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Abstract

In recent years there has been an increasing interest in developing computerized methods to analyse
cardiotocographic recordings, due to the widespread use of cardiotocography to record foetal heart rate and uterine
activity signals and the recognized inter and intra-observer variability in the visual evaluation of these signals, in
recent years there has been an increasing interest in developing computerized methods to analyse cardiotocographic
recordings. As a result of this trend, new biomedical software and analysing algorithms have been enforced to replace
the traditional interpretation of cardiotocographic traces. Artificial cardiotocographic signals play a predominant role in
testing performance of these software. The present study presents a software for simulating synthetic cardiotocographic
recordings developed in order to cover a wide range of physiological conditions and recording situations. It allows the
simulation of the main features and characteristics of a real cardiotocographic trace (baseline fluctuation, accelerations,
decelerations and contractions). Moreover, it permits the simulation of anomalies due to the acquisition system and/
or cardiac arrhythmia (signal loss and outliers). All the parameters used in the simulation can be set and modified at
user choice. The proposed software, which generates synthetic signals resembling real cardiotocographic recordings,
facilitates the comparison of different signal processing methods in order to establish their performances and could be

employed also as a teaching tool for demonstration to medical students and others.
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Introduction

At the end of pregnancy, assessing of foetal well-being depends on
the evaluation of multiple parameters, many of them correlated to the
characteristics of foetal heart rate (FHR) signals recorded by means of
Cardiotocography (CTG), a widely used technique for antepartum and
intrapartum foetal surveillance. This method refers to the continuous
and simultaneous recording of FHR and Uterine Activity (UC signal)
[1]. In this way, CTG provides continuous heart rate information; FHR
changes in response to UC and other internal or external stimuli can
be monitored and CTG is used as an indirect screening test for severe
asphyxia (i.e., asphyxia severe enough to cause neurologic damage or
foetal death) [1].

Even though CTG is extensively used in daily practice, studies
of FHR reliability have shown significant intra-observer and inter-
observer variation in tracing interpretation [2,3]. As a result of the poor
reproducibility of visual analysis of CTG traces and of the difficulties for
obstetric staffs in evaluating foetal state [4,5], doubts arose regarding
the efficacy of FHR monitoring in improving foetal outcome [6]. In
order to decrease the subjective nature of foetal state evaluation and
to develop objective means for CTG reading, the visual interpretation
is often replaced by automated computerized analysis, which has been
developed during the last two decades thanks to the technological
advances in computers and in signal processing methods [1,7,8].

Currently, new biomedical signal processing techniques and
software are evaluated by processing real CTG signals [9,10]. However,
because of the complexity and variability of real FHR signals, it is difficult
to infer how the performance would vary in different clinical settings.
Therefore, the availability of a large amount of realistic artificial CTG
signals, with the possibility of easily changing their parameters and
features, may facilitate the evaluation of software performances. Under
this perspective, the development of software and models to generate
synthetic signals with appropriate characteristics is a subject that has
been widely investigated also for adult subjects [11,12]. Moreover, the

usefulness of simulated heart rate traces with various characteristics
for the assessment of diagnostic devices and analysing algorithms
has been shown in different studies, both on adult and on foetal heart
signals [13-15]. Encouraged from the above highlighted results, in this
paper, we present a recent upgrade of a novel software for simulating
CTG recordings relative to different foetal conditions and recording
situations. The purpose of the proposed software is to provide a
realistic CTG signal with reasonable waveform morphology features,
which can be generated with specific statistics such as the mean and
standard deviation of the FHR and frequency-domain characteristics
of FHR variability (FHRV). In particular, we aimed to properly
simulate the most relevant FHR features commonly evaluated in the
clinical assessment of foetal health (i.e. accelerations, decelerations and
contractions) along with the most troublesome anomalies due to either
acquisition systems (e.g. signal loss) or physiological conditions (e.g.
cardiac arrhythmias).

Materials and Methods

Synthetic CTG signals were artificially generated via software using
Matlab R2011a. For FHR simulation, a slightly modified version of
a method proposed for adults by other authors [16,17] and already
employed in previous works concerning foetal monitoring was used
[18-22]. Following this procedure, an artificial R-R tachogram with
specific power spectrum characteristics, proper for foetal heart rhythm,
was generated using an inverse Fourier transform [22]. After that, the
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FHR signal was computed using the known formula:

FHR = L
RR

where k=60 if RR is expressed in seconds or k=60000 if RR is expressed
in ms. UC signals instead were generated directly in time domain.

