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STRONG MEMORY IN TIME SERIES OF HUMANMAGNETOENCEPHALOGRAMS CAN IDENTIFYPHOTOSENSITIVE EPILEPSYR. M. Yulmetyev a;b*, D. G. Yulmetyeva a;b, P. Hänggi , S. Shimojo d, J. Bhattaharya eaDepartment of Physis, Kazan State University420008, Kazan, RussiabDepartment of Physis, Kazan State Pedagogial University420021, Kazan, RussiaDepartment of Physis,University of AugsburgD-86135, Augsburg, GermanydDivision of Biology, California Institute of TehnologyCA 91125, Pasadena, USAeCommission for Sienti� Visualisation, Austrian Aademy of Sienes, Teh GateA-1220, Vienna, AustriaReeived 13 July 2006To disuss the salient role of statistial memory e�ets in the human brain funtioning, we have analyzed aset of stohasti memory quanti�ers that re�ets the dynamial harateristis of neuromagneti responses ofmagnetoenephalographi signals to a �ikering stimulus of di�erent olor ombinations from a group of ontrolsubjets and ompared them with those for a patient with photosensitive epilepsy. We have disovered thatthe emergene of strong memory and the aompanying transition to a regular and robust regime of haotibehavior of the signals in the separate areas for a patient most likely identi�es the regions where the protetivemehanism against the ourrene of photosensitive epilepsy is loated.PACS: 05.45.Tp, 87.19.La, 89.75.-k1. INTRODUCTIONInreasing attention was being paid reently to us-ing nonequilibrium statistial physis in the study ofstatistial memory e�ets in random proesses thatoriginate from nature. The role of memory has its rootsin natural sienes sine 1906 when the famous Rus-sian mathematiian Markov wrote his �rst paper on thetheory of Markov random proesses [1℄. His theory isbased on the notion of an instant loss of memory of theprehistory (memoryless property) of random proesses.On the other hand, there is an abundane of physialphenomena and proesses that an be haraterizedby statistial memory e�ets: kineti and relaxationproesses in gases [2℄ and plasma [3℄, ondensed mat-*E-mail: rmy�theory.kazan-spu.ru

ter physis (liquids [4℄, solids [5℄, and superondutiv-ity [6℄), astrophysis [7℄, nulear physis [8℄, and quan-tum [9℄ and lassial [10℄ physis, to name only a few.At present, we an use a variety of statistial methodsfor the analysis of memory e�ets in diverse physialsystems. Typial suh shemes are Zwanzig �Mori's ki-neti equations [11℄, generalized master equations andorresponding statistial quanti�ers [12℄, Lee's reur-rene relation method [13℄, the generalized Langevinequation [14℄, et.In this paper, we demonstrate that the preseneof statistial memory e�ets is of salient importanefor the funtioning of healthy physiologial systems.This an imply, in partiular, that the presene of largememory time sales in the stohasti dynamis of dis-rete time series an haraterize pathologial (or atas-trophial) violation of salutary dynami states of the729



R. M. Yulmetyev, D. G. Yulmetyeva, P. Hänggi et al. ÆÝÒÔ, òîì 131, âûï. 4, 2007human brain. As an example, we demonstrate herethat the emergene of strong memory time sales in thehaoti behavior of neuromagneti responses of humanbrain as reorded by magnetoenephalograms (MEG)is aompanied by the likely initiation and the existeneof photosensitive epilepsy (PSE).We �rst onsider a simpli�ed version of the Markovproesses. We introdue the onditional probabil-ity K1(x1; t1jx2; t2) that x is found in the range(x2; x2+ dx2) at x2 if x had the value x1 at t1. For theMarkov random proess, the onditional probabilitythat x lies in the range (xn; xn+dxn) at tn given that xhad the values x1; x2; : : : ; xn�1 at times t1; t2; : : : ; tn�1depends only on xn�1:Kn�1(x1; t1;x2; t2; : : : ; xn�1; tn�1jxn; tn) == K1(xn�1; tn�1jxn; tn):The equation states that given the state of a Markovproess at some time tn�1 < tn, the forthoming (fu-ture) state of the proess at tn is independent of allprevious states at prior times. The equation is the stan-dard de�nition of the Markov random proess. There-fore, from the physial standpoint, the Markov proessis a proess without the aftere�et. This means thatthe �future" and the �past" of a proess are independentof eah other at the known �present".2. MEASURES FOR MEMORYOne of the �rst measure of �memory" in physio-logial time series studied in eletroenephalographi(EEG) and magnetoenephalographi signals, both ofhealthy subjets and of patients (inluding epilepsy pa-tients) [15℄, was the detrended-�utuation analysis [16℄.The use of Zwanzig �Mori's kineti equations pro-vides an appropriate and most onvenient methodolo-gy for the quantitative desription of statistial mem-ory e�ets of random proesses in the physiologialdata. In partiular, using the reasoning put forwardin Refs. [17℄, one an obtain a hain of oupled kinetiequations for the disrete time orrelation funtiona(t) �M0(t) = hÆx(t)Æx(0)ihÆx2(0)iof the �utuationÆx(t) = x(t) � hx(t)i;where x(t) = (x1;x2; : : : ;xN )is a random disrete-time proess, i.e.,

