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Abstract— Foetal heart rate variability is widely considered 
an important parameter to assess foetal reactivity and wellbeing. 
Traditional approaches to analyze foetal heart rate and its 
variability, such as Time and Frequency Domain Analyses, have 
shown some limitations, due to their inability to highlight 
nonlinear dynamics potentially relevant. Hence, in the last 
decades, nonlinear analysis methods have gained a growing 
interest and the integration of parameters derived from these 
techniques and traditional ones could be a way to improve the 
assessment of foetal development and/or distress. In this work, 
we proposed a comparison between new index obtained with a 
nonlinear analysis (Symbolic Dynamic Analysis) and more 
traditional parameters computed by the power spectral density of 
the foetal heart variability signals (Frequency Domain Analysis). 
A dataset of 579 cardiotocographic signals from healthy foetuses, 
recorded from the 24th to the 42th gestation week, was examined 
using both above-mentioned methods. The obtained results 
demonstrate that Symbolic Dynamics, as much as Frequency 
Domain Analysis, could be a useful tool in foetal development 
assessing. 
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I.  INTRODUCTION 
Cardiotocography (CTG) is the most widely used indirect 

diagnostic technique in clinical practice to monitor foetal 
health during pregnancy [1]. It can be used from the 24th 
week of gestation to delivery and consists in the simultaneous 
recording of foetal heart rate (FHR) and uterine contractions 
(UC) [2]. While the negative predictive value of CTG is very 
good, it is known that foetuses compromised not always 
manifest CTG changes [3]. In addition, since CTG 
interpretation is often carried out by a visual inspection, the 
efficiency of this method depends on the expertise and training 
of the observer, but obviously it lacks of objectivity and 
reproducibility. For this reason, many researchers have 
attempt to make it more reliable, introducing the computerized 
analysis [4]. In general, physicians mainly evaluate the 
following parameters: FHR mean value (related to week’s 
gestation), FHR variability (FHRV), accelerations, 
decelerations, foetal movements and uterine contractions [2, 
5]. Among these, FHRV is probably the most important 
feature of the FHR recording, due to its relationship with the 

autonomic nervous system (ANS) and its development. 
Changes in FHRV are also correlated with foetal development. 
Nevertheless, even though foetal growth is correlated to the 
foetal well-being and ANS development, not many literature 
works inspect this issue. Besides, the great majority of these 
studies are old [6, 7] or use foetal magnetocardiography to 
record foetal heart activity [8, 9]. 

The FHRV, as the heart rate variability (HRV) of an adult 
subject, can be studied using two different approaches, 
historically known as linear and nonlinear analyses [10]. The 
linear analysis of FHRV (in time and frequency domain) 
provides significant noninvasive parameters to investigate the 
cardiac autonomic modulation; however, this methodology has 
shown some limitations in describing nonlinear structure of 
the sympatho-vagal interactions [11]. Therefore, methods 
developed from nonlinear systems theory have been applied, 
in recent years, to biological systems analysis and, in 
particular, to the study of HRV. 

We focus the attention on the Symbolic Dynamic Analysis 
(SDA), a nonlinear technique which allows a simple 
description of a system’s dynamics by means of a limited 
amount of symbols [12] and appropriate classification 
schemes. It already gets important results in adult subjects 
[13] and has been recently employed to quantify FHR 
regularity in the course of gestation [14]. Despite these facts, 
there are too few applications of SDA to FHRV analysis and it 
can’t be yet considered a completely useful and reliable 
method. 

Recently, SDA has been employed by the authors to study 
relationship between FHRV and neonatal wellbeing [15, 16]. 
Encouraged from the preliminary results, in this work we 
aimed to analyse FHRV from CTG recordings in healthy 
foetuses by means of SDA and correlate the results with more 
classical parameters computed with Frequency Domain 
Analysis (FDA). 

Furthermore, we focused our attention on relationship 
between computed parameters and weeks of gestation, in order 
to investigate correlation with foetal development. 
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II. METHODS 

A. Data collection and CTG processing 
CTG traces were recorded by healthy patients during the 

clinical practice, using commercially available 
cardiotocographs. Five hundred and seventhy-nine antepartum 
recordings from the 24th to the 42th gestation week were 
considered for the study. The database was completed with 
other clinical information of patients and newborns. All 
patients gave their informed consent to participate in the 
research concerning foetal monitoring. CTG signals were 
processed by a software previously developed by the authors 
[17, 18] and recently updated in order to implement also the 
SDA. 