It is worth underlining that all the parameters necessary for CTG
simulation can be modified at user choice in order to cover a wide
range of physiological conditions and recording situations.

Power spectrum characteristics

FHRV frequency characteristics are set by fixing the
following parameters: boundaries of low frequency (LF) and high
frequency (HF) bands; their standard deviation; LE/HF power ratio,
a useful clinical parameter widely known as sympatho-vagal balance
(SVB).

FHR settings: Mean FHR can be set within the range of normality
(120-160 bpm); otherwise, other values exceeding this range can be
chosen to simulate severe bradycardia or tachycardia, always getting
realistic signals. Then, the simulation software allows to choose the
standard deviation (SD) of FHR signal (in our tests the SD was set to
obtain FHR of desired peak-peak amplitude). Besides, a SD varying
along the FHR signal can be added, in order to simulate different
alternating foetal states (sleep or awake, higher or lower activity).

Baseline, Accelerations and Decelerations

There is a common consensus that reassuring FHR patterns
include each of the following characteristics: FHR baseline from 120 to
160 bpm, moderate variability and FHR accelerations appropriate for
gestational age. Presence of FHR decelerations are generally suspicious
findings [23]. In order to resemble real physiological situations,
baseline fluctuation, accelerations and decelerations were simulated,
adopting classical definitions [23]. In particular, we used a slowly
varying sinusoid to simulate the FHR baseline that can be modified
in amplitude and frequency, and, with regards to accelerations and
decelerations, we used Gaussian-like signal tracts [20] with waveform
features and parameters (amplitude, position, duration) that can be
directly set by the user.

Contractions

UC are a crucial part of labour onset and advancement. Their
features are important to interpret the progress of labour and the
significance of certain FHR abnormalities, such as decelerations. Some
authors have developed mathematical models for simulation of UC
waveforms but without simultaneous simulation of FHR signals [15].

The basal UC signals were simulated by low-pass filtering a white
noise. As for the FHR, a sinusoidal basal tone can be superimposed.

The software here proposed is able also to simulate the contraction
events with known features (amplitude, frequency, position, duration).
The algorithm for the simulation of these events is similar to that of the
accelerations, using Gaussian-like signal tracts with features chosen at
user discretion [15].

Floating Line

The set of events (baseline, accelerations and/or decelerations)
added to the FHR signal represents its floating line. To avoid
discontinuities in correspondence of the transition from one event
to another, they were connected using a weighted mean of their tails.

Finally, for obtaining more realistic signals, we applied a low-pass filter.

Signal loss, Arrhythmias and Outliers

Some problems in predicting foetal wellbeing through CTG
interpretation are related to the visual inspection of clinicians,
others to the acquisition system that, in some conditions, can cause
the degradation or the loss of the signal. These anomalies, cardiac
arrhythmia and artifacts in FHR signals do not represent physiological
variations, so that they can be defined outliers [17]. Our software allows
the simulation of these outliers. In particular, typical arrhythmias,
such as Premature Ventricular Depolarization (PVC), simulated by
the succession of two FHR samples, respectively with very high and
very low value; losses of signal, for example due to relative movements
between the Doppler probe and the foetus; or simply isolated outliers,
resembling CTG spikes due to erroneous recording of some FHR
sample can be simulated. The signal loss can be simulated as abrupt,
groups of samples with values very different from FHR mean, or
gradual, in this case the change in FHR value is gradual, i.e. there are
sample with intermediate value.

Default Parameters

In order to verify performances of the software developed, we
generated different synthetic CTG signals varying all parameters.
However, for some parameters we choose values then considered
by default. About power spectrum characteristics, considering
that, in comparison with HRV of adult subjects, in FHRV different
relationships between LF and HF bands are present, in order to
resemble real foetal cases, the following parameters were adopted. LF
and HF were considered to lie between 0.05 and 0.2 Hz, and 0.2-1 Hz,
respectively. SVB was fixed to 5 and standard deviation of LF and HF
bands to 0.01 and 0.03, respectively.

FHR mean was set at 140 bpm and SD was heuristically set at 2
(corresponding to a peak-peak amplitude of FHR signal approximately
in the range 6-10 bpm).

Besides, a sine baseline with frequency at 0.002 Hz was added. FHR
signals simulated with these default characteristics had duration of
about 30 minutes.

The basal UC signals, by default were simulated by low-pass
filtering a white noise with mean and SD heuristically set at 10 and 1
respectively.

