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Objective: High Density electroencephalography (HD EEG) is the referee non-invasive
technique to investigate the dynamics of neuronal networksn Benign Epilepsy with
Centro-Temporal Spikes (BECTS). Analysis of local dynamichanges surrounding
Interictal Epileptic Spikes (IES) might improve our knowdge of the mechanisms that
propel neurons to the hypersynchronization of IES in BECTSransient distant changes
in the dynamics of neurons populations may also interact witneuronal networks involved
in various functions that are impaired in BECTS patients.

Methods: HD EEG (64 electrodes) of eight well-characterized BECTS pants (8 males;
mean age: 7.2 years, range: 5-9 years) were analyzed. Unigatal IES were selected in 6
patients. They were bilateral and independent in 2 other pa&nts. This resulted in a total
of 10 groups of IES. Time-frequency analysis was performedroHD EEG epochs around
the peak of the IES ( 1000 ms), including phase-locked and non-phase-locked advities
to the IES. The time frequency analyses were calculated fohé frequencies between 4
and 200 Hz.

Results:  Time-frequency analysis revealed two patterns of dysregation

of the synchronization between neuronal networks precedip and following

hypersynchronization of interictal spikes (400 ms) in the epileptogenic zone.
Dysregulation consists of either desynchronizatiom(D 6) or oscillating synchronization
(n D 4) (4-50 Hz) surrounding the IES. The 2 patients with bilagrlES exhibited only
local desynchronization whatever the IES considered. Diaht desynchronization in low
frequencies within the same window occurs simultaneoushnibilateral frontal, temporal
and occipital areas i D 7).

Signi cance: Using time-frequency analysis of HD EEG data in a well-de rie
population of BECTS, we demonstrated repeated complex chages in the dynamics of
neuronal networks not only during, but also, before and aftethe IES. In the epileptogenic
zone, our results found more complex reorganization of theotal network than initially
thought. In line with previous results obtained at a microsapic or macroscopic level,
these changes suggested the variability strategies of neanal assemblies to raise IES.
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Bourel-Ponchel et al. Synchronization Changes and BECTS Spikes

Distant changes from the epileptogenic zone in desynchromation observed in the same
time window suggested interactions between larger embeddd networks and opened
new avenues about their possible role in the underlying meamism leading to cognitive

de cits.
Keywords: BECTS, time-frequency analysis, interictal epile ptic spikes, desynchronization, hypersynchronization,
pre-spike
INTRODUCTION demonstrated that IES are associated with complex network

interaction not only inside the epileptogenic zone but also in
Benign Epilepsy with Centro-Temporal Spikes (BECTS) is thgjistant areas including the frontal and temporo-occipitaltazes
most common form of idiopathic childhood epilepsy with (Cataldi et al., 2013; Fahoum et al., 2013; Adebimpe et al.,
a prevalence of 15% in epileptic children aged 1-15 yeai8)15a b, 20)awith extensive functionalfesseling et al., 2013;
(Panayiotopoulos et al., 2008BECTS, more common in Tang et al., 2014; Adebimpe et al., 2015a,b, pand structural
boys, with a sex ratio 6/4W(irrell, 1999 is characterized by changes@arcia-Ramos et al., 20)lii cerebral activities.
brief, hemifacial sensori-motor seizures that typicalljgorate BECTS patients are not accessible to intra-cerebral muttiun
in the centro-temporal areaBleaussart, 1972; Loiseau andrecording. To address the complexity of neurophysiological
Beaussart, 19]associated with interictal epileptic spikes (IES)mechanisms around the IES in BECTS, scalp HD EEG in the
localized in the unilateral and/or bilateral centro-tempbareas, time-frequency domain was analyzed. We expected that, fike i
which are typically activated by drowsiness and slow nonrefractory epilepsiesKgller et al., 2010; Jacobs et al., JPIES
Rapid eye movement (REM) sleepe@umanoir et al., 194  are associated with complex changes in synchronization,hwhic
The characteristics of the IES in BECTS constitute a clinicgoyld precede |IES. Moreover, because time analysis of scalp
biomarker of this epilepsy. Well-de ned IES in BECTS patientHp EEG allowed analyzing cortical activity more globally, at a
can be modeled by single tangential dipole sources orient@d f macroscopic level, we thought that TFR could contribute to a
central to frontal lobes and localized in the central regi¢gupra-  petter understanding of the interaction between the epilgpttic
sylvian) (shitobi et al., 200p Despite the infrequent seizures zgne and distant areas.
and the focality of IES in BECTS, cognitive, and/or behalior  The present study was designed to investigate the dynamics
disorders have been repeatedly reported in BECTS patieng$ |arge-scale neuronal networks by non-invasive analgsis
(Vannest etal., 20:)5An implication of IESin Cognitive de cits Changes in Synchronization around the |ES based on time-
has been suggested, but the underlying neurophysiologicftequency analysis of High-Density electroencephalograpiiy (H

mechanisms remain poorly understood. EEG) in a homogeneous male population of BECTS children.
The mechanisms that propel neurons to the

hypersynchronization of the IES are multiple, involving
synaptic and non-synaptic interactions¢ Curtis and Avanzini, MATERIALS AND METHODS
200) and changes in the immediate cellular con guration Patients

(Manoochehri et al., 20)7and hemodynamic environment
(Jacobs et al., 2009b; Osharina et al., pOBased on intra-
cerebral multi-unit recording in refractory epilepsy, Keller
and collaborators suggested that the interictal epileptifor
activity in patients with epilepsy is not a simple paroxysm of,
hypersynchronous excitatory activity, but rather represent
interplay of multiple distinct neuronal types within complex
neuronal networks Keller et al., 2010 IES would result from
complex interactions within dierent neuronal populations

whose activities decrease or increase not only during tr | isolated or occurring in clusters, unilaterally or bilatiyain

but also before and aﬁgr the IES by a few 100 Kasllr ?t al., the centro-temporal areas on a standard normal background
2010. At a macroscopic level, EEG and fMRI studies halV‘JEEG Beaumanoir et al., 194 Patients with an abnormal

neonatal history, intellectual de cit (IQ< 70), neurological

ElectroCorticoGraphy; EEG, ElectroEncephaloGraphy; fMRI, functigiagnetic : . ; . .
Resonance Imagery; FOS, Fast Optical Signal, FPR, False posiivErig, brain neuroimaging were notincluded in the StUdy'

