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Temporal correlations versus noise in the correlation matrix formalism:
An example of the brain auditory response
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We adopt the concept of the correlation matrix to study correlations among sequences of time-extended
events occurring repeatedly at consecutive time intervals. As an application we analyze the magnetoencepha-
lography recordings obtained from the human auditory cortex in the epoch mode during the delivery of sound
stimuli to the left or right ear. We look into statistical properties and the eigenvalue spectrum of the correlation
matrix C calculated for signals corresponding to different trials and originating from the same or opposite
hemispheres. The spectrum @f largely agrees with the universal properties of the Gaussian orthogonal
ensemble of random matrices, with deviations characterized by eigenvectors with high eigenvalues. The prop-
erties of these eigenvectors and eigenvalues provide an elegant and powerful way of quantifying the degree of
the underlying collectivity during well-defined latency intervals with respect to stimulus onset. We also extend
this analysis to study the time-lagged interhemispheric correlations, as a computationally less demanding
alternative to other methods such as mutual information.

PACS numbgs): 87.19.Dd, 05.45.Tp, 05.40a

I. INTRODUCTION formation theoretic measures. The advantage of this ap-
proach is that it leads to quantitative analysis of stochastic
Studying complex systems is typically based on analyzingand collective aspects of the complex phenomena in the au-
large, multivariate data. Since, in general terms, complexitgitory cortex and the brain at large.
is primarily connected with coexistence of collectivity and  In our previous workl4] we have established the exis-
chaos or even noise, it is of crucial importance to find anfénce of correlations between activity in the two auditory
appropriate low dimensional representation of an underlyingortices, using mutual informatidib] as a measure of statis-
high dimensional dynamical system. In many cases this aim cgl dependence. T_he analysis showed that collectivity and
at denoising and compressing dynamic imaging data. Such2°iS€ were present in the ddt. _
problem is particularly frequent in the area of the brain re- JSually, one analyzes a set of simultaneously recorded

search where a complex but relatively sparse connectivit ignals which emerge from the activity of subcomponents qf
he system. Consequently, the presence of correlations in

prevails. Understanding brain function requires a character- ; . X :
R e : . . such signals is to be interpreted as a certain sort of coopera-
ization and quantification of the correlations in the S|gnalst
gengrated at different areas. . closely related, our present approach is somewhat different.
Direct pathways connect the sensory organs with the COffaa of studying many subsystems at the same time, we
respondmg primary cortical areas. In the. auditory system Ofje| with two brain areas only and aim at identifying repeti-
interest here, delivery of a stimulus to either the left or theyye structures and their time relations in consecutive inde-
right ear is relayed to both primary auditory cortices, with hendent trials of delivery of the stimulus. We thus construct
stronger and earlier response on the contralateral side. Thge correlation matrixwhich is a normalized version of the
first cortical response arrives very early, well within 20 ms, covariance matri§7,8]) whose entries express correlations
but it is too weak to be mapped noninvasively from the out-among all the trials that are delivered by experiment. The
side. Successive waves of cortical activation follow with thedifference relative to a conventional use of the correlation
strongest around 80—100 ms. For a simple stimulus and nmatrix is that now the indices of this matrix are labeling
cognitive task required the response as seen in the averagediferent presentations of the stimulus and not different sub-
effectively over within the first 200—300 ms. More elaboratesystems. The resulting eigenspectrum is then expected to
analysis shows that the “echoic memory” lasts for a few carry information about deterministic, nonrandom properties,
secondd1,2]. Furthermore the activity in each area of the separated out from the noisy background whose nature can
cortex, including the auditory cortex and its subdivisions, isalso be quantified.
determined by a plethora of interactions with other areas and
not just the direct pathway from the cochlea. The variability
of the evoked response possibly reflects the many ways a
given input in the periphery can be modulated before the The details of the experiment can be found in our earlier
strong cortical activations emerdd]. Our treatment of the articles[8,3,4]. Here, for completeness, we sketch briefly
activity from each auditory cortex as an independent signabnly the most important facts. Five healthy male volunteers
bypasses this complexity by lumping many effects into in-participated in the auditory experiment. We used a

ion among several or all of these sub-components. Though

Il. EXPERIMENT AND DATA
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2X 37-channel, two-dewar magnetoencephalographiyG) or backgroundB) and for this we choose the interval from
apparatus(each dewar covered the temporal area in onéb01 ms and ending 740 ms after the onset of the stimulus
hemisphergto measure the magnetic field generated by thdi=751,1000). Since the time between stimudii s our
cortical electric activity[9]. The stimuli were 1 kHz tones choice avoids the time just before stimulus onset, when an-
lasting 50 ms each delivered in three runs to the left, right oficipation and expectation is high while being as far as pos-
both earsti 1 s intervals. The single trial of delivery of Sible from the stimulus onset.

