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Purpose:We recorded with intracerebral electrodes the onset of limbic seizures in patients with mesial temporal lobe e
(MTLE) to identify the dynamic interactions between the hippocampus (HIP), amygdala (AMY) and entorhinal cortex (
Methods:Interactions were quantified by analyzing the interdependencies between stereo-electroencephalographic
signals using a nonlinear cross-correlation method. Seizures from 12 patients were analyzed by identifying three p
interest: (i) the rapid discharge that occurs at seizure onset (“during rapid discharge”, DRD period); (ii) the time inter
precedes this rapid discharge (“before rapid discharge”, BRD period); and the time that follows the rapid discharge
rapid discharge”, ARD period). The transition from interictal to ictal discharge was classified into: (i) “type 1 transitio
which the emergence of pre-ictal spiking was followed by a rapid discharge; and (ii) “type 2 transition” that was ass
with rapid discharge onset without prior spiking.Results:In both types of transition the BRD period was characterized
significant cross-correlation values indicating strong interactions among mesial temporal structures as compared to t
during background activity. Interactions between HIP and EC were predominant in 10 of 12 patients (83%). Interactions
EC and AMY were observed in 6 of 12 cases (50%) and between AMY and HIP in 7 of 12 cases (58%). Analysis of c
directionality indicated that most of the couplings were driven either by HIP (six patients) or by the EC (four patients). Th
period was characterized by a significant decrease of cross-correlation values. In addition, type 1 transition was char
by interactions that uniformly involved the three structures, while type 2 transition was associated with interactions betw
and HIP. Finally, analysis of coupling direction demonstrated that the HIP was always the leader in type 1 transition wh
type 2 the EC was most often the leading structure.
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Conclusions:This study demonstrates that pre-ictal synchronization between mesial structures is the initial event for seizures
starting in the mesial temporal region.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Seizures in patients with mesial temporal lobe
epilepsy (MTLE) are the most common form of partial
epileptic seizures (Williamson et al., 1998). Since they
are often resistant to antiepileptic drug treatment, de-
tailed study of the functional organization of the epilep-
togenic zone in MTLE patients may provide important
indications for therapeutic approaches such as selective
surgery, selective radio surgery or depth stimulations.
Depth-EEG recordings performed with intracerebral
electrodes during pre-surgical evaluation have shown
that seizures in MTLE patients are generated within the
mesial part of the temporal lobe (Bancaud, 1981; Engel
et al., 1989; Spencer et al., 1992). However, the precise
functional organization of the epileptogenic zone is still
a matter of debate (Bartolomei et al., 2001; Bertram et
al., 1998).

According to the “focal” model, a single patho-
logical region is responsible for seizure generation.
Accordingly, in the past, most studies have focussed
on the role of hippocampal alterations in MTLE and
some of these investigations have established a link
between the presence of hippocampal atrophy and the
area of seizure onset (King et al., 1997). In contrast,
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Velasco et al., 2000a). However, in this situation, the
relative contribution of the different mesial structures
(amygdala, rhinal cortices and hippocampus) remains
poorly understood in humans, even though studies in
human (Spencer and Spencer, 1994) or animal models
(Barbarosie et al., 2000; Lothman et al., 1991) have
suggested that the abnormal interaction between en-
torhinal cortex and hippocampal formations may be
responsible for seizures.

In this paper, we analyzed the dynamics of in-
teractions between three limbic areas (i.e., amyg-
dala, entorhinal cortex and hippocampus), which were
recorded with depth electrodes, during seizures in
MTLE patients. These interactions were quantified by
estimating the interdependencies between EEG sig-
nals. Specifically, a signal processing method based
on nonlinear regression analysis (Meeren et al., 2002;
Pijn, 1990; Wendling et al., 2001) was applied to depth-
EEG time series in order to characterize the evolution of
their cross-correlation. Based on the analysis of interac-
tions between regions at the onset of seizures recorded
intracerebrally, our results support the “epileptogenic
network” hypothesis, namely that synchronized oscil-
lations among spatially distributed limbic structures
represent the substratum of the epileptogenic zone lev-
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the “network” model holds that limbic seizures m
result from a more extensive alteration of lim
networks within the temporal lobe (Bartolomei et al.
2001; Bertram et al., 1998). Recent findings suppo
this second view. Besides hippocampal atrophy, re
studies have demonstrated a reduction in the vo
of other limbic regions, such as the entorhinal corte
MTLE patients (Bernasconi et al., 1999, 2000; Ju
et al., 2001) (Du et al., 1993). Moreover, experiment
studies indicate that seizure onset in MTLE mo
involves several limbic regions (Avoli et al., 2002
Bertram et al., 1998).