Global Time-Frequency Representation; HD EEG, High Density EEG; IFO . . .
High-Frequency Oscillations;t¢#r, Induced Time-Frequency Representation; Eth|Ca| ConS|derat|0nS
IES, Interictal Epileptic Spikes; MUA, MultiUnit Activity; REM, Rid Eye The studywas approved bythe local ethic committee (CPP Nord-

Movement; TCI, Tansient Cognitive Impairment; TFR, Time-Frequenc . ..
Representation; sSLORETA, Standardized low resolution brain eleemoetic Ouest, No. A00782'39)' Written Informed consent to partlcmat

tomography; SSLOFO, Standardized Shrinking LORETA-FOCUss; wisdh the study was obtained from the parents and all patientsitgefo
Wechsler Intelligence Scale for Children. inclusion.

Eight male patients with typical BECTS (mean age: 7.2 years,
range: 5-9 years) were included in the study. BECTS was
diagnosed on the basis of a typical clinical history and the
resence of characteristic IES on standard EEG, according to
LAE criteria Berg et al., 2000

Clinical diagnostic criteria of BECTS included children
presenting sensori-motor seizures with inconsistent seaond
generalization, with an age of onset between 4 and 10 years
Beaumanoir et al., 19Y4and typical diphasic spikes either
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EEG Acquisition submitted to the source localization and time-frequencycsyze

High-Density EEG were acquired with Ag/AgCl electrodesanalysis steps described below.

(n D 64), disposed according to the 10/10 international system At the end of the marking process, the selected IES epochs

(EasyCafi). The EEG was recorded by eemagine EEG softwakeere overlapped in a single diagram to conrm that they

(eemagine Medical, Imaging Solutions GmbH, Berlin, Germanypresented similar shapes. Finally, all steps of IES seleation a

and sampled at 1024 Hz (ANT Inc., Enschede, The Netherlandsyrtifact rejection were manually reviewed by two experience

in DC mode. Only a notch lIter (50 Hz) was applied. A mastoid neurophysiologists (FW, EB).

reference was used for acquisition. A mean of about 100 spikes per patient were nally analyzed.
HD EEG recordings were performed during quiet arousal. The

electrode impedances were kept belovs 5 Khe signals were re- |nterictal Spike Source Localization

referenced to an average reference for further analysigerf®stt To assess the homogeneity of the BECTS population, the

were monitored for movements during the acquisition, sotthasources of the average IES were estimated. To allow further

altered data could be later excluded. analysis, the sources of IES must be located, for all patients,
. along the central sulcus with a tangential orientation amd a
EEG Analy5|s_ ) ] ) anterior positivity of the dipole Ighitobi et al., 200p Due
Interictal Epileptic Spike Selection and Artifact to the lack of a standardized validation method across ssurc
Rejection localization methods in clinical studies and considering the

For IES selection, artifact rejection and all subsequeatyaes, intrinsic limitation of each source modeling, di erent approaes
data were arithmetically re-referenced to average ret&en may help clarify the nature of the presumed cortical sourdéebe
Because, the spike complex BECTS can be explained by af@n one approach can alone. Dipole and distributed EEG source
tangential sourceHataraia et al., 2008; Kakisaka et al., ¥011|ocalization are complementary and both methods are widely
we used scalp potentials. Indeed, tangential sources aly lik ysed to localize BECTS activitfigmada et al., 1997; Lin et al.,
located in ssures and sulci, thus deeper than radial sources003; Huiskamp et al., 2004; Ishitobi et al., 2005; Patatadé,
Surface Laplacians are more sensitive to radial than tament2008; Kakisaka et al., 201 Therefore, in our study, in addition
dipO'es. Sources in sulci will be therefore minimized andtHar to d|p0|e based model (D|p0|e tting)' we used an a|gorithm
reducing their contribution to a surface Laplacian. Moreo#ee,  named “Standardized Shrinking LORETA-FOCUSS” (SSLOFO)
scalp surface Laplacian, which may be interpreted as a meth@ght integrates the two techniques (i.e., SLORETA and FOCUSS)
which minimizes volume-conduction e ects (important for SSLOFO is an approach to combine the advan’[ages of both
connectivity analyses), does require accurate splinepotation  |ow- and high-resolution methods in an automated fashion.
and may be sensitive to the choice of the spline parametérs (- Starting from a very smooth estimate, SSLOFO improves the
1999. spatial resolution using the recursive strategy of FOCUSS.
Visual selection of IES Containing similar Spatia' disttibn, Artifact-free IES epochs were a\/eraged and lteredwitha 1 Hz
shape, and morphology is dicult and is associated withhigh-pass Iter (high pass: 6 dB/octave, zero phas&rtendorf
errors. To increase the accuracy of selection, IES were- serai al., 2000; Ochi et al., 2000; Lantz et al., 2003; Groenialy, e
automatically selected after reviewing the EEG with BESA 2009: Elsho et al., 20)2A standardized nite element head
software. model (FEM) created from an averaged head of 50 individual
First, typical BECTS spikes, characterized by diphasic qyiR|s in Talairach space (BESA Resedrdemplate), was used.
triphasic patterns distributed in the centro-temporal area& e This head model provided a realistic approximation of three
selected manuallyBeaumanoir et al., 19y4Second, IES sets compartments (brain, skull, and scalp) and was applied with the

containing similar spatial distribution, shape, and morphgyo conductivity parameters of Scalp 0.33 S/m, Skull 0.0042&ich,
were automatically selected by BESBoftware. We used a 75% Brain 0.33 S/m.

correlation cut-o between the search and target patternthwai
reasonable range from 60 to 90%. To clearly identify focal Spik%ime-Frequency Analysis

emerging from the noisy EEG background signals, abandWidtﬁ‘o characterize more precisely changes in neuronal activity

of 2-70 Hz was applied. occurring during each selected epoch, time-frequency aisly

