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STOCHASTIC PROCESSES OF DEMARKOVIZATION ANDMARKOVIZATION IN CHAOTIC SIGNALS OF THE HUMAN BRAINELECTRIC ACTIVITY FROM EEGs AT EPILEPSYR. M. Yulmetyev a*, P. Hänggi b, F. M. Gafarov aa Kazan State Pedagogial University420021, Kazan, Russiab University of AugsburgD-86135, Augsburg, GermanySubmitted 19 July 2002We study the stohasti proesses of markovization and demarkovization in haoti signals of human eletroen-ephalograms (EEGs) at epilepsy using various measures of demarkovization and markovization, namely, thestatistial spetrum of a non-Markovity parameter, power spetra of the time orrelation funtion and memoryfuntions of junior orders, and loal relaxation and kineti parameters. The results demonstrate the superiorityof the new measures in omparison to the traditional nonlinear measures. We onlude that the applied mea-sures are more appropriate for the quanti�ation of markovization and demarkovization in EEG data and thepredition of epilepsy seizure.PACS: 87.10.+e, 05.45.Tp, 87.19.Xx1. INTRODUCTIONWe develop a new approah that ould provide uswith a powerful means of disrete time series analysisand proessing. The subjet of our study is humaneletroenephalogram (EEG) reords, beause we ad-dress our work to those who are interested in signalproessing in live omplex systems. In studying thenatural omplex systems, very little is usually knownabout their internal struture and the relationship be-tween their omponents. The time series desribingthe dynamis of one or several parameters are typi-ally used for obtaining diagnosti information. Thereeived information is not adequate for the desriptionof all the degrees of freedom of this system. Quantita-tive and qualitative methods proposed reently allowonstruting the framework for the desription of nat-ural omplex systems. It allows diagnosing diseaseswithout going into the detail of the internal strutureunderlying the natural omplex systems. A similar ap-proah an be used to desribe and investigate the di-versi�ed omplex systems as they are related only to*E-mail: rmy�kasan-spu.ru

the onepts of this framework. Here, we present theresults of applying the new framework involving ideasof the disrete non-Markovian stohasti proesses tothe analysis of eletri potentials of brain. It turns outthat disussing the results in terms of demarkovizationand markovization is the best way to unover seizuredynamis features.The brain ells ommuniate by produing tiny ele-trial pulses. In an EEG, eletrodes are plaed on thesalp over multiple areas of the brain to detet andreord the eletrial pulses within the brain. The EEGis used to help diagnose the presene and type of seizuredisorders, onfusion, head injuries, brain tumors, in-fetions, degenerative diseases, and metaboli distur-banes that a�et the brain.It is well known that epilepsy is one of the mostserious diseases of human brain [1; 2℄. The dynamis ofthe eletri signals aompanying it belongs to a lassof nonlinear, nonstationary and nonergodi proesses ofomplex systems of a live nature [3; 4℄. The disrete andnon-Markovian properties of time variation of the sig-nals and the sudden alternation of the behavior regimesmust be taken into aount in analyzing the eletri a-tivity of brain potentials. Together with the fast hange643 14*
