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Abstract: Presurgical monitoring with intracerebral electrodes in patients with drug-resistant focal
epilepsy represents a standard invasive procedure to localize the sites of seizures origin, defined as
the epileptogenic zone (EZ). During presurgical evaluation, intracerebral single-pulse electrical
stimulation (SPES) is performed to define the boundaries of eloquent areas and to evoke seizure-
associated symptoms. Extensive intracranial exploration and stimulation generate a large dataset
on brain connectivity that can be used to improve EZ detection and to understand the organization
of the human epileptic brain. We developed a protocol to analyse field responses evoked by intra-
cranial stimulation. Intracerebral recordings were performed with 105–162 recording sites posi-
tioned in fronto-temporal regions in 12 patients with pharmacoresistant focal epilepsy. Recording
sites were used for bipolar SPES at 1 Hz. Reproducible early and late phases (<60 ms and 60–500
ms from stimulus artefact, respectively) were identified on averaged evoked responses. Phase 1
and 2 responses recorded at all and each recording sites were plotted on a 3D brain reconstruc-
tions. Based on connectivity properties, electrode contacts were primarily identified as receivers,
mainly activators or bidirectional. We used connectivity patterns to construct networks and applied
cluster partitioning to study the proprieties between potentials evoked/stimulated in different
regions. We demonstrate that bidirectional connectivity during phase 1 is a prevalent feature that
characterize contacts included in the EZ. This study shows that the application of an analytical pro-
tocol on intracerebral stimulus-evoked recordings provides useful information that may contribute
to EZ detection and to the management of surgical-remediable epilepsies. Hum Brain Mapp
35:4267–4281, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Surgery resection of pathological tissue represents a
major advancement for the cure of pharmaco-resistant
focal epilepsy [see Engel, 2013; Scheffer and Mullen, 2013;
Wiebe and Jette, 2012; Wiebe et al., 2001]. The identifica-
tion of the epileptogenic region is not always trivial, par-
ticularly in cases with negative neuroimaging or when the
epileptogenic area is in proximity to eloquent brain struc-
tures. For these patients, the recording of the stereo-
electroencephalogram (SEEG) using intracerebral depth
electrodes combined with video monitoring is a valid sup-
port for the identification of the epileptogenic zone (EZ)
[Cossu et al., 2005; Talairach et al., 1974].

Patients are subjected to SEEG recordings for several
days, to acquire the necessary information to assess the
zone of seizure initiation and propagation and the exten-
sion of the seizure network. Several groups have devel-
oped computer-assisted analysis for the identification of
the EZ and the seizure onset zone [Andrzejak et al., 2006;
Bartolomei et al., 2008; Crepon et al., 2010; David et al.,
2011; Gnatkovsky et al., 2011]. Computer-assisted analysis
is useful to define the EZ with objective criteria, and is
also suitable to extract the precious information in a
unique circumstance, during which a direct window to the
(pathological) generators of human brain activity is
available.

To improve the identification of brain structures
involved in seizure generation and their functions, electri-
cal stimulations of the implanted electrodes are performed.
High frequency trains of stimuli at 50 Hz and single pulse
electrical stimulations (SPES) at 1 Hz delivered at electrode
contacts close to or within the putative EZ are useful to
elicit either seizure-related symptoms during the SEEG
recording session, and are also used to define the bounda-
ries of eloquent cortical areas [Bartolomei et al., 2004;
David et al., 2013; Kahane et al., 2003; Lachaux et al., 2007;
Lesser et al., 1987; Luders et al., 1986; Ojemann et al., 1989;
Penfield and Jasper, 1954]. Previous studies have analysed
the features of SPES-evoked responses to evaluate the epi-
leptogenic area [Valent�ın et al., 2002] and identified
delayed responses as intracranial markers of EZ in adults
[Valent�ın et al., 2002, 2005] and children [Flanagan et al.,
2009] with pharmacoresistant focal epilepsies. Moreover,
SPES can be used to study human cortical connectivity in
both epileptic [David et al., 2008; Matsumoto, 2004; van’t
Klooster et al., 2011] and physiological networks [Catenoix
et al., 2011; David et al., 2013].

In this report, we quantitatively measured the effect of
SPES delivered to implanted contacts, considering the acti-
vation brought and received by each recording contact in

a population of patients explored with SEEG during pre-
surgical monitoring. The large amount of data recorded
during SPES protocols hinders the extraction of valuable
information on the effect of single stimulation site in all
SEEG traces. The aim of this study was to develop a proto-
col to organize SPES-evoked responses as functional maps
and ascribe these maps to the epileptogenic tissue and the
surrounding cortical regions.