EEG "IES epochs” were de ned to the last 1s before alr‘9{/as performed, for frequencies between 4 and 200 Hz and

after the |ES peak (T0). Non-overlapping IES epochs lasting Z§.|,ding phase-locked and non-phase-locked representations
(comprising 2,048 data points) were considered for each spike Sthe IES.

to allow su cient surrounding background (baseline) adtivfor To accomplish this goal, analysis were performed in 3 steps

anal_yS|s. . . . (pre-processing, time frequency representation, and stedisti
Single IES epochs were inspected for artifact Comam'nat'o%nalysis) described in the following outlines

Individual rejection criteria were based on the distritarti of

IES epochs in terms of mean amplitude and gradient (rst

temporal derivative) values. IES Epochs that were contaméhat Pre-processing

with artifacts after visual correction, representing a tatal5%, Non-overlapping IES epochs lasting 2000 ms were considered for
were rejected. Only IES epochs with background amplitude legsach IES. A rst relative baseline segment lasting 400 ni®00
than 200mV were considered. Artifact-free IES epochs were theto 600 ms before TO) was de ned for each channel on each IES
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epoch. Time-frequency analysis was performed on the window The time-frequency representation was calculated over each

between 1000 andC 1000 ms around TO.
To take into account a possible baseline selection e ect,

IES epoch. Frequencies were sampled (Gaussian lter) in 2 Hz
steps and latencies were sampled in 25 ms steps, corresponding

second analysis was performed for 2 patients (patients 2 and &) a time-frequency resolution 0of2.83 Hz and 39.4 ms at each

considering a larger and more distant reference perio@g00

time-frequency bin (full width at half maximum).

to 1000 ms before T0). Time-frequency analysis was performed The TFRs of EEG activity was compared to the baseline

on the window between 3000 andC 1000 ms around TO.

segment, lasting 400 ms {000 to 600 ms before TO of each

During the time-frequency averaging process, |ES epochs welteS) for all the patients and to the second baselin8§00 ms to

averaged without Itering to maintain the full bandwidth fo
time-frequency processing.

Time-frequency representation (TFRBigure 1)
TFR was performed according to the procedures described
Hoechstetter et al. (2004nd implemented in BESA Reseafch

This procedure is able to distinguish global representation
including phase-locked and non-phase-locked representatio
and extract induced representations corresponding to non*

phase-locked activityHigure 1).

Global Time-Frequency Representation (G tgR):

n

1000 ms before TO of each IES) for the patients 2 and 4. Because
the amplitude of human surface EEG waves is in the range of
10 to 100mV (Tong and Thakor, 2009 the averaged power of
EEG baseline ongoing activity periodyfReiinéf) below] over
about 100 IES epochs never goes to zero or near zero. Also, TFRs

lWas expressed as the relative power change to baselineyactivit

at a time-frequency bin compared with the mean power over
ﬁ1e baseline epoch for that frequend@sR D PLD Phaseind) 100

Pbaselinéf)

whereP(t,f) D power at timet and frequency and R)aselingf) D
mean activity at frequendyover the baseline epoch.

This procedure yields TFRs containing phase-locked as well as
non-phase-locked responses.

TFRs were rst computed on each selected IES epoch at each

frequency. This method precisely identi ed the nesting pipies
that speci cally underlie the IES activity. To establishtegional

Induced Time-Frequency Representation (I TFRr):
In studying oscillatory epileptic spike, it is possible that any

speci city of these ndings, TFRs were extended to include althange in oscillatory activity (especially higher frequency)

EEG channels.

that is related to an IES is time-locked to this IES but not

TFRs were computed by applying complex demodulatiomecessarily phase-locked. The reason is that oscillatioas ar

(Papp and Ktonas, 19).7For each frequency of interef, the
following three steps were performed:

1) The original time-domain signal (i.e., not subjected twya
oine ltering) was multiplied by sin(2fof) and cos(® fof),
respectively. This modulation operation shifts every sigtal
frequencyf to the di erence and sum frequencies ( fo) in
the frequency domain.

The resulting two signals were low-pass Itered to extraet t
frequency range originally centered aroufydand that was
shifted to the low frequency range ( fo). Thus, the low-pass

2)

ongoing phenomena that also exist in the absence of any IES. As
a result, the phase of the oscillation at the time of occuresoic

an IES is variable. In order to speci cally assess the nonghas
locked activity of IES (called induced activity), we subtea the
time-frequency representation of patients averaged tifisdm

the Global Time-Frequency Representation to create averages
of the non-phase-locked spectral power only ($égure 1 for
detailed analysis block diagram).

cut-o frequency sets half of the width of the frequency bandStatistical Analysis

for which the envelope amplitude and phase is computed. The probability that a power di ers signi cantly from the avega
The two output signals of step (2) de ne the real andpower during the baseline interval was investigated. Twiedi
imaginary part of a complex signal as a function of time. Itsbootstrap testing were performed on the trialzs{vidson, 1999

3)

magnitude corresponds to half of the envelope amplitude.

z0 and the test statistics Zor a given bootstrap sample were

Baseline
correction

offline artifact artifact free
removal EEG data

-l

EEG Spike detection
raw Data (expert knowledge)

” M

Re-referencing

>

FIGURE 1 | Block diagram summarizing the steps followed in this s
text for details).

representation +
; £
,| Time-Frequency _— ’\ |
representation Normalization ‘ Global TFR —

tudy, (i.e., source localization and time-frequency represe

}—v Averaging -‘ Source localization

v
Time-Frequency

Statistical
evaluation

—3——>  Normalization* J‘

Induced TFR

Absolute
TFR Power

* the power for each time is normalized to the mean
power of the baseline epoch for that frequency

ntation processing, see
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computed as characterized by an oblique orientation toward the mideljitEG
data was generated using a spherical four-shell head mBded) (
% Niu Ny (% Na) and Scherg, 199BESA Dipole Simulator) with the followin
20D &=—=2 D & 4 1272 arameterg ’ P ) ’
Y2 o 2 Y2 o 2 P ’
n n n n .
Radius of the head model 85 mm
Where, Thickness of layers (mm):
1 X Scalp 6 mm
W D a Phaseling Bone 7 mm
trials CSF1mm
1X
wD- R Conductivities (mho/m):
trials Scalp 0.33

Here P denotes the power, n the number of trials. An asterisk ~ Bone 0.0042
denotes the value of a bootstrap sample. R bootstrap samples CS'_: 1.0
were computed. This computation was performed for each ~ Brain0.33
sampling point in time-frequency space. The value was A the TFR procedure has been applied to the simulated IES.
approximated from the number of bootstrap samples where z
> 2:pD (1C#{z2> 3})/ (RC 1).