Depth electrode studies in MTLE patients have
revealed that epileptic discharges may be reco
from several limbic regions, including the hippoca
pus and the entorhinal cortex (Bartolomei et al., 2001
eling this epileptic disorder .

2. Methods

2.1. Patient selection and SEEG recording

Twelve patients undergoing pre-surgical evalua
of drug-resistant MTLE were selected. All patients
a comprehensive evaluation including detailed his
and neurological examination, neuropsycholog
testing, routine magnetic resonance imaging (M
surface electroencephalography (EEG) and ste
electroencephalography (SEEG, depth electrod
The latter was performed during long-term video-E
monitoring. SEEG was carried out as part of
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patient’s normal clinical care, and they gave informed
consent in the usual way. Patients were informed that
their data might be used for research purposes.

Patients were selected for the present study if they
satisfied the following criteria: (i) seizures involved
the mesial temporal regions at the onset; (ii) MRI was
normal or suggestive of hippocampal sclerosis (HS)
(hippocampal atrophy and increased T2 signal); (iii)
electrodes were placed in the entorhinal cortex, the hip-
pocampus and the amygdala in addition to other parts
of the temporal lobe (temporal pole, insular cortex, first
temporal gyrus).

SEEG recordings were performed using intrac-
erebral multiple contact electrodes (10–15 contacts,
length: 2 mm, diameter: 0.8 mm, 1.5 mm apart) placed
intracranially according to Talairach’s stereotactic
method (Musolino et al., 1990; Talairach et al., 1974).
The positioning of electrodes was established in each
patient based upon available non-invasive information
and hypotheses about the localization of the epilep-
togenic zone. The implantation accuracy was per-
operatively controlled by telemetric X-ray imaging.
A post-operative computerized tomography (CT) scan
without contrast was then used to verify the absence
of bleeding and the precise location of each recording
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and recorded on a hard disk (16 bits/sample) using no
digital filter. The only filter present in the acquisition
procedure was a hardware analog high-pass filter
(cut-off frequency equal to 0.16 Hz) used to remove
very slow variations that sometimes contaminate the
baseline.Table 1provides clinical information about
the patients selected for our study.

2.2. SEEG signal analysis

2.2.1. Definition of periods of interest
Signals recorded in each patient from the hippocam-

pus (HIP), the amygdala (AMY) and the entorhinal
cortex (EC) during the transition from interictal to
ictal activity were first visually analyzed. From vi-
sual inspection, a recording reflecting the most typi-
cal seizure pattern was selected for each patient. Then,
for every signal of the 12 selected recordings shown in
Fig. 2, the rapid discharge that occurs at seizure onset
was delimited by visual inspection. In most cases, a
time–frequency representation of signals (spectrogram
computed from short-term fast Fourier transform) was
used to accurately determine the beginning and the end
of the rapid activity, as illustrated inFig. 3. A first pe-
riod of interest corresponding to the rapid discharge
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rajectory of each electrode. Finally, CT scan/MRI d
usion was performed to anatomically locate each
act along the electrode trajectory.

Several distinct functional regions of the tempo
obe can be explored via an orthogonal implantatio
epth electrodes (Fig. 1). All the patients had electrod

hat spatially sampled mesial/limbic regions (am
ala, entorhinal cortex and hippocampus) and
ral/neocortical regions of the middle temporal gy
he EC is the rostral part of the parahippocampal co
xtending from the limen insulae (anteriorly) to the h
ocampal fissure (posteriorly) and from the subicu
medially) to the fundus of the collateral fissure (la
lly) (Insausti et al., 1995). EC was sampled with a
lectrode passing through the anterior temporo-b
egion of the temporal lobe. This electrode recor
he middle temporal gyrus, lateral and mesial wall
he occipito-temporal and collateral fissures, and
nded in the entorhinal cortex (Fig. 1a and b).

