regions can not be observed for the simulations at
larger depth (Fig. 3.7). This can intuitively be explained with the broadened
US beam profile. When the beam is narrow, a fetal heart directly located in
front of a element will mainly be recognized by that specific element and it is
outside the sensitive range of the other elements. In contrast, when the fetal
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heart is in between a set of three elements, all elements can positively contribute
to the estimation. For a broader US beam, this effect is not as pronounced since
multiple elements receive a higher power Pi and can positively contribute to the
fHL estimation.

3.4.3 Static versus dynamic measurements
Comparing the results of the static with the dynamic measurements shows that in
a static situation the fHL estimation is superior. Under dynamic conditions, the
fetal heart has moved within the time window W in which the power is calculated.
Therefore, the measured power is an integration of multiple positions leading to
a reduced fHL estimation performance.

3.4.4 Performance assessment
For the envisioned positioning aid, the maximum allowed error must be lower than
the distance between the individual transducer elements, i.e. 10 mm. If the error
of the estimation would be higher, it can not be accurately determined in which
direction the transducer should be moved to improve the signal quality. From the
results of the in-vitro experiments (Fig. 3.9), it follows that this required accuracy
can be reached within the measurement range of the transducer.

When the fetal heart is centrally located in front of the transducer and the
noise level is low, all transducer elements will have an individual likelihood func-
tion with a maximum in the center. Multiplying all individual likelihood functions
(3.7), the joint likelihood function is symmetric and clearly shows that the maxi-
mum likelihood is within the center (see Fig. 3.4). As soon as the fetal heart moves
out of the center of the beam, the elements at the respective side will receive a
higher power signal. Consequently, the joint likelihood function is dominated by
the individual likelihood function of those elements and the maximum likelihood
location h̃ may not correspond exactly to the real fHL. However, as is visible in
Fig. 3.4, by computing and visualizing the whole log-likelihood function on the
grid, it is clear on which side of the US transducer the fetal heart is located.
For aiding clinicians with the positioning of the US transducer on the maternal
abdomen, this information can be useful.

Interestingly, the estimation performance is not symmetrical in all directions.
This could be due to the fact that, as depicted in Fig. 3.5, the chicken heart
is not a symmetric object, but elongated in one direction. While the heart is
beating, it is very likely that US waves are reflected more strongly depending
on how the chicken heart is oriented within the US beam. In addition, despite
the carefully executed alignment of US transducer and beating fetal heart during
the experiments, it might be possible that the movement direction of the fetal
heart may not be perfectly aligned with the z-axis, such that the performance
assessment may be affected.
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3.4.5 Future perspectives
As it is visible in Fig. 3.4, the shape and width of the likelihood function changes
for different fHL. When the fetal heart is located outside of the measurement
volume, the likelihood function has a wide shape and does not show a clear,
distinct maximum. In the future, we will further investigate the contribution of
all transducer elements to the shape and width of the likelihood function. This
will permit a quantitative evaluation on the reliability of the maximum likelihood
estimation depending on the fHL.

In the derivation of the MLE it was assumed that the prior probability density
function p(h|I) is uniform on the investigated finite volume. However, it is a
reasonable assumption that the fHL will not drastically change from one time
instance to another. Incorporating time-information using a Gauss-Markov model
to define a different prior probability density function may help to further improve
the fHL estimation [148].

Within the current driving scheme of the US transducer, only the center ele-
ment is active in transmission. As described before, the result of the fHL estima-
tion is strongly dependent on the power received in the individual elements, hence
the measurement range is limited by the width of the transmitted US beam. If one
aims at increasing the measurement range, a possible solution is to successively
activate the outer transducer elements. Averaging the fHL estimation obtained
when using different transmission elements will increase the measurement range
and possibly decrease the estimation error made. Furthermore, by comparing the
received power in the elements when using different transmission elements, one
can identify the element which should be the active transmission element for the
recording of the fetal heart rate. Implementing these driving schemes will need
further investigation.

The described method aims at helping the clinical staff with the positioning of
the US transducer on the maternal abdomen. However, movements of the heart
outside the US beam still cannot be tracked. In order to completely avoid the need
of transducer positioning, a larger field of view is required. This can for example be
achieved by reducing the size of the transducer elements or decreasing the center
frequency of the transmit pulse f0, hence increasing the width of the radiation
pattern. This may also add the advantage of a smoother power distribution in
the near field, which will help to estimate the fHL more accurately closer to the
abdominal surface of the mother. This option needs further exploration, since the
SNR will decrease with a wider beam. Alternatively, the transducer array aperture
can be expanded by multiple elements to increase the size of the measurement
volume. As the maternal abdomen has a curved surface, it should be noted that a
larger array aperture may need to be curved, which needs to be taken into account
when modelling the radiation pattern Ψ.

For now, the algorithm was tested in simulations and in in-vitro experiments.
For further validation and evaluation of the performance in-vivo measurements
need to be done.
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In a clinical environment, information on the fHL with respect to the US
transducer can help to optimally position the US transducer on the maternal
abdomen. Part of future research will be to explore suitable means on how to
provide the results of the fHL estimation to the clinical staff. A possibility could
be to visualize the computed log-likelihood function on a monitor next to the
bedside. An alternative practical solution may also be to directly visualize on
the casing of the US transducer in which direction it needs to be moved. This
could for example be implemented by several flashing LED lights. That way, the
clinician would intuitively know when the US transducer is positioned centrally
above the fetal heart.

3.5 Conclusion
In the presented work an algorithm was developed to estimate the fetal heart
location from Doppler US measurements using a maximum likelihood approach.
With this algorithm it is possible to estimate the location of the fetal heart with
an error of less than 7 mm within the measurement range of the US transducer.
This accuracy is sufficiently high to aid clinical staff to centrally position the
transducer above the fetal heart, since the error is smaller than the size of a
single transducer element. This may lead to an increased signal quality for better
fetal heart rate recordings and improved perinatal outcome. When the fetal heart
is located at the outer edge of the US beam, the computed likelihood function
allows one to identify in which direction the US transducer should be moved. It
was observed that the performance of the fHL estimation is reduced when the
fetal heart is located at depths closer to the transducer. Also, depending on
the relative location of the fetal heart with respect to the individual transducer
elements, the performance of the fHL estimation changes. This was explained
by the narrower US beam in the near field. Further research is needed to also
evaluate the performance in in-vivo settings.



CHAPTER 4

An Extended Kalman Filter for fetal heart location
estimation during heart rate measurements by Doppler

Ultrasound

This chapter is based on Hamelmann et al., An Extended Kalman Filter for Fetal
Heart Location Estimation During Doppler-Based Heart Rate Monitoring, IEEE
Transactions on Instrumentation and Measurement 68 (9): 3221-31, 2018.
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Abstract
Fetal heart rate (fHR) monitoring using Doppler Ultrasound (US) is standard
clinical practice for assessing fetal well-being before and during labour. For con-
tinuous fetal heart rate measurements, the US transducer is positioned on the
maternal abdomen using a flexible belt. Due to fetal movement, the relative lo-
cation of the fetal heart (fHL) with respect to the Ultrasound transducer can
change leading to frequent periods of signal loss hampering the clinical assess-
ment of fetal health. Consequently, the clinical staff has to repeatedly reposition
the Ultrasound transducer - a cumbersome task affecting clinical workflow. We
propose a method to estimate the fetal heart location during fetal heart rate mon-
itoring to support clinicians in efficiently repositioning the Ultrasound transducer.
Unlike typical Ultrasound transducers, which do not provide any information on
the spatial location of the fetal heart, we exploit the fact that multiple transducer
elements are present in the array aperture of the Ultrasound transducer. We de-
veloped a novel model that relates the measured Doppler power in the individual
transducer elements to the fHL and use it within the probabilistic framework of an
extended Kalman filter (EKF). The performance of the Extended Kalman Filter
algorithm was evaluated in simulations and in in-vitro experiments using a ded-
icated setup of a beating fetal heart. Both simulations and in-vitro experiments
showed that the fetal heart location can be determined with an accuracy of 4 mm.
Furthermore, we demonstrate that when the fetal heart is drifting out of the Ul-
trasound beam, the Extended Kalman Filter algorithm accurately estimates the
fetal heart location up to a radial distance of 34 mm.
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Figure 4.1: Example of a Doppler signal measured in in-vitro experiments using
a commercially available US transducer (Philips Avalon, Philips Medizin-Systeme
Böblingen GmbH, Germany). The fetal heart rate is estimated from the Doppler
signal by determining the periodicity of the envelope signal using an autocorrela-
tion approach.

4.1 Introduction
Cardiotocography (CTG), the continuous registration of fetal heart rate (fHR)
and uterine contractions (UC), is a standard method in clinical practice to assess
the fetal well-being [17]. A common way to measure the fHR during the an-
tepartum and intrapartum period is by means of Doppler Ultrasound (US). For
that, an US transducer, operating in a pulsed-wave Doppler mode, is positioned
on the maternal abdomen and directed towards the location of the fetal heart.
From the received US echoes a Doppler signal is generated, representing the mo-
tion due to the contracting heart ventricles, valve movement, and blood flow [67].
This Doppler signal is then, after detection of its envelope, further processed us-
ing autocorrelation approaches in which the signal periodicity is determined as a
surrogate for the fHR [37, 70]. The majority of commercially available CTG US
transducers consist of multiple transducer elements distributed over a surface of
several centimetres to increase the measurement volume in which the fHR can be
determined. In order to reduce the required processing complexity, the received
US signals in the individual elements are typically combined and then one Doppler
signal is generated, from which the fHR is estimated [37,133]. In that way, effec-
tively the array aperture is treated as a single element transducer. In Fig. 4.1,
a Doppler signal acquired with a commercially available CTG US transducer is
shown.

In recent studies, the added value of having multiple transducer-elements is
further exploited. In Kribèche et al. [76], a multi-gate sensor system is described
in which for each transducer element a Doppler signal from various depth is de-
termined, with the objective of identifying different fetal movements. Further, in
Voicu et al. [38], the potential of a multi Doppler system is used to improve the
robustness of fHR estimation.

In clinical practice, after positioning the US transducer on the maternal ab-
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domen, a flexible belt holds the transducer in place. However, during the long
lasting continuous measurement sessions it frequently happens that the fetal heart
location changes with respect to the US transducer. This can be either due to a
displacement of the US transducer on the maternal abdomen or to a change of
fetal heart location within the uterus. For robust fHR measurement it is necessary
that the fetal heart is located within the US beam of the transducer. Therefore,
before positioning the US transducer on the maternal abdomen, the clinical staff
palpates in order to establish the fetal position. In addition, the auditive feedback
of the Doppler signal guides the staff in finding a suitable US transducer position.
Depending on the experience of the clinician, the gestational age of the fetus and
the body-mass-index (BMI) of the mother, this can be a very challenging task
and may strongly impact the clinical work flow. Therefore, in [71] we introduced
a method to alleviate this problem by providing additional information on the
fetal heart location with respect to the US transducer to aid clinicians with this
cumbersome task. This method inferred the fetal heart location from the Doppler
power, measured with a commercially available seven-element US transducer, by
separately analysing the seven transducer-element Doppler signals using a Maxi-
mum Likelihood (ML) estimation approach.

The accuracy of this method is mainly limited by the signal-to-noise (SNR)
ratio of the Doppler power measurements. In clinical practice, US measurements
on mothers with a high BMI often show a reduced SNR due to high US attenuation
by fatty tissue compared to measurements on mothers with a low or moderate
BMI [72]. Therefore, the objective of this research is to further improve the
performance of the fetal heart location estimation, such that the method of aiding
clinicians with the positioning of the US transducer on the maternal abdomen can
also be applied in measurements with a low SNR. Supporting clinicians with the
positioning of the US transducer on the maternal abdomen eventually may lead
to more robust measurements of fHR.

By including prior knowledge on the fetal heart location into the derivation
of the method presented in [71], improved fetal heart location estimation may
be achieved. Here, the fact is used that the fetal heart location can only change
gradually over time. Gradually changing parameters are recognized in many dif-
ferent application areas and it is known that a Kalman Filter (KF) is an effective
method to estimate those parameters in the presence of Gaussian distributed mea-
surement noise [148]. Within the field of fHR monitoring, Kalman Filtering has
shown its potential by successfully estimating maternal signals to extract the fHR
in electrocardiograpic recordings (ECG) [149].

In the subsequent Section 4.2, we derive a Kalman Filter suitable for estimat-
ing the fetal heart location. The resulting fetal heart location estimation algorithm
is evaluated using simulations and in-vitro measurements and compared to the
maximum likelihood estimation presented in [71]. The results of this evaluation
are presented in Section 4.3 and discussed in Section 4.4. The article concludes
with a recap on the main results and their clinical significance in Section 4.5.
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4.2 Materials and methods

4.2.1 System characterization
When a transmitted US wave travels through the maternal abdomen it is re-
flected by various structures, which are then received by the individual elements
of the US transducer. In this research, a commercially available US transducer
(Philips Avalon, Philips Medizin-Systeme Böblingen GmbH, Germany) is used.
The array aperture of this transducer consists of six transducer elements circu-
larly arranged around one center element with a pitch of 2 cm (see Fig. 4.2). By
individually soldering each transducer element of the US transducer via coaxial
cables to an open US platform (Vantage 256, Verasonics, Inc., Kirkland, USA),
separate control of the elements in transmission and receive mode is enabled. The
received US signals in the individual elements will show the reflections of many
other structures and not only those of the fetal heart. Therefore, it is not possible
to directly infer the fetal heart location from the received US signals. Therefore,
for each transducer element a Doppler signal is derived. These Doppler signals
contain only information related to moving structures, ideally only the fetal heart,
within the sample volume (SV). The frequency content of these Doppler signals
is determined by the velocity of the moving structures within the sample volume
(SV) and the insonification angle [64, 67]. The amplitude of the Doppler signal
depends on the location of the fetal heart within the radiation-pattern. Due to
the fact that the heart is beating, there will be periods in which there is no move-
ment at all. Therefore, the power Pi of the Doppler signals measured in each
transducer element, indicated by the index i, is calculated in a time window W .
It is important that W is chosen long enough, such that at least one heart beat
is contributing to the Doppler power Pi.

The strength of the received Doppler power Pi is then directly dependent on
where the fetal heart, indicated by the position vector h = [hx, hy, hz], is located
within the radiation pattern Ψi of the employed US transducer. Here, the index
i denotes the number of an individual transducer element. When the fetal heart
is directly located within Ψi of a specific transducer element, the Doppler power
Pi of that element will be high compared to the other transducer elements. The
transmit-receive radiation pattern Ψi was characterized in [71] by measuring the
transmit-radiation pattern using a needle hydrophone setup. In order to account
for the fetal heart dimension, the radiation pattern Ψi was integrated over the
insonified surface of the fetal heart, yielding a spatial distribution Φi. We chose
to model the insonified surface of the heart as a disc with diameter dh = 3.5 cm,
which corresponds to the average size of the fetal heart at a gestational age of
40 weeks [58]. A detailed description of the characterization of Φi can be found
in [71].

We can model the received Doppler power Pi as,

Pi(h) = αΦi(h) + vi. (4.1)
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Figure 4.2: Array aperture of the employed US transducer containing seven
transducer-elements.

Due to the fact that Φi does not provide any information on the absolute value
of Pi, a scaling factor α is included into the model. This scaling factor accounts
for various factors such as attenuation, the driving voltage of the transmitting
element or the window length, W , in which the power is calculated. Besides that,
when there are more heart beats within the window W , a higher power will be
measured. It is assumed that α is equal for all transducer elements since its value
is affected by factors which are assumed to be approximately the same for all
elements. The measurement noise is described by vi.

4.2.2 Measurement noise modelling
For the derivation of the EKF equations in the subsequent sections, it is use-
ful to assume that the measurement noise vt is distributed with zero mean and
covariance matrix Rt.

However, as the Doppler power can never be negative, it can directly be recog-
nized that describing vt with a normal distribution with zero mean is not a valid
noise model. Instead, rather than the noise in the Doppler power, it is more real-
istic to model the noise in the raw Doppler signal with a normal distribution with
covariance σ2 [146]. Due to the fact that the power is calculated by computing
the mean squared value in a window W with N samples of the Doppler signal,
vt can be described using a gamma distribution with shape parameter k = N/2
and scale parameter θ = 2σ2/N [147]. The fact that N is relatively large, allows
us again to approximate this gamma distribution with a normal distribution with
covariance 2σ4/N centred around the mean σ2 [147]. This means that the noise
in the Doppler signal adds a constant offset value to the modelled Doppler power
in (4.1). Accordingly, we can rewrite the power model as

Pi(h) = αΦ(h) + σ2 + v′ (4.2)

where v′ is distributed with v′ ∼ N (0,R).
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ht + g(ht+1) + Pt+1

dt v′
t+1

ht+1

Figure 4.3: Illustration of the state space model.

4.2.3 State-space representation

During fHR measurement sessions, the fetus and consequently the fetal heart can
move within the maternal uterus up to a certain degree freely. However, it is
valid to assume that the location of the heart does not change abruptly between
two subsequent time points, but follows a smooth trajectory, provided that the
time interval is sufficient small. Therefore, it is chosen to model the fetal heart
location h with a 1st order Gauss-Markov process with process noise dt, having
zero mean and covariance matrix Qt. The magnitude of the covariance matrix
||Qt|| determines the possible change of h in between two subsequent time points
t and t+ 1. It is assumed that Qt is a diagonal matrix with equal values on the
diagonal, meaning that there is no preferred direction in which the fetal heart
moves. Accordingly, the change of h can then be described using a state-space
model representation (see also Fig. 4.3):

ht+1 = ht + dt

Pt = g(ht) + v′
t

(4.3)

where Pt is a vector of the Doppler power Pi measured in the individual ele-
ments at time t. For the sake of readability, we denote the modelled power in (4.1),
without the noise term v′

t, as the non-linear function g(ht) = αΦ(h) + σ2 which
maps the fetal heart location ht into the domain of the power measurements Pt.

