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Abstract. Foetal heart rate variability is one of the most important parameters to 
monitor foetal wellbeing. Linear parameters, widely employed to study foetal heart 
variability, have shown some limitations in highlight dynamics potentially relevant. 
During the last decades, therefore, nonlinear analysis methods have gained a grow-
ing interest to analyze the chaotic nature of cardiac activity. Parameters derived by 
techniques investigating nonlinear can be included in computerised systems of 
cardiotocographic monitoring. In this work, we described an application of sym-
bolic dynamics to analyze foetal heart rate variability in healthy foetuses and a 
concise index, introduced for its classification in antepartum CTG monitoring. The 
introduced index demonstrated to be capable to highlight differences in heart rate 
variability and resulted correlated with the Apgar score at birth, in particular, high-
er variability indexes values are associated to early greater vitality at birth. These 
preliminary results confirm that SD can be a helpful tool in CTG monitoring, sup-
porting medical decisions in order to assure the maximum well-being of newborns.
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Introduction

Monitoring foetal wellbeing by means of electronic recording of foetal heart rate (FHR)
always aimed at preventing serious complications due to acute hypoxic events. While 
the negative predictive value of cardiotocography (CTG) is very good, positively diag-
nosed foetuses not always manifest cardiotocographic changes [1], however. Moreover,
the CTG interpretation is still very often entrusted to the obstetrician's experience, who 
has to formulate the diagnosis of foetal wellbeing. Nevertheless, the CTG is currently 
the routine procedure for assessing the foetal state in late pregnancy. For this reason, 
many researchers attempt to make it more reliable and reproducible, introducing the 
computerized analysis. This kind of analysis has the advantage of making quantitative, 
and then more objective, the evaluation of some parameters historically and habitually 
used by clinicians for the diagnosis. Besides, the computerised CTG allows the intro-
duction of new parameters that can serve to assess aspects of the FHR signal that are 
not normally considered [2, 3, 4]. The possibility to consider these new parameters 
should support gynaecologists and obstetricians in the formulation of a more reliable 
diagnosis and, consequently, in a more adequate management of pregnancy and labour.
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FHR variability (FHRV) is doubtless one of the most important parameters of FHR 
signal. Nevertheless, processing in the time domain and in the frequency domain has
shown some limitations in highlight dynamics potentially relevant in clinical environ-
ment [5]; therefore, increasing efforts were made to analyze the chaotic nature of cardi-
ac activity by applying analysis methods from nonlinear systems theory. The symbolic 
dynamic (SD) analysis, which allows a simple description of a system’s dynamics by 
means of a limited amount of symbols [5, 6] and appropriate classification schemes, 
was recently employed to quantify FHR regularity [7]. Aim of this work was to de-
scribe a novel index quantifying SD analysis of FHRV in antepartum CTG monitoring,
assessing its prognostic value related to a greater vitality at birth.

1. Methods

1.1. Data collection and software for CTG monitoring

CTG recordings were collected in clinical environments, using commercially available 
cardiotocographs, by healthy patients. Sixty antepartum recordings made at 38th±1 
week gestation, in absence of uterine contractions (UC) and lasting at least 20 minutes 
were selected. Signals database has been completed by a medical follow-up recording 
of patients and newborns clinical information, particularly including the Apgar score,
used to assess newborns’ health at 1 and 5 minutes after birth (respectively APG1, 
APG5). CTG signals were analysed by a software previously developed by the authors 
and elsewhere described [8-10]. For each analysed CTG signal, the developed software
provides in output a set of parameters for its characterisation. The main estimated pa-
rameters can be grouped in three classes [3, 8, 10, 11]: a) Technical characteristics 
(percentage of lost and interpolated signal, ...), b) “Classical” parameters (FHR mean,
accelerations, decelerations, ...), c) Less traditional parameters (short term variability, 
symbolic dynamics indexes, …). Classical parameters are computed following criteria 
based on Mantel indications and/or FIGO guidelines [8]. Other parameters were else-
where described [3, 10, 12].

1.2. Symbolic dynamics analysis

Additionally to classical parameters used to describe FHR features, the amount of vari-
ability in FHR has been assessed by a novel index of symbolic dynamic analysis. First-
ly, RR time series (series of inter-beat interval durations) has been derived from FHR
signals, then the �RR series of the difference between consecutive RR values has been 
calculated and transformed into a symbol sequence from a given alphabet of five sym-
bols (Table 1). The decision rule adopted to associate each �RR sample with one sym-
bol of our alphabet was the comparison between the �RR value with values of a prima-
ry threshold (PT) and a secondary threshold (ST) (Table 1).

Table 1. Encoding used for transforming the series DRR into symbols sequence.
��RR value Symbol Meaning

���������� V range of values corresponding to a high vagal activation
	��
�����
����� D range of values corresponding to a vagal activation
- �	�
�����
����	 O range of values corresponding to absence of variability, i.e. to noise
- ���
�����
�- SP A range of values corresponding to a sympathetic activation
����
�- 3ms S range of values corresponding to a high sympathetic activation
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Then, a sliding window of length L=7 has been shifted along the codified �RR series 
with an overlap of L-1 points obtaining a patterns sequence of L symbols (words). The 
seven length words of five symbols have been then grouped in different classes by the 
within-word symbol occurrence, using the criterion described in Table 2. Further tech-
nical details have been previously described elsewhere by the authors [11].