stimulus was repeated 120 times for each kind of stimula-

tion. The cortical signals were sampled with 1042 Hz fre- [ll. CORRELATION MATRIX ANALYSIS

guency. Pilot runs were used to place each dewar in turn so

that both the positive and negative magnetic-field extremi For the two time seriex,(t;) and x,(t;) of the same

ngth, (=1, ...,T) one defines the correlation function by

were captured by the 37 channel array. With such a covera .
e relation

it is feasible to construct linear combinations of the signals
which act like virtual electrodes “sensing” the activity in the . o
auditory cortex[3]. This computation can be done at each > [Xa(ti) =X ][ Xa(ti) — Xg]
timeslice of each single trial independently, thus building the c - '

timeseries for each auditory cortex for further analydis B — !
_ DeIivery of a sound stimulus or any change i_n the con- \/2 [xa(ti)—xa]ZE [xB(tj)—XIB]2
tinuous stimulus causes a characteristic activity in the audi- ! ]

tory cortex which is best illustrated by averaging many such — . ) .
eventilo]_ The(averageﬁjevoked potentiaL appears in both wherex denotes a time average over the perIOd studied. For
hemispheres and has a form of several positive and negatif@o sets ofN time seriesx,(t;) each @,8=1,... N) all
deflections of the magnetic field. The most prominent featuréombinations of the elemen@, ; can be used as entries of
of the average is a high amplitude deflection at about 80—10the NX N correlation matrixC. By diagonalizingC

ms after the onset of the stimulyso called M100. The

@

. he CVR =Nk, @)
detalls of the average evoked response are hardly visible in

each single trial, partly because of strong background activ- : . _ )
ity, which is not related to the stimulus and partly because OPne obtains the eigenvaluag (k=1, ... N) and the corre

the latency jitter introduced by the many feed-forward and” p(l)r?dtlr?g I?:r?iﬁgveg;“(f(;f{l}e%}iirel random correlations the
feed-back interactions that occur intermittently between the ensity of ei engvalue N defin)(/a d as
periphery and the cortex. If as the signal we consider what ig y 9 pc(M)

fairly time locked to the stimulus onset, then the signal-to- 1 dn())
noise ratio is much improved by averaging the signal over all pc(N)= N dn (3
single trials. A

. We will consider two runs, corresponding to stim_uli de- wheren(\) is the number of eigenvalues Gfless thamn\, is
livered to the left and right ear. Each run compridés known analytically{11], and reads

=120 single trials, thus we have 120 signals for each hemi-

sphere and each kind of stimulation. The signals are repre- Q Vhma NN —Nmin)
sented by the time serieg;"(t;) of length of T=1042 time pcM)=5—— Al N AL (4)
slices (=1,...,1042, «=1,...120) each evenly cover-

ing 1 s time interval. Since all the stimuli were provided in yere
precisely specified equidistant instants of time, all the series
can be adjusted so that the onset of each stimulus corre- A= o?(1+1/Q+ 2\/%) (5)
sponds to the same time slice 230. Each signal starts 220
ms before and ends 780 ms after the onset. A band pass filtaith A i<\ <\ .y, Q=T/N=1, and wherer? is equal to
was applied in the 1-100 Hz range. the variance of the time seri€snity in our casg Interesting

