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ABSTRACT: Nonlinear dynamics has been used to analyse Electroencephalograph (EEG) time series, in recent years, which has opened
new possibilities to the dynamic knowledge of the brain. In this paper, we review researches on the treatment of EEG (sleep stage, anesthesia,
process of cognition, schizophrenia, dementia and epilepsy) using nonlinear dynamics methods, and try to better understand brain neurodynamics.
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1 Introduction

Before the application of nonlinear dynamics, EEG series were
analyzed mainly in two fields: the time domain and the frequency do-
main. These traditional methods often view EEGs as stationary and
definite signals. In the recent years, nonlinear dynamics theory,
which has been developed since the 1960’ s and viewed as the third
revolution of nature science in the twentieth century, has been devel-
oping fast. Nowadays, the nonlinear dynamics approached has been
widely used in the domain of EEG analysis. According to the nonlin-
ear dynamics theory, EEGs are nonlinear time series, which are pro-
duced by the brain and exhibit chaotic behavier. Nonlinear parameters
could measure and qualify the complexity of the brain activity, such as
the correlation dimension, Kolmogorov entropy, Lyapunov exponent
and so on.

In this paper, we will view how the nonlinear dynamics theories
are applied to the analysis of EEG time series, and we hope to present
a deeper explanation of the cerebral function through these nonlinear
parameters .

2 Nonlinear Dynamics Parameter

2.1 The correlation dimension (D,)
D, is expressed as the following:

D, = 240, here (0 = im0 16-50)

Evaluating the complexity of the system, it is often calculated using
the Grassberger and Procaccia (GP) algorithm with time — delay em-
bedding. 1]
2.2 Kolmogorov Entropy(K;)

Kaolmogorov entropy estimates the behavior of the trajectories over
time. Higher positive K; suggests chaos. Its expression is as follows:
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2.3 Lyapunov exponent (L,)
Lyapunov exponent estimates the rate of the divergence of trajec-

tories of the attractor.
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3 The Application of Nonlinear Dynamics
in the EEG Analysis

3.1 Sleep Stage

Sleep stages and sustamed fluctuations of autonomic functions,
such as temperature, blood pressure, electroencephalogram (EEG),
etc., can be described as a chaotic process.

In the 1968, Rechischaffen and Kales scored the sleep — EEG
and applied an algorithm, proposed by Grassberger and Proccaccia
(1983) to compute the correlation dimension of different sleep stages.
In 1993, Fell, J.; Roschke, J., etc?!, calculated L1 for sleep EEG
segments of 15 healthy men corresponding to the sleep stages I, II,
I, IV, and REM. And they found statistically significant differences
between the values of L1 for different sleep stages. U, R.A.; Faust,
0. '3halyzed the sleep data by using non — linear parameters: correla-
tion dimension, fractal dimension, largest Lyapunov entropy, approxi-
mate entropy, Hurst exponent, phase space plot and recurrence plots.
These non - linear parameters quantify the cortical function at different
sleep stages and the results are tabulated.

The nonlinear dynamics methods to EEG are also used to monitor
the depth of sleep. Liu, Hui ({ed the Approximate entropy, Lem —
Ziv complexity and power spectral entropy (PSE) to measure EEG
time — series complexity. For 8 healthy volunteers without any medica-
tion, analysis of EEG using above mentioned methods is performed.
Results show that the PSE of EEG signals during sleep process can
correctly affect sleep deepness. and accord with the results of sleep
stage by expert.

3.2 Anesthesia

Since the fluctuations of human sense could be described as a
nonlinear process, researchers have began to apply chaos theory to
monitor the depth of anesthesia.

Widman, G., etc,!” computed a phase space based nonlinear
correlation index from consecutive EEG epochs of 17 patients anes-
thetized with sevoflurane. In most patients, the highest correlation is
observed for the nonlinear correlation index D* , which is found to de-
crease monotonically with increasing (estimated) depth of anesthesia,
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even when a ”burst — suppression” pattem occurs in the EEG. The
findings show the potential for applications of concepts derived from
the theory of nonlinear dynamics, even if little can be assumed about
the process under investigation. Xu — Sheng Zhang, etc, flesented a
new approach for quantifying the relationship between brain activity
patterns and depth of anesthesia (DOA) by analyzing the spatio ~ tem-
poral patterns in the EEGs using Lempel — Ziv complexity analysis.
Twenty — seven patients undergoing vascular surgery were studied un-
der general anesthesia with sevoflurane, isoflurane, propofol, or des-
flurane. Complexity of the EEG was quantitatively estimated by the
measure C(n). The results demonstrate that in the asleep ~ state, the
brain activity is depressed by the anesthetic and results in a loss of
complexity.

3.3 Process of Cognition

Cognition process is directly related to the brain functionality and
is a dynamically changing system. In the course of cognition process,
the activity complexity of the neuronal units is continually shifting.
This phenomenon can be viewed with nonlinear EEG measures.