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Fig. 1. The time reord of the �rst four orthogonal variables W0 (a), W1 (b), W2 (), and W3 (d) of the sampling of eletriativity at the toni-loni seizure under study. The di�erene in the dimensions of the four variables must be taken intoaount in analyzing the sales. The general form of all signals has de�nite similarity. Simultaneously, some di�erenes intime behavior Wi(t) are made evident espeially for the states before and after the seizure. We emphasize that the whimsialentanglement of regular and haoti omponents is omnipresent in the window time reording of all the signals. We alsonote that the di�erene between the raw EEG data before, during, and after the seizure is su�iently dramati. But simpleregistration of this fat does not allow us to reveal suh subtle features of EEG spetra as the presene or absene of thehaoti or regular omponents in the signalof haoti and regular modes in the behavior of thesystem, this reates serious problems for the diagnosisand treatment of patients with epilepsy seizure. Thisis why traditional methods of nonlinear dynamis suhas the Lyapunov exponent, the Kolmogorov�Sinai en-tropy, and orrelation and fratal dimensions are notsu�iently sensitive for the purpose of distintion be-tween di�erent haoti regimes in epilepsy.2. BASIC THEORYOur approah is based on the reent theory forstationary [5℄ and nonstationary ases [6℄ of disretestohasti proesses in omplex systems. We analyze

the stohasti proess on the basis of the hain ofthe oupled non-Markovian disrete equations for theinitial disrete time orrelation funtion (TCF) a(t)(t = m�),�a(t)�t = �1a(t)� ��1 m�1Xj=0 M1(j�)a(t � j�);�M1(t)�t = �2M1(t)���2 m�1Xj=0 M2(j�)M1(t�j�);�M2(t)�t = �3M2(t)���3 m�1Xj=0 M3(j�)M2(t�j�); (1)
where �n is the eigenvalue spetrum of the Liouvilleoperator iL̂ and �n are the general relaxation parame-644



ÆÝÒÔ, òîì 123, âûï. 3, 2003 Stohasti proesses of demarkovization : : :ters,�n = i hW�nLWnihjWnj2i ; �n = �hWn�1(iL̂��n+1)WnihjWn�1j2i :The kineti nonlinear �nite-di�erene equations (1) areanalogous to the well-known hain of kineti equationsof the Zwanzig�Mori (ZM) type. These ZM equa-tions play a fundamental role in the modern statistialmehanis of nonequilibrium phenomena with ontin-uous time. Kineti equations (1) an be onsideredas a disrete-di�erene analogy of hydrodynami equa-tions for physial phenomena with disrete time. Byanalogy with [5�7℄, we de�ne the generalized nonlinearnon-Markovity parameter in the frequeny-dependentase as �i(!) = ��i�1(!)�i(!) �1=2 ; (2)where i = 1; 2; : : : and �i(!) is the power spetrumof the i-th memory funtion. It is onvenient to usethis parameter for quantitative desription of long-range memory e�ets in the system onsidered togetherwith memory funtions de�ned above. The values of"i(!) allow us to obtain a quantitative estimate of non-Markovity e�ets and the statistial olletive memoryin the haoti hanges of the experimentally measuredEEG data. The parameters "i(!) allow lassifying allthe observed proesses into three important types [5℄.A Markov proess orresponds to the situation wherethe non-Markovity parameter takes inde�nitely largevalue "i(!)!1, and the quasi-Markov proesses or-respond to the ase where "i(!)> 1. The limit ase"i(!) � 1 desribes non-Markov proesses. In this ase,the time sale of memory proesses and the orrela-tion dynamis (or the nearest junior and senior memoryfuntion) oinide with eah other.3. EXPERIMENTAL DATAWe quantitatively demonstrate the stohasti de-sription of the time-frequeny peuliarities of epilepsy.We use experimental data [8℄ on human EEGs. These�les show toni-loni seizures of two subjets reordedwith a salp right entral (C4) eletrode (linked ear-lobes referene). It ontains a total of 3 minutes withabout 1 min pre-seizure, the seizure, and some post-seizure ativity. The sampling rate is 102.4 Hz (see thepapers ited in [8℄ for more details).