4.2.4 Derivation of the Extended Kalman Filter

The probabilistic nature of the noisy sequence of power measurements and the
uncertainty in the state-space model (4.3) encourages us to estimate h using a
statistical analysis and we choose to follow a Bayesian approach. The conditional
posterior probability, describing the probability that the fetal heart location is



60
Chapter 4. An Extended Kalman Filter for fetal heart location estimation during

heart rate measurements by Doppler Ultrasound

true given the measured power P, can be expressed using Bayes’ theorem:

p (ht+1|Pt+1,Qt,Rt) =
p (Pt+1|ht+1,Qt,Rt) p(ht+1|Pt,Qt,Rt)

p (Pt+1|Pt,Qt,Rt)
.

(4.4)

The conditional probabilities in the numerator of the right hand side of (4.4)
are referred to as likelihood and prior, respectively. The conditional probability
in the denominator is referred to as the evidence. Because we assume that the
measurement noise and the process noise are distributed normally, from (4.4) one
can derive the well known Kalman Filter equations for the fetal heart location
ht+1 and its covariance St+1 [148]. In order to denote an estimated parameter
we use a tilde, e.g. h̃t+1. Because g is a non-linear function, the Kalman Filter
equations can be extended by linearising g around the current estimate of the
fetal heart location h̃t.

Accordingly, the full Extended Kalman Filter (EKF) equations are given by

h̃t+1 = h̃t + Kt+1(Pt+1 − g(h̃t)) (4.5)

S̃t+1 = S̃t + Qt − Kt+1Gt+1(S̃t + Qt) (4.6)

where Kt+1 is known as the Kalman Gain

Kt+1 =
(St + Qt)GT

t+1
Rt+1 + Gt+1(St + Qt)GT

t+1
(4.7)

and Gt+1 is the Jacobian matrix computed at the current estimate h̃t

Gt+1 = δg
δht

|ht=h̃t
. (4.8)

The Kalman Gain K is a matrix which determines whether we should trust
more the new measurement data or rely on the previous estimate h̃t. From (4.7) it
follows that the Kalman Gain will be equal to the inverse of the Jacobian matrix
when the measurements are very accurate. This occurs when the measurement
noise covariance matrix is the zero matrix Rt+1 = 0M , with M being the total
number of transducer elements, or when ||Qt|| is very large:

lim
Rt+1→0M
||Q||t→∞

Kt+1 = G−1
t+1. (4.9)

Likewise, when ||R|| is large compared to the state variance S and the process
noise variance Q or when the Jacobian G approaches the zero matrix, the Kalman
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Gain K approaches the zero matrix:

lim
||R||t+1→∞
Gt+1→0M,H

Kt+1 = 0H,M . (4.10)

Here, 0H,M denotes a zeros matrix with dimensions H and M , where H describes
the dimensions of the state vector h. For the purpose of interpretation of the
Kalman Gain it is useful to compute the norm ||KG|| as it reflects a single scalar
value between 0 and 1. When the norm ||KG|| is close to 0, the new fetal heart
location estimate will mainly rely on the previous estimate.

4.2.5 Nuisance parameter estimation
During each Kalman Filter iteration, the two nuisance parameters α and σ2 have
to be known in order to infer h̃t from (4.5). Therefore, we choose to follow a
hierarchical approach where in a first level of the algorithm h̃t is estimated using
the EKF and then, in a second level, the nuisance parameters are determined. At
the nuisance parameter estimation level, h̃t is assumed to be known. Further, it
is assumed that the prior probability in 4.4 is uniform and the measurements P
are statistically independent. This allows us to estimate the nuisance parameters
α̃ and σ̃2 by following a maximum likelihood estimation approach using a similar
derivation as done in [71]:

α̃, σ̃2 = arg max
a,σ2

(
−

M∑
i=1

(Pi − αΦi(h̃t) − σ2)2

)
= arg max

a,σ2
L

(4.11)

where L denotes the likelihood function. The two nuisance parameters α and
σ2 can be estimated by finding a solution to δL/δα = 0 and δL/δσ2 = 0, respec-
tively, yielding:

α̃ =

M∑
i=1

Pi

M∑
i=1

Φi −M
M∑

i=1
PiΦi

(
M∑

i=1
Φi)2 −M

M∑
i=1

Φ2
i

(4.12)

σ̃2 =

M∑
i=1

PiΦi

M∑
i=1

Φi −
M∑

i=1
Φ2

i

M∑
i=1

Pi

(
M∑

i=1
Φi)2 −M

M∑
i=1

Φ2
i

. (4.13)
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Having an estimate for σ2 allows us to update the measurement noise covari-
ance matrix R for the next EKF iteration according to

Rt = 2σ4

N
IM , (4.14)

where IM denotes the identity matrix with dimension M = 7, corresponding to
the total number of transducer elements.

4.2.6 Algorithmic implementation
In Fig. 4.4, the algorithmic implementation of the fetal heart location estimation
algorithm is schematically depicted. The EKF is initialized using the ML solution
in (4.12) and (4.13). Then in the first level of the hierarchical algorithm the fetal
heart location is determined using the EKF. Numerical rounding errors during
EKF iterations may cause the covariance matrix S̃t+1 to lose its symmetry and
positive definiteness. As a consequence, the EKF may diverge. This can be
limited by implementing Joseph′s form of the state variance update equation

S̃t+1 = AS̃tAT + Kt+1RtKT
t+1 (4.15)

with A = I − Kt+1Gt+1 [150].
In the second level the nuisance parameters are estimated. The estimation

accuracy of the nuisance parameters is dependent on the quality of the power
measurements and on the accuracy of h̃. In case that the nuisance parameters
have been estimated erroneously, large errors in the subsequent EKF iterations
may occur since inference will be based on an incorrect model. In order to reduce
the effect of possible outliers it is chosen to take the temporal median value of the
last five estimated nuisance parameters.

4.2.7 Measurement system
The commercially available US transducer (Philips Avalon, Philips Medizin-Systeme
Böblingen GmbH, Germany) is modified and its seven transducer elements are
individually soldered to coaxial cables to establish a connection to an open US
research platform (Vantage 256, Verasonics, Inc., Kirkland, USA). This research
platform provides individual control over the elements in transmission and receive
mode. As described in a previous study, it is beneficial for the estimation of h̃
that the radiation pattern Ψi does not show too much interference because this
allows one to link a measured power value Pi unambiguously to a specific fetal
heart location [78]. In order to avoid interference, only the center element (i = 4,
see Fig. 4.2) of the array aperture is active in transmission. In receive mode,
all seven elements are active. For the transmission of a US wave, a center fre-
quency f0 = 1 MHz, pulse repetition frequency PRF = 2 kHz and pulse duration
T = 10 cycles is used. The driving voltage applied to the array aperture of the
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Figure 4.4: Algorithmic implementation of the hierarchical fetal heart location
estimation algorithm. After initialization, the fetal heart location is determined
using the Extended Kalman Filter. Thereupon, the nuisance parameters are es-
timated in the second level of the algorithm.
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transducer was set to VP P = 5V . The raw reflected US waves are then received
during an adjustable time window ∆τ , which defines the depth z and the size of
the sample volume from which the Doppler signals are obtained [64]. The raw
US signal is digitized using a sample frequency of fs = 4 MHz and processed
using a common IQ-demodulation scheme [98]. It should be noted that for each
transmitted US wave, one sample of each Doppler signal is obtained, i.e. the sam-
ple frequency of the Doppler signals equals the PRF . Subsequently, the Doppler
power P is calculated using the mean squared value of the Doppler signals in a
sliding time window W = 1 s with 20% overlap.

4.2.8 Simulations
The model in (4.2) allows us to simulate power values for various fetal heart
locations h and for different SNRs. Because the SNR is a function of the fetal
heart location, we have chosen to define the signal power as the mean power P̄
received by all elements when the fetal heart is directly located in the center of the
radiation pattern, i.e. SNR = 10log(αP̄([0, 0, hz])/σ2). An example of a simulated
power signal with SNR = −5 dB is depicted in Fig. 4.6a. The simulations are used
to analyse the performance of the EKF with regard to the following aspects in
more detail:

1. The performance of the EKF algorithm is affected by the magnitude of the
chosen process noise covariance ||Q||, as it influences the Kalman Gain K
according to (4.7). In fact, for running the EKF the only required parameter
to set is the process noise variance because the measurement noise variance
R is adaptively updated after each iteration (4.14). In order to determine
the optimal settings for ||Q||, a change of fetal heart location is simulated for
varying velocities u. It was chosen to let the fetal heart move at a constant
radial distance ||h||=

√
h2

x + h2
y around the center of the radiation pattern.

In that way, the SNR is approximately constant and the EKF performance
is mainly affected by the selected process noise variance.
In this simulation, after a short convergence period of 2 seconds, the heart
moves two times around the center of the radiation pattern and the ra-
dial distance was set to ||h||= 15 mm. For all possible combinations of
u, ||Q|| and SNR, the simulation was executed k = 50 times. The perfor-
mance of the algorithm was then evaluated by taking the mean error, defined
as the Euclidean distance between true and estimated heart location, i.e.
error =

√
(hx − h̃x)2 + (hy − h̃y)2.

2. With increasing noise level, a decrease in the nuisance parameter estimation
accuracy is expected. In order to investigate the effect of decreasing SNR,
the measured power is simulated for fetal heart locations at increasing radial
distance ||h||.
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The simulated SNR in each simulation determines the value for σ2 while the
scaling factor is set constant to α = 1. For each radial distance ||h||, the sim-
ulation is executed k = 50 times. As performance measure, the relative root-
mean-square-error (RMSE) is determined with RMSEα =

√
1
k

∑k
n=1 (α̃− α)2/α.

Likewise, RMSEσ2 is calculated.

3. In order to investigate the effect of an erroneously estimated h̃t on the
accuracy of the succeeding estimations of α̃t+1 and σ̃2

t+1, the power P for
various heart locations with radial distance ||h|| and uniformly distributed
azimuth angle is simulated. An error is added to h which then constitutes
the estimate h̃ which is used for the estimation of the nuisance parameters.
For increasing error the nuisance parameters are estimated.
In this simulation, the power values are calculated using a constant scaling
parameter α = 1 and noise parameter σ2 = 0 (SNR = ∞).

4.2.9 In-vitro measurements
In order to evaluate the performance experimentally, an in-vitro beating fetal-
heart setup was built (see Fig. 4.5) which can be used to mimic a changing fetal
heart location with respect to the US transducer.

This setup consists of an US transducer attached to a rotatable mount which
can be moved using a translation stage. The beating fetal heart is represented
by a chicken heart threaded on 5-µm thick fishing strings, which are attached to
the wall of the water tank at an adjustable distance to hold the heart in a fixed
position. The reason for using a chicken heart is motivated by the requirement
of having similar dimensional and acoustical properties to those of a human fetal
heart. It is known that the biventricular outer diameter of the fetal heart varies
between 0.9 cm and 3.9 cm for gestational age of 14 to 40 weeks [58]. In the
conducted experiments, the dimensions of the chicken heart are comparable.

A beat-like pattern is created by attaching another fishing string to the heart
which goes via a pulley to a connecting plate. This plate is brought into motion
by an actuator such that the fishing string is pulled backwards to create a dis-
placement of the chicken heart along the z-direction. A function generator allows
to tune the frequency and the displacement of the actuator. In the conducted ex-
periments, the heart rate was set to 140 beats per minute (bpm) which is a typical
fHR measured during labor [151]. Further, the displacement of the chicken heart
was tuned such that it corresponds to the distance covered by the fetal cardiac
wall during one heart beat, i.e dz = 5 mm [60].

It was hypothesized that the EKF would work better in high noise scenarios
compared to the ML estimation approach. Because the experiments are performed
in a water tank effectively, limited acoustic attenuation is taking place. However,
in-vivo acoustic attenuation is a non negligible factor effecting the SNR. It be-
comes especially relevant for measurements on women with a high BMI. In order
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Figure 4.5: Schematic of the fetal heart in-vitro setup. A function generator
drives an actuator which is connected via a string to a chicken heart. In that
way, the chicken heart is moved along the z-direction in a beat-like fashion. By
translating the US transducer through the water tank, displacement of the heart
out of the measurement range of the transducer can be mimicked.

to mimic a reduced SNR, the transducer elements are driven with a very low driv-
ing voltage of 5 V. Further, a tissue mimicking gelatin-water phantom was placed
between the US transducer and the chicken heart. The gelatin concentration was
15%, and 0.1% of 10 micron Al2O3 were added as acoustic scatterer.

An example of a Doppler signal measured using a commercially available CTG
US transducer in the in-vitro setup is shown in Fig. 4.1. Due to the fact that the
beating fetal heart is reduced to an object, i.e. the chicken heart, which only moves
along one direction, the measured Doppler signals do not have the contribution
of the contracting heart ventricles, closing valves or blood flow [67]. However, the
Doppler signals measured using this setup are by visual inspection very similar to
in− vivo measurements reported in [37,70].

The transducer was aligned with respect to the chicken heart such that the
chicken heart was positioned in front of the center element at depth hz = 80 mm,
which is a typical depth at which the fetal heart is located within the maternal
abdomen. A drift of the fetal heart out of the radiation pattern of the US trans-
ducer at moderate velocity is then simulated by translating the US transducer
through the water tank at velocity u = 1.5 mm/s. After each measurement, the
US transducer is rotated by an angle of 45◦ in order to investigate the performance
for multiple heart locations. In total, 33 measurements were conducted.

4.3 Results

Simulations
An illustrative example of the fetal heart localization performance is depicted
in Fig. 4.6 based on simulated data. In this simulation, the fetal heart changes
its location according to the trajectory in the left panel of Fig. 4.6a at depth
hz = 80 mm. In the right panel of Fig. 4.6b, the corresponding simulated power
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(a) Left panel: Spatial representation of a simulated trajectory of the fetal heart h,
Right panel: simulated power measurements Pi for the individual transducer elements.
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Figure 4.6: Illustrative example of the performance of the hierarchical Extended
Kalman Filter algorithm on simulated power measurements for a changing fetal
heart location.
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Figure 4.7: Influence of the set magnitude of the process noise variance ||Q|| on
the fetal heart location estimation accuracy for varying SNR. In the simulation,
the trajectory of the fetal heart moves two times around the center of the radiation
pattern at a constant radial distance ||h||. The simulations are done for differ-
ent velocities u, representing a slow, a moderate and a fast changing fetal heart
location. The color coding represents the mean error of the fetal heart location
estimation.

measurements at SNR = −5 dB are shown. When the fetal heart is located in
front of a specific element, that specific element receives a relatively high power
compared to the other elements. It should be noted that, as discussed in Sec-
tion 4.2.7, only the center element is used for transmission. This is reflected by
the fact that when the fetal heart is located in front of the center element, the
received power is higher compared to the situation when the fetal heart is located
in front of one of the other elements.

In the top panel of Fig. 4.6b, it is visible how ||KG|| evolves during the EKF
iterations. When the fetal heart moves out of the center of the radiation pattern,
||KG|| reduces, meaning that new power measurements will contribute less to
the estimation of h̃ and more weight is given to its a priori estimate. This is
the expected behaviour of the EKF, as the SNR reduces when the fetal heart
is drifting out of the radiation pattern. Correspondingly, the norm of the state
variance ||S|| increases, as visible in the second panel of Fig. 4.6b, which reflects
our increasing uncertainty about the current estimate.

In the lower two panels, the results of the estimation are shown and compared
to the ML approach. It can be seen that the estimate h̃ reliably follows the real
fetal heart location h. While the EKF is able to cope with the reduced SNR
when the fetal heart drifts out of the radiation pattern, the maximum likelihood
estimator shows large errors.

In Fig. 4.7, the results of the simulations to evaluate the effect of ||Q|| on the
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Figure 4.8: The RMSE of the estimation of the nuisance parameters α and σ2 as
function of an increasing radial distance ||h|| for four different SNRs. The depth
of the fetal heart was set to hz = 80 mm.

estimation accuracy are shown (simulation 1). The three graphs show the error of
the estimation as function of the process noise variance and varying SNR for three
different velocities. From the graphs, it follows that for a specific velocity u there
is an optimal setting for the process noise variance. The process noise variance
in fact determines how much the fetal heart location is expected to change from
one time point to the other. On the one hand, when set too low, one does not
permit enough movement to the fetal heart. As a consequence, the estimate will
remain at its initial value and can not adapt according to the new measurement
data. On the other hand, when the process noise variance is set too high, large
changes of the fetal heart location are permitted and the system follows only the
measurement data. Setting the process noise to large values compared to the
present measurement noise variance R effectively changes the EKF to an ML
approach as one removes virtually any prior knowledge. For realistic velocities
with which the fetal heart moves out of the radiation pattern, the results in
Fig. 4.7 suggest that a process noise variance with magnitude in the range of
||Q||= 1 − 100 is a good trade off.

After each EKF iteration step, the nuisance parameters α̃ and σ̃2 are again
estimated to be available for the next estimation of h̃ and S̃. Figure 4.8 shows the
RMSE as function of the radial distance ||h|| and diferent SNRs (simulation 2).
Not surprisingly, the estimation accuracy for both nuisance parameters decreases
for decreasing SNR. However, when comparing the RMSE values for α and σ2,
two aspects stand out. First, the RMSE for the estimation of α is much larger
compared to the RMSEσ2 . Second, with increasing radial distance ||h|| the esti-
mation accuracy of α drastically worsens, while the estimation accuracy of σ2 is
less affected.
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Figure 4.9: The RMSE of the nuisance parameter estimation as function of an
increasing radial distance ||h||. Successively, an error is added to the real fetal
heart location ||h|| which is then used as the fetal heart location estimate for the
nuisance parameter estimation.