Hao Yang, etc, Bhserved the dynamical difference between EEG
changes during mental tasks using the following nonlinear dynamics
measures: correlation dimension (D;), point correlation dimension
(PDy), Kolmogorov entropy and Lyapunov exponent I;. The conclu-
sion is as following: when eyes are closed and resting, not much men-
tal activity goes on. This is reflected in the topographic map in which
D, levels only slightly change along time around the whole brain. This
is not the case during the vocabulary association, when D, levels of
T3, T4, TS, and T6 quickly increase and spread toward both sides of
the brain. This indicates that vocabulary association activity is a com-
plex cognitive process.

3.4 Schizophrenia

Nonlinear methods are now beginning to be applied in the domain
of psychiatric neuroscience. These applications are relevant from the
level of complex genetic architecture and calcium charnel dynamics to
the symptomatic, behavioral, and functional outcome of schizophreni-
a. Analyzing these pattems of molecules to molar phenomena via non-
linear systems methods can provide new approaches to understanding
complex temporal and sequential shifts in neural substrate activity,
pathophysiology, and the course and treatment and outcome of
schizophrenia.®Lee, Y. - J. etc #Pplied nonlinear dynamics theory
to EEG analysis of schizophrenic patients and estimated the correlation
dimension with both temporal embedding and spatial embedding. They
concluded that more complex activity occurred in certain lobes of
schizophrenic patients and a relative lower global correlation dimension
was obtained. This shows that there might be a diffuse slow wave ac-
tivity through a schizophrene’ s global cerebrum. Roberto Homero,

etc, [iHalyzed the EEGs of 12 schizophrenic patients and 12 control
subjects by means of methods from nonlinear dynamical system theory.
From the EEG data, they reconstructed the chaotic dynamic attractors
expressed in the phase space and calculated their correlation dimen-
sions (D,). Their results showed a diminished complexity in the EEGs
of the patients. This conclusion also confirms findings associated with
the fact that schizophrenic patients are characterized by less complex
neurobehavioral measures than normal subjects. [2]

3.5 Dementia

Alzheimer’ s disease (AD) is the main cause of dementia in
western countries. Although lots of efforts have been made to develop
treatments such as the Acetylcholinesterase inhibitors, which are
claimed to slow the progress of the diseases, unless a sufferer is diag-
nosed in the early stages, can the treatments give the maximum bene-
fits. 13 Potentially, analysis of EEG could provide the basis of a prac-
tical method for early detection of dementia. ™!

Nowadays, many researchers focus on the methods of nonlinear
dynamics. G.T. Henderson,' etc, [lﬂveloped four fractal dimension
measures, and applied them to 21 EEG recordings. They concluded
that the subject specific variability of the fractal dimension is an im-
portant candidate method for identifying patients with dementia. Aba-
solo, D., etc. '] applied approximate entropy (ApEn) to analyze the
EEG background activity of patients with a clinical diagnosis of
Alzheimer’ 5 disease and control subjects. They have divided the EEG
data into frames to calculate their ApEn. The results show that the de-
gree of complexity of EEGs from control subjects is higher. Applying
the ANOVA test, they have verified that there was a significant differ-
ence (p<0.05) between the EEGs of these groups.

3.6 Epilepsy

Many researches about the seizure of epilepsy based on the non-
linear dynamics have been done. Yambe, T. etc. $¥hluated the EEG
of patients with epilepsy based on the chaos analysis. The chaos at-
tractor was reconstructed in the phase space and the correlation dimen-
sion. KS entropy calculated from the Lyapunov exponents was evaluat-
ed. Before the seizure attack, the KS entropy showed a lower value
when compared with the time series data recorded during healthy con-
dition. This result suggests that it is possible to predict the seizure at-
tack by the chaos analysis of the EEG signal. Winterhalder, M.,
etc. (" suggested standards to assess seizure prediction performance of
time series analysis techniques, and presented assessment methods o-
riginating from nonlinear dynamics with respect to their ability in pre-
dicting epileptic seizures

4 Future Work

Nonlinear dynamics will be a powerfully fruitful avenue for un-
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derstanding brain operations and higher functions. Through the nonlin-
ear systems methods, researchers present more information to under-
stand complex cartical dynamics, and explore more practical treatment
to the cortical diseases.

