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In this study, we investigated the presence of long-range correlation effects in the
electrocortical activity of rats using the Hurst exponent (H) calculated by dispersion analysis
(DA) and an aggregated variance method (AGV). A slow decline of the autocorrelation
function during time expansion and the existence of a correlation between distant time points
of electrocorticograms (ECoGs) were shown to be typical of various pathophysiological
states. In these cases, the H values were within a 0.5 <H < 1 range. A particularly slow decay
of the autocorrelation function is typical of a long-range dependence (LRD). We found that
ECoGs after i.p. administrations of camphor essential oil or its main constituent, 1,8-cineole,
included attacks of uncontrolled electrical discharges and showed the presence of long-
range correlation effects. Such findings are in agreement with recent data obtained by other
authors and suggest that initiation of seizures can be predicted by certain ECoG indices. We
estimated the critical period where the H values for ECoGs containing uncontrolled electrical
discharges continuously increased within a few minutes before the attack. We believe that the
AGYV demonstrates certain advantages over DA in calculations of the H.

KEYWORDS: electrocorticogram, Hurstexponent, long-range correlations, epileptiform

attacks.
INTRODUCTION

Application of nonlinear methods in the analysis
of cerebral electrical activity demonstrates that the
respective models are useful for interpreting complex
pathophysiological phenomena, such as episodes of
abrupt transitions and chaotic behavior [1]. Endogenous
brain oscillations reflected in the electroencephalograms
(EEGs) or electrocorticograms (ECoGs) have fractal
properties, which are relevant to certain neurocognitive
functions in health and disease. The fractal processes
defined by self-similarity are in simple relations with
the fractal dimension (FD) or the Hurst exponent (H) of
various processes [2, 3]. The complexity of epileptiform
EEG signals is evaluated by estimation of their FD,
H, and other nonlinear measures [4-6]. It was found
that the H values of EEG seizure activity significantly
increased before initiation of ictal activity, and the H
value decreased after ictal attacks [7]. Hence, we believe
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that these properties can be used for prediction of
epileptiform electrographic seizures. There are different
approachesto the investigation ofthe neurophysiological
mechanisms crucial for understanding of the processes
of interictal-to-ictal transition in human epilepsy;
these are, in particular, computational models of EEG
activity [8] and experimental animal models [9,10]. We
described some characteristic changes in the spectral,
wavelet, and Higuchi’s FD parameters of electrocortical
activity in a rat model of acute seizures [9-13]. The aim
of this study was to find characteristic changes in the
H of parietal electrocortical activity by the comparative
use of various methods in the rat acute model of epilepsy
provoked by parenteral administrations of camphor
essential oil or 1,8-cineole (the main constituent of
this oil). Preliminary results of this study have already
appeared [14].

METHODS
Operative procedures and the acute experimental

model. In this study, we investigated data obtained
from experimental animals used in previous studies
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for other purposes. Briefly, the experiments were
performed on adult Wistar male rats in accordance
with the rules of the European Council Directive
(86/609/EEC) for the care and use of laboratory animals
and approved by the Ethical Committee of the Institute
for Biological Research (University of Belgrade,
Serbia). The surgery was done under Nembutal (Serva,
Germany) anesthesia. An initial dose of 35 mg/kg
and subsequent injections of ~8 mg/kg every 50-60
min when necessary were used to obtain relatively
light stable barbiturate anesthesia throughout the
experiment. Each animal was mounted in a stereotaxic
apparatus. Partial round-shaped craniotomies were
made over the parietal cerebral cortex (P 2.0 to
2.5 mm and L/R 2.0 to 2.5 with respect to the bregma).
Acute seizures were induced experimentally by i.p.
administrations of 1,8-cineole (Sigma, USA) at a dose
of 300 pl/kg or camphor essential oil (Institute for
Medicinal Plant Research “Josif Pancic,” Serbia) at a
dose of 600 pl/kg (dissolved in 1 ml of saline), as was
described in our earlier study [12]. Each experiment
lasted about 180 min; within this period, a 30-min-
long control interval (before camphor oil/cineole
administration) and a 120-min-long interval after the
above administration were differentiated.