B. Symbolic Dynamics Analysis 
According to previous studies [15, 16, 17, 18], we applied 

SDA to the series of the differences between consecutive heart 
beat intervals (ΔRR). We calculated the interbeat intervals 
series (RR) using the known formula: RR=60000/FHR. From 
the RR time series, expressed in ms, we computed the ΔRR, to 
make the analysis independent of the mean heart rate. Then, 
an alphabet of five symbols was chosen to classify the full 
range of variability. In order to distinguish higher from 
moderate variations, the decision rule that associates each 
series sample with one alphabet symbol was the comparison 
between the sample value and two thresholds, named primary 
(PT) and secondary (ST) threshold [16]. The primary 
threshold (PT) was chosen to identify samples that are not due 
to the physiological variability of the cardiac rhythm but to the 
noise (mainly correlated to the resolution in FHR recording). 
ST was heuristically set to 3 ms, by considering the peak to 
peak amplitude of ΔRR series [20]. 

After the symbolization, a sliding window of length L was 
shifted along the codified series, with an overlap of L-1 points, 
transforming it in a sequence of patterns of L samples (called 
words). In this work, as in the previous one [16], the L value 
was chosen equal to 7 (considering a mean FHR of 140 bpm, 
this value corresponds to 3 s) in order to include in the word 
the burst peak of a sympathetic response. At this point, 
according to a method already introduced by the authors [15, 
16, 20], the words were grouped in different word classes 
(WC) by the within-word symbol occurrence, using the 
criterion (called dominance criterion) described in Table 1. 
The criterion had the aim to highlight sympatho-vagal 
activations, considered associated to greater or less variability, 
and cases of absence of variability or random variations. 

Finally, as carried out in a previous work of the authors 
[16], a new parameter, named Variability Index (V.I.), was 
estimated from the percentages of occurrence of the different 
WC (pH, pM, pO and pR), with the aim to put in evidence the 
amount of physiological variability of the signal at the expense 
of that null or random, at which we assign zero weight: 

 

 
 
 

TABLE I.  “DOMINANCE CRITERION” TO GROUP THE CLASSES OF WORDS. 

Description Meaning Code 

At least 4 symbols “VP” or “VN” 

high activation H At least 3 symbols "VP" and 1 symbol “P” 

At least 3 symbols “VN” and 1 symbol N” 

At least 4 symbols “P” or “N” 
moderate 
activation M At least 3 symbols “P” and 1 symbol “VP” 

At least 3 symbols “N” and 1 symbol “VN” 

At least 4 symbols “O” absence of 
variability O 

All other cases random R 

 

C. Frequency Domain Analysis 
Because of the non-stationariety of the FHRV signal and 

according to the literature and methodologies previously used 
by the authors [21, 22, 23], the power spectral density (PSD) 
was estimated by means of the Short Time Fourier 
Transformation using a sliding Hamming window of 32 s [24]. 
Then, we computed the power in the main frequency bands of 
FHRV. Most of literature agrees that three bands can be 
detected in the FHR power spectrum, a very low frequency 
band (VLF), a low frequency band (LF) and a high frequency 
band (HF). However, despite to the spread use of FHRV 
spectral analysis, there is no agreement in definition of the 
frequencies bands. After a careful study of different literature 
works [25, 26, 27], the authors set the three bands of FHRV 
spectrum as follows: from 0 Hz up to 0.05 Hz (VLF);  from 
0.05 Hz up to 0.2 Hz (LF); from 0.2 Hz up to 1 Hz (HF). 

As frequency parameters, we chose the power in low and 
high frequency bands (respectively named LF power and HF 
power), the total power (computed as the sum of LF and HF 
power) and the LF to HF power ratio, used as index of 
sympatho-vagal balance (SVB), a very important parameter 
which reflects the relations between vagal and sympathetic 
branches of the ANS. 

D. Regression Analysis 
Regression analyses were carried out for estimating the 

relationships among indexes extracted from SDA and FDA. 
Then, after splitting data in 17 groups, according to 

gestational week, we computed mean and standard deviation 
of V.I. and LF power for each group and evaluated the 
respective regression curves. 

Furthermore, in order to link V.I. and SVB, we divided 
CTG recordings in 16 groups according to their SVB values. 
In particular, we assembled every group selecting those 
signals whose SVB ranged from x − 0.5 up to x + 0.5, with x 
varying from 2 up to 17 and representing, in this way, the 
SVB mean of the group. Then, we calculated V.I. mean of 
each group and built the regression graph.  