To reduce the false positive rate (FPR), correction for mudtipl RESULTS
testing was performed using the method ®fnmes (1986)It is
applied to each IES epoch which belongs to one frequency biiight male patients were included in the study. On HD EEG
This means that each channel and each frequency bin wastteatrecording (64 electrodes), unilateral IES were selected in
as an independent measurement, whereas the statisticabiest  patients. They were bilateral and independent in 2 other pasien
the time series within one frequency bin were treated asiplelt This resulted in a total of 10 groups of IES.
measurements. This approach was suggestédibynen (2002)

The reasoning behind it is that, it is dicult to dene a ..
rule for dependencies between channels. Each montage al cjmlc.al Data (T"?‘b'e 1) . .
ccording to the inclusion criteria, all patients presented

each physiological phenomenon leads to di erent dependenci -mot . ith ithout d el
between the measurement channels. It was assumed that tﬁ%ns%rll-mo O; seﬁutrrc]as WI'EsorW' ou §Iect:on lary gt?'lmi In,F'
activity which we were interested in is based on oscillatory®92raiess ot whether were ‘uniiateral or brateral. ‘Five

phenomena, which were likely to be confounded to de ned)f)atients were taking antiepileptic drugs at the time of the
! ?cording. Two patients were not seizure-free. Four chitdre

li bands. T the st th of the ob (o33 . . . . .
requency bands. 10 assess the sirengin of the observee eEad attention disorder and language impairment with no global

and for FPR correction, alp values of one frequency bin and . . .
channel were sorted in ascending ordes, (D 1....N. The ?eiflton the Wechsler Intelligence Scale for Children (W)SZ

maximum indexm in the sorted array for whichjp< a i/N was
determined. All values with < m were accepted as signi cant
detection. The signi cance levalis set to 0.05. Source Localization (Figure 2)
The Source localization of the IES was performed in order to
8 further assess the homogeneity of patients' population.
Random triggers In all children, interictal source localization, using a digo
To reach the speci city of IES time-frequency representagion (Dipole t) or distributed method (SSLOFO), con rmed the
all the same 3-step procedure of time frequency analysis Wagigin of the IES along the central sulcusk{itobi et al., 2005
performed with control random triggers. The localization of the dipole at the rst negative de exion,
Control random segments(D 197), lasting 2000 ms around 4nq jts tangential orientation with an anterior positivity wa
the random triggers, were analyzed. They were selectedgluri consistent with the expected precentral origin in BECTS pasien
similar period and background activities during which the ete (Ishitobi et al., 2005 (Figure 2). The patients' population was

of IES were analyzed. The 1000 ms before each EEG epoch gRgrefore considered to be clinically and electrophysiotaltic
the epoch (lasting 2000 ms) did not contain any IES. TO Wagomogeneous, allowing further analysis.

de ned by random trigger time which corresponds to the cehtra
point of the epoch ( 1000 msC1000 ms). . .
The TFR procedure described above was performed using tledMe-Frequency Analysis

baseline segments lasting 400 m4000to 600 ms before T0).” The rst step consisted of computing local changes in
synchronization surrounding the IES for all frequency band

BECTS spikes simulation Changes in synchronization occurring simultaneously around
In order to reproduce the BECTS EEG data, one equivalerihe IES, in areas distant to the epileptogenic zone were then
current dipole was tted, located in the left central sulcusda analyzed.

Control Conditions

Frontiers in Neuroscience | www.frontiersin.org 5 February 2017 | Volume 11 | Article 59


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Bourel-Ponchel et al. Synchronization Changes and BECTS Spikes

TABLE 1 | Clinical data for the 8 patients with BECTS.

Patients Age at diagnosis Clinical features Seizure-free* Antiepileptic Standard EEG Neuropsychological
of BECTS (years) of seizures drugs data
5 GTCs YES - Left CTs Attention de cit
5 GTCs YES VPS Right CTs Attention de cit,
Language impairment
3 7 PS YES - Right and left CTs Normal
4 9 PS NO - Right CTs Normal
5 8 PS YES LVM-VPS Left CTs Normal
6 9 PS YES VP Right CTs Attention de cit
7 5 PS NO VPS-OXC Right & left CTs Attention de cit
8 6 PS YES VPS-OXC Left CTs Normal

GTCs, Generalized Tonic-Clonic seizures; PS, Partial Sengmotor seizures; VPS, Sodium Valproate; LVM, Levetiracetam; OXC: Oxcarbazepine; CTs, Centrotemporal spikes? at
the time of HD EEG.

Local Synchronization Changes ( Table 2, to a decrease in synchronization preceding and following
Figures 3, 4) hypersynchronization of the IES, i.e., a kind of mirror
For all groups of IES, time-frequency analysis demonstrated desynchronization surrounding the IE&igure 4). In Greg,
statistically signi cant change (< 0.0002) ( 400 ms around this desynchronization involved 37% of electrodes (10 & 95
the IES) compared to the 2 reference period$00, 1000 ms of electrodes). Similar results were observedfpg,but over
and 3000, 1000 ms before IES), for bothr&s and kg a more limited area (26% of electrodes, 3-84%) adjacent to
the epileptogenic zondéble 2.
Hypersynchronization occurring simultaneously with theSIE o _
(se€Table 2 Figure 3 Pattern 2 Instead_ o_f the desynchronlzatlon_ d_escrl_bed
Independently of the baseline considered, signal power aswe N Ppattern 1, a signicant < 0.0002) oscillation in
signi cantly (Peorrected < 0.0002) in Ger between 4 and 50 hypersynchronization was qbserved in the same t|.me window
Hz (Figure 3. This hypersynchronization involved 88% of ( 400,C400 ms) surrounding hypersynchronization of the
electrodes [45 to 64 (70-100%) electrodékdble 2. Similar IES ( 100,C100 ms) for 4 of the 10 groups of IEBigure 3).
results were observed fordr (Peorrected < 0.0002) Figure 3), The spatial extension mcludgd 71% (42 to 100%) qnd 66%
but with a narrower spatial extension around the epileptogenic (3> to 100%) of electrodes in1&z and kg, respectively
zone, with only 53% of electrodes involved [8 to 64 (12—-100%) (Table 2.