Acquisition of ECoGs. Local field potentials of the
cerebral cortex (ECoGs) wererecorded using epidurally
positioned silver ball electrodes or superficially
positioned intracortical tungsten microelectrodes,
with a ground electrode laid over the frontal bone and
temporal muscles. The ECoGs were amplified and
filtered by a multichannel processor with pass filters
from DC to 1 kHz and a 50-Hz notch. The signals were
digitized at the sampling rate of 256 sec™! and filtered
off-line to avoid artifacts that occasionally appeared
at 61 and 106 sec™'. Electrophysiological recordings
were sequential, and each recorded sample lasted
usually 121 sec. Recordings were repeated every 5-
10 min; sometimes the recorded sequence lasted 1,800
sec in continuum after oil/cineole administration.

Calculation of the Hurst exponent. The scaling
properties of a given discrete time series X = { X, X,

... X} can be expressed through the dependence of the
autocorrelation function C(k) vs the Hurst exponent
(H) in terms of a large-time lag, k:

1 N—k
Chy=——> X,-X,,, ~k*
() N_kz i i+k

i=1

(1)

N
In this case, if N — oo, ZC(/{) — o, and H > 0.5,
k=1
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then the process is called a long-range-correlated
one, or a long-memory process [15]. In the literature,
this behavior of time series has been described as a
“persistent” behavior, which means that an increasing
or a decreasing trend of the time series in the past is
followed with the same trend in the future. When H <
< 0.5, the time series has long-range anticorrelations,
or an “antipersistent” behavior. This means that if the
value of the time series is “up,” then at the next moment
it is “down,” and vice versa. In the case where H =
= 0.5, the process has short-range correlations typical
of ordinary uncorrelated Brownian motion.

Among various methods for determining the H, like
rescaled range statistics [3], wavelet methods [16],
etc., we have chosen in this study dispersion analysis
(DA) [17] and an aggregation variance method (AGV)
[18] taking into account their simplicity and fast
computability.

Dispersion analysis is based on the variability of
local averages over windows of length 1. These local
averages are determined by averaging of neighboring
pairs of points, and calcalation of the standard deviation
o(t). The entire procedure is repeated for different
values of t having in mind the expression o>~ 11?2
for self-similar processes; the quantity H is estimated
as the slope of the regression function of log(o(t)/
o(t,) vs log(t/t,), where 1) is the size of the reference
window.

In the AGV, a new aggregated series is obtained
by dividing a given time series X = {X, X,

... X} into blocks of length m and averaging the series
of each block according to the formula

km
X“")(k):l- DX,y k=12,.int(N/m). (2)

m  i—(k-ym+1

In the next step, the variance of the aggregated

series is calculated:
Nim

D (X" (k) - X)?,

Var(X™) = N 3)

|
m

where X is the mean value of a given time series X. For
successive values of m, the variance of the aggregated
series VS m is plotted on a log — log plot. The result is
a straight line with slope 2H — 2. Large values of N/m
and m ensure that the length and number of blocks are
sufficiently large, and if H > 0.5, the time series shows
long-range correlation.
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RESULTS

We calculated the H values by two methods (AGV
and DA) in the groups of ECoG signals with the
presence of epileptiform discharges, which appeared
after camphor oil or cineole administrations (Fig. 1).
We determined the asymptotic value of H for a
121-sec-long period of observation (at the sampling
rate of f =256 sec™, the total number of signal points
was N =f_- 7=30976).