Signals were recorded on a 128-chan
eltamedTM system. They were sampled at 256
present on each of the three channels was then de
This period is referred to as the DRD period (“dur
rapid discharge”). From the delimitation in time of
DRD period, two other periods, respectively deno
by “BRD” (“before rapid discharge”) and “ARD” (“af
ter rapid discharge”) were defined (Fig. 4). The cross
correlation estimation was carried out during the wh
duration of period DRD. For both BRD and ARD pe
ods, we arbitrary chose duration of 10 s for analysi
fourth period of background activity (BKG, duratio
10 s) was also analyzed in each patient. BKG per
were spaced at least 1 min apart from the ictal disch
and were used as reference periods in the analys
(i) spectral features of the SEEG signals and (ii) co
lations between these signals averaged over perio
interest.

2.2.2. Spectral analysis of BKG and DRD periods
In each patient, and for each signal recorded f

HIP, AMY and EC power spectral densities were c
puted on signals recorded over the BKG and D
periods in order to characterize and to compare
distribution of their energy as a function of freque
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Fig. 1. Example of depth electrodes implantation for SEEG in temporal lobe epilepsy. Lateral view of all depth electrodes (patient GAR)
superimposed on a 3D image. (a) and (b): coronal view of a pre-operative plan (a) and post-implantation (b) MRI of depth electrode route
superimposed on a T1 MRI image. The selected slice shows the position of the electrode #1 (in green) reaching the collateral sulcus region at
the end (in b, the arrow indicates the route of this electrode). Electrode #1 records the electrophysiological activity (EA) within the entorhinal
cortex (internal contacts) and the anterior part of the inferior temporal gyrus (external contacts); electrode #2 records EA within the temporal
pole (internal and external contacts), electrode #3 records the EA in the amygdala (internal contacts) and within the anterior part of the middle
temporal gyrus (external contacts); electrode #4 records the EA within the hippocampal head (internal contacts) and the middle part of the
middle temporal gyrus (external contacts), electrode #5 records EA within the anterior part of the insula (internal contacts) and the anterior part
of the superior temporal gyrus (external contact); electrode #6 records EA within the hippocampal tail (internal contact) and the posterior part
of the middle temporal gyrus (external contacts); electrode #7 records EA within the occipito-temporal junction and electrode #8 records EA
within the isthmus of the cingulate gyrus (internal contacts) and the supra-marginalis gyrus (external contact).

(Fig. 4b). Power spectral densities were estimated by
averaging power spectra computed from Fast Fourier
Transform (FFT) of the time series. FFT’s were per-
formed on blocks of 256 samples (1 s) with an overlap-
ping of 50%.

2.2.3. Estimation of average correlations over
periods of interest

Correlation between signals (or cross-correlation)
recorded from HIP, AMY and EC was estimated as a
function of time by using nonlinear regression analy-

sis. (Lopes da Silva et al., 1989; Pijn, 1990; Pijn and
Lopes Da Silva, 1993). This analytical method has
recently been used by us to measure the degree and
direction of functional coupling between neuronal pop-
ulations (Wendling et al., 2001). The method is outlined
in Appendix A. In brief, nonlinear regression analysis
provides a parameter, referred to as the nonlinear cor-
relation coefficienth2, that takes its values in [0,1].
Low values ofh2 denote that signals X and Y are in-
dependent. On the contrary, high values ofh2 mean
that signal Y may be explained by a transformation
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Table 1
Patients data

Patients Gender/
age

Historical findings Type of
epilepsy

MRI abnormalities Number of
recorded
seizures

Patterns
subtypes

Prominent
electrophysiological
subtype studied

Type 1 Type 2

BIG F/43 FS at 8 months
(encephalitis)

L-MTLE Bilateral HS, left > right 2 2 2

BRE F/31 R-MTLE Normal 5 1 4 2
CAN M/28 FS at 6 years L-MTLE Left HS 2 2 1
CLE M/30 L-MTLE Left HS 4 1 3 2
CRO F/14 FS at L-MTLE Left HS 4 4 1
GAR M/30 FS at 15 months R-MTLE Right HS, left frontal

arachnoidian cyst
6 5 1 1

GON F/31 FS at 2 years L-MTLE Left HS 1 1 1
GOS F/30 Encephalitis at age 7 L-MTLE Left HS 7 7 2
MAR M/15 L-MTLE Left HS 6 5 1 1
PAS F/35 FS at 11 months R-MTLE Right HS 2 2 1
SCH F/38 FS from 1 to 2 years,

familial history
epilepsy

L-MTLE Bilateral HS, left > right 3 3 1

TAL M/35 L-MTLE Normal 2 2 2

Abbreviations: M: male, F: female, FS: febrile seizure; R-MTLE: right mesial temproal lobe epilepsy; L-MTLE: left mesial temproal lobe
epilepsy, HS: MRI suggestive of hippocampal sclerosis (atrophy and hyperintensity on T2 sequences).