electrodes]Table 2. o It should be stressed that neither pattern 1 nor pattern 2 was
At frequenmes h|gh§r than 50 Hz, a signi camichrrected < correlated with any changes in HD EEG raw activity, incluglin
0.0002) increase in signal power was observed for 6 of th@e slow waves preceding or following the IES (Giggire S3.

10 groups of IES. The spatial extension included 32% (1 10 TFRs were not aected by the use of dierent baselines
39 electrodes) and 28% (1 to 39 electrodes) of the electrodgs,gurell).

in Gter and kgr respectively Table 2. These signi cant

high-frequency synchronizations occurred concomitantly o .

and continuously with hypersynchronization of lower DiStant Synchronization Changes Surrounding the
frequencies. IES (Table 2, Figure 5)

In 7 of the 10 groups of IES, a signicant decreage <
0.0002) in signal power was observed fofrfe and hrr

at frequencies below 10 Hz in areas distant from the IES
onset zone. This distant desynchronization occurred dgrin
the same time window (400, C400 ms) during which the
synchronization power was either decreased (pattern 1) or
oscillatory (pattern 2) in the epileptogenic zondable 2
?Figure 4). These desynchronizations in low-frequency bands
occurred in frontal 6 D 7) and/or temporal ¢ D 4) and/or
occipital ( D 2) areas are highly suggestive of repetitive and
transient desynchronizations distant from the epileptogeaice
Pattern 1:For 6 of the 10 groups of IES, time-frequencyof the IES.

changes consisted of a signi carp € 0.0002) decrease in  Like for TFRs observed in the epileptogenic zone, TFRs
the power of frequencies below 50 Hz before400, 100 in distant areas were not aected by the dierent baselines
ms) and after C100,C400 ms) the IES, likely corresponding (Figure 4).

Time-frequency changes surrounding the 1E&h(e 2
Figure 9
Independently of the baseline consideregrwere signi cantly
modi ed, between 4 and 50 Hz, in the400 toC400 ms window
around the hypersynchronization of the IES (TO) for all growps
IES. No changes surrounding TO were observed in the frequen
domain higher than 50 Hz.

Two dierent patterns of synchronization changes were
observed in the time-frequency domain.
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FIGURE 2 | Source localization using the dipole tting method
whatever the method used con rmed the origin of the IES, alongtte central sulcus with a tangential dipole orientation andraanterior positivity consistent with a

precentral origin.

and the distributed methods for each group of IES.
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TABLE 2 | Results of global and induced time-frequency respons es for all IES groups, simultaneously with IES and locally or at a distance around IES

Patients Simultaneously with IES Around IES
4—50 HZ > 50 HZ Local Distant synchronization
synchronization 4-10 Hz band
4-50 Hz band
1 /! GNSTER: NS M GTER: 42%, . AF3-FP1-F1-F3-F5-
70%, | :59% ITFR: 35% AF8-F4-F6-C6-P2-P4-
TP8-TP10-C1-C7-Fz-
Pz-POZ
2 1 GTER: 100%, 2 GTER: 28%, 4 GTFR: 95%, N
ITFR: 67% ITFR: 11% ITFR: 84%
3L 2 GTER: 75%, NS 4 GTFR: 20%, NS
ITFR: 12% ITFR: 3%
3R 2 GTER: 72%, NS 4 GTFR: 10%, NS
ITFR: 25% ITFR: 4%
4 2 GTER: 100%, 2 GTER: 48%, 2 GTER: 100 ™ Fz-FP2-AF8-FC3
ITFR: 100% ITFR: 45% %, ITFR: 100
%
5 2 GTFR: 89 %, NS 4 GTFR: 16 %, 4 AF8-FC1-FC5-FT7-F7-
ITFR: 33 % ITFR: 8 % TP9-TP7-CP1-CP2-
P8-PO4-PO8
6 2 GTER: 100%, ' GTFR: 61%, 2 GTER: 91%, NS
ITFR: 100% ITFR: 61% ITFR: 91%
7L 2 GTFR: 78%, A GTFR: 11%, 4 GTFR: 27%, A AF7-FPz-AFz-FPz-
ITFR: 34% ITFR: 9% ITFR: 14% FP2-AF4-AF8
7R 2 GTFR: 100%, 2 GTFR: 42%, ™4 GTFR: 53%, A AF7-FP1-FPZ-FP2
ITFR: 73% ITFR: 41% ITFR: 44%
8 M GTFR: 97%, 2 GTFR: 2%, ' GTFR: 53%, 4 AF7-FP1FPZ-FP2-AFS-
ITFR: 30% ITFR: 2% ITFR: 37% F7-F8-FT8

/ Increase of power signal analyzed by time-frequency method (baseé [ 1000; 600 ms] (p< 0.0002)

\4 Decrease of power signal analyzed by time-frequency method (baseé [ 1000 ms; 600 ms] (p< 0.0002)

NS, Not Signi cant; Grer, Global Time-frequency Response;rkg, Induced Time-frequency Response; x %, number of electrodes involved thanges of synchronization; 3L, left IES for
patient 3; 3R, right IES for patient 3; 7L, left IES for patient 7; 7R,rigHE$ for patient 7.