In Fig. 4.9, the effect of an erroneous estimated fetal heart location h̃t on the
following estimation of α̃t+1 and σ̃2

t+1 is depicted (simulation 3). As expected,
when there is no estimation error both nuisance parameters can be estimated
perfectly because the SNR in the simulation was set to infinity. With increasing
error, the nuisance parameter estimation accuracy is reduced. It strikes that for
a small error = 5 mm the RMSEα can already be significant. Further increasing
the error to 15 mm even leads to a an RMSEα of 37% in the center of the
radiation pattern. For σ2, the RMSEσ2 is also increasing when h̃ is estimated more
inaccurately. With increasing radial distance ||h||, the RMSEσ2 is less affected by
an erroneously estimated fetal heart location. It should be noted that the bottom
panel of Fig. 4.9 shows absolute values instead of a relative RMSE because σ2 = 0.

In-vitro-experiments
The results of the in-vitro measurements are shown in Fig. 4.10. The estimation
error of the EKF is compared to the ML approach. For reference, the results of
the EKF on simulated data are also presented. In these simulations, the fetal
heart location changes in the same way as in the conducted in-vitro experiments.

Within the measurement volume of the US transducer, there is no significant
difference between the error of the fHL estimation obtained with the EKF algo-
rithm compared to the ML approach. Only when the fetal heart is moving out of
the radiation pattern at radial distance ||h||= 20 mm, the performance of the ML
approach drastically reduces. Compared to that, the EKF is able to estimate the
fetal heart location over a considerably wider measurement range. The diameter
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Figure 4.10: Performance of the EKF compared to ML obtained from in-vitro
measurements. For reference the EKF results on simulated data with SNR =
5 dB and SNR = −10 dB are presented. The shaded grey area represents the
standard deviation of the error using the Extended Kalman Filter. Simulations
and measurements are conducted at a depth of hz = 80 mm.

and the pitch of the transducer elements is 10 mm, which determines the required
accuracy of the fetal heart localization. With this accuracy, one is able to deter-
mine on which side of the radiation pattern the fetal heart is located. Considering
this as the required accuracy, the measurement range is increased by 41%.

Further, it can be recognised that within the radiation pattern the estimation
error during the measurements is approximately 4 mm for both the EKF and ML
approach, while for the simulations performed at SNR = −10 dB the error for the
EKF is lower. However, as ||h|| increases, the error in the simulations increases
faster compared to the in-vitro measurements.

4.4 Discussion
Positioning the US transducer on the maternal abdomen requires skill and can
be a tedious task. By estimating the fetal heart location during Doppler fHR
measurements, a visual feedback to assist with the transducer positioning can
be provided. It allows positioning of the US transducer centrally above the fetal
heart, reducing the change that the fetal heart moves out of the US beam. Besides
an improvement of the clinical work flow, this may also reduce the total amount
of fHR signal loss periods, hence contributing to improved assessment of the fetal
condition. The added value of the proposed US Transducer positioning tool needs
to be further validated in a clinical study. Here, an important outcome measure is
the required time clinicians need to position the US with and without positioning
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support. In addition, it is important to investigate whether inexperienced nurses,
or potentially even the mother-to-be, have less difficulties to position the US
transducer.

Although the proposed method may lead to improved clinical work flow, the
clinically more relevant parameter is the fHR. It needs to be evaluated if and
how much the robustness of the fHR recordings will improve due to the proposed
US transducer positioning tool. Although the authors are convinced that the
proposed method will positively affect the robustness of fHR recordings, at this
stage, it can only be conjectured if this is really the case. Therefore, it is essential
to prove the impact of the method in a clinical setting.

From the results shown in Fig. 4.8, it is clear that the estimation of the nuisance
parameters is strongly affected by the SNR. Specifically, α is more affected by a
decreasing SNR compared to σ2. While α is a parameter belonging to the signal
component of the model, σ2 describes the noise. Therefore, it is logical that
when noise is dominating the signal α can be less accurately determined while
the estimate for σ2 is independent of the signal itself.

The results in Fig. 4.9 stress the importance of a good initialization of the
EKF. When h̃ is erroneous, the subsequent nuisance parameter estimation will
potentially show large errors, which in turn lead to a misuse of the model in the
following EKF iteration. It can be seen that with increasing radial distance ||h||,
errors in h̃ have less impact on the estimation on σ2. This can be explained
by the fact that the model Φ(h) approaches zero at increasing radial distance
and the gradient is very small. Therefore, an erroneous h̃ will cause a smaller
error in Φ(h). In contrast to that, as α belongs to the signal component of the
model, it is crucial that some signal needs to be measured for a good estimation
of α̃. For the envisioned application, this implies that the heart location has to be
already approximately known when the transducer is positioned on the maternal
abdomen, such that the nuisance parameters can be estimated correctly.

As it can be seen in Fig. 4.10, there is no performance difference between
the EKF and ML approach when the fetal heart is located at a minimum radial
distance ||h||= 16 mm from the center of the radiation pattern. This can be
explained by the high SNR within the center of the US beam. Here, a small
nuisance parameter σ2 will cause that the measurement noise covariance matrix
R converges towards the zero matrix (see (4.14)). This has as effect that the
EKF will almost fully rely on new incoming measurement data and will disregard
the prior knowledge, causing the fHL estimation result to be similar to the ML
approach.

The advantage of the EKF compared to the ML lies particularly in an improved
performance when the fetal heart is moving out of the radiation pattern or the
SNR drops during measurements. Therefore, in a practical implementation of the
proposed algorithm, while searching for the fetal heart location one could first
rely on the ML estimation and then switch to the EKF for improved tracking
of the fetal heart location. This switch could be initiated by the operator or
automatically triggered when the system is able to estimate the fHR. Comparison
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between the performance of the EKF in-vitro and in-silicio (see Fig. 4.10) suggests
that the SNR in the experiments is between the range of SNR = −10 dB to
5 dB. Interestingly, within the center of the radiation pattern the performance
of the simulation carried out at SNR = −10 dB is slightly better than for the
in-vitro measurements. This can be explained by a misalignment of the chicken
heart and the transducer in the experimental setup. Furthermore, it may also
reflect the inaccuracy in our power model and possible limitations of the applied
assumptions.

The setting for the process noise variance Q plays an important role in the
performance of the EKF, which can be clearly seen in Fig. 4.7. The ratio between
the process noise variance Q and the measurement noise variance R determines
the magnitude of the Kalman Gain K and, therefore, how much the system relies
on the old estimate h̃ or the new measurement data. The optimal setting for
||Q|| is selected when the system can just follow the maximal velocity with which
the fetal heart location changes. Setting ||Q|| too high pushes the EKF towards
the ML approach, because it effectively sets the prior to a uniform probability.
However, it should be noted that setting a too low ||Q|| is more disadvantageous
since it does not allow the system to adjust to the new measurement data. For
further improvement of the fHL estimation algorithm, it can be considered to
adaptively estimate the process noise variance [148,152]. In addition, a 2nd order
Gauss-Markov model for the state-space representation in (4.3), i.e. including
knowledge on the movement direction of the fetal heart, could potentially improve
the estimation [152].

In the derivation of the EKF algorithm, we assumed that, by modeling the
process noise with a 1st order Gauss-Markov process, the probability of the
moving direction of the fetal heart is equally alike for all directions. Therefore,
from the process perspective, the method itself is not affected by the moving
direction of the fetal heart. However, as discussed before, a low SNR may lead
to an erroneous estimation of the model parameters. This means that when the
fetal heart moves from a location where the SNR is low, i.e. outside the US
beam, towards the center of the beam, the performance of the method will be
reduced compared to the situation where the heart moves from location with
good to locations with poor SNR. Furthermore, in this research the simulations
and experiments were performed for one representative depth hz = 80 mm and
the sample volume of the acquisition was set accordingly. In a clinical situation,
the fetal heart may not only drift outside the radiation pattern but also change
its depth. Further research is needed to automatically adjust the sample volume
(gate) to the depth of the fetal heart location. The performance of the fetal heart
location estimation algorithm in such a situation needs to be analyzed.

The experimental setup allows mimicking a displacement of the fetal heart
with respect to the US transducer. Furthermore, by adding a gelatin phantom
the US waves can be attenuated to simulate measurements in women with high
BMI. However, it is well-known that the US Doppler signals may be affected by
pulsating maternal arteries or artifacts caused by fetal limb movement [76, 153].
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This will have an affect on the measured Doppler signals and Doppler power,
hence influencing the performance of the fHL estimation. In future research, the
measurement system will be extended to mimic these sources of signal distortion
and it will be investigated how the proposed method can work robustly in these
situations. In particular, a research topic is the acquisition of Doppler signals
from multiple depth, allowing spatial separation of different Doppler sources.

For an accurate estimation of the fetal heart location it is necessary that the
SNR is sufficiently high. Obviously, the SNR reduces as the fetal heart moves out
of the radiation pattern. In order to increase the measurement volume, the size
of the transducer elements or the center frequency of the transmit pulse can be
reduced. This leads to a wider radiation pattern. In the current research, only the
center element of the transducer was used because transmission with all elements
leads to a radiation pattern with strong interference and finding an analytical
solution for the non-linear mapping function g would hence be more challenging.
Further research on the transducer design and the transmitted radiation pattern
needs to be conducted. By changing the size of the transducer elements, an US
wave could be transmitted which is closer to a plane or diverging wave, spanning
a wider measurement range. In addition to that, with a new transducer design
in which the pitch between the transducer elements is reduced, the transmitted
US beam can potentially be steered into the direction of the fetal heart. Having
a system which would be able to automatically steer the beam towards the loca-
tion of the fetal heart, the fHR estimation may be less influenced by the correct
positioning of the US transducer by the clinical staff.

4.5 Conclusions
In this research, a new method for estimating the fetal heart location during
Doppler based fHR monitoring is presented, which facilitates improved US trans-
ducer positioning on the maternal abdomen. The method makes use of a model
which relates the Doppler power, measured in the individual transducer elements
of a commercially available US transducer, to the fetal heart location. This novel
model is used in the framework of an Extended Kalman filter, where the model
parameters are estimated in an adaptive way. This allows estimating the fetal
heart location in high noise scenarios. The performance of the algorithm was
analyzed in in-silico and in in-vitro using a dedicated experimental fetal beating-
heart setup, and compared to a maximum likelihood estimation approach. The
results show that the fetal heart location can be determined with an accuracy of
4 mm when the fetal heart is located within the measurement range of the trans-
ducer. It was proven that the EKF is suitable to estimate the fetal heart location
more accurately in high noise scenarios as compared to a maximum likelihood
approach. In the experiments, when the fetal heart drifts out of the measurement
range, the EKF algorithm is able to accurately estimate the fetal heart location up
to a radial distance of ||h||= 34 mm, while the ML approach can only determine
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it up to ||h||= 24 mm. This corresponds to an increase in the measurement range
by 41%. The improved performance of the method shows the feasibility of fetal
heart location estimation, even in measurements with low signal-to-noise ratio.
Eventually, this may lead to improved US transducer positioning for improved
clinical work flow and more robust estimation of the fHR.
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This chapter is based on Hamelmann et al., Fetal Heart Rate Monitoring Imple-
mented by Dynamic Adaptation of Transmission Power of a Flexible Ultrasound
Transducer Array, Sensors 19 (5): 1195, 2019.
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Abstract
Fetal heart rate (fHR) monitoring using Doppler Ultrasound (US) is a standard
method to assess fetal health before and during labor. Typically, an US trans-
ducer is positioned on the maternal abdomen and directed towards the fetal heart.
Due to fetal movement or displacement of the transducer, the relative fetal heart
location (fHL) with respect to the US transducer can change, leading to frequent
periods of signal loss. Consequently, frequent repositioning of the US transducer
is required, which is a cumbersome task affecting clinical work flow. In this re-
search, a new flexible US transducer array is proposed which allows for measuring
the fHR independently of the fHL. In addition, a method for dynamic adaptation
of the transmission power of this array is introduced with the aim of reducing the
total acoustic dose transmitted to the fetus and the associated power consump-
tion, which is an important requirement for application in an ambulatory setting.
The method is evaluated using an in vitro setup of a beating chicken heart. We
demonstrate that the signal quality of the Doppler signal acquired with the pro-
posed method is comparable to that of a standard, clinical US transducer. At
the same time, our transducer array is able to measure the fHR for varying fHL
while only using 50% of the total transmission power of standard, clinical US
transducers.
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5.1 Introduction
After the introduction of the first commercial fetal monitor in 1968, Cardiotocog-
raphy (CTG), a simultaneous registration of fetal heart rate (fHR) and uterine
contraction (UC), is now routinely applied in clinical practice to assess the fe-
tal well-being in the antepartum and intrapartum period [23]. The objective of
CTG is to minimize the risk of fetal morbidity and mortality, to determine op-
timal timing of delivery, and to identify fetuses at risk [2, 22, 138]. While CTG
has a very high sensitivity, its specificity in the prediction of fetal compromise is
poor, which has led to a significant increase in unnecessary caesarian sections [7].
Currently, due to the high inter and intra-observer variability in the interpreta-
tion of the CTG recordings [25], computerized approaches for CTG analysis are
under development [11, 12, 25]. In particular, the analysis of features obtained
from the fHR recording and analysis of fHR variability are gaining more and
more interest, as they may directly reflect the functioning of fetal autonomous
regulation [13–15,133,154].

The fundamental requirement for enabling computerized analysis is accurate
and robust recording of the fHR. Up to date, the most common technology to
measure the fHR is Doppler Ultrasound (US). An US transducer, operating in a
pulsed-wave Doppler mode, is positioned on the maternal abdomen and directed
towards the location of the fetal heart. From the received Doppler signal, fetal-
heart periodicity is determined using algorithms which typically make use of an
autocorrelation function (ACF) to obtain an estimate of the fHR [37,38]. However,
the quality of the Doppler signal strongly depends on the correct position of the US
transducer relative to the fetal heart location (fHL). More recently, non-invasive
recordings of the fetal electrocardiographic signal (ECG) using abdominal surface
electrodes are under investigation [31, 32, 155]. This promising technique, which
may use different types and numbers of electrodes located concentrically around
the maternal abdomen [31], is less dependent on sensor position and is suitable for
measurements on mothers with a high body-mass-index (BMI) [156], and possibly
provides insight into morphological changes in the ECG signal. However, signal
processing of the electrophysiological signal remains challenging due to low signal-
to-noise ratio (SNR), for instance because of the superimposed maternal ECG,
and is not yet routinely used in clinical practice [31,155].

So as to obtain an US Doppler signal with good quality, the transducer needs
to be placed by a skilled clinician. However, positioning can be challenging in
preterm pregnancies due to the small size of the fetal heart and because the fetus
can move freely within the uterus [71]. Once the clinician has found a good US
signal, she/he fixates the transducer on the maternal abdomen using a flexible
belt to enable continuous recordings of the fHR at a specific fetal heart location.
However, due to changing fetal-heart location or due to displacement of the US
transducer on the maternal abdomen, fHR recordings often show severe episodes
of signal loss making them unsuitable for clinical interpretation [17, 39, 108]. As
a result, clinicians often have to come to the bedside for manual repositioning of
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the US transducer, which is time consuming and an undesired disruption of the
clinical workflow. In addition, relevant information about fetal condition can be
missed. This can result in a delay in intervention and may put the fetus at risk.
Recently, to improve the work flow in obstetrical care we proposed a method which
facilitates improved US transducer positioning by estimating the fHL relative to
the transducer [71].

In this research, we propose to measure the fHR using a flexible transducer
array, which can be applied to an arbitrary curvature of the maternal abdomen
and doesn’t need to be repositioned at all. The basic idea is to increase the
measurement volume by using multiple US transducers in such a way that the fHR
can be measured at all possible fetal heart-locations. This is implemented using
an algorithm which dynamically adapts the active transmitting elements, with
the objective of minimizing total transmission power, since this is a major clinical
concern even if safety guidelines are fulfilled [157], and maximizing signal-to-noise
(SNR) ratio. The optimal algorithm settings are investigated for different fHLs as
well as movement velocities of the fetal heart with respect to the US transducer
using a dedicated in-vitro beating fetal-heart setup.

5.2 Materials and Methods

5.2.1 Design of a flexible ultrasound transducer array
Commercially available US transducers used for fetal heart rate monitoring typ-
ically consist of multiple US transducer elements. These elements are arranged
on a rigid grid in a hexagonal or circular pattern and driven simultaneously by a
parallel electrical interconnection of the elements. This effectively forms an array
aperture, which insonifies a cone-like measurement volume of several centime-
ters in diameter. When the measurement volume is increased by adding multiple
transducer elements to the array aperture, they cannot be placed on such a rigid
grid due to the curvature of the abdomen. Instead they would need to be inte-
grated into a flexible material. In that way, the array can be wrapped around
the maternal abdomen. We used the following production process to create a
prototype of such a flexible transducer array (Fig. 5.1(a)).