(possibly nonlinear) of signal X, i.e. signals X and Y
are dependent. In addition to the estimation ofh2, a
second quantity is evaluated that brings information on
the causal property of the association. This quantity,
referred to as the direction index D, takes into account
both the estimated time delayτ between signals X and
Y (latency) and the asymmetrical nature of the nonlin-
ear correlation coefficienth2 (values of theh2 coeffi-
cient are different if the computation is performed from
X to Y or from Y to X). Values of parameterD range
from −1.0 (X is driven by Y) to 1.0 (Y is driven by X).

Signals were sampled at 256 Hz; this consideration
leads to choose a length of 4 s for the analysis win-
dow sliding by steps of 0.25 s (Fig. 5a and c).h2 values
were averaged over each period of interest (BKG, BRD,
DRD and ARD, defined above), for each pair of sig-
nal (HIP–AMY, HIP–EC and AMY–EC) and for each
recording. The above parameter setting (4 s window
with 0.25 s steps) leads to a number of 24h2 values
averaged over a period of 10 s.

Results were represented in a graph that provides
average values and standard deviations as a function of
the considered period (Fig. 5d). In this representation,
an arrow is used to indicate unidirectional coupling
direction, when significant i.e. when two conditions are

satisfied: i)h2 value is significantly high (signals are
correlated) and ii)D ≥ 0.5 (asymmetry and time delay
measures indicate the same direction of coupling, by a
majority).

2.3. Statistical analysis

Statistical analysis focused onh2 values, averaged
over periods of interest in order to determine if signif-
icant differences exist in the evolution of correlation
values computed between signals from hippocampus,
amygdala and entorhinal cortex over the background
(BKG), the pre-ictal (BRD) and the ictal (DRD and
ARD) periods. For each patient and for each pair of
signals, averagedh2 values were first normalized ac-
cording to the following equationw = (1/2)ln((1 +
r)/(1 − r)) in order to make their distribution Gaus-
sian (Bendat and Piersol, 1971). Then, a student’st-test
and a one-way analysis of variance were performed in
order to determine whether normalized distributions
of correlation values averaged over the BKG, BRD,
DRD and ARD periods have the same or significantly
different mean. A standard tool of numerical analy-
sis (Matlab’s ANOVA routine, statistics toolbox) was
used.
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Fig. 2. Typical interictal to ictal transition electrophysiological patterns observed in the 12 studied patients. In each case, a 1 min period is
displayed. Upper, middle and lower traces correspond to bipolar SEEG signals recorded from the hippocampus (HIP), amygdala (AMY) and
entorhinal cortex (EC), respectively. The onset of the rapid discharge is marked by the vertical line. Pattern 1 was observed in patients CAN,
CRO, GAR, MAR, PAS, SCH) and pattern 2 in patients BIG, BRE, CLE, GON, GOS, TAL.
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Fig. 3. Time–frequency representation (TFR) of SEEG signals recorded from the hippocampus and entorhinal cortex at seizure onset in patient
BIG (energy distribution computed from the spectrogram obtained with short-term FFT computed over a 1 s duration sliding window). TFR
is used to reveal the high-frequency activity (around 30 Hz, lower EEG gamma band) corresponding to the rapid discharge and to delimit this
discharge in time. The DRD period (“During Rapid Discharge”) is defined as the union of EEG segments exhibiting high-frequency activity at
seizure onset.

3. Results

3.1. Visual inspection of SEEG signals and
analysis of power spectral densities

All selected seizures started from the mesial region
of the temporal lobe. Signals recorded by electrodes
sampling other temporal lobe regions (i.e., neocortex,
temporo-basal cortex, insular cortex) as well as from
electrodes positioned in frontal and parietal lobe, did
not show EEG modifications, indicating that these re-
gions were not involved at seizure onset. All seizures
were characterized by the appearance of a rapid dis-
charge in the three considered mesial structures. The

duration of rapid discharges (and thus the duration of
the DRD period) was found to vary from patient to
patient (8.9± 3.2 s,Table 2).