xj = xj(tj); tj = j�;where � is a disretization time step, j = 1; 2; : : : ; N .This zeroth-order funtion is then related iterativelyto higher-order memory funtions Mi(t); i = 1; 2; : : : .In this approah, the set of disrete memory fun-tions Mi(t); i = 1; 2; : : : , of the ith order together withthe orresponding relaxation parameters quantify thememory e�ets. The full set of memory funtions in-ludes all peuliarities of the memory e�ets for realomplex systems. For the disrete time series, thewhole set of the Mi(t) funtions and relaxation param-eters an be alulated diretly from the experimentaldata [17℄.Following the argument in Refs. [17℄ provides ade-quate tools for studying the role of memory e�ets indisrete-time dynamis of omplex systems. The har-aterization of memory is based on a set of dimension-less statistial quanti�ers that are apable of measuringthe strength of memory that is inherent in the omplexdynamis. The �rst suh a measure is"i(!) =s �i(!)�i+1(!)and the seond follows asÆi(!) = ����� ~M 0i(!)~M 0i+1(!) ����� ;where �i(!) = j ~Mi(!)j2 denotes the power spe-trum of the orresponding memory funtion Mi(t),~M 0i(!) = d ~Mi(!)=d!, and ~Mi(!) is the Fourier trans-form of Mi(t). The measures "i(!) are suitable forquantifying the memory on a relative sale, whereasthe Æi(!) are useful for quantifying the ampli�ationof relative memory e�ets ourring on di�erent om-plexity levels. Both measures provide statistial ri-teria for the omparison of the relaxation time salesand memory time sales of the proess under study.For values obeying f"; Æg � 1, one an observe a om-plex dynamis haraterized by short-range temporalmemory sales. In the limit, these proesses assume aÆ-like memory with ", Æ ! 1. When f"; Æg > 1, onedeals with a situation with moderate memory strength,and the ase with both ", Æ � 1 typially onstitutes amore regular and robust proess with strong memoryfeatures.3. EXPERIMENTAL DATA FOR PSENext, we proeed diretly to the analysis of the ex-perimental data: MEG signals reorded from a group730



ÆÝÒÔ, òîì 131, âûï. 4, 2007 Strong memory in the series : : :of nine healthy human subjets and for a patient withPSE [18℄. PSE is a ommon type of stimulus-induedepilepsy, de�ned as reurrent onvulsions preipitatedby visual stimuli, partiularly by �ikering light. Thediagnosis of PSE involves �nding paroxysmal spikes onan EEG in response to the intermittent light stimula-tion. To eluidate the olor dependene of photosen-sitive in normal subjets, brain ativities subjeted touniform hromati �ikers with whole-salp MEG weremeasured in Ref. [18℄ (further details of the MEG ex-periment an be found in [18℄).Nine right-handled healthy adults (two females,seven males; age range 22�27) voluntarily partiipated.The subjets were sreened for photosensitivity andpersonal or family history of epilepsy. The experimen-tal proedures followed the Delaration of Helsinki andwere approved by the National Children's Hospital inJapan. All subjets gave their informed onsent af-ter the aim and potential risk of the experiment wereexplained. During the reording, the subjets sat ina magnetially shielded room and were instruted toobserve visual stimuli passively without moving theireyes.Stimuli were generated by two video projetors andwere delivered to the viewing window in the shieldedroom through an optial �ber bundle. Eah proje-tor ontinuously produed a single olor stimulus. Li-quid-rystal shutters were loated between the optialdevie and the projetors. By alternatively openingone of the shutters for 50 ms, 10 Hz (square-wave)hromati �iker was produed at the viewing distane30 m. Three olor ombinations were used: red�green,blue�green, and red�blue. The CIE hromaity oor-dinates were x = 0:496, y = 0:396 for red; x = 0:308,y = 0:522 for green; and x = 0:153, y = 0:122 for blue.All olor stimuli had the luminane 1:6 d/m2 in other-wise total darkness. In a single trial, the stimulus waspresented for 2 s and followed by an inter-trial intervalof 3 s, during whih no visual stimulus was displayed.In a single session, a olor ombination was �xed.Neuromagneti responses were measured with a122-hannel whole-salp neuromagnetometer (Neuro-mag-122; Neuromag Ltd., Finland). The Neuro-mag-122 has 61 sensor loations, eah ontaining twooriginally oriented planar gradiometers oupled toDC-SCUID (superonduting quantum interferene de-vie) sensors. The two sensors of eah loation measuretwo orthogonal tangential derivatives of the brain mag-neti �eld omponent perpendiular to the surfae ofthe sensor array. The planar gradiometers measure thestrongest magneti signals diretly above loal ortialurrents. From 200 ms, prior responses were analog-