As a first step, a mold is created using Polymethylmethacrylat (PMMA)
plates. The available piezoelectric transducer elements (PZTs), operating at cen-
ter frequency f0 = 1 MHz, have diameter d = 10 mm and thickness t = 2 mm.
Accordingly, 10-mm wide holes with element spacing of dk = 10 mm are drilled
into a 1-mm thick PMMA plate following a hexagonal configuration (Fig. 5.1(b)).
Subsequently, the piezoelectric transducer elements are connected to coaxial ca-
bles and pressed into the holes such that they are fixated in the specified con-
figuration, preventing them from moving or tilting during the next production
steps. In the third step, liquid Polydimethylsiloxan (PDMS, Dow Corning Syl-
gard 184, mixed at ratio of 10:1 of base to catalyst) is poured into the mold to
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Figure 5.1: (a) Process of making a flexible transducer array. (1) Polymethyl-
methacrylat (PMMA) mold with plate for inserting (2) the piezotransducers. (3)
Casting Polydimethylsiloxan (PDMS) on the backside of the transducers. (4)
Flipping the first cast to mold a second layer of PDMS on the front side of the
transducers (5) to create an air-free layer above the transducer elements. The
processing steps are described in detail in Sec. 5.2.1; (b) Photograph of the flexi-
ble transducer array. For reference, the element number is shown on top of each
transducer element.
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cover the PZTs. PDMS is a silicone which is flexible, robust, and has similar
acoustic properties as human tissue; therefore, it is used in many biomedical US
applications [158, 159]. Mixing occurs in a shaker/centrifuge to remove air bub-
bles. To remove bubbles introduced after pouring, the mold is placed in a low
vacuum (0.8 bar) for 5 min and abruptly vented, which forces bubbles to rise and
escape at the PDMS surface. For curing the PDMS, the mold is placed for 3 h in
an oven at T = 90 ◦C. Note that the bottom half of the transducer elements is
now embedded into PDMS. This allows for flipping the array and removing the
thin PMMA plate without displacing the transducer elements. Subsequently, a
second layer of PDMS is poured into the mold onto the front side of the previous
cast to embed the transducer elements completely. The thickness of the PDMS
layer above the transducer surface is approximately 1 mm. Again, bubbles are
removed by a low vacuum treatment and the PDMS is cured at T = 90 ◦C, prior
to removal from the mold. Pouring the second PDMS layer in a later step has the
advantage that a regular and air-free layer above the surface of the transducer
elements is created.

In this prototype, in total M = 37 transducer elements are used, distributed
over a rectangular surface of 8 cm by 15 cm (see Fig. 5.1(b)). This configuration is
large enough to allow evaluating the feasibility and performance of the algorithm
proposed in the subsequent sections. In clinical practice, a larger array or different
shape may be required to cover all potential heart locations. It should be noted
that no backing material is used, which would prevent excessive vibrations of the
transducer elements. However, as the system operates in a pulsed-wave Doppler
mode using long pulse lengths, this omission causes a negligible error during
measurements. Driving of the transducer elements is done via an US research
platform (Vantage 256, Verasonics, Inc., Kirkland, WA, USA), which allows full
control in receive and transmit mode.

5.2.2 Ultrasound beam profile
In [20], the transmitted US beam profile of the same transducer elements used in
the flexible array was characterized using a needle hydrophone (Precision Acous-
tics Ltd., Dorchester, UK). Here, we explicitly distinguished the US beam profile
during transmit and receive mode.

It was found that the transmitted US beam of a single piezo element can be
approximated in the far field by a narrow diverging cone, which has a linearly
increasing width for increasing depths, which is in good agreement with the well-
known Fraunhofer-approximation of the US beam profile [160]. Due to reciprocity,
the same characterization applies to the US beam in receive mode. Using exper-
iments and simulations, it was shown that transmission with multiple elements,
positioned in a rigid gird, leads to an US beam profile with multiple side lobes
and interferences [71,78]. It should be noted that a group of seven concentrically
arranged transducer elements (e.g., elements with index i = 1, i = 3, i = 4, i = 6,
i = 8 and i = 9 in Fig. 5.1(b)), corresponds to the array aperture of a commer-
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cially available US transducer [71, 78]. In receive mode, all elements are active
and read out individually. Due to the arbitrary curvature of the flexible trans-
ducer array, the exact locations of the transducer elements are not known. This
makes it impossible to approximate the US beam of the new developed transducer
array [160].

5.2.3 Doppler processing
For the acquisition of the Doppler signals, the transducer elements are driven with
pulse repetition frequency PRF = 1.6 kHz. The driving pulse has center frequency
f0 = 1 MHz and pulse duration of 20 cycles. The peak-to-peak voltage applied to
the transducer elements is Vpp = 1.6 V and can be controlled by setting a transmit
apodization function ai, where the index i indicates the element number (defined
as in Fig. 5.1(b)). Apodization functions are well-known window functions in
US beamforming, where they are commonly applied to reduce the presence of
undesired side lobes [161]. The apodization ai can have values in the range of
0 ≤ ai ≤ 1, where ai = 0 completely switches off the element and ai = 1 sets
the voltage of the transmitted pulse to Vpp. To obtain a Doppler signal with
each transducer element, for each transmitted US pulse, the received raw Radio-
Frequency (RF) signals are bandpass filtered around f0 and digitized using a
sampling frequency of fs = 4 MHz. Subsequently, the signals are demodulated
using a time gate which corresponds to a sample volume depth of SVD = 6 cm to
16 cm, since this is the range in which the fetal heart is typically located during
fHR measurements. In that way, each transmitted US pulse leads to one sample
of the Doppler signals in each element. In order to remove the contribution of
static and slow moving objects, the Doppler signal is filtered using a clutter filter
with cut-off frequency fc = 50 Hz [162].

Subsequently, for each transducer element, the power P = (P1, P2, . . . , PM ) of
the Doppler signal is determined using the mean squared value in a sliding time
window w. It is important to choose w large enough to guarantee that at least one
heartbeat is present within the signal, such that P allows for identifying which
elements are most suitable to measure the fHR. In this study, the window size is
set to w = 2 s. The received Doppler power is used to dynamically adjust the
apodization function ai, i.e., to control the transmit power of the elements. This
will be further explained in Sec. 5.2.5.

5.2.4 Heart rate estimation
Methods for estimating the fHR from Doppler US signals typically make use of an
autocorrelation function, where the envelope of the Doppler signal is correlated
with a delayed copy of itself [38,70]. This allows finding periodic patterns, i.e., the
fetal heartbeat, in a signal obscured by noise. The envelope signal is determined
by estimating the magnitude of the Doppler signal using the Hilbert transform [70]
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and the implemented ACF is defined as:

ACF[τ ] =
N−τ∑
j=0

x[n+ j]x[n+ j + τ ], 0 ≤ τ ≤ N (5.1)

where x is the analyzed signal, n the first sample in the autocorrelation win-
dow, N the length of the ACF window wACF expressed in samples and τ the
delay [70]. Further, the ACF is normalized by its value ACF[0]. By finding
the delay at which the normalized ACF has a maximum, the periodicity of the
Doppler signal can be determined, giving an estimate for the fHR. The search for
the maximum in the normalized ACF is limited to the range of τ corresponding
to 60 bpm to 180 bpm. The fHR estimation is considered as too low quality when
the peak in the normalized ACF is below an empirically determined threshold of
0.6, as suggested in [70].

As mentioned before, in commercially available systems the transducer el-
ements are electronically interconnected, such that only one combined Doppler
signal is received. Consequently, the ACF is computed for that combined Doppler
signal. Since we are measuring the Doppler signals in all M = 37 transducer el-
ements individually, we can also estimate the fHR from the individual Doppler
signals, by following a similar approach as proposed by Voicu et al. [38]. To re-
duce the total amount of data, which has to be processed, the Doppler signals
are down sampled to 400 Hz, before the envelope is detected. Every time the
fHR estimation is executed, the ACF is computed for the last wACF = 2 s (i.e.,
N = 800 samples) of the envelope signals. The length wACF is important as it
determines how many beats are within the time window. Having multiple beats
within the time window increases the robustness of the estimation while reduc-
ing its accuracy, since small variations in heart rate are averaged out. Setting
wACF = 2 s guarantees that at very low fetal heart rates of 60 beats per minute,
at least two heart beats are within the ACF window. In Fig. 5.2, an example of a
Doppler signal, measured on an in-vitro beating fetal heart setup, which will be
explained in Sec. 5.2.7, and the corresponding ACF can be seen.

5.2.5 Dynamic adaptation of transmit apodization
An important consideration for dynamic adaptation of transmit apodization (DAA)
is that transducer elements not directed toward the fetal heart should not be used
for transmission, as they (1) will only increase acoustic dose, (2) increase power
consumption and (3) will not be able to induce a measured signal related to the
fHR. DAA can be achieved by modulating the peak-to-peak voltage Vpp of the
driving pulse applied to the individual transducer elements using the apodization
function ai. By dynamically updating ai based on the fetal heart location, the
power consumption and acoustic dose can be minimized and limited during mea-
surements, while being able to continuously obtain an fHR recording. A block
diagram of the DAA process is presented in Fig. 5.3. An initial apodization
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Figure 5.2: (a) Doppler signal acquired with a single element of the flexible trans-
ducer array, measured on an in-vitro beating fetal heart setup. In (b), the auto-
correlation function is depicted. The maximum found at τ = 0.5 s corresponds
to a heart rate of 120 bpm.

function is used to drive the transducer elements. The received raw RF data is
subsequently processed to obtain the Doppler signals of each individual channel,
as described in Sec. 5.2.3.

Ideally, the apodization should be updated as soon as a heartbeat has occurred,
since this will give new information on whether different elements receive higher
Doppler power, as a consequence of changing fetal position, and whether the
apodization has to be adjusted accordingly. However, in practice the exact timing
of the beat is not known. Therefore, it is chosen to execute the DAA with an
apodization update frequency fa. A technical limitation of the adopted research
system is that updating the apodization function does not occur instantaneously.
When a new apodization function is set, the next transmit-receive sequence is
delayed, causing an undesired gap in the acquired Doppler signals. This limitation
of the system is circumvented by updating the apodization function only at fa =
0.5 Hz, such that 2 s of continuous Doppler Data can be recorded to feed into
the ACF algorithm. It should be noted that the apodization update frequency
fa, in fact, determines how fast the DAA method can adapt to new fHLs, and
hence, defines the maximum velocity with which the fetal heart is allowed to move
within the abdomen without completely leaving the US beam. At a theoretically
possible minimal fHR = 60 bpm, one heart beat every second contributes to the
measured Doppler power, and hence, the apodization update frequency should
be set at least to fa = 1 Hz. Due to the technical limitations of the system,
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setting this desired fa is not possible and hence the maximum velocity which can
be tracked is reduced. However, if the method is implemented on a dedicated
system, a higher fa could be considered, allowing the DAA to adapt to faster fHL
velocities, if clinically required. In a clinical setting, the fetal heart changes its
location when the fetus moves. This movement can be either a fast change of
fetal presentation or a slower body movement. It is commonly known that fetuses
with lower gestational age change their location more rapidly and frequently than
at a later stage of pregnancy, where the freedom of motion is restricted by the
limited space in the uterus [163]. The input for the apodization update is the
Doppler power and the fHR estimate of each individual channel. The strength
of the Doppler power gives an indication on which elements are directed towards
the fHR. However, Doppler artefacts, for example caused by limb movement, may
also contribute to the measured Doppler power. In order to prevent that the
DAA sets ai according to these Doppler artefacts, it is always checked whether
the signal obtained in the specific transducer element is able to measure an fHR
of sufficient quality, as described in Sec. 5.2.4. The updated apodization function
is then used for the next transmit-receive sequence.

The total reduction in transmission power Ptotal is dependent on how exactly
the apodization function is defined. We hypothesize that an apodization function
tailored to the size and location of the fetal heart will allow acquiring Doppler
signals with similar SNR, defined as the average SNR of all Doppler signals ac-
quired with the individual transducer elements (see also Sec. 5.2.8), compared to
the situation where all elements are transmitting. In addition, we hypothesize
that when the fetal heart location changes with a specific velocity, it is beneficial
to use a broader US beam, such that the DAA method can adapt to the new fetal
heart locations. To test these hypotheses, we considered two different strategies
for updating the apodization function based on the received Doppler power, viz.
a single element apodization and a window-based apodization. It should be noted
that for both strategies, in this research, the apodization is only applied in trans-
mit mode. In receive mode, no apodization is applied. The working principle of
the different DAA methods is illustrated in Fig. 5.4 and discussed in detail in the
following subsections.

5.2.5.1 Single element apodization

When the fetal heart lies directly within the US beam of a specific transducer
element, it is likely that this element will receive the strongest Doppler power.
As soon as the fetal heart moves within the measurement range of another trans-
ducer element, eventually that element will receive the highest Doppler power.
A straightforward solution to update ai dynamically is to use only that element
for transmission, which receives the highest Doppler power. Accordingly, the
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Figure 5.3: Block diagram of the dynamic apodization adaptation (DAA1, DAA2
and DAA3) process. An initial apodization is used in a first transmit-receive
sequence. From the resulting Doppler signals, the power and fHR are estimated
and used to update the apodization function, which modulates the transmission
pulse of the next transmit-receive sequence.

apodization function can be defined as

ai =

1 if Pi = arg max
i

P

0 if Pi 6= arg max
i

P
(5.2)

This apodization adaptation is based on the assumption that the fetal heart
only slowly changes its location, i.e., it is still within the US beam of the single
active transducer element when the DAA is executed. This DAA method has
the advantage of using a minimal transmission power. In the remainder of this
article, this method will be referred to as DAA1.

5.2.5.2 Window-based apodization

It is unlikely that only a single element is directed towards the fetal heart. There-
fore, SNR might improve when multiple transducer elements are used for trans-
mission. Furthermore, the speed with which the fetal heart location is allowed
to change can be higher using multiple elements compared to the single transmit
DAA1. To distribute the transmission power among the transducer elements a
window function can be used which defines the transmit apodization ai set to the
individual transducer elements. The center of this window function is determined
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Figure 5.4: Illustration of the working principle of the dynamic apodization adap-
tation: (a) Received Doppler power measured in the individual transducer ele-
ments of the flexible transducer array. (b) For the DAA1-method, the apodization
of a single element, which received the highest Doppler power, is set to 1. For the
window-based apodization methods DAA2 and DAA3, the power center C defines
the center of the window-based methods and the apodization of the elements is
set accordingly.
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as the power center C = Cx,Cy of the received Doppler power:

Cx =
∑M ′

i=1 PiXi∑M ′

i=1 Pi

; Cy =
∑M ′

i=1 PiYi∑M ′

i=1 Pi

(5.3)

where Xi and Yi are the coordinates of the individual transducer elements,
when the transducer array is in a complete flat position, and M ′ are the elements
which provide an fHR with sufficient quality (see Sec. 5.2.4). This prevents that
the apodization is erroneously set because of elements which receive a high power
only due to motion artefacts. It should be noted that by using Eq. 5.1, the
measured Doppler power in the individual transducer elements of an arbitrary
curved array is projected onto the transducer elements of a flat array. In that
way, the power center C can be determined without the need of measuring the
individual transducer positions. The power center C provides information on
where the signals receiving the highest Doppler power are located within the
transducer array. However, in the case of a curved array it cannot directly be
interpreted as the location of the fetal heart. In a flexible transducer array the
element positions are unknown, and therefore, it is challenging to predict what
the received Doppler power will be, given a specific fHL. Once C is determined, a
window function can be used to set a smooth apodization function ai. We consider
two different window functions and evaluate their influence on transmission power
and SNR. First, a Gaussian window based apodization function is defined as:

ai = exp
(

−
(

(Xi − Cx)2

σ2 + (Yi − CY )2

σ2

))
, (5.4)

where σ defines the width of the Gaussian window. This method allows for
smoothly distributing the transmission power among the transducer elements. In
the remainder of this article, this method will be referred to as DAA2. In the
third method (DAA3), a group of adjacent elements is completely switched on,
i.e., their apodization ai is set to 1. For the elements surrounding this group,
the apodization exponentially decays with rate λ . The aim is to make full use
of all the transducer elements which are directed towards the fetal heart. The
apodization function is defined as:

ai =
{

1 if d ≤ D

exp (−λ(d−D)) if d > D
(5.5)

where d is the Euclidean distance between the power center C and the element
position and the parameter D defines the window width in which the apodization
of the transducer elements is set to one. Note that setting the decay constant λ
to large values effectively causes that only a group of adjacent elements is fully
transmitting and all other elements are turned off. In Fig. 5.5(a) and Fig. 5.5(b),
the total transmit power Ptotal as function of the parameter settings is illustrated.
Since Ptotal is dependent on the location of the power center C, the graphs show
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Ptotal for the situation when C coincides (Con) with an element position and
when C lies in between elements (Coff), describing the minimal and maximal
transmission power with the set parameters. Figure 5.5(c) and Fig. 5.5(d) show
the applied apodization values for selected DAA parameters, which are used in
the experiments described in Sec. 5.2.6. It should be noted that while having
similar Ptotal, the DAA3 method with large λ distributes the power among a
lower number of elements compared to the DAA2 method. This means that using
the DAA3 method, locally a stronger US wave will be transmitted toward the
fetal heart.

5.2.5.3 (Re)-initialization

When heart rate recordings are started, the initial apodization is set to a0 = (1, . . . , 1),
i.e., all transducer elements are simultaneously transmitting an US wave and the
measured Doppler power can subsequently be used to set the first apodization
values according to Eq. 5.2,Eq. 5.4 and Eq. 5.5, respectively. With active DAA,
whenever not a single valid fHR can be determined, e.g., due to strong motion
artifacts caused by UCs or when the array is temporarily removed from the mater-
nal abdomen, the apodization is reset to these initial values. By re-initializing ai,
the most suitable transmit elements are selected by the respective DAA methods
as soon as a transducer element is able to estimate the fHR with sufficient quality.