The transition between interictal period and ictal
rapid discharges could be classified into two cate-
gories according to two main patterns defined in pre-
vious studies ((Engel et al., 1989; Spencer et al., 1992;
Velasco et al., 2000a) (Fig. 2). In the first pattern (“type
1”), the transition from interictal to ictal activity was
characterized by the emergence of a low-frequency,
high-amplitude rhythmic spiking followed by the rapid
discharge. In the second pattern (“type 2”), the seizure
onset was characterized by the emergence of the rapid
discharge without prior spiking. Eight patients (63%)
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Fig. 4. (a) Delimitation of periods of interest. The first defined period corresponds to the rapid discharge that occurs at seizure onset (DRD
period, visually defined, seeFig. 3). From the delimitation in time of the DRD period, two other periods (BRD and ARD) are defined. The
BRD (respectively ARD) period corresponds to the 10 s interval that precedes (respectively follows) the DRD period. A fourth period of interest
(BKG) that corresponds to background SEEG activity is also chosen for use as the reference period for quantitative comparison of spectral
features and cross-correlations. (b) In each patient, the normalized power spectral density (PSD) of signals recorded from the hippocampus,
amygdala and entorhinal over the DRD period was compared to that computed over the BKG period. It revealed the presence of fast oscillations
(beta—12–24 Hz—and low gamma frequency bands−25–35 Hz) at seizure onset that are not present in signals recorded during background
activity (BKG).

were found to have a single type of electrophysiologi-
cal pattern at seizure onset (type 1: 4 patients; type 2:
4 patients) (Table 1). Four patients were found to have
both types of seizure onset pattern. However, in these
cases we found that one type was predominant.

Power spectral densities for each signal recorded
from hippocampus, amygdala and entorhinal cortex

confirmed visual inspection. A typical example is il-
lustrated inFig. 4(b). During the BKG period, sig-
nal energy was always distributed over low-frequency
bands (i.e. up to 12 Hz). In contrast, during the DRD
period, energy re-distributed over higher frequency
bands, preferentially in beta and low gamma bands
(from 12 to 35 Hz).



F. Bartolomei et al. / Epilepsy Research 61 (2004) 89–104 97

Fig. 5. Signal processing procedure used to characterize coupling between structures from signals they generate. On each pair of signals,
nonlinear regression analysis is used to compute (a) the nonlinear correlation coefficienth2 and (b) the time delayτ from upper signal to lower
(solid line, AMY to EC) and vice-versa (dotted line, EC to AMY). (c) Asymmetry information (difference betweenh2 coefficients) and time
delays are jointly used to compute the direction indexD that characterizes the direction of coupling. When greater than 0.5 (respectively lower
than−0.5),D indicates a coupling from upper to lower signal (respectively lower to upper signal). (d)h2 values are averaged over considered
periods and information is represented as a graph in which line thickness is proportional to the averageh2 value and in which the arrow indicates
coupling direction, when significant. Standard deviation of coefficienth2 is also provided.

3.2. Cross-correlations of signals from mesial
structures

Fig. 6 shows graphs providing the average value
and standard deviation of nonlinear correlation co-
efficient h2 computed over each period of interest
and for each pair of signals (HIP–AMY, HIP–EC and
AMY–EC). The BRD period was characterized by
significant values indicating strong interactions be-

tween mesial temporal structures compared to the BKG
period. Interactions between HIP and EC were predom-
inant, observed in 10/12 cases (83%). Interactions be-
tween EC and AMY were observed in 6/12 cases (50%)
and between AMY and HIP in 7/12 cases (58%). The
analysis of coupling directionality characterized by the
direction indexD indicated that most of the couplings
were driven either by HIP (in six patients) or by the
EC (in four patients). Only one patient had interaction
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Fig. 6. Results obtained in the 12 studied patients. For each pe-
riod (BKG, BRD, DRD, and ARD) and for each triplet of signals
(recorded from HIP, AMY and EC), averageh2 values and standard
deviations as well asD values are represented as a graph. Thicker
lines indicate higher correlations. Arrows indicate coupling direc-
tion. Asterisk indicates significantly high values (+ 2 standard devi-
ations) with respect to those computed over the BKG period.

Table 2
Duration of the rapid discharge period (DRD) and electrophysiolog-
ical subtype of interictal to ictal transition (types 1 or 2)

Patients DRD period duration (s) Type

BIG 6.3 2
BRE 6.5 2
CAN 9.1 1
CLE 15.3 2
CRO 4.4 1
GAR 11.3 1
GON 9.3 2
GOS 9.2 2
MAR 12.9 1
PAS 6.7 1
SCH 10.3 1
TAL 5.5 2

in which the amygdala seemed to play the leader role
(Fig. 6).