4. NUMERICAL CALCULATIONSWe onsider a disrete time series of the eletriativity as a one-point stohasti proessX = fx(T ); x(T + �); x(T + 2�); : : : ;x(T + k�); : : : ; x(T + �N � �)g: (3)It is onvenient to introdue the normalized time orre-lation funtion for the quantitative desription of timeseries,a(t) = 1(N �m)�2 �� N�1�mXj=0 Æx(T + j�)Æx(T + (j +m�)); (4)where �2 is the variane, N is the number of mea-surements, and � is a �nite disretization time. Thekey element of the theory onsists in transition fromontinuum values, variables, and equations to disreteones. We then obtain a Liouville-like equation of mo-tion for multidimensional state vetors. We an use themethod of projetion operators in a �nite-dimensionalvetor spae. This allows splitting the Liouville-likedisrete equation of motion into two mutually orthog-onal subspaes, one of whih is relevant and the otheris irrelevant to disrete time orrelations. We have alsodeveloped the method for obtaining the set of dynamiorthogonal variables by the Gram�Shmidt orthogonal-ization proedure.Dynamial orthogonal variables were alulatedfrom initial time series (3) by the formulas (see [5, 6℄)Ŵ0 = A0k; Ŵ1 = � ��t � �1�A0k;Ŵ2 = � ��t � �2�W1 +�1A0k == "� ��t�2 � ��t (�1 + �2) + �1�2 +�1#A0k;Ŵ3 = � ��t � �3�W2 +�2� ��t � �1�A0k; (5)where the parameters �i and �i were alulated us-ing (2). Simple, but umbersome alulations showthat the �rst short-memory funtion mn(t) representsa normalized TCF of the �rst dynami variable Wn,645
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Fig. 2. The window-time behavior of the power spetra �i(!), i = 0 (a), 1 (b), 2 (), 3 (d), for the onsidered samplingwith the toni-loni seizure from the short-time window dynamis of the human brain eletri ativity. The sharp redution(by almost one order) of intensity of the low-frequeny omponents of the spetra (in the region of Æ and # rhythms)attrated our attention at the transition from �0 to �1; �2, and �3. The spetra �i(!), i = 1; 2; 3, ontain rather strong646
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noises distributed at regular intervals in the entire frequeny region. The intensity in the region of Æ and # rhythms sharplydereases in the �rst half of the seizure (the 7th, 8th, 9th and, in part, the 10th windows) in all �i, i = 0; 1; 2; 3. Thesharp inrease of the intensity in the low-frequeny region of the spetrum by almost 100 times (in the regions of Æ and #rhythms) is observed in the seond half of the seizure (the 11th, 12th, and 13th windows)647
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6Fig. 3. The window-time behavior of the �rst three points of the non-Markovity parameter "i(!), i = 1 (a), 2 (b), 3 (),for the long sampling inluding the toni-loni seizure at epilepsy. For the state before the seizure, the quasi-Markovianbehavior ("1 � 10) of the �rst point "1(!) in the low-frequeny region (with Æ and � rhythms) is obvious. The beginningof the seizure (the 7th, 8th, 9th, and 10th windows) exhibits a strong non-Markovity ("1 � 1) on all frequenies of the fullspetrum. A weak non-Markovity in the region of Æ and # rhythms ("! 4) is found during the seizure. A strong non-Marko-vity on all frequenies is established immediately after the termination of the seizure (the 14th window). Frequeny behaviorof "3(!) is haraterized by steady non-Markovity ("3 ! 1) in all the windows and in the entire frequeny region. A weakquasi-Markov noise (in the region of � and � rhythms) appears before the seizure (the 2nd and the 5th windows) and at theend of the seizure (in the 12th, 13th, and 14th windows). The behavior of the parameter "2(!) is rather peuliar. A strongnon-Markovity ("2 � 1) appears long before the seizure (in the 3rd, 4th, 5th, and 6th windows). Further development ofthe seizure is aompanied by a slight noise in "2(!) in the region of � and � rhythms. The termination of the seizureresults in a strong non-Markovity ("2 � 1) in the 13th window. Noisiness in the entire frequeny range of the 14th windowthen ours. The steady non-Markovity ("2 � 1) is appreiable in the 15th, 16th, and 17th windows, appearing after thetermination of the seizure. The low-frequeny (in the region of Æ rhythms with "2 � 1) and high-frequeny (in the topborder of the -spetrum with "2 � 3) sites of the spetrum are intensively noisymn(t) = hWn(0)Wn(t)ihWn(0)i2 : (6)We then obtain a hain of �nite-di�erene disretenon-Markov kineti equations for the initial time or-relation funtion and memory funtions of various or-ders. We note that all the involved kineti and relax-ation parameters, the time orrelation funtion, andthe memory funtions an easily be found and alu-lated diretly from the experimental time series. Thespetra of memory funtions were alulated using fastFourier transform.
