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Several measures have been proposed to detect nonlinear characteristics in time series. Results on time
series, multiple surrogates and their z-score are used to statistically test for the presence or absence of
non-linearity. The z-score itself has sometimes been used as a measure of nonlinearity. The sensitivity of
nonlinear methods to the nonlinearity level and their robustness to noise have rarely been evaluated in
the past. While surrogates are important tools to rigorously detect nonlinearity, their usefulness for eval-
uating the level of nonlinearity is not clear. In this paper we investigate the performance of four methods
arising from three families that are widely used in non-linearity detection: statistics (time reversibility),
predictability (sample entropy, delay vector variance) and chaos theory (Lyapunov exponents). We used
sensitivity to increasing complexity and the mean square error (MSE) of Monte Carlo instances for quan-
titative comparison of their performances. These methods were applied to a Henon nonlinear synthetic
model in which we can vary the complexity degree (CD). This was done first by applying the methods
directly to the signal and then using the z-score (surrogates) with and without added noise. The methods
were then applied to real uterine EMG signals and used to distinguish between pregnancy and labor
contraction bursts. The discrimination performances were compared to linear frequency based methods
classically used for the same purpose such as mean power frequency (MPF), peak frequency (PF) and
median frequency (MF). The results show noticeable difference between different methods, with a clear
superiority of some of the nonlinear methods (time reversibility, Lyapunov exponents) over the linear
methods. Applying the methods directly to the signals gave better results than using the z-score, except
for sample entropy.
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1. Introduction

One of the most common ways of obtaining information on neu-
rophysiologic systems is to study the features of the signal(s) using
time series analysis techniques. This traditionally rely on linear
methods in both time and frequency domains [1]. Unfortunately,
these methods cannot give information about purely nonlinear
features of the signal. Due to the intrinsic nonlinearity of most
biological systems, these nonlinear features may be present in
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physiological data and even be a characteristic of major interest.
Recently, much attention has been paid to the use of nonlinear anal-
ysis techniques for the characterization of a biological signal [2].
Indeed, this type of analysis gives information about the nonlinear
features of these signals, which arise from the underlying physio-
logical processes, many of which have complex behavior. There is a
growing literature reporting nonlinear analysis of various biosignal
types (EEG [3], ECG [4], HRV [5] and EMG [6]).

The EHG or electrohysterogram (electrical uterine activity
recorded on woman’s abdomen) has been widely studied [7-11].
Nonlinear characteristics have been observed in the EHG and
some success has been achieved by using these characteristics to
obtain information of potential clinical usefulness. Radomski et al.
show that nonlinear analysis of EHG based on the sample entropy
statistic could differentiate dynamic states of uterine contractions
[12]. A comparison between linear and nonlinear analysis with
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different conditions was done in [13]. It was concluded that
median frequency is the best method among linear methods and
that sample entropy is the best method among nonlinear methods
for term/preterm EHG contractions classification. Sample entropy
is superior to median frequency, which indicates that nonlinear
analysis is more suitable than linear analysis for studying EHG
signals. In [14] the progress of labor was evaluated using sample
entropy. Our team has examined nonlinear EHG analysis methods.
Our results confirm the presence of nonlinearity in EHG signals.
This character of the signals is useful in discriminating between
pregnancy and labor contractions [15,2,16]. Practical disadvan-
tages of the nonlinear analysis methods have been reported in [16].
They include excessive calculation time due to surrogates analysis
and promising but inconclusive results due to the small amount of
data that can practically be used due to heavy calculation times.

This paper presents work that extends previous work done in
our group in comparing approximate entropy, correntropy and
time reversibility [16]. In this work we implemented additional
nonlinear analysis methods (delay vector variance, Lyapunov expo-
nents)and new ways of testing them. We also used a larger database
of real signals than in the previous work and we investigated the
sensitivity of the methods to the varying complexity of signals and
their robustness. The kind of sensitivity and robustness analyses of
non-linearity measures presented in this paper, are rare or absent
in the literature.