The DRD period was characterized by a decrease in
h2 values indicating a drop of the degree of coupling
between considered structures for most combinations,
while the ARD period disclosed a marked re-increase
of values denoting a new strengthening of couplings
after the rapid discharge. This result was confirmed by
analyzing the estimated averageh2 values. Statistical
results are presented inFig. 7 that shows normalized
h2 values (cf.Section 2.3). The empirical distribution
of normalizedh2 values, displayed inFig. 7(b), are
assumed to be Gaussian. A conventionalt-test was
then performed to measure the significance of observed
differences of mean (Fig. 7, legend). As shown in
Fig. 7(b), the correlation values measured during the
BRD period are statistically higher than those measured
during the BKG periods. Values obtained in DRD pe-
riod were significantly lower than the values obtained
during the BRD and the ARD periods. Results dis-
played inFig. 7(c) in the form of a so-called “boxplot”,
confirmed those obtained with thet-test. The lower and
upper lines of each “box” (25th and 75th percentiles of
each sample) and the line in the middle of the box (sam-
ple median), respectively, indicates that the distribution

2 ig-
KG

out-

ents
riod
of normalizedh values during the BRD period are s
nificantly higher than values measured over the B
and DRD periods.

Finally, one can also notice the presence of five
liers in the boxplot ofFig. 7(c) (symbol “+”) that do
not contradict the above results. Indeed, in two pati
h2 values (HIP–EC) measured over the BRD pe
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Fig. 7. Results of statistical analysis performed to test the significance of the observed differences between correlation values measured over
considered periods. (a) The 36 averageh2 values (3 pairs of signals per patient, 12 patients) are first normalized in order to make their distribution
as Gaussian (b) before performing statistical tests. (c) Boxplot performed on normalized values. The lower and upper lines of each “box” (25th
and 75th percentiles of each sample) and the line in the middle of the box (sample median), respectively, indicate that the distributions ofh2

values over the BKG, BRD and DRD periods are narrower than that computed over the ARD period. The “whiskers” (lines extending above
and below the box) show the extent of the rest of the sample. The notches in boxes graphically show the confidence interval (95%) about the
median of each distribution. The fact that they do not intersect indicates that means significantly differ from period to period:h2 values measured
before the rapid discharge (BRD) are significantly higher than those measured during background activity (BKG) and during the rapid discharge
itself (DRD). For the period that follows the rapid discharge (ARD) strong re-coupling is indicated by significantly highh2 values. See text for
information about outliers (plus signs). Student’st-test indicate significantly different means ofh2 values between BKG and BRD periods (P =
1.8E−06), BRD and DRD periods (P = 2.7E−03) and DRD and ARD periods (P = 7.0E−07).
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were found to be higher than the mean ofh2 values
computed in all patients. This indicates a stronger pre-
ictal synchrony. In two other patients the same obser-
vation could be obtained by analyzing the BKG period
(HIP–AMY and HIP–EC, respectively). Finally, the
fifth outlier corresponds to the onlyh2 value measured
on the DRD period that deviates from the distribution
of values over this period (higher than the mean).

3.3. Relationship between correlation values and
interictal/ictal transition patterns

We also investigated whether the interactions be-
tween limbic structures differed as a function of the
two visually defined patterns (type 1 and type 2) ob-
served during transition from interictal to ictal activ-
ity. Fig. 8(a) shows the number of significant coupling
values obtained in the two pattern-based groups dur-
ing the BRD period. Type 1 was characterized by in-

teractions that uniformly involve the three structures.
Interestingly, in the type 2 group, interactions seemed
to predominate between EC and HIP. Finally, by ana-
lyzing the direction index during the BRD period, we
found that the HIP was always the leader structure in
the type 1 seizure pattern whereas in the type 2 seizure
pattern, EC was the leader structure in the majority of
cases (Fig. 8b).