For a simple auditory stimulus and no cognitive task as-dis both a potential agreement of our calculated eigenspec-
sociated with it, the average evoked response lasts for 200trum of C with this formula as well as deviations. In fact the
300 ms; this is also reflected in our earlier mutual informa-deviations are even more interesting because they can be
tion study of the signalg4]. Since other parts of each series used to quantify certain system specific nonrandom proper-
are associated with activity which is not time locked to theties of the system.
stimulus, the appearance of similar events in both hemi- For our present detailed numerical analysis we select two
spheres and across trials results in correlations that are mucharacteristic subjectOB and FB out of all five subjects
stronger in the first few hundred milliseconds. The presencevho participated in the experiment. The background activity
of correlations and collectivity cannot be excludedriori in both subjects does not reveal any dominant rhythm which,
from other periods and it is therefore of considerable interesif present in two signals, may introduce additional, sponta-
to compare two such intervals. We have settled on two sucheous correlations not related to the stimulus. The signals of
intervals, each with 250 timeslices: the first we call theDB reveal relatively strong EP’s and a good signal-to-noise
evoked potentiaEP) interval and it covers the first 250 ratio (SNR). FB is somehow on the other side of the spec-
timeslices after stimulus onset, i.e., 250 time slicés ( trum of subjects, as its EP’s are small and hardly visible and
=231,480)(2-241 m$; this is the period where the average the signals are dominated by a high-frequency noise which
signal is strong. The second interval we consider as baselimesults in a poor SNR. The signals forming pairs in EQ.
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FIG. 2. Structure of the eigenvalue spectra of the correlation
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for DB (upper parntand FB(lower par}. In each panel there are two
Ca,ﬁ spectra of eigenvalues, corresponding to the right hemisphere
(circles and the left ondtriangles. The eigenvalues are ordered
FIG. 1. Distributions ofC, , for the one-hemisphere correlation from the smallest to the largest.
matrix. The upper panel corresponds to DB and the lower one to
FB. The solid lines display such distributions evaluated in the ressubject but first of all on the region of the signal. There is a
gions beyond evoked activityB) and the dashed lines in the EP clear separation of the largest eigenvalue from the rest of the
region. spectrum in the EP region in DB. This effect is much less

may come either from th me or from th ite h pronounced for FB and considerably reduced in B. This is
y °r from e same or 1ro € OPPOSIte NeMIe ) gistent with the distribution of the corresponding matrix
spheres. The first possibility we term tlume-hemisphere

correlation matrix and the latter one is tbess-hemisphere e!ement; as shown in Fig. 1'.TO a first approximation the
. : . o S distribution of such elements in EP can be described as a
correlation matrix. The first matrix is, by definition, real _. - }
' . shifted Gaussiahl12]:
symmetric and the second one must be real but, in general, it
is not symmetric.
An interesting global characteristic of the dynamics en-
coded inC is provided by the distribution of its elements. An
example for such a distribution is shown in Fig. 1 for the whereG denotes a Gaussian matrix centered at zerolarsd
one-hemisphere correlation matrix. As one can see in tha matrix whose entries are all unity. is a real number 0
background region (solid lineg the distributions are <vy<1. Of course, the rank df is one and, therefore, the
Gaussian-like centered at zero. This implies that the corresecond term alone in E@6) develops only one nonzero ei-
sponding signals are statistically independent to a large exgenvalue of magnitude. Since the expansion coefficients of
tent. A significantly different situation is associated with thethis particular state are all equal this assigns a maximum of
evoked potential part of the signal. The most obvious effectollectivity to such a state. I is significantly larger than
is that the center of mass of the distribution is shifted to-zero the structure of is predetermined by the second term
wards the positive values. In this respect there is also a difin Eq. (6). As a result the spectrum o comprises one
ference between the subjects: the average value of the eleollective state with large eigenvalue. Since in this c@se
ments for DB (approximately 0.3bis considerably higher constitutes only a “noise” correction tyU all the other
than for FB(0.05. This indicates that the signals in FB are states are connected with significantly smaller eigenvalues.
on average less correlated even in the EP region than tHerom the point of view of the analysis performed here the
signals recorded from DB. This may originate from either afirst component of Eq(6) corresponds to an irrelevant sig-
smaller amplitude of the collective response of FB’s cortexnal. This may actually be noise, although it could easily be
or from a much smaller signal-to-noise ratio. For the crossbackground activity not related to the stimulus, or even ac-
hemisphere correlation matrix the relevant characteristics arvity related to the processing of the stimulus but in a rather
similar. The only difference is that the shifts both sub- distinct and different way for each trial. The second term of
jects are slightly smaller. Eq. (6) corresponds to activity time locked to the stimulus
More specific properties of the correlation matrix can beonset in each single trial. Since the center of mass of the
analyzed after diagonalizinG. The one-hemisphere correla- distribution of matrix elements is shifted more towards the
tion matrix is real and symmetric and consequently all itspositive values for DBand thusy is largey than for FB, the
eigenvalues are real. The structure of their distribution idargest eigenvalue is significantly larger in the former case.
displayed in Fig. 2. The eigenvalues are shown for severalVithin the conventional spatiotemporal description based on
characteristic cases: two subjects, the left and right hemithe correlation matrix similar characteristics of collectivity
spheres and two regiorfEP and B. have recently been identifiedl2] in correlations among
The structure of the eigenvalue spectra depends on theompanies on the stock market.