5.2.6 Experiments

5.2.7 Experimental setup

For testing the flexible transducer array and the DAA-methods, an in-vitro beating-
heart setup was realized. The reader is referred to [71], where this setup is ex-
plained in detail. Here, the setup (see Fig. 5.6(a)) is described briefly. To mimic
a beating heart of a fetus, a chicken heart is threaded on fishing strings, which
are attached to the wall of a water tank. Another fishing string pulls at the
chicken heart and brings it into a beat-like motion pattern along the z-direction.
It should be noted that in real recordings, the shape of the envelope signals will
be different due to multiple events during a heartbeat, e.g., the contraction of the
ventricles and closing and opening of the valves. However, the DAA methods do
not depend on the exact waveform and frequency content of the signal, as they are
based on the power of the Doppler signals solely. The flexible array is mounted
on a translation stage and the mount allows bending the flexible array to simulate
the situation when the array is positioned on the maternal abdomen. Further,
by translating the array, a changing fetal heart location within the uterus can be
mimicked. For more realistic measurements, an acoustic absorber is positioned in
between the array and the chicken heart.
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Figure 5.5: (a) Influence of the parameter σ (DAA2) on the total transmission
power. The dark- and light-colored lines indicate the total transmission power
depending on whether the power center C coincides (Con) with an element po-
sition or if it lies in between elements (Coff). As reference, the dashed line at
0 dB indicates the total transmission power of a seven-element transducer used
in clinical practice and the solid line is the transmission power when only a sin-
gle element is used; (b) Influence of the parameter D (DAA3), for three selected
decay parameters λ; (c) Cumulative apodization, the added apodization values
set in all transducer elements, for selected parameter settings. Each block in
the stacked horizontal bar plots corresponds to the apodization value of a sin-
gle transducer element. The light and dark colored blocks correspond to the set
apodization depending on whether the power center C coincides (Con) with an
element position or if it lies in between elements (Coff); (d) 2-dimensional represen-
tation of set apodization function with specific parameters (DAA3, D = 17.7 mm,
λ = 0.05 mm-1.
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Figure 5.6: Schematic of the fetal heart in-vitro setup. A function generator
drives an actuator that is connected via a string to a chicken heart. In this
way, the chicken heart is moved along the z-direction in a beat-like fashion. By
translating the flexible transducer array through the water tank, a changing fetal
heart location can be mimicked. (b) Illustration of the transducer array geometry
and heart position during experiments.

5.2.8 Experimental design

Two types of measurements, static measurements and dynamic measurements (see
Fig. 5.6(b)), were conducted to evaluate the performance of the three different
DAA methods and to validate that the flexible transducer array can be used to
measure the fHR irrespective of the heart location. In the static experiments,
the fetal heart was centrally located at a fixed position, i.e., in front of element
i = 19 (see Fig. 5.6(b)), at depth z = 10 cm, which is a typical distance of the fetal
heart with respect to the abdominal surface. The fHR was set to 120 bpm. The
different DAA methods were applied and after a short settling period, a 10 s long
Doppler measurement was recorded. Besides the application of the DAA methods,
it was also investigated how the received Doppler power is distributed among the
transducer elements when transmitting with all elements simultaneously (TXall)
or with a selected single element. In the dynamic experiments, the fHL with
respect to the transducer array changed by translation of the transducer array. In
this study, it was chosen to limit the direction in which the fetal heart changes its
location to one direction (x-direction) to test if the DAA can successfully adapt to
the new heart locations. Therefore, the heart was moved from the left to the right
side of the array at depth z = 10 cm at constant velocity. It was ensured that
at the beginning and end of the translation, the heart was still within the field of
view of the curved array. In that way, the quality of the Doppler signals obtained
with a flat and with a curved array could be compared without being affected
by translation out of the measurement range. Furthermore, as described before,
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updating the apodization function using the US research system causes a delay
in the acquisition. Therefore, while the apodization is being set the motor of the
translation stage was stopped to avoid that the heart is displaced to a position,
which did not correspond to the most recent apodization function. We considered
three different speeds, vm = 2 mm/s, vm = 5 mm/s, vs = 10 mm/s to mimic a
fetal heart location change with slow, moderate, and fast speed, respectively. All
experiments were performed for both a flat and a curved array. The curvature of
a curved array is defined by the radius r (see Fig. 5.6(b)). During the experiments
with a curved array, the radius was set to r = 34 cm, which corresponds to the
approximate curvature of the maternal abdomen at term. Note that with this
curvature the focus is deeper than the typically required measurement depth of
z = 5 cm to z = 20 cm. When the array is placed on the abdomen of a mother
with a higher BMI, the array is less curved and the focus is at an even larger
depth. Due to strong phase delays (see inset of Fig. 5.7), we decided to determine
the SNR of each individual Doppler signal instead of combining all signals into
one Doppler signal from which a single SNR value could be obtained. We assessed
the SNR as:

SNR = 10log10
PA

PP
(5.6)

where PA and PP are the Doppler power measured in the active and passive
phase of each Doppler signal, respectively (see Fig. 5.7). It should be noted that
the two events visible in the Doppler signal during the active phase correspond
to forward and backward motion of the heart relative to the transducer. Subse-
quently, the average of all SNR values was calculated (SNR) to obtain a single
outcome measure for comparison. As the achieved SNR should be evaluated with
respect to the transmission power, which is needed to achieve that specific SNR,
a cost function was defined as:

ζ = Ptotal[dB] − SNR[dB] (5.7)

A low-cost function ζ indicates that a high SNR is measured or only little
power is required to obtain this specific SNR.

5.3 Results
In Fig. 5.8, the Doppler power received in the individual transducer elements of the
array is visualized to show the influence of a fixed array curvature (r = 34 cm) on
the measured Doppler power compared to a flat array. During these experiments,
the heart was centrally located in front of the transducer array and either all
elements were fully transmitting (Fig. 5.8(a) and Fig. 5.8(b)), or only element
i = 9 was transmitting (Fig. 5.8(c) and Fig. 5.8(d)). When all elements of the
flat array are transmitting (Fig. 5.8(a)), a group of seven adjacent elements in
the center of the array receives the highest Doppler power. Because the US
beams are diverging and overlapping at larger depths, it appears that the area
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Figure 5.7: Definition of active and passive phase of the Doppler signal for the
calculation of the SNR. Each colored line (37 in total) represents the Doppler
signal of a single transducer element. The two events visible in the Doppler signal
during the active phase correspond to forward and backward motion of the heart
relative to the transducer. In the inset of the figure, strong phase variations of
the different Doppler signals are visible.

covered by the elements receiving high Doppler power is larger than the size
of the chicken heart. When the array is bent, more elements at the side are
directed towards the fetal heart. It should be noted that during the experiments
the array was bent along the x-direction. This can also be seen in Fig. 5.8(b),
where elements along that direction receive higher Doppler power, while in the y-
direction the received Doppler power remains similar. The effect of the curvature
can also been seen for the experiments where only element i = 9 was active during
transmission. For a flat array, the transmitted US wave of element i = 9 does
not insonify the chicken heart and hence only little Doppler power is measured.
When the curvature is bent, the US beam of that element is shifted towards the
heart location. Interestingly, from Fig. 5.8(d) it can be seen that the element
transmitting the US wave is not the element which receives the highest power.
For all experiments, the received Doppler power is not completely symmetric and
smoothly distributed. This is because the heart, and the movement direction
of the heart during one beat, is not completely symmetric. In addition, for the
situation where all elements are transmitting, there may be strong local variations
in US pressure, due to constructive and destructive interference of the US waves.

In Fig. 5.9, the measured SNR values for all experiments are shown for different
DAA methods. For all experiments, it can be seen that the highest SNR is
obtained using all elements simultaneously (TXall) . However, as one can see from
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Figure 5.8: Effect of the curvature of the flexible transducer array on the received
Doppler power in the individual elements. The number next to the transducer
element indicates the element index i. The measurements were performed using
an in-vitro beating heart setup. The heart was centered in front of the center of
the array. (a) Received Doppler power when transmitting with all elements using
a flat array; (b) Received Doppler power when transmitting with all elements
using a curved array; (c) Received Doppler power when transmitting with element
i = 9 only, using a flat array; (d) Received Doppler power when transmitting with
element i = 9 only, using a curved array.
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the graphs, one can achieve a similar performance in terms of SNR while using only
a group of elements, determined by the settings of the DAA method. This is logical
since a large part of the transmitted US wave is not insonifying the chicken heart
and is not reflected back to the transducer elements. When using a custom subset
of transducer elements (for example using DAA2, D = 17.7 mm and λ = 0.2 mm-1

in Fig. 5.9(a)), a locally similar US wave is generated. Not surprisingly, the lowest
SNR is achieved when only a single-element apodization (DAA1) is used or when
the settings of the window-based methods are such that only a single element
is transmitting (i.e., DAA2: σ = 10 mm; DAA3: λ = 10 mm-1, D = 10 mm;
compare Fig. 5.5(c)). When the width of the window of DAA2 and DAA3 is
increasing, the SNR increases as well, since a larger part of the chicken heart
is insonified. Having an infinitely large window width would effectively set the
respective DAA methods to the TXall method. For DAA3, a very slow decay λ
has the same effect. This general trend of improved SNR for increasing window
width holds also for the dynamic experiments, where the transducer array is
translated through the water tank at different velocities. As expected, the overall
signal quality is reduced, indicated by the reduced SNR, with increasing velocities.
Interestingly, it can be seen that for velocities vm = 5 mm/s to vm = 10 mm/s,
the TXall methods and DAA methods with large window width show an SNR
reduction by approximately 5 dB, while the DAA1 and DAA methods with small
window width show an SNR reduction by approximately 10 dB. This is because at
higher velocities the heart moves too fast out of the US beam created by a single
element. In that case, the signal quality is reduced before the DAA method has
updated the apodization according to the new heart location. It is striking that
the SNR values measured in the static experiments are higher for a curved array,
compared to those measured with a flat array (Fig. 5.9(a)), but consistently lower
in the dynamic experiments (Fig. 5.9(b)-(d)).

In Fig. 5.10, the cost function (Eq. 5.7) is shown for all performed experiments
using the different apodization methods. The cost function takes into account how
much transmission power is needed to obtain a specific SNR. A DAA method
using a single transmitting element, or a small number of elements with lower
apodization, has a low total transmission power Ptotal, resulting in a relatively
low cost. On the other hand, using higher transmission power leads to improved
SNR. This tradeoff is in particular observable for the DAA3 method with different
window width D. A small window width D leads to a low SNR while for larger
window width D the required transmission power is too high.

Figure 5.11 shows an example of how the apodization adapts to a changing
fetal heart location. In the top panel, the apodization values of each transducer
element are shown over time, and in the lower panel, the respective Doppler power
measured for each element is depicted. In the beginning, the heart is located on
one side of the array and after 6 s, the DAA method is turned on. Then, after 10 s,
the heart is translated through the measurement volume of the transducer array.
It is clearly visible that the DAA-method is able to adapt to the new fetal heart
location. It is also visible that the apodization function is updated according to
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Figure 5.9: SNR measured during the static (a) and dynamic experiments (b-d),
with velocities vm = 2 mm/s, vm = 5 mm/s and vm = 10 mm/s respectively. Both
the results using a flat (black) and a curved (white) array are depicted. On the
horizontal axis, the different apodization function and, if applicable, parameter
settings are indicated.
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Figure 5.10: Cost function (Eq. 5.7) relating the measured SNR to the total
transmission power. The black and white color corresponds to the flat and curved
array, respectively, and the different symbols correspond to the different velocities
with which the experiments were performed. For each experiment, the method
which has the lowest cost function is highlighted in red.

the preceding power values and that within the 2 s before the next apodization
update is executed, the fHL has changed already considerably. This is noticeable
by the fact that the apodization appears to lag behind the measured Doppler
power, suggesting that a faster apodization update frequency may be needed. At
approximately 25 s, the heart leaves the field of view of the transducer array, and
the method reinitializes using the initial apodization function. When the heart
re-enters the measurement range, the DAA automatically adapts its apodization
to track the fetal heart.

5.4 Discussion

The results from the experiments presented in Sec. 5.3, show that the flexible
transducer array allows for measuring the fHR independently of the fetal heart
location and that the DAA method is capable of selecting the transmitting ele-
ments which are directed towards the fetal heart. The performance of the method
and the gain in terms of reduced power consumption is clearly dependent on move-
ment velocity of the fetal heart, curvature of the flexible transducer array, as well
as the parameter settings of the respective DAA-method.
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Figure 5.11: Dynamic apodization adaptation and received Doppler power during
an in-vitro measurement. The flexible transducer array was curved during the
experiment. After an initial time of 6 seconds, the DAA3 method with width
D = 17.7 mm and λ = 0.2 mm-1 was used.

5.4.1 Effect of the DAA parameter settings
Throughout all experiments, it can be seen that the DAA3-method with width
D = 17.7 mm outperforms the other methods in terms of the lowest costs (Fig. 5.10).
Interestingly, when λ = 10 mm-1, the DAA3-method works better for the static
experiment and the experiment with low velocity vm = 2 mm/s, while setting
λ = 0.2 mm-1 has a positive effect on the performance for the experiments at
higher velocities. This can be explained by the fact that having a slightly wider
transmitted beam is beneficial to avoid that the heart is moving out of the mea-
surement volume too quickly. The lower cost of the DAA3-method compared to
the DAA2-method supports the hypothesis that it is beneficial to consolidate the
total transmission power over a smaller number of elements, which are directed
towards the heart. For the DAA2-method with large σ, and the DAA3-method
with slow decay parameter λ, many elements far away from the power center are
transmitting with low apodization value. The weak US waves generated by those
elements do not reach the target, and hence, do not contribute to improved SNR.

5.4.2 Effect of the array curvature
When using a curved instead of a flat transducer array, more elements are di-
rected toward the location of the heart in the experimental setup. Irrespectively
of the exact shape of the transmitted US beam, more elements will receive US
waves reflected from the heart, hence increasing the SNR for the curved array
relative to a flat array (see Fig. 5.9). Interestingly, for all dynamic experiments
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the SNR is reduced compared to the measurements using a flat array. The effect
of having multiple elements directed toward the heart is also present when the
array is translated through the water tank. However, the beneficial effect of hav-
ing multiple receiving elements is outweighed by the increased interference of US
beams for a curved array and the fact that for the DAA methods it is more chal-
lenging to determine the best transmitting element (DAA1) or correct location of
the power center C (DAA2 and DAA3). For a curved array, it may happen that
the element(s) receiving the highest Doppler power do not correspond to those
elements which were transmitting. In other words, using a curved array specular
reflection will have a higher effect on the received Doppler power compared to
a flat array. When the DAA is executed, the apodization function is updated
according to the power received in the elements. If the heart moves, the selected
apodization function uses transmitting elements which are further away from the
optimal transmitting elements than in the case of a flat array. An additional
explanation for the observed effect is that by bending the array, the apparent
velocity of the heart moving in the water tank is effectively increased. When the
heart moves by a small distance at depth z = 10 cm, this distance projected on
the curved array is larger compared to a flat array.

Using the single-element apodization (DAA1), the overall low power consump-
tion leads to a relatively low cost function (see Fig. 5.10). However, during the
experiments it was found that in some special cases the strategy of selecting the
transmitting-element based on the maximal received power might results in an
instable system. To illustrate this, Fig. 5.12 highlights an example of a measure-
ment where the chicken heart is centrally located in front of a curved transducer
array. For visualization purposes, only the received Doppler signals of element
i = 19 and element i = 14 are displayed. It can be seen that at each apodization
update, i.e., every 2 s, the apodization switches from element i = 19 to element
i = 14 and vice versa. This is because the angle of incidence is not the same as
the angle of reflection, and therefore, always the other element than the trans-
mitting element receives the highest Doppler power, also visible in the amplitude
of the Doppler signals in the bottom panel of Fig. 5.9. This effect will also oc-
cur when using a window-based apodization with multiple transmitting elements.
However, due to the insonification from multiple angles the location of the power
center will not drastically change. It can also be observed that the amplitude
and shape of the received Doppler signals changes when another single element
is used for transmission. This will affect the performance of the fHR estimation,
as the shape of two consecutive heartbeats will differ due to the changing in-
sonification angle, resulting in an fHR estimation error using the ACF. This will
especially be important if one chooses a shorter time window in the ACF func-
tion, which is needed for a beat-to-beat accurate estimation of fHR [70]. The true
inter-beat interval may not be correctly determined, as the signal shape changes
due to different insonifcation angles rather than different way of how the heart is
contracting. Therefore, the strategy to first compute the power center and then
define the apodization using a window-based approach may be preferred.
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Figure 5.12: Illustration of a special behavior of the DAA1-method. In the exper-
iment, the chicken heart is centrally located in front of a curved transducer array
and beats at fHR = 120 bpm. During the experiments, the dynamic apodiza-
tion adaptation method using a single element (DAA1) was used. The top graph
shows the set apodization function over time and the bottom graph shows the
Doppler signal received with element i = 14 and i = 19. For visualization, the
time delay caused when updating the apodization function was removed from the
apodization and Doppler signal graph.
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5.4.3 Total transmission power in relation to a clinical US
transducer

The DAA3-method with settings D = 17.7 mm and λ = 10 mm-1 respectively
λ = 0.2 mm-1 lead to the lowest cost function (compare Fig. 5.10). Compared to
a seven-element US transducer which uses all elements for transmission, these
parameters lead to a reduction of total transmission power by −3.7 dB and
−3.2 dB. This supports the clinically desired as-low-as-reasonably-achievable prin-
ciple, which states that acoustic dose should be kept as low as possible, even if
exposure limits are below US safety guidelines [93, 157]. It should be noted that
in our experiments, acoustic attenuation was mimicked by adding an acoustic
absorber between the chicken heart and the transducer array and by setting the
peak-to-peak voltage to a low value of V pp = 1.6 V. To measure Doppler signals
in a clinical setting where even more acoustic attenuation may be present, higher
peak-to-peak voltages may be applied, which increases the total transmission
power. Looking at the experimental results in a static condition (Fig. 5.9(a)), it
can be seen that the SNR using the DAA3-method (D = 30 mm; λ = 10 mm-1) is
comparable to the maximal SNR. This method uses in fact a group of six or seven
adjacent elements with apodization function of one (compare also Fig. 5.5(c)).
This supports the design choice of having seven transducer-elements within some
commercially available transducers applied for fHR monitoring. Using more ele-
ments to create a larger measurement volume would not improve the SNR further,
albeit at the expense of increasing radiative load.