4. Discussion

This study demonstrates that SEEG signals recorded
from limbic structures of the temporal lobe are char-
acterized by a significantly high correlation during the
period preceding the appearance of rapid epileptic dis-
charges. This first period of “synchrony” was also fol-
lowed by a period of “desynchrony”, that corresponds
to the appearance of rapid discharges, marked by a
Fig. 8. (a) Number of significant interactions determined by nonlinear
hippocampus (Hip) and entorhinal cortex (EC) in type 1 and type 2
which the EC or the Hip is leader according to the seizure subtype.
regression analysis (h2) during the BRD period between amygdala (Amy),
seizures. (b) This graph shows the proportion of EC-Hip interactions in
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decrease of cross-correlation. To our knowledge this
result has not been shown previously and warrants dis-
cussion from several points of view.

Firstly, we have characterized the interactions
between different limbic areas by computing the cross-
correlation of SEEG signals. In previous decades nu-
merous methods for computation of synchronization
between EEG signals have been proposed, both linear
(such as coherence analysis), and nonlinear (such as
mutual information); these have been used not only in
the field of epilepsy but also in cognitive science. Al-
though results may differ from one method to the other
several recent studies have tended to show that, qualita-
tively, results are similar (Quian Quiroga et al., 2002).
In the past, we mainly used a nonlinear method based
on nonlinear regression analysis, whose first applica-
tion to EEG signals was proposed by the Amsterdam
group (Lopes da Silva et al., 1989; Pijn and Lopes Da
Silva, 1993). This method is known to give a robust
estimate of the statistical coupling between two sig-
nals (coefficienth2). Recently, we have complemented
this by adding an estimate of the direction of coupling
(Wendling et al., 2001).

Using these two indices (coefficienth2 and direc-
tion index), we characterized the functional coupling
b er the
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demonstrating that pre-ictal synchronization between
mesial structures is the initial event for seizures start-
ing in the mesial temporal region. Detailed analysis
of correlation and direction indices values showed that
the hippocampus was involved in most of the signif-
icant couplings, and that the entorhinal cortex could
be the leading structure in some situations. We have
also found that the amygdala is more rarely involved.
These results give strength to the hypothesis of a hyper-
excitable limbic network in which the “driving input”
may arise from one of the mesial structures. In addi-
tion, recent studies have shown that subiculum could
also be an important site of epileptic activity (Cohen
et al., 2002). The implantation of electrodes in our
patients did not allow us to specifically explore this
part of the hippocampal region. We therefore can-
not exclude the possible participation of this struc-
ture in the network synchronisation observed at seizure
onset.

Two different electrophysiological patterns of pre-
ictal synchrony were observed during the interictal
to ictal transition period. The first one (emergence
of a low-frequency, high-amplitude rhythmic spiking
followed by a tonic discharge (Spencer et al., 1992;
Velasco et al., 2000a)) was characterized by an initial
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etween mesial structures at seizure onset and ov
eriods that immediately precede and follow seiz
nset (i.e. transition from interictal to ictal activit
nd compared results with those obtained over a r
nce period of background activity. In this sense,
tudy differs from recent work dealing with the det
ion of EEG changes several minutes or even h
efore the occurrence of seizure discharges (Le Van
uyen et al., 2001; Mormann et al., 2003). Some o

hese studies suggest that a pre-ictal decrease in
hrony, lasting for several minutes or hours, is a
isposing factor for seizure development. Our res
re not in disagreement with these studies, sinc

ncrease in synchrony we observed takes place j
ew seconds before the emergence of the rapid
ischarge.

Secondly, the rapid ictal discharge always invol
istant and functionally distinct mesial temporal str

ures (HIP, AMY and EC) almost simultaneously.
previous report we hypothesized the existenc
“synchronizing system” that would provide to

imultaneous onset of fast activity (Wendling et al.
003). The present study confirms this hypothe
synchronization between the three mesial struct
For this first pattern, our data suggests that spiking
tivity is more likely to be triggered by the hippocamp
than by the EC. This result is in agreement with the
terpretation ofSpencer and Spencer (1994)who also
suggested that pre-ictal spiking was not related to
activity but rather was of hippocampal origin. We a
found that the EC was constantly involved during
tonic phase and we interpret its role as a propag
route to other structures, in particular the neoco
Indeed, numerous direct reciprocal connections
between these two structures, while the connection
tween hippocampus and neocortex are mainly ind
passing through the EC (Amaral and Insausti, 1990).