III. RESULTS 
Scatter plots presented in the following figures (from 1 to 

4) show relationships between V.I. and frequency parameters 
(power of both LF and HF bands, total power and SVB). 
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TABLE II.  MEAN AND STANDARD DEVIATION OF VARIABILITY INDEX 
AND LF POWER FOR DATA GROUPED ON THE BASIS OF GESTATIONAL WEEK. 
WEEKS 26 AND 27 ARE MISSING BECAUSE THERE ARE NO DATA AVAILABLE. 

  Variability Index LF power 

Week # CTG 
recordings Mean ± Std Mean ± Std 

24 1 0.08 2.09 
25 2 0.13 ± 0.08 4.37 ± 3.04 
28 2 0.19 ± 0.08 5.28 ± 3.55 
29 3 0.24 ± 0.06 6.67 ± 1.36 
30 4 0.26 ± 0.12 7.17 ± 2.19 
31 8 0.27 ± 0.15 6.98 ± 3.59 
32 9 0.24 ± 0.08 5.00 ± 2.02 
33 22 0.31 ± 0.14 7.76 ± 4.39 
34 38 0.33 ± 0.63 7.70 ± 4.43 
35 47 0.38 ± 0.16 8.49 ± 4.64 
36 54 0.38 ± 0.15 9.29 ± 5.09 
37 93 0.36 ± 0.14 8.84 ± 5.95 
38 109 0.36 ± 0.13 8.73 ± 6.03 
39 100 0.34 ± 0.12 7.54 ± 5.23 
40 48 0.33 ± 0.13 6.51 ± 4.14 
41 33 0.37 ± 0.11 8.90 ± 6.95 
42 6 0.33 ± 0.06 10.09 ± 5.20 

 
 
 

Fig. 5 and 6 illustrate regression graphs relating mean 
values of V.I. and LF power to gestational week (mean and 
standard deviation are summarized in Table 2). 

On every scatter diagram we displayed the trend line 
equation and the coefficient of determination (R2). 
 
 
 
 

Fig. 4. Varability Index as a function of sympatho-vagal balance. 

 
Fig. 3. Variability Index as a function of the signal total power. 

 
Fig. 2. Variability Index as a function of the power in high frequency 
band. 

 
Fig. 1. Variability Index as a function of the power in low frequency 
band. 



 
 

 
 

IV. CONCLUSION 
The paper describes an analysis of FHRV in computerised 

CTG monitoring by means of SDA and FDA. In particular, we 
propose a comparison between these two different methods to 
check advantages and disadvantages that both techniques 
could provide in foetal development assessment. 

Regression analyses allowed us to evaluate the reliability 
of a novel index (V.I.) compared with traditional frequency 
parameters (LF and HF power and SVB). Curves in Fig. 1-3 
show that the SDA index (V.I.) increases in correspondence of 
higher values of the power parameters. V.I. may then be 
considered also as an indicator of signal power. However, the 
correlation between V.I. and frequency parameters is stronger 
for HF power. A rough explanation of this result can be that, 
the computation of the ΔRR series corresponds to perform a 
high-pass filtering of the signal and, hence, an underestimation 
of the low frequencies. 

We can further observe that, as shown in Fig. 4, a more 
complex polynomial curve is required to describe the relation 
between V.I. and SVB but to explain this result, it is necessary 
a more detailed study. 

Particularly interesting are results shown in figures 5 and 
6. Both curves have trend comparable with literature result [7], 
for the analysed weeks gestation, but with higher R2 values. 

This coefficient computed for SDA index (V.I.) is far higher 
than FDA parameters’ one (LF power). 

In summary, the results obtained, also considered together 
with the previous [15, 16], indicate that SDA, as much as 
FDA, could be a helpful tool in foetal monitoring. Moreover, 
indexes derived from SDA resulted more reliable than 
frequency parameters in assessing foetal development during 
the course of pregnancy. 

Before the conclusion, it is worth to mention that we chose 
SDA for its ease of use, for immediate interpretation that one 
can do and for the successes already achieved in the adult 
subjects; however, other methodologies can be employed in 
HRV processing [28, 29]. 

For further studies, we would involve also not healthy 
foetuses and modify SDA methodology, for example by 
applying it directly to the FHRV signal. 
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