5.4.4 Recommendation
In this work, the received power determines the apodization of the transmitting
elements, while during the receive phase all elements are read out individually
and no receive apodization is applied. As a next step, it might be considered to
use an apodization function also in receive when calculating the Doppler power.
In that way, US pressure variations as a result of a set transmit-apodization may
be compensated and possibly a more accurate determination of the power center
may be achieved.

The experiments were performed under various conditions to analyze the re-
ceived Doppler signals and to evaluate the performance of the different DAA-
methods. To this end, a limited number of experimental parameters as well as
parameter settings of the DAA-methods have been changed. As a result, we
found that when the heart is located at a fixed position throughout the mea-
surements, bending of the array has a positive effect on the SNR, since multiple
elements are directed toward the heart. However, bending the array also has the
disadvantage that identification of the most suitable transmitting elements, or
the location of the power center C for the window-based DAA-methods, is more
challenging under dynamic conditions. In addition, the velocities projected on the
curved array are effectively increased relative to a flat array. Before implement-
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ing a DAA method in clinical practice, more work needs to be done to find the
optimal parameter settings. In addition, the current experimental setup allows
investigating the performance only for one-dimensional change of fHL. A setup
that allows changing the fHL into multiple directions with varying velocities may
provide more insight into the limitations of the proposed DAA-methods in more
realistic conditions.

The developed prototype has in total 37 elements. This allows for measuring
the fHR in a measurement volume which is approximately five times larger com-
pared to a clinically applied US transducer. In [65,76], new Doppler systems with
a large measurement volume have already been described. However, the goal of
these studies is to identify fetal movements within a small measurement volume.
Moreover, the US transducer elements in these studies are not integrated into a
single device and when positioned on the maternal abdomen still do not cover the
required full measurement volume to guarantee continuous fHR measurements in-
dependent of fHL over a long recording time. In this research, the main purpose
of the designed array was to evaluate the performance of the DAA-methods. The
exact required measurement volume, and hence, the exact size and shape of the
flexible array, has to be further investigated. To be able to measure the fHR for
all fHL within the uterus more elements will be needed, especially when applying
such a flexible array on the abdomen on a mother with large BMI. Increasing the
number of elements within the array makes it even more important to optimize
the power consumption. It needs to be further elaborated on how this will affect
the costs of such a system.

We investigated the performance of the Doppler signal quality in terms of
the average SNR of all Doppler signals. In general, for fHR monitoring a sin-
gle Doppler signal with signal quality high enough to estimate the fHR would
be sufficient. This suggests that the maximal SNR received may be a suitable
measure to compare the different DAA-methods. However, combining the infor-
mation acquired with multiple elements improves accuracy and robustness of fHR
estimation [164]. Therefore, the authors assume that having an improved SNR
in the experiments will translate into a more robust and accurate determination
of fHR in clinical practice. Clinical or preclinical measurements will be needed to
validate this assumption.

In this research, the apodization is updated according to the Doppler power
measured in the time window w. Consequently, the latest apodization function
is always influenced by the location of the heart during that time window. If
the movement direction of the fetal heart can be measured, it may be possible
to predict the location of the heart during the next transmit-receive cycle, e.g.,
using a Kalman filtering approach [79], and one may consider this prediction when
updating the apodization function.

It was shown that the curvature of the array has a large effect on the received
Doppler power. The angle of incidence of the US waves may be different from
the angle of reflection. In future research, the dynamic apodization method may
be further improved by not only relying on the received Doppler power but also
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including information on the curvature of the transducer array. Although this
research focuses on the detection of the fHR, the proposed flexible transducer
array has the potential of assessing the fetal activity, i.e., fetal movements, as
well [76, 119]. For that purpose, different filters need to be applied in the signal
processing chain to be more sensitive to the slower tissue movements. Further,
the DAA-method has to be refined to allow elements not directed toward the
fetal heart but for example toward fetal limbs to transmit US waves, making fetal
movement detection possible.

5.5 Conclusion
In conclusion, this research suggests that it is feasible to use a flexible transducer
array to monitor the fetal heart rate for changing fetal heart location. In that
way, the need for manual repositioning of the US transducer can be avoided,
which significantly improves the clinical workflow. In addition, the proposed
method to adapt the transmission power dynamically allows reducing the total
acoustic dose transmitted to the fetus, which is an important clinical concern.
Moreover, reduced power consumption of a Doppler monitoring method makes it
more suitable to be used in an ambulatory setting.
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Abstract
Electronic fetal heart-rate (fHR) monitoring is standard clinical practice to as-
sess the fetal condition and to detect deviations from the normal fHR pattern.
Typically, an ultrasound (US) transducer, operating in a pulsed-wave Doppler
mode, measures the periodic motion and the resulting flow of the fetal heart,
from which the fHR can be derived. However, as the fetus moves antepartum
or during labour through the birth canal, the fetal-heart location (fHL) changes
continuously. Consequently, the clinical staff needs to manually track the fHL and
reposition the US transducer accordingly. In this research, a new flexible sensor
matrix with multiple elements is designed; it allows measuring the fHR over a
large range of possible fHLs. Further, a method for dynamic combination of the
receiving channels is presented. This new method, compared to a standard com-
bining technique, improves the signal-to-noise ratio (SNR) of the Doppler signal
and, therefore, leads to more accurate fHR estimation.
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6.1 Introduction
The continuous measurement of fetal heart rate (fHR) and uterine contractions
(UC), referred to as Cardiotocography (CTG), was first introduced in the ’60s
and has now become a standard clinical tool to assess fetal well-being before and
during labour [18, 165]. Today, the most widely applied method to measure fHR
makes use of pulsed wave Doppler Ultrasound.

In clinical practice, skilled midwives or gynaecologists position the US trans-
ducer, after identification of the fetal presentation, on the maternal abdomen and
fixate the transducer using a flexible belt. Many commercially available US trans-
ducers have a round shape and posses multiple elements arranged along a ring to
measure a Doppler signal reflecting the (quasi) periodic motion of the fetal heart.
The measured Doppler signal is then fed into a heart rate detection algorithm,
which typically estimates the fetal heart rate using an autocorrelation function
(ACF) [37,70,104].

A well known problem of the current technique is its lack of robustness and
its dependency on a careful positioning of the transducer by the clinical staff.
The fact that fHR measurements are only possible when the fetal heart is located
within the ultrasonic beam contributes to this problem. Due to motion of the
transducer on the maternal abdomen or due to motion of the fetus during mea-
surement sessions, the fetal heart frequently moves out of the measurement sample
volume. As a consequence, clinical staff often needs to reposition the transducer
to ensure continuous measurement of fHR. This can drastically compromise the
clinical work flow and possibly impact the assessment of the fetal well-being. Ab-
dominal ECG electrodes have emerged as an alternative technology, which is less
dependent on the fetal heart location (fHL). However, the processing of ECG
signals measured with abdominal electrodes is very complex [166] and it is not
applicable for every gestational age (during the 28th-34th week of gestation, the
fetus is covered with a fatty layer, the vernix caseosa, which acts as an electrical
insulator [167]).

In this research, we present the design of a new flexible sensor matrix which can
measure the fetal heart rate robustly and independently of the fHL using Doppler
US. The idea relies on increasing the size of the array aperture by having multiple
transducer elements spread over a large area on the maternal abdomen, such that
a measurement volume is created which covers all potential fHLs. In Section 7.2.1,
the design of the flexible sensor matrix is described. As it is likely that some of
the transducer elements are not directed towards the fetal heart but will only
measure noise, a new dynamic channel weighting (DCW) method is presented.
This method gives higher weight to the channels which are insonating the fetal
heart, so that the resulting Doppler signal, from which the fetal heart rate is
calculated, has improved signal quality. The DCW scheme is presented in Section
6.2.2. The new flexible sensor matrix and the DCW method are validated using
an in-vitro setup, presented in Section 6.2.3. Finally, the results are presented in
Section 6.3 and discussed in Section 6.4. The article concludes in Section 6.5.
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6.2 Material and methods

6.2.1 Flexible sensor matrix
For the realization of the flexible sensor matrix a 1 mm thick layer of polydimethyl-
siloxane (PDMS) was casted into a mould. PDMS is a viscoelastic material with
acoustic properties similar to water [159], and it can be easily processed. After
curing the layer of PDMS at 65◦ C, 25 circular ceramic elements (PZTs) with
diameter d = 1 cm and thickness h = 2 mm were pressed into the PDMS layer at
predefined positions according to a hexagonal topology. The spacing between the
elements is 1 cm.

All elements were individually soldered to 0.2-mm thick coaxial cables for con-
nection to an open US research system (Vantage 256, Verasonics). It is important
to use lightweight wires for connection to prevent the elements from sinking and
tilting during the next curing process. Eventually, a second layer of casted PDMS
embeds both the elements and the wires. The process of making the flexible sen-
sor matrix and a top view of the transducer topology is depicted in Fig. 6.1a and
Fig. 6.1b, respectively.

The open US research system was used to drive all elements with a center fre-
quency f0 = 1 MHz, pulse repetition frequency PRF = 2 kHz and pulse duration
T = 20 cycles.

6.2.2 Dynamic channel weighting
For clinicians, the fHR is the parameter of interest during measurements. Various
algorithms to detect the fHR from a Doppler signal have been proposed, where
the majority of algorithms makes use of an autocorrelation function (ACF) [37,
70, 104]. Usually, a single Doppler signal, derived from the simple sum of all
individual beams, is fed into the ACF algorithm. However, due to the fact that the
25 transducer elements are creating a large measurement volume, only a fraction
of the transducer elements are in fact measuring a Doppler Signal corresponding
to the fetal heart beat. It is therefore not desired to include the other channels
in the summation signal, since they do not carry any relevant information.

For a multi-sensor system, aiming at the detection of fetal movement [76],
Voicu et. al [38] proposed an algorithm where the individual Doppler signals
for each sensor and various sample-volume depths are fed individually into an
ACF algorithm. The resulting fHR traces are then fused using a probabilistic
approach. However, as the number of sensors increases, this algorithm becomes
computationally complex and signal fusion before the fHR detection is desired.

In Fig. 6.2 the proposed dynamic channel weighting scheme is depicted. After
simultaneous transmission (Tx) with all elements, the received US echoes (Rx)
are demodulated to create i = 1..25 individual Doppler signals. Subsequently, the
Doppler power Pi is calculated using the mean squared value of the Doppler signal
within a time window W = 2 s. All individual power values Pi are then scaled by
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3.

(a)

1 cm

(b)

Figure 6.1: a) 1: A 1-mm thick layer of liquid PDMS is casted into a mould.
2: Ultrasound transducer elements (PZTs) are pressed into the layer at prede-
fined position and coaxial cables are connected to an open US research platform.
3: Another layer of PDMS is poured into the mould to cover the cables and the
PZTs. b) Transducer element hexagonal arrangement within the flexible sensor
matrix.

the maximal power Pmax = maxPi, in order to create adaptively changing weights
wi:

Pi

Pmax
(6.1)

6.2.3 In-vitro experiments
A dedicated in-vitro beating fetal heart setup was used to perform experiments
with the flexible sensor matrix and to evaluate the DCW method (Fig. 6.3). This
setup consists of a chicken heart, which is fixed to the walls of a water tank using
strings. The heart is threaded onto another string, which is guided via a pulley
to a connecting plate attached to an electrical motor. A function generator drives
the motor to simulate a beat-like motion pattern. In the presented experiments,
the heart beat was set to a rate of 140 beats per minute (bpm). An acoustic
absorber was positioned at the back of the water tank to reduce unwanted US
reflection and reverberation.

In order to mimic the relative displacement of the fetal heart within the ma-
ternal abdomen, the flexible sensor matrix was mounted on a translation stage
and could be moved through the water tank at varying velocities.
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Figure 6.2: After simultaneous transmission (Tx), the US echoes are obtained
in each individual receiving channel (Rx). After demodulation, the power of
the resulting Doppler signals is calculated and used to adaptively change the
channel weights. Using the weights, all channels are combined and fed into a fHR
estimator.

Different signal-to-noise (SNR) scenarios could be simulated by decreasing
the driving voltage of the transducer elements. This is equivalent to increasing
US attenuation due to e.g. fatty tissue. For comparison of the DCW method
with the plain summation method, 30-s long measurements were performed for
varying driving voltages. At each execution time point of the ACF, it was checked
whether the fHR was estimated with an error of less then 5%. Higher errors were
considered as incorrect fHR estimations.

6.3 Results
Figure 6.4 shows the results of a measurement where the chicken heart was trans-
lated in front of the flexible sensor matrix. The plain summation method is
compared to the new DCW method. In the top panel of Fig. 6.4, the summation
Doppler signal is shown. One can see that in the first seconds of the measurement
a heart beat can be recognized. However, when the heart is moving to a different
location, the SNR is decreased and it is difficult to identify a heart beat within
the Doppler signal. Using the DCW Doppler signal, a heart beat can be identified
during the entire measurement.

It can be noted that while the heart changes location, the individual channel
weights, wi, depicted in the third panel of Fig. 6.4, dynamically change. In the
heart-rate trace it is visible that the fHR estimation fails frequently when the
plain summation Doppler signal is used. In contrast to that, using the DCW
Doppler signal the heart rate is estimated correctly at the set 140 bpm during the
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Function generator 
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to Verasonics

Acoustic absorber

Actuator

Figure 6.3: In-vitro setup simulating a beating fetal heart. A chicken heart is
connected to an electromechanical actuator generating a beat-like motion pattern.
The flexible sensor matrix can be moved through the water tank to mimic relative
displacement of the fetal heart within the maternal abdomen.

entire measurement.
The performance of the fHR estimation for increasing transducer driving volt-

age, i.e., decreasing SNR, is presented in Fig. 6.5. At low driving voltage, the
fHR estimation fails. With increasing driving voltage, the performance of the
fHR estimation is improved. It can be noted that for the DCW Doppler signal,
the fHR estimation is successful at lower driving voltage compared to the plain
summation method. At a driving voltage ≥ 2.8 V, the fHR estimation works for
100% of the time. The plain summation method works for 100% of the time only
when at least a driving voltage ≥ 4.8 V is used.

6.4 Discussion
When the fetal heart is not located within the measurement volume of the US
transducer, the fHR can not be obtained. A natural solution to overcome this
problem is to increase the measurement volume by using multiple US transducer
systems on the maternal abdomen [38]. Multiple systems, however, may not be a
practical solution in clinical practice and may be disliked by mothers. In addition,
it may still be possible that the fetal heart is moving to a location between the
measurement volumes of the US transducer systems. For truly user independent
and robust fHR measurements it is required that all possible fHLs are covered
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Figure 6.4: Measurement where the chicken heart was translated through the
measurement volume of the flexible sensor matrix. From top to bottom: plain
summation Doppler signal, dynamic channel weighted Doppler signal, adaptively
changing weights and estimated heart rate. The coloured lines represent the
weights wi corresponding to the different elements.

by the transducer aperture. The designed flexible sensor matrix enables this.
It can be placed on the maternal abdomen and measure the fHR without user



6.4. Discussion 115

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Driving voltage [V]

0

10

20

30

40

50

60

70

80

90

100

C
or

re
ct

 fH
R

 e
st

im
at

io
n 

[%
]

Sum
DCW

Figure 6.5: Comparison of fHR estimation performance using the simple summa-
tion method (Sum) and the new described dynamic channel weighting (DCW)
method. The percentage of correct estimated heart rate is given as function of
increasing driving voltage of the transducer elements, i.e., decreasing noise level.
For the different driving voltage levels, a 30-s long measurement was recorded.

interaction. Further design requirements on size and shape, and solutions on how
to fix the sensor matrix on the abdomen, need to be investigated. In addition, part
of future research will be to investigate how the flexible matrix can be operated
to fulfil clinical safety limits on radiative exposure in all situations. When the
sensor matrix is bent, it may happen that the transmitted US wave constructively
interfere, leading to locally high US exposure.

Comparing the Doppler signals obtained with the two methods (Fig. 6.4), it
clearly shows that the SNR is improved for the DCW method. While for the
simple summation method heart beats were only clearly detectable for a short
period only when the heart was well insonified, the DCW method identified clear
beats during the entire measurement. With changing fHL, the channel weights
adapt dynamically, guaranteeing that only the 4 channels with the highest signal
power are contributing to the Doppler signal. The optimal number of channels
needs to be investigated. The choice for the highest m = 4 elements is made to
increase the SNR while remaining robust to situations where one channel may be
corrupted by additional artefacts.

In the provided example, the fHR estimation worked perfectly for the DCW
signal (see bottom panel of Fig. 6.4), while for the plain summation method the
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fHR could not be detected robustly. Especially in the period between 7 s and 13 s,
the noise level in most of the channels is so high that channels in which a heart
beat is measured are distorted in the summation process. The DCW method, in
contrast, first determines which channels do measure a higher Doppler power and
excludes those channels which are measuring only noise. As motion artefacts will
also create a high Doppler power, it may be possible to determine the Doppler
power within a more specific frequency band corresponding to the Doppler shift
caused by cardiac motion.

Different noise scenarios were simulated by varying the driving voltage of the
transducer elements. In Fig. 6.5, it is clearly visible that the DCW method
outperforms the plain summation signal. At very low driving voltage, i.e. below
2.4 V, the signal is too weak to be measured in any of the channels. For the DCW
method, at slightly higher driving voltage, the fHR can already be estimated
during 30% of the measurement time, while for the plain summation signal it is
still impossible to measure any fHR.