In the second pattern, the scenario was found
different. The evident synchrony over the BRD pe
took place in the absence of pre-ictal spiking. The B
period interactions were predominately between
and EC, and in this case the EC was found to be the
ing source of this synchrony. This result suggests
synchronized oscillations take place before the e
gence of the rapid discharge and are initiated in
EC.
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Numerous experimental works have demonstrated
that the EC could be a key structure in the genesis of
ictal activity in vitro. Most of these experiments were
performed using combined slices of rat hippocampus-
entorhinal cortex treated with chemical convulsants.
In this type of preparation, prolonged ictal discharges
are initiated in the deep layers of the entorhinal cortex
and propagate to the hippocampus proper via the per-
forant path/dentate gyrus (Barbarosie and Avoli, 1997;
Heinemann et al., 1993; Jones et al., 1992). Under
these conditions, the EC is prone to display sustained
tonic ictal discharges, more prolonged than those oc-
curring in the hippocampus (Heinemann et al., 1993).
Because of its intrinsic properties and connectivity it
has been proposed that the EC is essential to amplify
and sustain temporal lobe seizures (Bear and Lothman,
1993). Interestingly, in a chronic in vivo model of
epilepsy (unilateral intrahippocampal injections of
kainic acid (KA) in rats), low-voltage fast activity (sim-
ilar to human pattern 2) and hypersynchronous (similar
to pattern 1) electrographic ictal-onset patterns were
observed (Bragin et al., 1999). As in human tissue, hy-
persynchronous ictal-onsets originated predominantly
in hippocampus, whereas low-voltage fast ictal-onsets
more often involved extrahippocampal structures.
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a more complex network configuration is probably re-
sponsible for the initiation of seizure activity. From a
therapeutic perspective, the detection of pre-ictal syn-
chrony between mesial structures could offer a means
of reliably detecting modifications preceding seizures
and thus potentially allowing depth chronic stimula-
tions, a promising method in the treatment of MTLE
(Velasco et al., 2000b; Vonck et al., 2002). In addition,
the precise identification of the epileptogenic networks
involved in limbic seizures in human MTLE could fa-
cilitate more tailored surgical approaches (Regis et al.,
2000).
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Finally, our findings suggest that, after the struct
are initially synchronized (BRD period), spatial cor
lation then significantly decreases during the pe
of rapid discharge suggesting an uncoupling of b
sites involved in fast oscillations. These results a
line with those previously reported by us (Wendling e
al., 2003), namely, that very fast oscillations (> 60 H
in frontal lobe seizures are decorrelated even if
frequency bands of signals recorded in mesial tem
ral structures in the present study are lower (beta
low gamma) than those recorded in frontal neocor
structures.

In summary, these results provide evidence sup
ing the existence of strong interactions between
bic networks at seizure onset. These interactions
place during the period preceding the appearan
rapid discharge and may represent a pre-requisite
dition for initiation of ictal activity. The respective rol
of the entorhinal cortex and the hippocampus ar
flected by the electrophysiological pattern of the in
ictal to ictal transition period. These results show
the organization of the epileptogenic zone in MT
cannot readily be reduced to a single “focus” and
Nonlinear regression analysis provides an estim
of the degree of association between two signals X
Y independently from the linear or nonlinear nature
this association. The basic idea is to describe the am
tude of signal Y as a function of the amplitude of sig
X using a nonlinear regression curve and to com
the variance of Y that is explained, or predicted, b
according to this regression curve. In practice, a pa
eter referred to as the nonlinear correlation coeffic
h2, which takes its values in [0,1], is computed. L
values ofh2 denote that signals X and Y are indep
dent. On the opposite, high values ofh2 mean that signa
Y may be explained by a transformation (possibly n
linear) of signal X, i.e. signals X and Y are depend
In addition to the estimation ofh2, a second quantity re
ferred to as the direction indexD, is computed based o
both the estimated time delayτ between signals X an
Y (latency), and the asymmetrical nature of the n
linear correlation coefficienth2. Values of parameterD
range from−1.0 (X is driven by Y) to 1.0 (Y is drive
by X). In order to follow the temporal evolution of th
correlation between signals X and Y, estimation of
efficienth2 and direction indexD is performed over
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temporal sliding window of fixed duration. Statistical
properties of estimated quantitiesh2 andD (bias, vari-
ance) were also studied in previous studies (Wendling
et al., 2001) and performances were evaluated in real
situations (temporal lobe epilepsy (Bartolomei et al.,
2001)). According to these studies, reliable estimation
of parametersh2 andD is obtained for scatterplots (Y
versus X) that include one thousand points, at least.
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