C=G+ U, (6)
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In relation to Eq.(4) the presence of a strongly separated 3.0
eigenvalue is one obvious deviation which is consistent with
the nonrandom character of the corresponding eigenstate.
Further deviations can be identified by comparing the bound-
aries of our calculated spectrum ih o of Eq. (5). For Q
=T/N=250/120 we obtain ,j,=0.944 and\,,,= 2.866.
Clearly, there are several more eigenvalues which are larger
than\ ,,ax- This may indicate that the corresponding eigen-
states absorb a fraction of the collectivity. However, a closer
inspection shows that also on the other side of the spectrum
there are eigenvalues smaller thap,;, and basically no
empty strip between 0 anH,,;, can be seen. By this our
empirical distribution seems to indicate that an effeci@ye
which determines this distribution is significantly smaller
thanQ=T/N. This, in turn, may signal that the information
content in the time series of lengihis equivalent to a sig-
nificantly shorter time series. This conclusion is supported by
the time dependence of the autocorrelation function calcu-
lated [6] from our signals. It drops down relatively slowly
and reaches zero only after 20—30 time steps between con-
secutive recordings. Memory effects are present and hence FIG. 3. Density of eigenvalues of the correlation matrix calcu-
neighboring recordings during the same trial are not entirelyated from theT =250 points of the time seriek,(t;) of increments
independent and this also applies to components which réf the original time serie,(t;), i.e., do(t) =Xa(ti+1) = Xu(ti). In
flect the background activity. It is well known that neural the lower panel every second pointaj(t;) is taken but the num-
activity is characterized by a set of finite correlation times,€r of such points is still 250. The dashed line corresponds to the
and the suggestion has been made that continuity of awardistribution prescribed by Ed4).

ness is quantized in a hierarchy of temporal scpl&$ The ) ) ) )
time scale of 25 ms, corresponding to 40 Hz, prband trates the subtleties connected with the correlation matrix

activity has been proposed as a fundamental uoft analysis of time. series. Replacing our original time series
memory: synchronized neural activity within and across X«(ti) By du(ti) improves the agreement with E¢4) and
brain areas, like the auditory cortex and its subdivisions, ar€Ven the collective state connected with EP dissolves. This is
combined to represent a unified perception even if elicited bflue to the disappearance dh,(t;) of the memory effects
different segments or aspects of an object. This requires thRFesent in,(t;). On the level ofd, the correlations are thus
maintenance of an active state for this amount of time an@ssentially purely random and therefore, in the following, we
hence naturally leads to the correlations that our data imply/€turn to our original time series. S
On the hardware side there are plenty of time-delayed pro- Another statistical measure of spectral fluctuations is pro-
cesses and interactions in the neuronal circuits of the braikided by the nearest-neighbor spacing distribuf{s). The
which will produce activity in neighboring times with shared corresponding spacings=»\;,—\; are computed after
information. It is interesting to note that there exist eigenval-énormalizing the eigenvalues in such a way that the average
ues larger tham ., (and smaller tham ,;, as wel) also in dlstance_ between the nelgh_bors equals unity. A rela'gec_i pro-
the B region for both subjects even though the distribution ofedure is known as unfoldingl4—1§. Two characteristic
C, is perfectly Gaussian in this case. This indicates the2nd typical examples of such distributions corresponding to
existence of further correlations among the matrix element§P and B regions are shown in Fig.(fr DB). While in
of C that are of different origin than those which can beb_oth. cases thgse distributions agree well Wl'th the Wigner
quantified in simple terms of Eq4). distribution which corresponds to the Gaussian orthogonal
One could explicitly test the related role of memory ef- ensembléGOE) of random matrices, some deviations on the
fects by recomputing with appropriately sparser time se- Ie_v_el of_ larger dlstance_s between r)elghbanjg states are more
ries. Unfortunately, the number of recordings covering thewsmle_ in the EP than in the B region. This in fact is consis-
single trial is too small for a systematic study of such effectstent with the presence of larger eigenvalues in the EP case as
Instead we perform the following analysis: we generate théhown in Fig. 2. Interestingly, the bulk d#(s) even here
new time seriesd (t;) such thatd,,(t;)=x,(ti+1) — X,(t;), agrees weII_ vy|th GOE. In olrder to fur.ther quantn‘y the ob-
i.e., the time series of differences. These destroy the memoServed deviations we also fitted the histograms with the so-
effects and now the autocorrelation function drops dowrfalled Brody distribution
very fast. Figure 3 shows the density of eigenvalues of the
correlation matrix generated frod),(t;). Now the agreement P/(s)=(1+r)as exp—as**"), (7
with Eq. (4) improves and becomes relatively good even in
the EP region already when every second time pofmom  wherea=[I'((2+r)/(1+r))]**". Depending on a value of
d,(t;) is taken, such that the total number of them remainghe repulsion parametey this distribution describes the in-
the same T=250). Taking more distant points, leaving out termediate situations between the Poisgpoa repulsion,r
intermediate ones, drastically reduces the correlation be=0) and the standard Wigner 1) distribution (GOE).
tween the remaining successive points. The above thus illushe best fit in terms of Eq.7) givesr=0.95 in the EP and