* Electrodes involved in decreased distant synchronization for patier&: AF3-AF7-FP1-F1-F3-F5-F7FC1-FC5-FC3-FT7-C1-C3-C5-T7-CP1-Cp3-Cp5-TP7-TP9-P3-PHR7-01-PO3-
PO7-FPz-AFz-Fz-FCz-Cz-CPz-Pz-POz-Oz-FP2-AF4-AF8-F2HF6-F8-FC2-FC4-FC6-FT8-C6-T8- Cp6-TP8-P6-02-PO4

Time-Frequency Changes in Control Conditions neuronal  synchronization changes surrounding IES.
(Figures 6, 7) Before and after the well-known hypersynchronization
In order to evaluate the specicity of low-frequency actyit concomitant with the IES (400 ms) there were: (i) two
exactly the same time-frequency analysis that we have done fpatterns of dysregulation in the epileptogenic zone and
the IES was performed but using the random triggers, out ofii) distant desynchronization, involving low-frequency
IES. Time frequency analysis EEG activities related toghdom  bands in frontal, temporal, and occipital networks. These
trigger do not produce any statistically signi cant e ectsoand  dysregulations might be involved in the mechanisms that
the trigger, nor were hypersynchronization or desynchratian ~ propel neurons to synchronize and may play a role in the
observed in either the epileptic zone or in the distant areas. cognitive de cits observed in BECTS patientéa(inest et al.,
The TFR analysis performed on simulated IES returnec015.
isolated local hypersynchronization in &g in 4-30 Hz
frequencies. Neither local nor distant changes surrougdiaS Meth0d0|ogica| Considerations
were identied whatever the baseline perioffiqures SE.F  Because in BECTS, sources are modeled by one tangential
Figure S3. source Pataraia et al., 2008; Kakisaka et al., J0Me
analyse EEG potentials in the sensor space. The analysis in
the sensor space might have led to overlap between the
information of adjacent electrodes due to volume conduttio
Time-frequency analysis applied to HD EEG in a homogeneous ect which in turn may lead to spurious connectivity among
population of male patients with BECTS demonstratedneighboring channels. Surface Laplacian, might have been an

DISCUSSION
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Patient 7, left IES

FIGURE 3 | Hypersynchronisation occurring simultaneously w ith the IES in the 4-200 Hz band in patient 7 (left IES) in Global  (Gtgr) and Induced
responses (I Tgr). (A) Source localization in dipole t and sSLOFO in a 3D represent@n for the patient 7.(B) Signi cant Statistical results p < 0.0002) of time
frequency analysis (induced activity) for frequencies beeen 4 and 50 Hz, 50 and 120 Hz, and 120-200 Hz(C) On the top, result of the averaging of the IES for the
patient 7. By time frequency analysis, Island of HFOs are sirttaneously extracted with the IES, in induced activity{kg).

alternative since it have the e ect of reducing the e ectivemechanisms that drive neurons to the hypersynchronization i
volume, thereby improving spatial resolution; as discussed IBECTS. In our recently published connectivity study of IES
Nunez and Srinivasan (20g&otentials and surface Laplaciansin BECTS Qdebimpe et al.,, 20)6 to identify the average
are sensitive to dierent spatial band-widths of the sourcelocation of interictal spike sources we used the exact Low
distribution. Thus, surface Laplacians serve to complemerResolution Electromagnetic Tomography (eLORETA) method.
(but not replace) EEG potentials (i.e., the surface LaplaciaBoth approach returns similar results concerning the sources a
emphasizes certain types of source activity—More sensitive tbe interactions of the IES with the frontal aredsigbimpe et al.,
radial than tangential dipoles, thus sources in sulci will be201§

minimized—reduces the sensitivity of the EEG to sulci). In  Simultaneously with the IES signi cant broad band increase
this paper we focused on the dynamics of neuronal networks the power spectrum was observed, including frequencies
surrounding IES which might improve our knowledge of the higher than 50 Hz.
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FIGURE 4 | Induced local changes in synchronization around t he IES, examples of patients 2 and 4. (A) On the top, results of the averaging of the selected
IES. Bellow, Signi cant statistic p < 0.0002) results of time frequency analysis in regard of thelectrode C2 for patient 2 (on the left) and patient 4 (on theght)
(reference period [ 1000; 600 ms]). (B) Raw data of time frequency analysis for the patient 2 (on theft) and 4 (on the right) (reference period: [3000; 1000 ms]).
For patient 2, irgr showed mirrored desynchronization around TO for frequenes range from 4 to 50 Hz independently of the baseline consided [ 1000; 600 ms]
(A)or[ 3000 ms; 1000 ms] (B). This desynchronization was localized nearly of the epilépgenic zone. For patient 4, a progressive increase in synehnization
mirrored around the IES, in the same frequencies were found fiseline [ 1000; 600 ms] (A) or [ 3000 ms; 1000 ms] (B)]. TO: de ne by the peak of the rst
negative de exion of the IES.

To exclude the presence of false synchronizations caused by These increases could re ect, partially, high frequency
Itering of sharp transients Bénar et al., 2010; Amiri et al., oscillations (HFOs) widely recognized as a marker of epileptic
2019, induced activities were extracted from global changes itissue in partial refractory epilepsyJjecobs et al., 2011, 2012,
synchronization. By means of this original approach, we slibwe2016; Je erys et al., 20)Lbut also observed in idiopathic
that IES in BECTS are associated with a signi cant increase ipartial epilepsies Hobayashi et al., 2011; van Klink et al.,
high-frequency power (50-200 Hz), co-occurring with IES. 20149.
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FIGURE 5 | Distant changes in synchronization (G tgr and ItgR) around IES. (A) Source localization and dipole t and SSLOFO in a 3D represeation for the
patient 8. (B) Statistical signi cant results p < 0.0002) of time frequency analysis [induced{ER) and global (Ggr) time frequency results] in regard of the
epileptogenic focus (electrode C5)(C) Statistical signi cant results p < 0.0002) of time frequency analysis [induced{Eg) and global (Ggg) time frequency results] in
regard of the frontal area (electrode AF4). Irtr and Gtgr distant desynchronizations were observed, distant to the jgileptogenic zone, notably in fronto-temporal
areas, involving low frequency bands (bellow 10 HZX) in the same time window as local dysregulation of synchron{B) (Figure 3) [ 400 ms; C400 ms].