1 2 3 4 5 6 7

F i g. 1. Values of the Hurst exponent (H, vertical scale) for
ECoG signals containing epileptiform discharges induced by i.p.
administrations of camphor essential oil or its main constituent, 1,8-
cineole. The H values were calculated using dispersion analysis, DA,
and an aggregated variance method, AGV (left and right columns,
respectively); 1-7 are consecutive time series.

P u c. 1. Bennunnu excrioneHTH Xapcra (H; BepTUKajIbHA IIKaja)
st curnanis EKol, mo BwmimryBama emimentudopmHi po3psiay,
IHyKOBaHI BBEIEHHAM KaM(OpHOi oiii abo ii 0CHOBHOI CKJIaHOBOT
(1,8-mueony).
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F i g. 2. Values of the Hurst exponent (H, vertical scale) of 10 time
series of ECoG signals recorded in rats before camphor/cineole
administration (series 1, 3, 7, 8, 9, and 10) and 20 min after camphor
administration (time series 2) and also 5 min, 15 min, and 45 min
after cineole administration (time series 4, 5, and 6). In these cases,
there were no epileptiform attacks in the ECoG samples. Other
designations are the same as in Fig. 1.

P u c. 2. Bennunnn excrionenTtn Xapcra (/; BepTHKaJIbHA IITKaa)
mist 10 cermentie EKol, 3apeecTpoBaHuX Iepel yBEIACHHIM
kambopu/nuaeony (1, 3, 7, 8, 9, 10), yepe3 20 XB miciist BBEACHHS
kaMQopH, a Takox depe3 5, 15, Ta 45 XB micis BBEACHHS IUHEOIY
(4, 5 Ta 6 BiAMOBIAHO).

The H values were below 0.5 (Fig. 2) for the
investigated ECoG signals recorded before camphor
oil and cineole administrations, as well as in cases after
camphor/cineole administrations where epileptiform
attacks did not appear. This fact was an indication of the
absence of the long-correlation effects, which points
to unpredictability, in the sense that a continuous trend
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F i g. 3. Time dynamics of the Hurst
exponent (H, panel B) in ictal and

_1000 1 1 1 1

interictal phases of a time series with
epileptiform seizures in ECoG (panel A).

15 T T T T

Abscissa) Time, sec; ordinate in
A) arbitrary units. In B) Solid and
dashed lines are the H values calculated
using dispersion analysis (DA) and an
aggregated variance method (AGV).

P u c. 3. YacoBa quHaMika eKCIIOHEHTH
Xapcra (H; B) y mexax ikrajpHOI Ta
inTepikranbHoi (a3 3amucie EKol' 3
MIPUCYTHICTIO enizenTH(GOpPMHOI CymToM-
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Fig. 4. Time dynamics of the Hurst exponent

15

in ictal and postictal phases of a time series
with epileptiform seizures. Designations are
the same as in Fig. 3.

Puc. 4. Yacosa panHaMika eKCIIOHEHTH
Xapcra (BenmmunmHu H Oyau po3paxoBaHi
3a JIONIOMOTOI0 JMCHEpCIHHOro aHamily Ta
METOAY 3TpyHoBaHUX BapiaHc; (B) y mexax
IKTaJIbHOI Ta MOCTiIKTaIbHOI (a3 3pa3ka EKol’
3 enuIenTu(GOPMHUMH po3psiiamu (A4).

a
4000

120 sec

3000

2000

1000

-1000

1.0

Fig.5. Critical period for a continuously
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growing Hurst exponent (H) as a sign of
appearing of epileptiform seizure discharges
in ECoG. Designations are the same as in
Figs. 3 and 4.

P u c. 5. Kputuunuii nepioq, y Mexax sIKoro
excrioneHTa Xapcra (H) moctiiiHo 3pocTana
(B), mo € O3HAKOIO MOXIJIHBOCTI IOSBH
eninentudopmuux pospsiais y EKol™ (4).