p(A)
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to the evoked potentidEP) region of the time series and the lower >
panel to the backgroun(B) activity part. The distributions have T
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r=0.93 in the B case, respectively. Thus we clearly see tha (V4
on the level of the nearest-neighbor spacing distribution
P(s) the original measurements share the universal proper- FIG. 5. Distribution of the eigenvector component&) for EP
ties of GOE. Here, similarly as in strongly interacting Fermi (upper part and B (lower par} regions (subject DB. The main
systemg17], P(s) thus proves more robust against correla-panels correspond to one hundred lowest eigenvalues, while the
tions than the dependences expressed by4gA departure insets show plots of the same quantity for the eigenvector corre-
betraying some collectivity is nevertheless present in both Bponding tok y,(k=120). For comparison, Gaussian best fits are
and EP intervals, but even in the EP interval the effect of thé!So presenteddotted lines. (Note different scales in the figuye.
stimulus does not change this picture significantly: it results
in one or at most a few remote distinct states in the sea of
low eigenvalues of the GOE type. X ()= 21 VX, (). (8)

In order to further explore this effect we look at the dis- o
tribution of the eigenvector componenis, for the same o )
cases as in Fig. 4. Figure 5 displays such a distribution gerf-0r k=120, 119, and 75 these are shown in Fig. 6 using the
erated from eigenvectors associated to one hundred |Owe§{genvectors calculated for the Efiddle panel and for B
eigenvaluegmain panels of the Figuyecalculated both for lower panel regions. The signals corresponding to the larg-

the EP(upper paitand B (lower pan regions. The result is est eigenvaluesk=120) develop the largest amplitudes in

a perfectly Gaussian distribution in both cases. However, irp.Oth cases. In the first cateP) it very clqsely resembles a
simple averagéupper panglover all the trials. In the second

Ease(B) the largest eigenvalue also shows a degree of col-
" . Tectivity even though the corresponding simple average de-
,ter'St'C peak. located "?‘t around O,'l d.ocuments th"?‘t th? majo(/'elopsyno coherenqutructure. Alspo, Whe?w sigr?als Weighgted by
ity of the trials contribute to this eigenvector with similar i eigenvectors with the highest eigenvalue in EP and B are
strength. This eigenvector is thus associated with a typicalompared we see that there is essentially no amplification in
behavior of many single-trial signals. The component valuegne other regiori.e., in the EP interval when the B-weighted
in the largest eigenvalue in B also deviate from a GaussiagigmjﬂS are usedIn addition, keeping in mind in this con-
distribution (inset in the lower part of Fig.)5 although in - nection both the difference in distribution 6, , in EP and
this case their distribution is largely symmetric with respectB (Fig. 1), respectively, and the asymmetiP) versus sym-
to zero. This makes the two= 120 eigenvectors in B and EP metry (B) in the distribution of the largest eigenvector com-
regions approximately orthogonal which indicates a differenfponents(insets to Fig. & which makes the two eigenvectors
mechanism generating collectivity in these two regions.  approximately orthogonal, this provides another indication
A more explicit way to visualize the differences among that different mechanisms are responsible for the collectivity
the eigenvectors is to look at the superposed signals at these two different latency ranges. Analogous effects of