�ltered (with the bandpass frequeny 0.03�100 Hz) anddigitized at 0.5 kHz. Eye movements and blinks weremonitored by measuring an eletro-oulogram. Trialswith MEG amplitudes > 3000 fT/m and/or eletro-oulogram amplitudes > 150 �V were automatiallyrejeted from averaging. Trials were repeated until> 80 responses were averaged for eah olor ombina-tion. The averagedMEG signals were digitally lowpass-�ltered at 40 Hz, and then the DC o�set during thebaseline (�100 to 0 ms) was removed. At eah sensorloation, the magneti waveform amplitude was alu-lated as the vetor sum of the orthogonal omponents.Peak amplitudes were normalized for eah subjet withrespet to the subjet's maximum amplitude. The la-teny range�100 to �1100ms was divided with 100msbins. The peak amplitudes were then alulated by av-eraging all peak amplitudes within eah bin.4. MEMORY ANALYSIS FOR THE PRESENCEOF PSEWith our set in Figs. 1�5, we present the results ofnumerial alulations and the analysis of the exper-imental data in the framework of the nonequilibriumstatistial approah to stohasti proesses in disreteomplex systems [17℄. In Figs. 1�3, we depit the typ-ial data for one healthy subjet (� 6) in omparisonwith a PSE patient in the ase of a red�blue ombi-nation of the olor stimuli. To make the onlusionabout the role of the statistial memory e�ets, wealso show the averaged data for the whole group ofnine healthy subjets ompared with the patient withPSE in Figs. 4 and 5. Figure 1 shows the time de-pendene of the time orrelation funtion M0(t) andthe �rst two memory funtions Mi(t), i = 1; 2 for ahealthy subjet (� 6) (Fig. 1a) ompared with thosefor a patient with PSE (Fig. 1b). The time orrelationfuntion M0(t) displays long-range osillations in thehealthy subjet and a sharp deay for the patient withPSE. It an be seen from Fig. 2, where the power spet-ra of time orrelation funtion and memory funtionsare represented, that the fratal dependene at order�, i.e., �0(!) / !�� with � = 1:74 in the time orrela-tion funtion of the healthy person (Fig. 2a) transformsinto a group of peaks orresponding to the �; �; ; Æ,and � rhythms in frequeny behavior of the subordi-nate quanti�ers �i(!), with i = 1; 2; 3. The typialpiture in the patient with PSE (Fig. 2b) onsists in (i)the harateristi absene of the fratal dependene for�0(!), (ii) the disappearane of the well-de�ned mani-festation of physiologial eletromagneti rhythms, and731



R. M. Yulmetyev, D. G. Yulmetyeva, P. Hänggi et al. ÆÝÒÔ, òîì 131, âûï. 4, 2007

0 200 400 600
t/τ

−0.5

0

0.5

1.0

0 200 400 600
t/τ

−0.5

0

0.5

1.0

0 200 400 600
t/τ

−0.5

0

0.5

1.0
M0 M1 M2 b

a
0 200 400 600

t/τ

−0.5

0

0.5

1.0

0 200 400 600
t/τ

−0.5

0

0.5

1.0

0 200 400 600
t/τ

−0.5

0

0.5

1.0
M0 M1 M2

Fig. 1. Time dependenes of time orrelation funtion M0(t)(i = 0) and �rst two subordinate memory funtionsMi(t); i = 1; 2 for a healthy subjet (� 6) (a) and for the patient (b) with PSE for the SQUID number n = 10, � = 0:2 ms.The drasti distintions of Mi(t) in a healthy person ompared to a patient with PSE is learly detetable. They onsist inthe appearane of signi�ant long-range osillations in the healthy subjet and the suppression of high frequeny noise inthe patient with PSE(iii) the appearane of a single spike peak at the fre-queny 10.15 Hz in all spetra and for all sensors n.The most instrutive singularities in the frequenydependene of the �rst three points of the measureof memory "i(!), i = 1; 2; 3 (Fig. 3) are as fol-lows. In a healthy person, we observe the fratal de-pendene in the low-frequeny domain (! < 50 Hz)"1(!) / !�� with � = 1:67, the spei� behavior "2(!)with "2(! = 0) ! 0, and two single peaks in thedomain of the brain-rhythm frequenies for the thirdpoint "3(!). This behavior is harateristi only ofhealthy subjets. The role of inreasing memory andthe persistent transition from a more random (healthy)into a robust, more regular regime of the underlyinghaoti proess at all three subordinate measures "i(!),