1]

[2]

(3]

(4]

(5]

(6]

(7]

(8]

Reference
P. Gressberger and 1. Procaccia, ”Measuring the strangeness of strange
attractors,” Physica D, vol. 9, pp. 189 -208, 1983
Fell, J.; Roschke, J.; Beckmann, P. Deterministic chaos and the first
positive Lyapunov exponent: a nonlinear analysis of the human electroen-
cephalogram during sleep. Biological Cybernetics, v 69, n 2, 1993, p
139-46
U, R.A.; Faust, O.; Karmathal, N.; TjiLeng Chua; Laxminarayan,
S. Non — linear analysis of EEG signals at various sleep stages. Computer
Methods and Programs in Biomedicine, v 80
Liu, Hui; He, Wei — Xing; Chen, Xiao — Ping. EEG time - series
analysis using nonlinear dynamics method for sleep monitoring. Jiangsu
Daxue Xuebao (Ziran Kexue Ban) / Joumal of Jiangsu University (Nat-
urel Science Edition), v 26, n 2, March, 2005, p 174 - 177
Widman, G.; Schreiber, T.; Rehberg, B.; Hoeft, A.; Elger, C.E.
Quantification of depth of anesthesia by nonlinear time series analysis of
brain electrical activity Physical Review E (Statistical Physics, Plasmas,
Fluids, and Related Interdisciplinary Topics), v 62, n 4, Oct. 2000, p
p898 — 903
Xu - Sheng Zhang, Rob J. Roy, Erik Weber Jensen. EEG Complexity as
a Measure of Depth of Anesthesia for Patients. 1EEE transactions on
biomedical engineering, Vol. 48, No. 12
Widman, G.; Schreiber, T.; Rehberg, B.; Hoeft, A.; Elger, C.E.
Quantification of depth of anesthesia by nonlinear time series analysis of
brain electrical activity Physical Review E (S
Fluids, and Related Interdisciplinary Topics), v 62, n4, Oct. 2000, p
p898 - 903
Hao Yang, Chia - Jiu Wang, Yonghong Wang, Heng — Ming Tai Noalin-
ear Analysis in Cognition Process Proceedings of the 26th Annual Interna-
tional Conference of the 1EEE EMBS San Francisco, CA, USA ?
September 1 -5, 2004
Paulus, Martin P.; Braff, David L. Chaos and schizophrenia: does the

P

i ‘Physics,r >

[10]

(11]

{12]

[13]

(14]

{15]

[16]

(17]

(18]

method fit the madness? Biological Psychiany. Vol: 53, lssue: 1, Jan-
vary 1, 2003

Lee, Y. -J. Zhu, Y. -S.; Xu, Y. - H.; Shen, M. —F.; Tong,
S. - B.; Thakar, N.V. The nonlinear dynamical analysis of the EEG
in schizophrenia with temporal and spatial embedding dimension. Jour-
nal of Medical Engineering and Technology, v 25, n 2, 2001, p 79~
83

Roberto Homero, Pedro Espino, Alonso Alonso, Miguel Lopez. Mea-
surement of the dimensional complexity of schizophrenic patients’
FEGs. Proceedings of the first joint BMES/EMBS conference. Oct. 13
- 16, 1999. Adanta, GA,

M.P.Paulus, M.A.Geyer, D.L.Braff. " Use of methods from chaos
theory to quantify & fundamental dysfunction in the behavioral organiza-
tion of schizophrenic patients”, Am. J. of Psychiatry. Vol. 153, pp.
714 - 715, 1996.

Kurz, A. Benefit of drug tre ts for patients with Alzhei
ease. Clinician, Vol 16, No 5, pp7 - 13, 1998

Ktonas, P. Y. Automated analysis of abnormal electroencephalograms.
CRC Crit. Rev. Bimed. Eng., Vol 9, pp. 39-97, 1983
G.T.Hendeson, E.C. Heachor, H.S. K. Wimalarama, E.M. Allen,
N.R. Hudson. Prospects far routine detection of dementia using the
fractal dimension of
Abasolo, D., Homero, R.; Espino, P.; Alonso, A.; de la Rosa,

'y dis-

R. Electroencephalogram analysis with approximate entropy to help in
the diagnosis of Alzheimer’s di Conference Proceedings. 4th Inter-
national TEEE EMBS Special Topic Conference on Information Technolo-
gy Applications in Biomedicine 2003 (Cat. No.03TH8655), 2003, p
22-5

Yambe, T., Asano, E., Mauyama, S. Chaos analysis of electro en-
cephalography and control of seimme attack of epilepsy patients.
Biomedicine&Pharmacohterapy. Vol: 59, Supplement], October, 2005
Wintethalder, M., Schelter, B.; Maiwald, T.; Aschenbrermer —
Scheibe, R.; Brandt, A.; Schulze — Bonhage, A.; Timmer, J.

Nonlinear dynamics in EEG from epileptic patients: is it possible to
predict seizures? AIP Conference Proceedings, n 742, 2004, p 216 -
21

e 3 1y AR L5 5 2 B B

T

* Kk

%

(MBI KEBETIRER  610065)

IRE . FEG & oy KB 2 A ey dE BB BB 5] kL RsEAT S, EFRRBRRGFERARS N FRRAB LT 5 HF L
T — A 6940, AXBRTESRAERRDASAREESTHE P (BRGEL, AREAE, Aot Z, HF 2R, BRARA)
it , AN AR B N FH TN EH,
T ST AN A S RN G R  ei R  HA  AL B R RR

hEAES R741.044 IHARIARG:A