5. NON-MARKOV PROPERTIES OF EEGsWe have analyzed the time and frequeny evolutionof the signals during toni-loni seizure by means ofthe time-window tehnique. We �nd that the memo-ry funtion spetra and the statistial spetrum of thenon-Markovity parameter are valuable for the quan-titative and qualitative analysis of epilepti seizures.Numerial parameters based on the theory of disretenon-Markov proesses provide quantitative informationabout the state of brain before, during, and after theseizure.649
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Fig. 4. The window-time behavior of the kineti (�1 (a), �2 (b) and �3 ()) and relaxation (�1 (d), �2 (e)) parameters forthe time sampling at epilepsy with the toni-loni seizure. The kineti parameters �1, �2, and �3 are always negative andinrease with seizure. The relaxation parameters �1 and �2 hange sharply with the sign hange with the beginning of theseizure. The most dramati hanges in the behavior of �1 and �2 our during the seizure in the opposite diretionsNon-Markov properties are known to play an essen-tial role in the time dynamis of omplex systems. Onthe basis of our theory [5; 6℄, we an alulate mem-ory funtions Mi(t), i = 0; 1; 2; 3, diretly from exper-imental data by Eqs. (2.41)�(2.46) in [6℄. We analyzethe properties of memory funtions by alulating theirpower frequeny spetra. For a quantitative estima-tion of the non-Markovity degree, we use the frequeny-dependent generalized non-Markovity parameter "i(!)introdued by us previously [5℄. From the theoryin [5; 6℄ we an also alulate the quantitative valuesof the kineti and relaxation parameters �1, �2, �3,�1, and �2 that give additional information about theproperties of the omplex system under study.For the observed EEG spetra, we divide the en-tire time evolution data into nonoverlapping epohs of

1024 data points eah. The dynamis of the �rst fourdynamial orthogonal variables W0, W1, W2, and W3of the entire data set is presented in Fig. 1. For eahepoh, we have alulated the power spetra of the �rstfour memory funtions �0(!); �1(!); �2(!); �3(!) andthe three �rst points of statistial spetra of the non-Markovity parameter "1(!); "2(!); "3(!) [5℄. The timeevolution of the spetra is shown in three-dimensionaldiagrams (Figs. 2 and 3). The time evolution of thenumerial parameters �1, �2, �3, �1, �2 is presentedin Fig. 4.We emphasize that strong demarkovization of thestohasti hanges of brain eletri potentials with de-reasing numerial values "i to the point of a unitis exhibited at the toni-loni seizure. The haotiregime of the system is then replaed by the steady650



ÆÝÒÔ, òîì 123, âûï. 3, 2003 Stohasti proesses of demarkovization : : :non-Markov state regime.It an be seen from Figs. 1a�d that the timeevolution of the dynami orthogonal variables Wi,i = 0; 1; 2; 3, an be smoothed. Therefore, the salesof these variables before and during the seizure arepratially idential. The beginning of the seizure (seeFigs. 2a�d) is haraterized by a sharp reession of low-frequeny peaks in the spetrum �0(!) (7�10th win-dows); these peaks in �0(!) rise sharply at the endof the seizure and immediately after the seizure. Thespetra of �j(!), j = 1; 2; 3, di�er by white noise andlow-frequeny bursts on the tail of the seizure. Thesebursts are most appreiable in the behavior of the spe-tra �2(!) and �3(!).The behavior of the �rst three points in the statis-tial spetrum of the non-Markovity parameter "i(!),i = 1; 2; 3 (see Figs. 3), turn out to be most indiativeand demonstrative. The state before the seizure an beonsidered a quasi-Markov one in the 1�6th windowsfor the �rst level