6.5 Conclusion
A new flexible sensor matrix is realized which allows to measure the fHR indepen-
dently of fHL. In addition, a new dynamic channel weighting method is proposed.
This method significantly improves the Doppler signal quality and leads to an
improved estimation of the fHR in high-noise scenarios. This improvement, along
with the possibility to measure the fHR at varying fHLs without user interaction,
represents an asset for the clinical assessment of fetal well-being.
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Fetal heart rate measurements of twins using a single
flexible transducer matrix

This chapter is based on Hamelmann et al., Fetal Heart Rate Measurements
of Twins Using a Single Flexible Transducer Matrix, Proceedings of the IEEE
International Ultrasonics Symposium (IUS), Kobe, Japan, 2018.
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Abstract
The increased use of assisted reproductive technology and increasing maternal
age have led to a significant increase of twin births in Western countries. Twin
pregnancies are associated with increased risk for fetal distress and, therefore,
monitoring fetal health is crucial. Fetal well-being is typically assessed by mea-
suring the fetal heart rate (fHR) using a Doppler ultrasound (US) transducer. In
twin pregnancies, two independent US transducers need to be manually positioned
on the maternal abdomen, which requires skill and experience. Common clinical
problems are: 1) both hearts lie in the same sample volume (SV) of the same
transducer, leading to erroneous fHR registration, 2) the heart locations change
due to fetal movement hence moving out of the sample volume, 3) registration
of the maternal heart rate and 4) both US transducers aim at the same heart
and measure the same fHR. In this study, we propose twin-fHR measurements
using a flexible US transducer matrix. The array aperture allows measuring the
Doppler power from multiple SVs simultaneously to localize both fetal hearts
in 3D. Furthermore, automated Doppler signal clustering enables unambiguous
determination of the fHR of both fetuses.
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7.1 Introduction

In the last decades, the number of twin births has significantly increased due to
rising maternal age and increased use of assisted reproductive technology [87].
This increase is regarded as an important public health issue because twin births
are associated with increased risk for the fetuses and the mother. Twins are often
born prematurely, have lower birth weight and experience more complications at
birth, leading to increased mortality and morbidity rates compared to singletons
[88]. Mothers of twins suffer more frequently of gestational diabetes, preeclampsia
and postpartum depression [87].

In clinical practice, cardiotocography (CTG), the simultaneous measurement
of fetal heart rate (fHR) and uterine contractions (UC), is used to identify and
monitor fetuses at risk and determine if medical interventions are required. To
measure the fHR, most commonly an US transducer is positioned on the mater-
nal abdomen and directed towards the fetal heart. This transducer operates in
a pulsed-wave Doppler mode and uses a long gate, which determines the depth
of the sample volume (SV), to be capable of measuring the fHR for various fetal
heart locations (fHL). Positioning of such an US transducer can be a challenging
and time-consuming task. In twin pregnancies, two independent US transduc-
ers need to be manually positioned on the maternal abdomen, leading to the
following problems in clinical practice: When both fetal hearts lie in the sample
volume of one transducer, the measured Doppler signal reflects the motion of both
hearts. As a result, the fHR estimation algorithm, which makes typically use of
an autocorrelation function [70], fails to extract the correct fHR of either fetus.
Furthermore, it is common that the fHRs of both fetuses fall into the same range
or coincide. However, both transducers may be oriented to the same single heart.
For clinicians it is often difficult to differentiate whether the system measures the
fHRs of the same fetus or if the fHRs of both fetuses are the same by coincidence.

Furthermore, pulsating maternal arteries may lie in the sample volume of one
transducer leading to registration of maternal heart rate. It becomes even more
challenging to deal with the above described problems in the presence of fetal
movements, especially common in preterm fetuses, or when the US transducer
shifts on the surface of the maternal abdomen.

To overcome these problems, in this study, we propose to use a flexible US
transducer matrix to monitor twin-fHR. By determining the Doppler signals of
each transducer element from multiple depths and by estimating the curvature
of the transducer array, a 3D representation of Doppler sources in the maternal
abdomen can be created. This allows unambiguous identification and estimation
of twin-fHR.
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Figure 7.1: (a) Process of making a flexible transducer array. (1) PMMA mold
with plate for inserting (2) the piezotransducers. (3) Casting PDMS on backside
of transducers. (4) Flipping first cast to mold second layer of PDMS on front side
of transducers (5) for air-free layer above transducer. (b) Array aperture showing
the hexagonal configuration of the transducer elements.

7.2 Material and methods

7.2.1 Flexible sensor matrix
Commercially available US transducers, used for fHR monitoring, typically con-
sist of multiple US transducer elements. Those elements are arranged on a rigid
grid in a hexagonal or circular geometry and driven by electrically interconnect-
ing the elements simultaneously. This effectively forms an array aperture, which
insonifies a cone-like measurement volume of only several centimeters in diameter.
In this research, in total M = 37 transducer elements are used and embedded into
a flexible silicone layer, which is able to insonify a large measurement volume. To
create a prototype of such a transducer array, the following production process is
used (see Fig.7.1a). As first step, a mold is created using Polymethylmethacrylat
(PMMA) plates. The available piezoelectric transducer elements (PZTs), operat-
ing at center frequency f0 = 1 MHz, have diameter d = 10 mm and thickness
t = 2 mm. These transducer elements are identical to the transducer elements
used in a commercially available fHR system. Accordingly, 10 mm wide holes are
drilled into a 1 mm thick PMMA plate following a hexagonal geometry (Figure 1.
(b)). Subsequently, the piezoelectric transducer elements are connected to coax-
ial cables and pressed into the holes such that they are fixated in the specified
configuration, preventing them from moving or tilting during the next production
steps. In the third step, liquid Polydimethylsiloxan (PDMS, Dow Corning Sylgard
184, mixed at ratio of 10:1 of base to catalyst) is poured into the mold to cover
and fixate the PZTs. PDMS is a silicone which is flexible, robust and has similar
acoustic properties as human tissue and, therefore, used in many biomedical US
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applications [158]. Mixing occurs in a shaker/centrifuge to remove air bubbles.
To remove bubbles introduced after pouring, the mold is placed in a low vacuum
(0.8 bar) for 5 minutes and abruptly vented, which forces bubbles to rise and es-
cape at the PDMS surface. For curing the PDMS, the mold is placed for 3 hours
in an oven at Tc = 90 ◦C. Note that one half of the transducer elements is now
embedded into PDMS. This allows flipping the array and remove the thin PMMA
plate without displacing the transducer elements. Subsequently, a second layer of
PDMS is poured into the mold onto the front side of the previous cast to embed
the transducer elements completely. The thickness of the PDMS layer above the
transducer surface is approximately 1 mm. Again, bubbles are removed by a low
vacuum treatment and the PDMS is cured at Tc = 90 ◦C, where after it can be
removed from the mold. Pouring the second PDMS layer in a later step has the
advantage that a regular and air-free layer above the surface of the transducer
elements is created.

7.2.2 Doppler processing
Having individual control in transmit and receive mode allows determining a
Doppler signal for the individual transducer elements for multiple depths, fol-
lowing a similar approach as described in [76]. All elements in the array aper-
ture are driven with center frequency f0 = 1 MHz and pulse repetition frequency
PRF = 1600 Hz. The pulse duration T is adjusted during the measurements. Sub-
sequently, the received US signals are digitized with sample frequency fs = 4 MHz.
The raw US signals of each transducer element are divided using Nr = 40 range
gates corresponding to a length of 3.0 mm, with a total depth of 120 mm. For
each gate, a Doppler signal is computed using an IQ-demodulation scheme [168],
yielding xr,m Doppler signals. Here, r is the index of the gate and m indicates
the element number. Then the Doppler power Pr,m is computed using the mean
squared value of xr,m in a sliding time window W = 1 s with 20% overlap.

7.2.3 Visualization
Since the transducer array is flexible, the exact position of each element in the
three-dimensional space is unknown. By showing the power values Pr,m for each
sample volume and element number, as defined in the array aperture in Fig. 7.1b,
a graphical representation of the Doppler power can be created. An example of
such representation can be seen in Fig. 7.2. It should be noted that the depth
along the y-axis corresponds to the depth with respect to the transducer element,
and is only equal among the elements m in the case of a flat array. Although the
exact position of each transducer element is not known, the fact that the array has
always a concave shape when it is wrapped around the maternal abdomen can be
used to create a coarse 3D-representation, where the sample volumes are shown
and color coded with the respective Doppler power Pr,m. To estimate the location
of the sample volume, the transducer element positions are estimated from the
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average maternal abdominal curvature. In addition, the US beam profile of a
single element was measured using a hydrophone [71]. Using the information of
the beam width allows indicating the location of the sample volume. Power values
which are below an empirically determined noise level tp are not visualized. In
Fig. 7.3 an example of the 3D-visualization, together with the components of a
Gaussian mixture model, which will be introduced in Sec 7.2.4, is shown.

7.2.4 Clustering and fHR estimation
To determine the fHR of both fetuses, the SV locations with Doppler power P
above the noise level tp are fitted to a two-component Gaussian mixture model
and, subsequently, clustered. Then, for each SV within the clusters, the fHR
is determined from the corresponding Doppler signals. The envelopes of xr.m

are determined using the Hilbert transform and the periodicity, corresponding to
the fHR, is detected using an autocorrelation function applied on a window of
WACF = 2 s. Subsequently, their median fHR value is taken, providing one fHR
per cluster, i.e. one fHR per fetus.

7.2.5 In-vitro experiments
The described method is evaluated on a dedicated in-vitro setup, which mimics
two beating fetal hearts (see Fig. 7.4). A full description of the setup can be found
in [71]. Here, the working principle is only summarized. Two chicken hearts are
threaded on fishing strings, which are attached to the sides of a water tank. Via
another string, they are connected to electromechanical actuators, which pull
on the string to create a beat-like motion pattern. The fHR of each heart can
be individually controlled. The flexible US transducer array is mounted on a
translation stage and positioned in front of the two hearts.

During the experiments, the hearts are positioned at fetal heart locations
fHL1 = [−10, 0, 80] mm and fHL2 = [20, 0, 120] mm, where the center of the
flexible array was defined as coordinate origin. The pulse duration T is increased
during the experiments to investigate its influence on the received Doppler power.
Further, the experiments are carried out using a flat array and a curved array.

7.3 Results
In Fig. 7.2, the graphical representation of the Doppler power is depicted for
different pulse durations and array curvatures. Using a pulse duration of T =
2 cycles, clearly two hot spots, i.e. fHL, can be seen (see Fig. 7.2a). With longer
pulse duration, the measured Doppler power increases (see Fig. 7.2c and Fig. 7.2e).
At the same time, the two Doppler hot spots appear closer to each other. At pulse
duration T = 20 cycles, the two Doppler hot spots merge. Comparing the results
obtained using a flat array with those using a curved array, it can be seen that
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(a) T = 2 cycles, flat array
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(b) T = 2 cycles, curved array
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(c) T = 10 cycles, flat array
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(d) T = 10 cycles, curved array
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(e) T = 20 cycles, flat array
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(f) T = 20 cycles, curved array

Figure 7.2: Graphical representation of Doppler power received with the flexible
transducer array. For the sample volumes located at depth z and element m, the
Doppler power is color coded according to the color bar.

the two Doppler power hot spots extend over more elements. This is true for all
pulse durations.

In Fig. 7.3, an example of the 3D-representation of Doppler power measured
on the in-vitro setup can be seen. The transducer elements are shown as the
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Figure 7.3: In-vitro measurement results using the experimental setup. The black
circles at the top indicate the positions of the transducer elements. The Doppler
power is color coded and plotted for all sample volumes. The black and blues
ellipses indicate the two components of the Gaussian mixture model representing
the two sample volume clusters.
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Figure 7.4: In-vitro setup simulating two beating fetal hearts. The chicken hearts
are connected to two electromechanical actuators, which generate a beat-like mo-
tion pattern.

black circle at the top and the beam profile is indicated by the grey surface
plots. By visual inspection, the location of the two fetal hearts can easily be
determined. The clustering result using the Gaussian mixture model matches
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Figure 7.5: Heart rate traces measured using the flexible transducer array. In the
in-vitro experiments, one fHR was kept constant at 120 bpm, while the other fHR
increases and decreases.

with this inspection. The fHR measured in the two different clusters is shown in
Fig. 7.5, where one heart beats with constant fHR1 = 120 bpm and fHR2 slowly
varies around this value.

7.4 Discussion and conclusion
The results in Fig. 7.2 show the influence of the pulse duration on the received
Doppler power. The real length of the sample volume is not only determined by
the duration of the gate, but also largely depends on the adopted pulse length.
A larger pulse duration increases the sample volume length and therefore reduces
the axial resolution. However, longer pulse durations also have the benefit of
improving signal-to-noise ratio, noticeable by the increasing Doppler power in
Fig 7.2a, Fig.7.2c and Fig. 7.2e. In a real clinical setting, the hearts of the twins
can be positioned closely to each other, only separated by their thoraxes. Clinical
measurements are required to determine which pulse duration leads to accurate
Doppler measurements with sufficient axial resolution to separate the two hearts.
A point worth noting is that the transducer elements do not have any backing
material, leading to ringing artifacts. As a result, the real pulse duration is
effectively larger than the programmed pulse duration. Reducing ringing artifacts
by placing backing material will lead to improved axial resolution.

As a consequence of bending the transducer array, more elements in the trans-
ducer array will point to either one of the respective hearts. In the graphical
representation of Doppler power in Fig. 7.2, this is confirmed by the wider ap-
pearance of the Doppler hot spots of the curved array compared to those of a flat
array. For correct interpretation of Doppler source location, some information on
the curvature helps to create a 3D-representation, such as in Fig. 7.3. In this visu-
alization the two Doppler hot spots can be visually separated. It should be noted



126
Chapter 7. Fetal heart rate measurements of twins using a single flexible transducer

matrix

that in the performed experiments, the curvature of the patch was similar to the
average maternal curvature at term. Further research is needed to quantitatively
evaluate the influence of an inaccurate curvature assumption on the visualization
and clustering results. In a clinical application, different curvature settings could
be used to account for various maternal body types and gestational ages.

In this research, all elements have been driven simultaneously, which allows the
identification of Doppler hot spots in the maternal abdomen. In future research,
information on fetal heart location could be used to dynamically determine which
elements of the array should be used for transmission. This will have the benefit
of reducing acoustic dose and power consumption of the device.

Our results confirm that a single flexible sensor matrix can enable localization
and visualization of twin fetal hearts. With the proposed clustering algorithm,
the two fHRs can be detected without the problems of manually positioning two
US transducers. This may lead to improved clinical workflow and more reliable
monitoring of fetal well-being in twin pregnancies.



CHAPTER 8

General discussion and directions for future research

8.1 Discussion
The majority of all babies are delivered without any complication. However, if
complications occur, they often have a severe impact on the quality of life or, in
the worst case, even lead to fetal death. Therefore, it is important that clinicians
are provided with a tool for assessment of the fetal well-being before and during
labor. Such a tool is cardiotocography (CTG), the simultaneous recording of
fetal heart rate (fHR) and uterine contractions (UCs). Based on the analysis of
a cardiotocogram, clinicians are able to extract relevant diagnostic information;
functioning of the autonomous regulation and onset of fetal distress can thus be
evaluated to determine whether interventions are required [139].

In order to extract reliable diagnostic information, the cardiotocogram needs
to provide signals of sufficient quality for clinical interpretation. However, the
most widespread technology for monitoring the fHR, Doppler ultrasound (US),
suffers from severe periods of signal loss [38–40] and it is recommended that
cardiotocograms with signal loss of more than 20% should not be used for assessing
fetal health [17].

The main reason for signal loss is that the fetal heart can move outside the
US beam, either because the fetus has moved within the uterus, or because the
US transducer was displaced or tilted on the abdominal surface. Whenever the
fHR signal is lost, the clinical staff needs to reposition the US transducer. The
positioning of the US transducer is currently done by first palpating to under-
stand the fetal presentation. Subsequently, the US transducer is moved across
the maternal abdomen while listening to the fetal heart, i.e. listening to the mea-
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sured Doppler signal made audible by the monitoring system, and fixated at the
anticipated best location using a flexible belt. This procedure is challenging and
requires skills and experience. Furthermore, the need for frequent repositioning
of the US transducer drastically affects the clinical workflow. The work presented
in this thesis - Towards operator-independent fetal heart rate monitoring using
Doppler Ultrasound - aims at making US Doppler-based fHR measurements less
dependent on the skills of the operator and less dependent on the fetal heart
location (fHL) relative to the US transducer.

In the first part of the thesis, a method was presented for the automatic es-
timation of the fHL to support clinicians with the efficient repositioning of the
US transducer on the maternal abdomen. In Chapter 3, a model of the Doppler
power distributed across a commercially available multi-element transducer was
introduced. This model was then fitted to the received Doppler signals using a
maximum likelihood (ML) approach. It should be noted that in this research, only
the center element of the conventional US transducer was used for transmission
instead of transmitting with all of the available (seven) transducer elements. In
this way, the formed radiation pattern presented a simple geometry, facilitating
the design of the proposed Doppler power modelling approach. However, this
did come at the costs of a reduced width of the measurement volume. In future
research, a Doppler power model should be created which can account for the
simultaneous transmission with all the elements. To evaluate the performance of
the fHL estimation algorithm, a dedicated in-vitro beating-fetal heart setup was
developed. It was shown that the algorithm allows estimating the fHL with an
error less than 7 mm as long as the heart is in the measurement range of the
US transducer. Compared to the size of the individual US transducer elements
(10 mm) this error is sufficiently small for the intended use of providing informa-
tion on the fHL for improved US positioning. The estimated fHL is intended for
systems that provide the clinical staff with objective and quantitative feedback on
where to position the US transducer. It was shown that the performance of the
fHL estimation reduces when the signal-to-noise ratio (SNR) reduces, i.e. when
the heart was located at the edge of the insonified measurement volume. Never-
theless, visualization of the computed likelihood function makes it still possible to
provide feedback on the direction in which the US transducer should be moved.
A possible limiting factor of the proposed method is that the heart needs to beat
within the measurement volume of the transducer to create a measurable Doppler
signal, and hence, some time is required to obtain the feedback on fHL when swip-
ing the US transducer along the maternal abdomen. Because of the relatively high
fHR of the fetus, over 120 beats per minute, the proposed method is still expected
to be applicable. However, this needs to be further evaluated when testing the
method in clinical practice. Another limitation is that the method solely relies on
the measured Doppler power in the individual transducer elements. Although the
band-pass filter used for Doppler signal extraction is tuned to the beating motion
of the fetal heart, hence removing slow clutter and very fast motion components,
Doppler power artefacts may occur when the fetus moves its limbs through the



8.1. Discussion 129

measurement volume, leading to inaccurate estimation of the fHL. The frequency
of these artefacts and their impact on the usability of the method needs to be
further investigated.