120
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FIG. 7. Amax(7) calculated from the cross-hemisphere correla-

FIG. 6. The comparison of the signal obtained by the simplejjon matrix. The upper part corresponds to DB and the lower part to
average over all 120 trialupper pansland the signals obtained g pBoth panels illustrate two kinds of stimulation: left €aE)

from Eq. (8) for both regions, ERmiddle part and B(lower part  3nq right ear(RE). The solid lines denote the real part ©f,q,,

for subject DB. Signals in the middle and lower panels denote sugije the dashed and dotted ones are its imaginary part. The sign of
perpositions fork=120 (solid line), k=119 (dashed ling andk . genotes retardation of a signal from the right hemisphere (

=75 (dotted ling. >0) or the left one ¢<0).

collectivity for k=119 are already much weaker and disap- ) ) ) ) )
pear completely as an examplelof 75 shows. for a certain value ofr. In this caseC is dominated by its
We now turn to the cross-hemisphere correlation functionsymmetric component and the effect, if present, is thus ex-
obtained by forming pairs in Eq1) from the time series Pected to be visible predominantly on the largest eigenvalue.
representing opposite hemisphefed(t;) with xg(ti)]. In-  Itis more likely to see this effect in the EP region of the time
troducing in addition a time-lag between such signalg], series. We thus calculate the crqss-hemsphsre correlation
and dropping the rather obvious superscripts for the left andatrix from the T=250-long subintervals ok,(t;) and
right hemisphere, we define a delayed correlation matrix  Xj3(t;) covering the EP’s. Figure 7 presents the resulting real
and imaginary parts of the largest eigenvalue as a function of
7 for two subjects and two kinds of stimulatidleft and right
ean. As itis clearly seen the large real parts are accompanied
Cop(n)= , by vanishing imaginary parts. Based on this figure several
’ — — other interesting observations are to be made. First of all
\/ 20 Xalt) =%l DXty +7) =]

2 [Xa(t) =X J[Xg(ti+ 7) = Xg]

Amax(7) strongly depends on and reaches its maximum for
a significantly nonzero value of. This reflects the already
a,B=1,...N. 9) known fact[4] that the contralaterdbpposite to the side the
stimulus is deliveredhemisphere responds first and thus the
A similar cross-correlation time-lag function has beenmaximum of synchronization occurs when the signals from
employed in the past to investigate across trials correlationgh€ opposite hemispheres are shifted in time relative to each
but because of the high computational load of an exhaustivether.(Here 7>0 means that the signal from the right hemi-
Comparison across different de|ays the ana|ysis was resphere is retarded relative to the left hemisphere and the
stricted to the computation of the time-lagged cross-OPposite applies tar<<0.) Furthermore, the magnituder (
correlation between the average and individual single trials-10 m9 of the time delay estimated from locations of the
[8]. The spectral decomposition of the cross-correlation mamaxima agrees with an independent estimate based on the
trix provides a more elegant approach, requiring the solutiofnutual information[4]. Even a stronger degree of synchro-

of the 7-dependent eigenvalue problem nization for DB relative to FB, as can be concluded from a
significantly larger value ok, in the former case, agrees
C(HVK(T) = (VE(7), k=1,...N. (100 with this previous study.

Finally, Fig. 8 shows some examples of the eigenvalue
Since C can now be asymmetric its eigenvalueg can be distribution on the complex plane. In the EP region the spe-
complex (but forming pairs of complex conjugate values cific value of the time delay#{=7 ms, upper panglcorre-
since C remains realand in our case they generically are sponds to maximum synchronization between the two hemi-
complex indeed. One anticipated exception may occur whespheres for this particular subject. Here we see one strongly
the similarity of the signals in both hemispheres takes placeepelled eigenvalue with a large real part36.5) and a
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2 random component which carries some system specific infor-
1] - EP.x=7 ] mation from the whole multidimensional background activ-
< ity. The advantage of the correlation matrix formalism is that
E 07 * ° ] it allows us to directly relate the results to universal predic-
= 14 . 1 tions of the theory of random matrices. In the present study

i, 3 ; ; ; we have used the correlation matrix as a tool for analyzing

*  EP,t=-40 single trial responses, treating the time series of each single
= 57 3 trial as a separate system element. A dendrogram description
‘é’ UERE 1 of the distribution of auditory evoked MEG responses in
= 5] ] single trials has demonstrated that single trials partition into