200 400 600 800 1000 1200

of growth or decline in the amplitude/frequency of the
signal does not exist. In order to examine the nonlinear
properties of ECoG further, we also determined the time
evolution of the H. We examined 121-sec-long time
series after camphor oil administration with ictal and
interictal activity divided into shifted nonoverlapping

windows with a width of 256 points (1 sec), within
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which we calculated H. In this way, we analyzed two
time series with uncontrolled electrical discharges for
the first group of signals (Figs. 3 and 4). This window
length did not cover frequencies below 1 Hz (related
to respiration cycles, etc.); they were not considered
in this work.

The appearance of long-memory effects during
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uncontrolled electrical discharges (ictal activity) shows
a correlation between the distant time points of the
signal and suggests the possibility of prediction of an
epilepticattack. Forthispurpose, weanalyzed 1,800-sec-
long time series containing manifestations of epileptic
attacks and determined the time development of H. In
this case, the choice of an optimal number of points in
a moving time window is essential. Although free to
choose a greater width of the window, we chose values
closer to an asymptotic value of the H, since the number
of points cannot be too large because of possible
technical implementations. We have chosen a window
width containing 10,240 points (80 sec) and applied
DA and AGV methods for calculating the H values.
We found that, starting from the moment of about 8§00
sec after cineole administration and thereafter, the H
value started to grow continuously, with no global
variation until the beginning of an epileptiform attack,
when it reached a top value (Fig. 5). We call this
period before the beginning of the epileptiform attack
the critical period. In our case, the duration of this
period was 3.2 min (about 190 sec). By analysis of
Fig. 5, it can be concluded that changes in the critical
period were more clearly expressed when we used the
AGYV method. Of course, this finding must be verified
on a larger number of cases in future research.

DISCUSSION

We investigated the nonlinear properties of the time
series in the animal model of epileptic seizures by
calculationoftheHvalues fortheelectrocortical activity
before and after epileptogenic drug administration.
In all cases, the H values were above 0.5, which
points to the fact that long-range correlation effects
do appear in ECoGs during uncontrolled electrical
discharges. Our results of calculation of the H values
are in accordance with the findings obtained by other
authors with respect to nonlinear properties of brain-
produced signals [7, 18]. Computer simulations of
such brain signals with model neural networks showed
that the signal possesses much greater predictability
when long-range correlation effects predominate.
Thus, a trend toward increasing or decreasing the
amplitude of the signal in the past will be followed
by the same trend in the future, as is in the case where
the epileptic attack develops. In particular, when
H—1, these effects bear the name long-memory effects,
because, roughly speaking, the signal “remembers” its
previous state.
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We used two methods for the determination of the
H (DA and AGV) in order to obtain more accurate
results, which could confirm our assumptions. It
is clear that there is an increase in the H values
during seizures, which points to an increase in the
degree of self-similarity and the appearance of long-
range correlation. On the other hand, the connection
between the FD and H described by the formula
FD =2 — H [15] means that, during epileptic attacks,
there is a decrease in the FD values. This was noticed
in our recent study [13] where we mainly calculated
the mean FD values of electrocortical activity without
separation of the ictal vs interictal activity duringl121-
sec-long sequences. This circumstance could mask the
FD value during particularly short-lasting epileptiform
discharges. The H values in the acute seizures induced
by camphor oil/cineole parenteral administration are
in agreement with the results of other researchers,
who found significant decreases in the FD and an
increase in the slow-frequency range power spectra of
the cortical activity at the beginning of a grand mal
attack [19]. Analysis of ECoGs in rats just before the
first uncontrolled discharges (an epileptiform attack)
and thereafter showed the appearance of long-range
correlation and demonstrated the possibility to predict
thedevelopmentofanepilepticattack. Thisfactcanserve
as a starting point for further research. We should keep
in mind the interesting experimental results obtained
by Barbaro et al. [20] who hypothesized that the slow-
frequency ECoG ranges play a key role in functioning
of the brain. An interesting quantitative approach
using fractal analysis [21] for identifying the onset of
epileptic seizures in the intracranial ECoG in patients
with refractory mesial temporal lobe epilepsy during
the evaluation of the neurosurgery effects provides a
promising computational tool for determination of the
electrographic seizure onset in clinical applications.
It should also be mentioned that, in the acute animal
model of seizures, we showed the eventual cerebellar
involvement in the genesis of epilepsy using linear and
nonlinear analytic approaches [22]. The application of
a wavelet-based functional mixed-effect model [23] for
analysis of the cerebral and cerebellar activity in acute
seizures can provide researchers with more details from
the aspect of not only prediction but also termination
of epileptic attacks.
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AHAJII3 DJIEKTPOKOPTHUKAJILHOI AKTUBHOCTI,
SKA MICTWJIA B COBI IHAYKOBAHI BBEJIEHHAMU
KAM®OPHOI OJIIT ABO 1,8-IIUHEOJIA
ENUIENITU®OPMHI ENI30/1, 3 BAKOPUCTAHHSIM
EKCIIOHEHTU XAPCTA