In our study, high frequencies power increases were moreonduction e ect does not impact so much the localization
localized than the increases in lower frequencies, suiggestin BECTS. However, the evaluation of the extension of the
that they occurred in more restricted centro-temporal areassynchronization or desynchronization deserves furtheidsts.
Despite a potential volume conduction e ect on the extension ofOne issue which could help to minimize this e ecKgyser
HFO and their localization value, our results are in accoirka and Tenke, 2006; Srinivasan et al., 20@duld be, to apply a
with previous studies which showed, independently of the typspatial high-pass Iter or other spatial transform such as cotre
of epilepsy, that spikes with HFOs are closely linked to theource-density, to reject zero-phase lag synchronizafjgisig
epileptogenic zoneJacobs et al., 2009aThis remark also et al., 1995; Rajagovindan and Ding, 2008; Vicente et @8)20
applied to the volume conduction e ect on low frequencyto apply independent components analysis, which calculates
bands distant desynchronizations. They were not obserwed unique generators of variance in the cortéakeig et al., 1997
the epileptogenic zone but only in restricted frontal arear to estimate the cortical sources using beamforming (e.g.,
and also unilateral. Altogether, this suggests that theimel LCMV).
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FIGURE 6 | Time-frequency analysis of 197 random triggers outo  f IES in patient 8. No signi cant statistical ¢ < 0.0002, corrected p-value) changes in
random triggers out of IES were found by time frequency analys (baseline [ 1000; 600 ms]).

Hypersynchronization was preceded and followed Ipeak and away from the time window of interest400;C400
complex dysregulation of synchronizatioocurring within  ms). This requirement may explain some of the dierences
the epileptogenic zone and characterized by 2 speci c patterrabserved between our study and other published studies, in
between 4 and 50 Hz: (i) a decrease in power frequencies and (ivhich a single reference period was chosen situated at a déstanc
oscillation of power frequencies. from the peaksJacobs et al., 20)Ldr constructed as representing

As this dysregulation consisted of 2 di erent patterns and wasn average brain activation statéobayashi et al., 2009n these
not a ected by the use of di erent reference periods, itisuelk previous studies, the authors only identi ed desynchrotizas
to be due to a signal processing artifact or the resulting eadct after the IES i{obayashi et al., 2009; Jacobs et al., pahd/or
a preceding masked IES not visualized on raw data. Moreovean inconstant hypersynchronization occurring before theSIE
Keller and collaborators found similar results in ECoe(ler  that the authors characterized as HFQ®bayashi et al., 2009;
etal., 201p Renetal., 2005

In the present study, we focused on changes in The mechanisms involved in these complex dysregulations
synchronization surrounding the IES, especially those gean have not yet been elucidated. They cannot be explained by
preceding the IES. The references periodd@0; 600 ms synaptic interactions, gap junctions or ephaptic conduction
or 3000; 1000 ms) therefore had to be selected in the samiavolved in intrinsic membrane oscillations and responsilr
activation state, in the immediate temporal environmentloét the generation of HFOsJE erys et al., 20)2 as they started
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FIGURE 7 | Time-frequency analysis of IES simulation. (A)  The source localization by dipole t method identi ed an orign of the simulated IES in the right central
sulcus, like described in BECTSIhitobi et al., 2005. Locations, orientations(A) and wave shapes(B) of the 1 dipole source, “the model sources,” used to simulate
(Continued)
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FIGURE 7 | Continued

the EEG data. TO is denoted by the vertical mark on the time bas (B) These topographies reproduced properties expected for thescalp-recorded IES eld, including
central negativities, with corresponding positivities dateral sites.(C) The simulated scalp IES in average reference format. The sblines indicate the noise-free wave
forms generated by the dipole sources indicated in PaneA. (C) indicate the signalC noise wave forms that were analyzed(D) raw data of the simulated EEG and
IES. Scalp potentials (33-channel montage) were simulateddm dipoles Berg, 2006) in order to correspond to eld produced by the generator within right central
sulcus. (E): Gtgr of the simulated IES results with the [1000 ms; 600 ms] baseline period: Grgg of the simulated IES demonstrated signi cant changes betweer
and 30 Hz in the right central sulcus simultaneously with théES but no change around the IES in regard of the epileptogenicone or in distant area.(F): Gygg of the
simulated IES results with the [ 1000 ms; 600 ms] baseline period: Like for the [ 1000 ms; 600 ms] baseline period, Ggg of the simulated IES demonstrated
signi cant changes between 4 and 30 Hz in the right central swdus simultaneously with the IES but no change around the IES irgard of the epileptogenic zone or in
distant area.