Table 2. Criterion adopted to group the words by the occurrence of a symbol in any position within them.
Description Meaning Code

At least 4 symbols “S” high sympathetic activation SAt least 3 symbols "S" and 1 symbol “A” 
At least 4 symbols “A” sympathetic activation AAt least 3 symbols “A” and 1 symbol “S” 
At least 4 symbols “O” absence of variability O
At least 3 symbols “D” and 1 symbol “V” vagal activation DAt least 4 symbols “D” 
At least 3 symbols “V” and 1 symbol “D” high vagal activation VAt least 4 symbols “V” 
All other cases random R

Finally, in order to put in evidence the amount of physiological variability of the 
signal, a novel variability index (V.I.), derived from occurrence values of the corre-
sponding words classes (pS, pA, pO, pR, pD and pV), has been derived as

�. �. =
��

���
� 1 +

�	

���
� 0.5 +

�


���
� 0 +

��

���
� 0

��

���
� 0.5 +

�


���
� 1 (1)

where at the pS and pV occurrences (variability due to high sympathetic or vagal 
activations) was assigned the maximum weight, while at the pO and pR occurrences 
(variability null or absent) was assigned zero weight. As last step, analyzing the most 
histograms of word classes, randomly chosen from our database, three ranges of values 
were experimentally set for V.I.: V.I. < 0.20 – ��
�����������������������������.28 – me-
dium variability, V.I. > 0.28 – high variability.

1.3. Statistical analysis

The association between V.I. and APG1 and APG5 has been assessed splitting data in 
three groups, regarding both Apgar score’s values at birth. Normality distribution of 
V.I. index for all groups has been assessed by D'Agostino & Pearson omnibus normali-
ty test (alpha=0.05) and difference between groups has been assessed by an unpaired 
one-way analysis of variance followed by Tukey's multiple comparison post-test be-
tween each groups’ couples.

2. Results

Examples of analyzed CTG signals and related V.I. are shown in figure 1. In the CTG 
recording # 486 a reassuring variability and a good reactivity of the foetus to the con-
traction can be observed and in fact a V.I. value of 0.29 (high variability) was obtained.
Vice versa, in CTG recording # 382, despite to the presence of little accelerations in 
correspondence to foetal movements (little spikes and variations in toco signal), there is 
not a considerable variability as results by a V.I. value of 0.1 (low variability).
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Figure 1. On the left, CTG recording # 486 (internal numbering of our database), VI = 0.29; on the right, 
CTG recording # 382, VI = 0.10. For each CTG; FHR on the upper part, and UC on the lower.

The following Table 3 describes results of the statistical analysis. V.I. values, for 
all the groups, resulted normally distributed according to the D'Agostino & Pearson test 
(alpha=0.05). Apgar values ranged from 7 to 9 for APG1 and from 8 to 10 for APG5.
Most of CTG recordings corresponded to an APG1 score value of 8, improving to 10 
for the APG5 score value. V.I. showed a gaussian distribution in all groups (p>0.05)
and a significant p value (p<0.005) of ANOVA between all the three studied groups for 
both APG1 and APG5. Higher V.I. values of antepartum CTG recordings are associat-
ed to early greater vitality at birth quantified by APG1 score. Particularly, Tukey’s 
post-tests for APG1 revealed a significantly different mean V.I. values discriminating 
antepartum CTG recordings corresponding to APG1=7 vs. 9 and APG1=8 vs. 9 (Table 
3 and figure 2). This behaviour is confirmed by the recovery at five minute after birth. 
Higher V.I. values of antepartum CTG recordings are associated to late greater vitality 
and vital primary functions’ efficiency at birth quantified by APG5 index. Particularly,
Tukey’s post-tests for APG5 revealed a significantly different mean V.I. values dis-
criminating antepartum CTG recordings corresponding to APG5=8 vs. 10 (Table 3 and 
figure 2).

Table 3. Association between APG and VI (* for p<0.05; ** for p<0.005; ns for not significant)
APG1 APG5

APG value 7 8 9 8 9 10
# CTG recordings 8 44 8 8 16 36
VI index (mean±std) 0.19±0.07 0.20±0.05 0.27±0.02 0.22±0.08 0.25±0.05 0.29±0.07
D'Agostino norm. test 0.33 0.12 0.76 0.53 0.96 0.18
ANOVA p=0.0028** p=0.0072**
Tukey's post-test 7 vs 8 (ns) 7 vs 9* 8 vs 9** 8 vs 9 (ns) 8 vs 10* 9 vs 10 (ns)
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Figure 2. Box-and-whisker plots of V.I. for each Apgar score at 1st (on the left) and 5th (on the right) minute
after birth.
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3. Discussion

The paper describes a novel application of symbolic dynamic analysis of foetal 
heart rate variability in computerised CTG monitoring

The capability of the V.I., here introduced to classify FHR signals, is demonstrat-
ed for healthy foetuses near to term, using words of length 7 and an alphabet of 5 sym-
bols. In fact, V.I. computed emphasized differences between signals characterized by 
more or less variability, even if these differences were not so evident by a visual analy-
sis of the printed CTG.

Preliminary results on our data clearly showed that higher foetal heart rate varia-
bility, quantified on antepartum CTG monitoring by means of V.I. of symbolic dynam-
ic analysis, is significantly associated to greater newborns’ vitality at birth.

This association suggests a prognostic value of V.I., suggesting that this index can 
be a helpful decision support tool addressing the medical decision about the delivery 
time acceleration or caesarean section vs spontaneous delivering option, in order to as-
sure the maximum well-being of newborns.

Further studies will be addressed in testing the prognostic power of the proposed 
technique, also using a swarm intelligence algorithm [13], in wider ranges of Apgar 
score values related to antepartum CTG recordings database.
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