-10 4+ y : : ; sets, with each set possibly reflecting a different anatomical
oo B.t-0 route from the ear to the auditory corteX. Consistently, in
19 ’ ] the present approach the spectrum separates into the back-
< o i. . ground of noise eigenvalues and a group of eigenstates with
E 4] ] large eigenvalues. The distribution of eigenvector compo-
e nents associated to the highest eigenvalue in EP is ordered
25 ' ; ' towards high correlations with almost no negative values and
0 10 20 30 40 Lo L . . .
a sharp distribution. This implies that the trials quite system-
Re (A,) atically involve a component prescribed by this eigenvector.

) o This is in agreement with earlier finding8], but now it
herEiISp.hi.r eEé(grllﬁ’;‘i; r?fn:g'ﬁ’ixelf%ernt\f/12|LII’%f(]jtlsetz:)usttli?uI?afti(t)zefg:oljsg-comes directly from the time series of single trials without
. ; : any processing and artificial partition into groups of trials. In
obtguned from the EP regiofupper and m'qdl? pgneland the B addition, the correlation matrix approach enabled us to quan-
region(lower panel. All parts present the distributions on the com- _. h f the back d brai - | | )
plex plane. The eigenvalues far=7, which corresponds to the tlfyt e nature of the a? grpun ra'lln E.lCtMty at long laten
maximum ofA..(7) in Fig. 7, are Shown in the upper panel and cies(B), where the precise time locking is lost but a measure
ma .7, o ; ) . .
the eigenvalues for= —40 (corresponding to strong antisymmetry of I(|:0I[{_eq:[[|VIty remalnds_i;fThe t”f]eChatT]'Sm resEplé)nglbtle_t f_or th;s
of C) are presented in the middle one. A typical distribution of thecr ec Ivrl]yhappehellrS_ |beren ronr;l _a olr k', utl '_S n?
eigenvalues in the B region is illustrated in the lower péXote gr?:ertvivs ?él;xrezi Ic?r Iéecgﬁzlejsgfta?rljlll;nie\c/’vcnlgl?rcsﬁaf‘t::]euczz
different scale in the middle pangl. -
nisms. In any case for both EP and B periods the results are

vanishing imaginary part. An interesting sort of collectivity largely consistent with the Gaussian orthogonal ensemble of
can be inferred from an examp|e shown in the middle panel[andom matrices: the introduction of the stimulus leads to a
(7= —40 m3 of Fig. 8. Here the largest eigenvalue is aboutsmall perturbation of the background state, again a result
a factor of 3 repelled more in the imaginary axis direction€choing the conclusion of3], but now reached within a
than in the real direction. This indicates that the antisymmetfirmer and better understood mathematical framework. The
ric part of C is dominating it which expresses certain effects@nalysis offers a way of comparing the degree of collectivity
of antisynchronizatior{synchronization between the signals from the properties of the eigenvectors with the highest ei-
opposite in phaseln the B region, on the other hand, there génvalues, and crucially to quantify the degree of collectiv-
are basically no such effects of synchronization between théy. The beginnings of how the method can be extended to
two hemispheres and, consequently, the complex eigenvafiudy correlations between the two sources of signals was
ues are distributed more or less uniform|y aromam) as an also outlined. In this case the correlation matrix is asymmet-
example in the lowest panel of Fig. 8 shows. ric and results in complex eigenvalues. An immediate appli-
cation of such an extension is to look at correlations among

signals recorded in our experiment from the opposite hemi-
spheres. Introducing in addition the time lag between the

The standard application of the correlation matrix formal-signals one can study the effects of delayed synchronization
ism is to study correlations amoitgearly coincident events between the two hemispheres. The quantitative characteris-
in different parts of a given system. A typical principal aim tics of such synchronization remain in agreement with those
of the related analysis is to extract a low-dimensional, nonfound by other meanfst].
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