Visualization

The software provides two different graphical representations of
the simulated signals, the default one employed by Matlab, and one
that reproduces the clinical standard. In the latter case, the CTG trace
is shown according to the following requirements: CTG paper running
speed equal to 1 centimetre (cm) per minute, 25 cm of recording for
each page, FHR range equal to 50-210 bmp and UC range equal to
0-100 a.u..

Results

In this section, we show some examples of simulated FHR and UC
signals with different characteristics. Where not specifically indicated,
default parameters were used.

In case of clinical visualisation only the first 25 minutes of the
signals are shown.

In Figure 1 it is shown according to the default representation a
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Figure 1: Synthetic FHR, simulated with 2 accelerations and one deceleration.
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Figure 2: FHR signal of Figure 1 shown according to clinical standard.
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Figure 3: Synthetic signal simulated with a constant baseline and without floatingline superimposed.
synthetic FHR signal simulated by assigning to the various parameters The Figures 3-5 refer to different steps of FHR generation. In
the default values. particular, a FHR signal simulated with mean equal to 140 bpm and SD

equal to 2 is represented in Figure 3. In Figure 4 it is possible to see a
floatingline obtained by simulating a sinusoidal baseline slowly varying
(default parameters), 2 decelerations and 3 accelerations. The first

An analogous FHR signal shown according to the clinical standard
is displayed in Figure 2.
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Figure 4: Floatingline simulated and superimposed to the signal of Figure 3 to obtain the FHR signal shown in figure 5.
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Figure 5: Synthetic FHR, simulated with 2 accelerations, 1 deceleration and a deceleration followed by a recovery phase,
shown according to clinical standard. This signal was obtained adding the floatingline shown in Figure 4 to the synthetic
signal shown in Figure 3.
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Figure 6: Complete CTGshown according to clinical standard. FHR on the top and UC on the bottom.
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Figure 7: FHR simulated with signal loss (gradual the first, between 250 and 270 s, and abrupt the others, around at 520

and 780 s), arrhythmia (PVC) and isolated outliers.

acceleration was posed just after a deceleration, in order to simulate a
foetal recovery phase. In Figure 5 the final FHR signal is shown, it was
obtained by the sum of the initial FHR and the floatingline.

In Figure 6 it is shown a complete CTG signal, whit FHR signal
on the top, simulated with 2 accelerations and 1 deceleration, and UC
signal on the bottom, simulated with 2 uterine contractions. In the
FHR signal, the deceleration was generated in correspondence of the
second uterine contraction. Both signals were generated using default
parameters.

Finally in Figure 7 it is displayed a synthetic FHR signal which
shows arrhythmia and outliers. In particular, 3 tracts of signal loss, 4
PVC and 5 isolated outliers were simulated.

Conclusion

The availability of realistic synthetic CTG signals, with the
possibility of easily changing their parameters and features, can be very
useful to estimate performances of software employed in computerized
cardiotocography. However, at the best of our knowledge, the literature
in this field is very poor, except for some isolated cases focused on
uterine activity [15].

In this paper, we proposed a software for simulation of FHR and
UC signals. The performance of this CTG simulation software are
satisfactory, since the synthetic signals generated are comparable to
the real ones, meaning that the main features of CTG signals, such as
FHR amplitude variability, slow alterations, signal losses etc., can be
successfully simulated. Besides, real and synthetic FHR signals present
the same characteristics of the main frequency lobes.

Thanks to its versatility, the proposed software can be used in a wide
range of applications. The generation of signals representing a typical
CTG trace facilitates the comparison of different signal processing
methods in order to establish their performances. Moreover, it can be
employed to simulate specific events occurring in FHR traces, such
as accelerations and decelerations, in order to assess the reliability
of algorithms in identifying and classifying such events. Finally, our
software can be useful to verify the efficacy of some proposed indexes

to estimate particular characteristics of FHR signals, for example
variability or sympatho-vagal balance. As further application, it could
be employed as a teaching tool for demonstration to medical students
and others.

A large set of synthetic FHR series with known features has been
already successfully used by the authors to test an algorithm for
detection and correction of FHR signals outliers [18,19], to evaluate
the performance of an algorithm for the recovery of FHR series out of
the zero-order interpolated CTG data [20], to compare several short
term variability (STV) indexes performances [21] and to quantitatively
evaluate distortion of FHRV spectrum due to different CTG storage
rates [22].
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