METHODS

Stereo-EEG Recordings: Materials and

Equipment

Twelve adult patients with pharmacoresistant partial epi-
lepsy of heterogeneous etiologies submitted to SEEG explo-
ration in fronto-temporal regions were examined (Table I).
The recording contacts located either in the EZ (defined as
the region of initiation and early propagation of seizures),
or in the surrounding early-propagation zone (EPZ; defined
as the area of early propagation of the ictal discharge) or in
the normal tissue that surrounds these areas (not-epilepto-
genic healthy tissue) were identified for each patient by
expert clinical neurophysiologists (SF, IS, and LT). Electro-
des included in the EZ were defined by a time onset of fast
activity included in the first second of the seizure. Electro-
des in which fast activity was observed after 1 s were iden-
tified as EPZ. Patients were implanted with depth
electrodes for pre-surgical evaluation, according to the ste-
reotactic method [Cossu et al., 2005; Munari et al., 1993;
Talairach et al., 1974]. Twelve to sixteen intracerebral multi-
channel electrodes (Dixi Medical, France and ALCIS,
France), each carrying 5–18 contacts (length, 2 mm, diame-
ter, 0.8 mm; 1.5 mm apart) were implanted, for a total num-
ber of 105–162 recording sites per patient. SEEG recordings
with 0.016–300 Hz band-pass filter were performed using
Neurofax EEG-1100 system (Nihon Kohden, Tokyo, Japan)
at 1 kHz sampling rate and 16-bit resolution.

Based on the preoperative MR data and post-
implantation computer tomography scans, image fusion
was performed to locate each lead on the recording elec-
trode trajectory (Fig. 1A). Intracerebral SPES were per-
formed as part of the usual clinical assessment to locate
both the epileptogenic and eloquent regions. Thirty bipolar
2 ms pulses of 5 mA intensity (lowered to 1–3 mA for
SPES in both hippocampus and motor cortex) at 1 Hz
were applied to couples of contiguous contacts on the
same electrode shaft [Cardinale et al., 2013; Munari et al.,
1993; Nathan et al., 1993]. SPES never triggered either epi-
leptic seizure or sustained afterdischarges. All patients
were surgically treated and EZs were confirmed both by
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histological examination of the resected tissue and by the
postsurgical outcome. Seizure outcome was Engel scale
Ia/b in 10 out of 12 patients (II and III a for patients 7 and
5, respectively; Engel, 1993). Postsurgical follow-up ranged
between 4 and 59 months (see Table I).

Electrophysiological Data Analysis and

Representation

SEEG data obtained during SPESs were acquired using
custom-made software developed in LabView (National
Instruments, Austin, TX; Fig. 1B). Trace segments of 600
ms (100 ms pre- and 500 ms post-stimulus; Fig. 1B) for all
responses evoked by 1 Hz SPES were averaged for each
stimulation site. Bipolar montages between contiguous
recording sites were utilized to highlight local activations
and to subtract passive volume-conducted components.
Averaged SPES-evoked responses showed an early (2–60
ms) and a late (60–500 ms) principal components identified
as phase 1 and 2, respectively (Fig. 1C,D). Reliability of
SPES-evoked responses was evaluated by calculating a
variability index on each average response, computed as
the ratio between the summation of the standard devia-
tions and the summation of the averaged points of each
response, normalized for the number of points. Averaged
responses with variability index values >0.1 were
excluded from the analysis. Normalized areas (integral)
subtended in the trace were calculated for the two phases.
The absolute integral values were calculated, regardless
the positive or negative signs of the potential. Recording
sites in which SPES induced no responses were excluded
from further analysis. For each stimulation, we classified
the recording contacts as active and not active on the basis
of two thresholds applied to the response peak amplitude
and normalized area, respectively. The incrementally
sorted values of both parameters were plotted and thresh-
olds were automatically suggested by the program in
order to exclude the responses with lowest values. The

two thresholds could be manually adjusted, and were usu-
ally set either at 1/10 of the maximum value or at the
value from which the distribution clearly increased its
slope. Active contacts were the ones above at least one of
the two thresholds. Saturating or noisy contacts were man-
ually removed by visual inspection.

Based on contact spatial coordinates calculated from MR
sequences, a three-dimensional (3D) map of the position of
the implanted electrodes was created in a virtual 3D space
(Fig. 2A,B) and subsequently transposed on MR recon-
struction of the patient brain (Fig. 1A). Each recording site
was represented by a dot that showed a size proportional
to the values of averaged integrals. Recording sites in
which no supra-threshold responses were measured are
illustrated with small size gray dots. The interpretation of
color codes and sizes of dots are defined in the Results
section. Statistical evaluation was performed using one-
way ANOVA with Tukey’s post-hoc test. An a priori 95%
confidence was set as sufficient to assess statistically sig-
nificant differences; higher significance values are reported
in the text and figure legends.