i = 1; 2; 3, is learly detetable in the patient with PSE.The ruial role of the strong memory at the �rst level,i.e., for "1, is re�eted by a derease in the memorymeasure "1(!0 = 0) by a fator of approximately 56.Moreover, a drasti hange of the frequeny spetra for"2(!) and "3(!) ours.The topographi dependene of "1(! = 0;n) de-pited in Fig. 4 demonstrates the existene of a long-range time orrelation aompanied by a pronounedinrease of the role of the statistial memory e�ets inall MEG sensors with SQUID numbers n = 1; 2; : : : ; 61,in the patient with PSE ompared to healthy persons.The di�erene between a healthy subjet and the sub-jet with PSE is about an order of magnitude.To speify the role of the strong memory, we fur-732
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Fig. 2. Power spetra �i(!), i = 0; 1; 2, for the memory funtions in a healthy person (a) and in the patient with PSE (b)for the SQUID number n = 10 in double-log sale. The spetra in the healthy person (� 6) demonstrate the presene ofeletromagneti waves at harateristi frequeny sales �; �; ; Æ, and � rhythms (in �2(!)). Notieable peaks of eletro-magneti exitations in a patient with PSE near 50 Hz and 100 Hz an be observed. Similar peaks are present in many othersensors of the human brain ore with PSE. The fratal dependene �0(!) / !�� that typi�es a healthy person is absent ina patient with PSE. This transition plays a ruial role for the emergene of strong memory in a patient with PSEther study the topographi dependene in terms of anovel information measure, the index of memory. It isde�ned by �(n) = Æhealthy1 (0;n)Æpatient1 (0;n)(see Fig. 5). This statistial quanti�er measures theampli�ation of the memory e�ets for the magnetisignals of MEG in the patient with PSE ompared withthe healthy group. The sharp inrease of the role ofmemory e�ets in the stohasti behavior of the mag-neti signals is learly visible for the SQUID numbersn = 10; 46; 51; 53, and 59. The observed points of MEGsensors loate the regions of the protetive mehanismagainst PSE in a human organism: frontal (sensor 10),oipital (sensors 46, 51, and 53) and right parietal

(sensor 59) regions. The early ativity in these sensorsmay re�et the protetive mehanism that suppressesortial hyperativity due to hromati �ikering.One might remark that some earlier steps towardsthe understanding of the normal and diseased humanbrain have already been set in other �elds of si-ene suh as neurology, linial neurophysiology, neu-rosiene and so on. The numerous studies applyingthe linear and nonlinear time series analysis to EEGand MEG in epilepti patients are disussed in de-tail in Refs. [18; 19℄ with the neurophysiologial basisof epilepsy, in partiular photosensitive epilepsy, takeninto aount. Spei�ally, the results in Ref. [18℄ sug-gested that a signi�ant nonlinear struture was evi-dent in the MEG signals for ontrol subjets, whereas733
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0Fig. 3. The frequeny dependenes of the �rst three subordinate statistial quanti�ers measuring the strength of memory"i(!), i = 1; 2; 3, in a healthy person (� 6) (a) and for the patient with PSE (b) for the SQUID number n = 10. Adistint redution by the fator 1=56:5 in the zero-frequeny value "1(! = 0) ours from the healthy person to the patientwith PSE. This feature quanti�es the emergene of strong memory in the subjet with PSE. It is further aompanied by anotieable disappearane of sharp eletromagneti exitations at low frequenies and by the appearane of high-frequenynoisenonlinearity was not deteted for the patient. In ad-dition, the ouplings between distant ortial regionswere found to be greater for ontrol subjets. Theimportant role of ombinational hromati sensitiv-ity in sustained ortial exitation was also on�rmed.These previous �ndings lead to the hypothesis that thehealthy human brain is most likely equipped with an es-sentially nonlinear neuronal proessing re�eting an in-herent mehanism defending against a hyper-exitationto hromati �ikering stimulus, and suh a nonlin-ear mehanism is likely to be impaired for a patientwith PSE.

5. CONCLUSIONSThis study of the haoti behavior of the neuro-magneti signals of a human MEG's with PSE and ina group of healthy subjets eluidates the role of thestatistial memory as an important riterion measuringthe funtioning of human brain. Even an insigni�antampli�ation of the memory e�ets tests the patholog-ial hanges in the brain of a patient with PSE. Thepronouned sharp inreases in memory e�ets in ourset of statistial quanti�ers in the neuromagneti sig-nals indiates the pathologial state of a patient withPSE within separate areas of the brain. Our statistialapproah, being onveniently onstruted from the setof subordinate memory funtions yielding the rate of734
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