in the low-frequeny region (here,"1(!) reahes the value 10) and in the 1st and 2ndwindows for the seond level ("2(!) � 1:5). The begin-ning of the seizure (the 7th and 8th windows) is aom-panied by the strong non-Markovity of the �rst level("i(!) � 1). The inrease of the low-frequeny non-Markovity on the �rst ("1 � 3:8), seond ("2 � 1:5),and the third ("3 � 1:5) relaxation levels is visible atthe end of the seizure (10�13th windows). The beha-vior on the third level with the value "3 � 1 an beonsidered a non-Markov one.Non-Markov relaxation behavior on the seond levelis noteworthy (see Fig. 3b ). The strong non-Markovity("2 � 1) in the entire frequeny region appears longbefore the seizure in the range from the 3rd to the 6thwindows. The weak noise on the mean frequenies isappreiable during the seizure (10�12th windows). Theending of the seizure oinides with non-Markov 13thand quasi-Markov 14th windows. The appearane of astrongly pronouned non-Markov state on the seondlevel with the value "2 � 1 is therefore a lear preursorof the seizure. It is signi�ant that a similar preursoris absent in other non-Markov markers.The relaxation (�1, �2, and �3) and kineti (�1and �2) parameters alulated with the formulas ofthe theory (see Fig. 4) are very sensitive to approa-hing the seizure. All the parameters �i, i = 1; 2; 3,always remain negative and hange within wide lim-its: (�0:97 � �1 � �0:15, �1:03 � �2 � �0:74, and�1:03 � �3 � �0:89) in the units of ��1. The pa-rameters �1 and �2 hange the sign at the time of theseizure. This orresponds to the alternation of the typeof solution of the disrete nonlinear kineti stohasti

equation (see Eqs. (2.56)�(2.58) in [6℄). All the aboveparameters are sensitive to approahing the seizure. Asharp derease of the values and the sign alternationof �i and �i an also be onsidered as a quantitativepreursor of the seizure.Therefore, the inrease of the parameters "i(!) anbe onsidered as a markovization of the stohasti pro-ess. It may signify the inrease of the haoti ompo-nents of EEG signals. Simultaneously, the derease of"i(!) up to a unit is related to demarkovization of theproess under study and to the inrease of the regularomponents of the signals. It is obvious from Figs. 1�4that the spei� alternations, fast and sudden hangesof haoti and regular regimes, are inherent features ofthe stohasti variation of eletri potentials at epilep-ti seizure. 6. CONCLUSIONSWe have learly demonstrated that the set ofkineti, relaxation, dynami, and spetral parametersand harateristis of a disrete stohasti proess arevaluable for quanti�ation of stohasti proesses ofmarkovization and demarkovization in EEG data andfor predition and preursor of the epilepti seizure.Beause a similar situation is typial of the majority ofthe phenomena in live systems, our �ndings are mostrelevant for life sienes.This work was supported in part (P. H. andR. Y.) by the Graduiertenkolleg 283: Nonlinear Prob-lems in Analysis, Geometry and Physis, of theDeutshe Forshungsgemeishaft (DFG), RHSF (grant00-06-00005a) and RFBR (grant 02-02-16146).REFERENCES1. R. Q. Quiroga, J. Arnhold, K. Lehnertz, and P. Grass-berger, Phys. Rev. E 62, 8380 (2000); R. Q. Quiroga,A. Kraskov, T. Kreuz, and Grassberger, Phys. Rev. E65, 041903 (2002).2. P. A. Robinson, C. J. Rennie, J. J. Wright, H. Bahra-mali, E. Gordon, and D. L. Rowe, Phys. Rev. E 63,021903 (2001).3. L. M. Hively, V. A. Protopopesu, and P. C. Gailey,Chaos 10, 861 (2000).4. R. G. Andrzejak, K. Lehnertz, F. Mormann, C. Rieke,P. David, and C. E. Elger, Phys. Rev. E 64, 061907(2001).651
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