When the SNR is further reduced, fHL estimation may fail. This can hap-
pen when measurements are done on women with high BMI, where US waves
are highly attenuated by adipose tissue. Fitting the aforementioned model to the
received Doppler signals can in that case be significantly affected by the presence
of noise. Therefore, in Chapter 4 the developed fHL estimation algorithm was
further improved. This is achieved by assuming that the fetal heart location can
not drastically change between time instances, but smoothly changes location.
Including this prior information into the probabilistic fHL estimation algorithm
led to the development of an Extended Kalman Filter (EKF). Compared to the
Doppler power model described in Chapter 3, in which the noise of the Doppler
power measurements was assumed to be normally distributed with zero mean,
here, an improved noise model was introduced, leading to the need for estimat-
ing two nuisance parameters of the model before the fHL could be determined.
Therefore, the EKF was implemented in a hierarchical fHL estimation algorithm
in which, in a first level, the EKF equations are solved followed by the nuisance
parameter estimation in a second level. A drawback of this is in that erroneous
estimation of nuisance parameters may lead to cascading errors in the subsequent
iterations of the fHL estimation algorithm. We limited this error by taking the
median value of the estimated nuisance parameters; however, in future research
clear criteria should be sought to define when the hierarchical fHL estimation
algorithm should be reinitialized.

Again, the experimental setup mimicking a beating heart was used to evaluate
the performance of the method. It was shown that compared to the ML approach
presented in Chapter 3, the EKF is able to estimate the fHL more accurately in
measurements with low SNR. Furthermore, it was experimentally demonstrated
that the fHL is estimated accurately in a larger measurement volume, i.e. at a
larger radial distance of the fetal heart relative to the transducer, compared to
the ML approach.

The US transducer positioning aid proposed in Part I of this thesis has the
potential to improve clinical workflow, but it does not take away the need for
re-positioning. Although a better-positioned transducer may also lead to fewer
periods of signal loss, the main advantage of the proposed method is that clinical
staff has an easier job in positioning the transducer. However, during labor the
fHL will inevitably change. Therefore, clinical staff still needs to interact with the
equipment when the fHR signal is lost. Ideally, this interaction is completely taken
away. To achieve this, in Part II of this thesis, we proposed a flexible transducer
array which needs to be positioned on the maternal abdomen only at the start of
the monitoring session. The array, consisting of multiple transducer elements em-
bedded in a flexible substrate, can be wrapped around the maternal abdomen and
is capable of insonifying a much larger measurement volume compared to that of a
conventional US transducer used for fHR monitoring. In that way, when the fHL
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changes it is still possible to measure the fHR. Increasing the number of elements
within the array, however, comes at the expense of several possible limitations.
First of all, generating the US with more elements increases the acoustic energy
transmitted to the fetus. It should be noted that the acoustic energy transmitted
by a conventional transducer is significantly smaller than the limits set by na-
tional guidelines and by adding more elements it is unlikely that these limits will
be reached. Nevertheless, the amount of transmitted acoustic energy remains a
clinical concern and the as-low-as-reasonably-achievable principle should always
be endorsed [91,93]. Besides this, driving more elements will also increase energy
consumption, which is an important design requirement of any wearable device to
be applied in an ambulatory or home setting. We addressed these limitations by
introducing a method (dynamic apodization adaptation (DAA)) which automati-
cally selects those elements for transmission which are aimed at the fetal heart and
therefore best-suited for a successful fHR measurement. The proposed method
is based on identifying which elements receive the highest Doppler power. This
serves as input to an apodization function that determines the transmit power
of each individual element. It was demonstrated that, compared to conventional
US transducers, it is possible to reduce the total transmission power by up to
50% while maintaining a similar SNR. The DAA method specifies which elements
are used for US transmission and, therefore, reduce the total transmission power
and associated power consumption. On the downside, this limits the potential
opportunity of the array to not only measure the fHR with the array but also
fetal motion, which is another clinically relevant parameter for the assessment
of fetal well-being [76, 119]. Similar to conventional US transducers, when using
the DAA method, the volume from which fetal motion information could be de-
rived is limited to the volume insonified by the active transducer elements. In
future research, the opportunity of the enlarged measurement volume offered by
the flexible US transducer array may be further exploited for the purpose of fetal
movement analysis.

At this time, the individual transducer elements of a conventional US trans-
ducer are electronically interconnected and, hence, effectively treated as a single
element. The US waves received with each individual element are therefore com-
bined into a single US signal. For the case of the proposed multi-element trans-
ducer array, this simple combination would not be optimal. Those elements which
are not directed towards the fetal heart measure only noise, and combining them
into a single US signal would decrease the SNR. Therefore, we proposed in Chap-
ter 6 to use the flexible transducer array in combination with a dynamic channel
weighting (DCW) method. By weighting the received signal channels with the
measured Doppler power, elements which are not directed towards the fetal heart
contribute less to the combined Doppler signal from which the fHR is estimated.
It was experimentally shown that the DCW method leads to a more accurate fHR
estimation in high-noise conditions, compared to the simple combination method
of conventional US transducers.

Following this, we used the flexible transducer array to overcome the chal-
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lenges associated with measurements of twins. Nowadays, this is especially rel-
evant due to the significant increase in twin pregnancies in Western countries
caused by the growing use of assisted reproductive technology and increased ma-
ternal age [87]. In general, twin pregnancies are associated with increased risk of
complications [88]; therefore, fetal monitoring is crucial. In clinical practice, two
independent conventional US transducers are typically employed to monitor the
fHR of two fetuses. However, the correct positioning of the two US transducers
can be challenging, often leading to misinterpretation of the acquired signals. In
Chapter 7, the flexible transducer array was used in combination with a multi-
depth-multi-channel Doppler signal to create a coarse 3D visualization of the two
fetal hearts. This visualization allows for easy separation of the two fetal hearts
within the measurement volume and unambiguous registration of two fHR can be
achieved.

It should be noted that the prototype of the flexible transducer array was
developed to test the technical feasibility of the methods presented in Part II of
this thesis. Therefore, the array was designed such that it allows insonification of
a measurement volume significant larger compared to the measurement volume
created by a conventional US transducer. However, the size of the prototype is
most likely not sufficient to insonify a measurement volume that is sufficient to
cover all possible fHL. Special attention should also be dedicated to the most
appropriate shape of the flexible transducer array. A shape corresponding to the
dimensions of the uterus at term and which is elongated at the bottom, enabling
fHR monitoring when the fetus moves through the birth channel, may be best
suitable for application in clinical practice.

Furthermore, both the transducer positioning aid presented in Part II as well
as the flexible transducer array introduced in Part II of this thesis should be eval-
uated and bench-marked against alternative technologies such as the direct ECG
and abdominal ECG. Acquisition of the fHR using a direct fetal scalp electrode
had the disadvantage of being invasive, increasing the risk for infections and being
only applicable when the membranes are ruptured. However, it has the advantage
of providing robust and beat-to-beat accurate fHR measurements during labour
and is, therefore, still often used in clinical practice. It needs to be evaluated if
the proposed methods can reduce the need of using a direct scalp electrode.

8.2 Benefits for the healthcare system
The research described in this thesis aims at making fHR monitoring with Doppler
US less dependent on the operator to achieve a workflow-friendly and improved
fetal health assessment during labor. Furthermore, the operator-independent
measurements using the flexible transducer array may be a first step towards
continuous fHR monitoring using Doppler US in an ambulatory or home setting.
Certainly, the proposed methods need to be further tested and eventually vali-
dated in clinical studies to evaluate their performance on human subjects and to
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gain insights into their usability and acceptance by the clinical staff. Nevertheless,
the potential of the proposed methods should already be discussed in the broader
context of the healthcare system. Here we discuss the potential benefit of the
work shown in this thesis in the context of the quadruple aim [169], a concept
widely used to evaluate and optimize the performance of medical technology. In
this concept, medical technology is evaluated on four aspects of the healthcare
system: 1) improving the patient experience, 2) improving health outcomes, 3)
reducing the cost of care and 4) improving the staff experience.

8.2.1 Improving patient experience
Every pregnant woman wishes to have an uncomplicated delivery leading to the
birth of a healthy baby. Often, this wish is however accompanied by fears, stress
and anxiety about the upcoming delivery. Alarming information, discouraging
stories told by others, disease and pregnancy-related problems or negative experi-
ence in previous pregnancies cause these fears [170]. Therefore, during pregnancy
and most importantly during delivery, women are in need of emotional and phys-
ical support [171]. This support should be provided by the healthcare givers who
should pay special attention to the fears of each individual woman [170,171]. Fur-
thermore, from the perspective of parturient women, good communication about
medical procedures is essential, but often not satisfying [172]. Too little support
and inadequate communication will drastically reduce patient satisfaction, which
is an important outcome in patient-centered care [173], and in turn, affects both
mother and child. It was shown that the mother’s ability to bond with a new-
born child is significantly affected by the mother’s experience with the childbirth
service [173,174].

Unfortunately, providing adequate emotional and physical support to laboring
mothers is often a challenge, due to increasing workload and notorious under-
staffing in clinical practices [175, 176]. In this environment, an fHR monitoring
technology which is not robust and requires frequent staff-technology interactions
increases the workload even further. Instead of fully focusing on their patient,
the clinical staff needs to make sure that fHR measurements can be obtained to
enable the important fetal health assessment. As a last resort, clinicians may ap-
ply a direct fetal scalp electrode, which however has many contraindications and
cannot be used in very situation. The proposed methods in this thesis can help
to free up the precious time of the clinicians, who use a Doppler US transducer
for fHR monitoring, to provide the best emotional and physical support to the
women.

In addition, clinicians, but also mothers themselves, will most likely prioritize
a positive outcome for the fetus over a positive experience and they are inclined
to use every technology available to avoid adverse outcomes. However, after
delivering a healthy fetus, for a mother who had endured all these measurements,
it may be difficult to understand whether the measurement was needed. What
remains is the memory of birth with uncomfortable and seemingly unnecessary
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measurements. Making technology less obtrusive and almost imperceptible will
have a positive impact on the patient experience. The methods proposed in this
thesis may be a step in this direction as they have the potential of reducing the
staff-technology handling on the maternal abdomen.

Another aspect regarding patient satisfaction is the possibility of monitor-
ing in an ambulatory or remote setting. Telemonitoring is already applied in
many different settings [132], but is also of increasing interest for fetal and ma-
ternal monitoring [177]. Although clear evidence for the benefits of routine fHR
monitoring in healthy pregnancies is still lacking [41], most pregnant women in
developed countries receive multiple fHR monitoring sessions in the antenatal pe-
riod of pregnancy [178]. Enabling remote monitoring and, therefore, reducing
the need for travelling to the caregiver would be appreciated by the mothers. It
was already shown that fHR monitoring for short periods in the home setting is
accepted and experienced well by pregnant women [179]. Currently, ECG-based
fHR monitoring techniques are in the development to advance fetal monitoring in
the home setting and show promising results [178,180]. However, to enable the ac-
quisition of good-quality ECG signals, skin preparation is required, which can be
time-consuming and stressful to mothers [31]. US-Doppler based fHR monitoring
may be an alternative, but due to the need for a well-positioned US transducer on
the maternal abdomen, it is not suitable for continuous monitoring in the home
setting.

8.2.2 Improving population health
The main objective of CTG is to minimize the risks of fetal morbidity and mor-
tality, to determine the optimal timing of delivery, and to identify at-risk fetuses
during pregnancy. Improving the robustness of CTG technology with the meth-
ods presented in this thesis will help to reach those objectives. Until now, risk
assessment based on CTG is far from optimal. It is known that while CTG has a
high sensitivity, its specificity is poor [7]. In only 54% of the non-reassuring car-
diotocogram the fetus was actually compromised [9]. Among other reasons, this
has led to a significant increase in unnecessary caesarian sections [8]. Caesarian
sections are associated with a higher risk for maternal mortality, hysterectomy,
ureteral tract and vesical injury, abdominal pain, neonatal respiratory morbidity
and fetal death, placenta previa, and uterine rupture in future pregnancies [181].
The challenging interpretation of a cardiotocogram is also reflected by the high
inter- and intra-observer variability of CTG analysis [25,182]. This is also recog-
nized by the international clinical community, which has included the recommen-
dation into their guidelines not to base any clinical decision on a cardiotocogram
which has fHR signal loss episodes of more than 20% [17]. Reducing the occur-
rence of fHR signal loss will increase the number of cardiotocograms suitable for
clinical interpretation, leading to more unambiguous health assessment and less
unnecessary caesarian sections.

In addition, the implementation of recently developed computerized methods
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for CTG analysis [11, 12] as well as the analysis of fetal heart rate variability
citeVanLaar2011,Doret2015,Warmerdam2016,Warmerdam2018 will directly ben-
efit from less fHR signal loss. These advanced analysis methods have the potential
to improve the clinical value of CTG, but they all rely on the availability of an
fHR signal without severe periods of signal loss. The proposed positioning aid in
Part I and the flexible transducer array presented in Part II may unlock the full
potential of these advanced CTG analysis methods.

8.2.3 Reducing the costs of care

It is known that severe complications during birth can have a drastic impact on
the health of the fetus and the mother, and often lead to long term physical
and mental impairment [183,184]. The financial burden to the healthcare system
associated with these complications is enormous [183, 184]. The lifetime costs of
cerebral palsy, a condition most frequently caused by severe hypoxia during the
delivery, are on average 830.000 Euro per person, which includes medical costs as
well as social costs [185]. The methods presented in this thesis have not yet been
implemented in clinical practice and no clear evidence for improved outcome can
be given. However, it is likely that by improving the quality of cardiotocograms,
CTG-based health assessment can be improved. This will reduce fetal mortality
and morbidity and their associated costs.

Besides that, the costs of a caesarian section compared to a vaginal delivery are
significantly higher [186, 187], and with the world-wide increase in caesarian sec-
tion rates [188], the financial burden to the healthcare system is substantial [184].
This is especially dramatic as many of those caesarian sections are unnecessary.
The World Health Organization estimated that in 2008, 6.2 million unnecessary
caesarian sections were performed with an approximated cost of 2.32 billion US
Dollars [189]. Obviously, many other factors are contributing to the impressive
statistics of unnecessary caesarian sections, such as changes in maternal character-
istics and professional practice styles, as well as economic, organizational, social
and cultural factors [188]. However, in developed countries where CTG is part
of routine clinical practice, the challenging interpretation of a cardiotocogram
contributes to these numbers. Improving the quality of cardiotocograms may
enable unambiguous fetal health assessment for reduced numbers of unnecessary
caesarian sections.

Furthermore, by making US Doppler-based fHR monitoring independent of
operator skills, fetal monitoring in a remote setting could become feasible. This
would reduce the costs for clinical personnel needed for conducting the measure-
ments and reduce occupancy of clinical facilities. In addition, travel costs to the
healthcare facility as well as off-work time could be reduced for the pregnant
women [190].
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8.2.4 Improving staff experience
Midwives and gynecologists have studied extensively driven by a strong motivation
to improve women’s health and to guarantee that babies have the best possible
start of their life. Despite hurdles in the day-to-day work environment, clinicians
are in general passionate about their job [175] but can be, due to chronic shortage
of staff and increased workload, demoralized [175]. It is known that improved
physician satisfaction leads to improved patient outcomes [191]. Therefore, any
medical technology which aims at improving patient health but at the same time
heavily increases clinical workload cannot be optimal. Current Doppler-based
fHR monitoring devices are an example of such technology. The need for frequent
repositioning of the US-transducer can heavily slow down the clinical workflow
and therefore worsen staff experience. Reducing or eliminating the need for US
transducer repositioning will clearly improve clinical workflow. In that way, the
clinical staff has more time available to focus on pregnant women.

Staff experience is affected also by the lack of experienced midwives in the
labor ward. It is a known problem that midwives experience burnouts and change
over to more family-friendly and less stressful occupations, leaving the junior-staff
behind [192]. Therefore, it would be ideal if fHR monitoring devices are easy to
use and do not require extensive training. The proposed positioning aid and
the flexible transducer array, which helps in particular with the challenging and
time-consuming measurements of twin fHR, may facilitate this.

8.3 Conclusion
In this thesis, a method for improved US transducer positioning as well as a
flexible transducer for operator-independent fHR monitoring is presented. The
feasibility of the methods has been proven, their performance characterized and
technically validated using a dedicated experimental beating fHR setup. In future
research, these methods need to be tested on pregnant women to bring them
closer to clinical implementation. Going from the well-conditioned experimental
research environment to a real-life setting will allow identifying the limitations of
the methods and provide insights for further optimization.

In conclusion, after more than 50 years since its introduction, Doppler-based
fHR monitoring is a widely used method in clinical practice. It plays an important
role in the clinical decision-making process, despite its limitation of signal loss and
the associated need for US transducer repositioning. The methods presented in
this thesis have the potential to overcome this limitation, leading to an improved
clinical workflow and, ultimately, to improved fetal and maternal health.
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