Four nonlinear methods: time reversibility [ 17], sample entropy
[18], delay vector variance [19] and Lyapunov exponents [20] were
used in this work. Sensitivity of these methods to the complexity
degree (CD) of a signal as well as robustness analysis was done on
Henon model synthetic signals where CD can be controlled. The
sensitivity to CD was first studied using the direct value provided
by the method. It was then studied using surrogates and z-score, as
the measure permitting evaluation of the nonlinearity. One objec-
tive of this study is to show which method(s) is most sensitive to
the change of signal complexity. A second objective is to determine
whether the use of surrogates gives better overall results than the
direct application of the methods. This is of major practical impor-
tance for clinical application, as the generation of surrogates is very
computationally expensive. The methods are also compared using
the Mean square error (MSE) of the method results for 30 Monte
Carlo instances of the signal. Finally, these non-linear methods are
compared to three linear frequency based characteristics of the sig-
nal, MPF, PF and MF, when applied to real EHG signals, in order to
discriminate pregnancy and labor contractions.

2. Materials and methods
2.1. Data

2.1.1. Synthetic signals
The Henon map is a well-known two-dimensional discrete-time
system given by:

Yei1 =c— Y2 +CD x X,

X1 =Y,

where Y; and X; represent dynamical variables, CD is the complex-
ity degree and c is the dissipation parameter. In this paper we use
c=1asin[21] and CD €[0,1] to change the model complexity [22]
(Fig. 1). The number of generated points is fixed to 1000. For the
robustness analysis, we add to the synthetic signals a white Gauss-
ian noise with the same duration, with a fixed 5db SNR with CD
varying between 0 and 1 with a step 0.1. In the Monte Carlo analysis,
we use 30 signals generated for each CD value.

2.1.2. Real signals

EHG signals were recorded from 38 subjects using a 4 x 4 elec-
trode matrix located on the subject’s abdomen (Fig. 2), during 1h
either at rest (woman lying on a bed) or during labor. One signal
channel (bipolar vertical 7: BP7), located on the median vertical axis
of the uterus was used for subsequent analysis (see [23] for details).
After segmentation we obtained 115 labor bursts (recorded dur-
ing delivery) and 174 pregnancy bursts (recorded more than 24h
before delivery).

2.2. Non-linear analysis methods

2.2.1. Statistics family

2.2.1.1. Time reversibility. A time series is said to be reversible only
if its probabilistic properties are invariant with respect to time
reversal. Time irreversibility can be taken as a strong signature
of nonlinearity [17]. In this paper we used the simplest method,
described in [24] to compute the time reversibility of a signal Sp:

o) = () 3 (5050 o
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where N is the signal length and 7 is the time delay.

2.2.2. Chaos theory family

2.2.2.1. Lyapunovexponents. Lyapunov exponent (LE)is a quantita-
tive indicator of system dynamics, which characterizes the average
convergence or divergence rate between adjacent tracks in phase
space [20]. We used the method described in [13] to compute LE:
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where ||Ayg|| and || Ay;|| represent the Euclidean distance between
two states of the system, respectively to an arbitrary time ty and a
later time t.

2.2.3. Predictability family

2.2.3.1. Sample entropy. Sample entropy (SampEn) is the negative
natural logarithm of the conditional probability that a dataset of
length N, having repeated itself for m samples within a tolerance
r, will also repeat itself for m+1 samples. Thus, a lower value of
SampEn indicates more regularity in the time series [18]. We used
the method described in [12] to compute SampEn:

For a time series of N points, X1, X2,...,xy, we define sub-
sequences, also called template vectors, of length m, given by:
yi(m)=(x;, Xj+1, . . »Xizm_1) Wherei=1,2,.. ,N—-m+1.

Then the following quantity is defined: B[*(r) as (N—m — 1)1
times the number of vectors XJm withinrof X[", where j ranges from
1toN—m, andj # i, to exclude self-matches, and then define:

N-m
B"(r) = —— 1 —> BI(r)
i=1

Similarly, we define A"(r) as (N—m — 1)~! times the number of
vectors Xj?““ within r of Xl.’”“, where j ranges from 1 to N—m,
where j # i, and set

N-m

A" = 1 > A

i=1



Download English Version:

https://daneshyari.com/en/article/875909

Download Persian Version:

https://daneshyari.com/article/875909

Daneshyari.com


https://daneshyari.com/en/article/875909
https://daneshyari.com/article/875909
https://daneshyari.com