only a few tenths of milliseconds before synchronization o019 and BECTS Adebimpe et al., 20159,Isuggest a more
the IES. Similarly, mechanisms proposed for the emergen@mplex reorganization of the network in the epileptogenic zone
of the IES are unlikely to contribute to the observedwhich can resultin changes in the synchronization dynamess
dysregulations. Although the Potential Depolarization 8Shif monitored by time-frequency analysis of scalp HD EEG.
(PDS), the hallmark of the IESAgala, 198% is much longer L .
than the depolarization observed with normal excitatory post D€Synchronization in Low-Frequency
synaptic potentials, the progressive recruitment of exajato Bands, Distant to the Epileptogenic Zone
inputs that trigger the IES start only several tenths of s@ionds  In parallel to local desynchronization, our study demonsssat
before onset of the IES, which does not correspond taesynchronization in low-frequency bands, distant to the
the time window of 400 ms observed in our study. Otherepileptogenic zone.
mechanisms, such as gap junction and calcium waves, notably Like local reorganization of the neuronal networks, distant
involved in the initiation and propagation of synchronizatio inward interactions are also likely to modify the functional
to neighboring neurons, have been reported to be triggerednvironment inside the epileptic zone in which IES are trigdere
simultaneously with the IESJ¢ erys et al., 2002 Finally, the  and the functional connectivity of the epileptic zone towatter
hyperpolarization following PDS, corresponding to the slowareas fAdebimpe et al., 2015a,b, 2018y extrapolating from
component of the spike wave discharge in EEGdla, 1983; the features described in seizures, in which desynchrtiniza
Neckelmann et al., 20)@annot explain the desynchronization or hypersynchronizations are observed several minutes or
observed after the IES, as, in line with previous reportshours before the seizures, the dysregulation of synchetiuiz
desynchronization was observed regardless of whether br nobserved in the present study would modify the input complexity
the slow wave was present and therefore does not necessadlyd functionality of epileptogenic brain regions, creating a
re ect the degree of post-spike depressiodadobs et al., idle population of neurons that may be more susceptible to
201). recruitment into IES (e Van Quyen et al., 2005; Aarabi et al.,
It may be more relevant to consider our results at a2009. Similarly, the previously described hemodynamic changes
mesoscopic/macroscopic level. The dynamics of the assemisfyarting several seconds before the IBScfbs et al., 2009b;
of neurons in the epileptic network involved in the emergencedsharina et al., 20)0are likely to modify the functional
of the IES are more complex, more heterogeneous and moknvironment of the network around the IES.
variable than initially thought. Using multi-unit actiwtanalysis However, the e ect observed in distant areas is highly
in refractory epilepsy, Keller and collaborators observed specic to the interictal spikes and are only observeB00ms
marked variability of cellular activation pattern (decreasr around the peak of the spikes concomitantly to the alternation
increase of neuronal activity) within the seizure onset eon of desynchronization-synchronization-desynchronizatio
concomitantly to the IESKeller et al., 2010 Moreover, activity observed in the epileptic zone. In line with these results, by
changes were observed for some clusters of neurons at longgmbining the EEG source imaging and the time varying
interval (400 ms) before the IEK¢ller et al., 2010; Alvarado- e ective connectivity method, stronger directional contiens
Rojas et al., 20)3 Similarly, using the Fast Optical Signal from the epileptic zone to the frontal regions were observed
(FOS) technique synchronized with ECoG in epileptic rats, weluring interictal spikes in BECTS patienté&\debimpe et al.,
have shown changes in cellular conformation in the same time016 suggesting that benign epileptic network may be disrupted
range (lanoochehri et al., 20)Buggesting cellular activations by IES Adebimpe et al., 20159,b
occurring well-before the IES. The two types of dysregutatio It has long been suspected that IES contribute to cognitive
observed in the present study are in line with these results anand behavioral de cits (15-30% of BECTS children), but the
represent, at a macroscopic level, the variability of thetsffg  underlying physiological mechanisms are still poorly undeost
of neuronal assemblies to reach the freezing point beyon@l/annestetal., 20)5iIn BECTS, IES are associated with transient
which recruitment of synaptic inputs will trigger the regeative  cognitive impairment (TCI) Qarts et al., 1984; Fonseca et al.,
currents of the PDS and IES¢ller et al., 2010; Alvarado-Rojas 2007, which starts several hundreds of milliseconds before the
et al., 2013; Manoochehri et al., 20.1Similarly, using a graph- spikes {an Bogaert et al., 20).ZReorganization of the networks
theoretical approach, increases in network clustering adounin the epileptic focus and in other functionally connectedase
the IES, in both symptomatic partial epilepsyprghim et al., might participate in TCI {/errotti et al., 201} In support of
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this hypothesis, connectivity analysis using EEG or fMRI has TFRs on scalp HD EEG would open new perspectives about
demonstrated deactivation associated with IES in widespredhe understanding of the mechanisms of IES generation and,
cortical areas involved in cognitive processing, includthg through future studies, the causal role of local largeescal
frontal, temporal and occipital cortexBesenyei et al., 2012; networks on changes to cognitive de cits.

Adebimpe et al.,, 2015a; Xiao et al., 2)1&s well as areas

involved in the Default Mode Network (DMN)Gataldi et al., AUTHOR CONTRIBUTIONS

2013; Fahoum et al., 2013; Adebimpe et al., 2R1IRS would

therefore repetitively and transiently disrupt the functadity of ~ Conceived and designed the experiments: EB, MM, PB, and
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In the present study, we show that large-scale network

. Figure S1 | Impact of varying slow wave amplitude on time-frequen cy
chgnggs also Precede the lE_S’ sup_po_rtmg _the Concept thzg‘?f:llysis. (A) Simulated IES dipole in the right central sulcus, Locations,
gplleptlc dypamlcs cannot be V|ewed. in |solat|on,.but mu§t b%rientations.(B) Simulated IES with increasing slow wave amplitudes (0, 5, 1a,5,
interpreted in the context of a dynamic system of interregbn 20 nAm).(C) The simulated scalp IES in average reference format. The sblines
communication within Iarger networks. indicate the signalC noise wave forms generated by the dipole sources indicated

In the epileptogenic zone, complex changes both shortl (A). (D) Butter y plot of the simulated spikes, Scalp potentials (33channel

. . . . ontage) were simulated from dipole in order to correspondd eld produced by
preceding and following IES, illustrated the complexity of the, . generator within right central sulcus(Up-left) superimposing all channels E)

underlying mechanisms of IES generation. The absolute power of time-frequency analysis is displayedhe x-axis shows the
Changes in desynchronization are also observed in distatitne relative to the spike, the y-axis shows the frequenciesThe intensities are

zones from the epileptogenic area both shortly before anéisrlayed as a color-coded plot.(F) A time-frequency representation is shown

after IES, suggesting that neuronal reorganization is uride where the power for each time is normalized to the mean power fathe baseline

. . epoch for that frequency, baseline period: [ 1000 ms; 600 ms]. GtgRg of the
in uence of a larger embedded network, which may play a Caus@ﬁnulated IES demonstrated signi cant changes between 4 and 8 Hz in the right

role in the eXpreSSion of the IES. central sulcus simultaneously with the IES and an increase pbwer in low
In concordance with other studies, these ndings observed i frequency band due to increase of the slow-wave amplitude o$imulated spikes
male patients with BECTS are likely to be generalizable acro@s5: 10. 15, 20 nAm).

di erent gender or other underlying epileptogenic syndromesrigure s2 | Transient change in Global Time-Frequency Repres  entation

and locations of epileptic foci. (GTFR) in different scaling factors (800, 400, and 200%).
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