! TacturyT Gionoriunux gociijokeds “Cinima CtankoBiu”,
Benrpan (Cepbis).

PeswowMme

Mu BUSIBASIN IPUCYTHICTH TUITHOK TPUBAJIOT KOPENALii B €eK-
tpokopTukorpamax (EKol') mypiB, BUKOPUCTOBYIOUH MOOYIOBY
ekcioHeHTH Xapcta (H). OcTaHHIO PO3pPaxOByBalM Ha OCHOBI
nucnepciinoro anamizy (DA) a6o Meromy 3rpymoBaHUX Bapi-
anc (AGV). B EKoI, 3apeecTpoBanux y pi3HUX (i310T0TTHHUX
CcTaHax, CIOCTepirajgucs MOBiJbHE 3aTyXaHHS ayTOKOpEIALiii-
HOi QpyHKIIT TP PO3TATHEHH] 4acOBOI MKATH Ta KOPEISIisT MiXK
BiAIalIEeHNMHU YaCOBUMH TOUKaMH. Y IUX BHUMaAKaX 3HauYeHHs [
3Haxoauaocs B fAiama3oHi 0.5<H<1.0. OcobnuBo moBinbHE 3a-
TyXaHHS ayTOKOpesAUiiiHol QyHKUII CBIAYHUTH HNPO HAABHICTH
noBrojfiana3zonnoi 3anexHocti (LRD). Mu BctaHoBuau, mo B
EKol, 3apeecTpoBaHuX miciisi BHYTPIIIHHOOYEPEBUHHUX 1H €K-
it kamgopuoi onii abo i OCHOBHOIO aKTHBHOTO KOMIOHEHTa
1,8-nuHeony, Oynau HasBHI CllaJlaXW HEKOHTPOJIbOBAHUX PO3Ps-
niB (emizenTuGOpPMHI emi301M) Ta TPOSBU TPUBAJIOI KOPEIALi].
i cmocTepexxeHHs y3TOMKYIOTHCSA 3 pe3yiabTaTaMH, IpO KOTpi
MOBiJOMJISUTH 1HIII ABTOPH, Ta BKAa3yIOTh Ha MOXJIHMBICTh Epe.-
0avaTv MOXJIMBHUH PO3BUTOK CYIOMHOI aKTUBHOCTI. SIK BUSABH-
n0cs, KpUTHIHUH Mepios, y Mexax KOTPOTO BenudyuHa H ans
EKoI" 3 HasgBHiCTIO enisienTU)OPMHHUX €Mi30iB 1 KOTpUU mepe-
Jy€ PO3BUTKY CyAOMHOT aKTUBHOCTI, CKJIa/la€ AeKiTbKa XBUIUH.
Mu BBaxkaemo, mo metox AGV npu po3paxynky H mae npede-
penuii nopiBusHO 3 DA.
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