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ABSTRACT

The electrical activity of the brain is sensitive to its oxygen supply, and electroencephalography
(EEG) has been proposed as a suitable measurement to detect brain activity alterations
induced by hypoxia. Since, linear processing techniques that have been used so far in hypoxia
studies are based on false linearity assumptions about the generation of the EEG signal, there
is a definite need for nonlinear approaches to be applied on EEG data derived from hypoxic
conditions. The aim of the present study is to compare nonlinear techniques’ effectiveness to
identify significant variations in EEG due to hypoxia. EEG data from two channels were
derived from ten healthy subjects participated in the present study. Oxygen and nitrogen
mixture was used to simulate hypoxic conditions that correspond to an altitude of 25.000 feet.
Non-linear measurements such as correlation dimension, approximate entropy, Lyapunov
exponent and detrended fluctuation analysis (DFA) parameters were estimated for EEG
signals. The results of the present study confirm the effectiveness of nonlinear techniques to
identify significant variations in EEG, which reflect alterations in cerebral function induced
by cerebral hypoxic conditions.
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Nonlinear Signal Processing Techniques Applied to EEG Measurements

INTRODUCTION

It has been well over a century since it was
discovered that the mammalian brain generates
a small but measurable electrical signal (Gloor,
1969). The technique of measuring this electri-
cal activity, called electroencephalography
(EEG), is a sensitive but nonspecific measure
of brain function, and it is widely applicable in
the clinical diagnosis of brain disorders and in
brain physiological processes research. Never-
theless, in most of the applications used so far,
the EEG recordings result in long traces with
marked interobserver variability (Williams,
Luders, Brickner, Goormastic, & Klass, 1985).
The need for more specific, compact, and reli-
able medical information derived from EEG has
been partially satisfied by quantitative EEG
analysis (qEEG). This technique has been con-
fined to feature analysis, conventional power
spectrum analysis, parametric description of
EEG, or frequency analysis (Geocadin et al.,
2000). The theory of linear stochastic pro-
cesses had led to the development of a collec-
tion of tools and techniques for the analysis of
EEG. Basically, these were tools for a precise
description of the deterministic and stochastic
aspects of given time series, and, unfortunately,
were based on very simple assumptions about
the system (brain) that produced the EEG sig-
nal (linearity assumption). Although linear tech-
niques contribute a lot in EEG applicability in
clinical practice, the brain’s electrical activity
presents aperiodic waveforms that suggest its
origin in chaotic dynamics (Galka, 2000).

One of the most important mathematical
discoveries of the past few decades is that
random behaviour can arise in deterministic
nonlinear systems with just a few degrees of
freedom. The broad spectra and aperiodic os-
cillations that are observed in recordings of
brain activity have suggested to many research-
ers the possibility that this activity is generated

by nonlinear dynamic systems governed by
chaotic attractors (Henry, Lovell, & Camacho,
2001). The contribution of models derived from
deterministic chaotic systems, such as the
Lorentz, Rössler, and Chua attractors, was of
fundamental importance for the development
of nonlinear signal-processing techniques.

Nonlinear dynamics help us to understand
that irregular and seemingly unpredictable time
evolutions do not necessarily have to be a result
of pure randomness, but on the contrary, can be
the result of completely deterministic and fairly
simple (low-dimensional) dynamical systems.
Moreover, the unpredictability of these sys-
tems can be explained as their dynamics are
strongly dependent on the starting condition
(Lorenz, 1963). The theoretical description of
this dynamic behaviour is called deterministic
chaos (Signorini & Cerutti, 1999).

The essential problem in deterministic chaos
is to determine whether or not a given time
series is a deterministic signal from a low-
dimensional dynamical system. Grassberger
and Procaccia (1983) provided a simple algo-
rithm for the estimation of the correlation di-
mension from time series. Since then, many
scientists have presented a large number of
studies reporting low dimension in EEG mea-
surements (Babloyantz & Destexhe, 1986;
Babloyantz, Salazar, & Nicolis, 1985). It has
also been supported that a chaotic and rather
high-dimensional EEG characterizes the healthy
state of the brain, whereas a reduction of
dimension and a tendency toward nonchaotic,
periodic dynamics is characteristic of present
or imminent pathologies (Galka, 2000). How-
ever, the reports of finite dimension in EEG
recordings were and are still received with
scepticism by several authors working in the
field of nonlinear time-series analysis. First, it is
hard to believe that a highly complex system as
the brain should exhibit as little complexity as,
for example, the Lorentz system (Kantz &
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