Network Connectivity Maps and Graph

Partitioning

To understand the topological relationship between the
recording contacts, we constructed connectivity network
maps using Cytoscape 2.4.1 software (http://www.cyto-
scape.org [Shannon, 2003] see Results). The partition of the
network into overlapping clusters of highly interconnected
contacts was performed using the ClusterONE plugin
(Clustering with Overlapping Neighborhood Expansion).
ClusterONE algorithm aims to discover densily connected
subgraphs over the network by growing dense regions out
of small seeds given by a quality function of cohesiveness
which measures how likely it is for a group of vertices to
form a dense cluster [Nepusz et al., 2012] (Supporting
Information - ClusterONE algorithm). This approach lacks

TABLE I. Patients data

Patient Sex
Age at seizure

onset
Age at
sEEG

Electrodes/
recording sites

Postsurgical
follow-up (months)

Seizure outcome
(Engel scale)

1 M 22 28 12/144 16 Ib
2 F 1 26 15/158 24 Ia
3 M 12 32 15/158 24 Ia
4 M 4 25 13/105 30 Ia
5 M 5 17 14/161 10 IIIa
6 F 6 16 15/160 30 Ia
7 M 11 33 13/120 11 IIa
8 M 4 19 12/162 26 Ia
9 F 8 29 14/114 14 Ia
10 M 1 39 15/136 23 Ia
11 F 13 36 16/143 59 Ia
12 M 17 27 13/118 4 Ia

The number of electrodes implanted for SEEG monitoring and the total number of contacts are indicated.
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any bias due to subjective interpretations of the maps, fos-
tered by statistical significances. No a priori restriction on
both the number and the size of the clusters was imposed

on the unsupervised clustering algorithm and therefore no
information regarding the pathological position or brain
region of each contact was provided. Statistical

Figure 1.

SEEG data analysis. A: 3D reconstruction of intracerebral elec-

trodes tracks on MR-CT fusion images of patient 9 (see Table I).

Letters mark different electrodes. Single recording leads are pre-

sented as dots. B: Raw bipolar signals recorded from electrodes

E, F, G, H, and Z in the same patient shown in A, during a 1 Hz

SPES delivered at electrode Y. Expansion of traces recorded

with electrodes E and F are shown on the right. C: Average

(and SD: dotted line) of 30 SPES at 1 Hz delivered at electrode

Y in patient 3. Early phase 1 (<60 ms) and a late phase 2 (60–

500 ms) are clearly identified. The stimulus artifact is indicated

with a bolt symbol. D: Averaged bipolar potentials recorded

using four consecutive recording sites on electrode E. Four

recording leads are illustrated as examples on an electrode

microphotograph. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 2.

Distribution of SPES-evoked responses. A: Amplitude of supra-

threshold average integral amplitudes recorded in all SEEG

recording sites during phase 1 (left panel) and phase 2 (right

panel), following stimulation of a contact (large black spot) posi-

tioned in the EZ (dotted spheres). The size of red dots is pro-

portional to the response amplitude normalized with respect to

maximal responses. 3D plots with corresponding horizontal

projections (bottom) B: Amplitude response plots as in A, fol-

lowing stimulation of a contact positioned in the EPZ. 3D plots

with corresponding horizontal projections (bottom). [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

wileyonlinelibrary.com


significance of each cluster is assigned using a one-sided
Mann-Whitney U test performed on the number of inter-
nal and external boundary edges. The internal boundary
edge was defined between the cluster node and the node
within the cluster, while the external boundary edge was
defined between the cluster node and the node outside the
cluster. The clusters were visualized using Cytoscape’s
Organic layout, which is a force-directed layout algorithm
similar to the Fruchterman-Reingold approach [Fruchter-
man and Reingold, 1991]. NAViGaTOR software (http://
ophid.utoronto.ca/navigator, ver. 2.1.14) was used to visu-
alize 3D connectivity maps. Results were further validated
by Markov clustering algorithm (not shown). All clusters
with P <0.05 were extracted from the network according
to density, quality and internal/external edge parameters
and were identified as included in either EZ or EPZ or
healthy tissue. The clusters were defined as belonging to
either EZ or EPZ when more than 30% contacts were
included in EZ or EPZ, respectively, according to surgical
planning and postsurgical outcome.

RESULTS

Characteristics of SPES-Evoked Potentials

Analyses of SPES-evoked responses in different patients
consistently identified early phase 1 and late phase 2 (Fig.
1B–D) [see also Kubota et al., 2013]. The integral values of
phase 1 and phase 2 were measured in all recorded sites
following SPES in all contacts and were plotted on 3D
reconstructions of the brains of patients. Figure 2 illus-
trates a representative example of supra-threshold aver-
aged integral responses (red dots) in phase 1 (left panels)
and phase 2 (right panels) evoked by SPES delivered on
contacts included in the EZ (marked by the large black
dots in Fig. 2A) and EPZ (large black dot in Fig. 2B) in a
single patient (Patient 9; data from the same patient are
shown in Figs. 3, 5, and 6). Contacts retrospectively
included in both EZ and EPZ are represented as outlined
spots, which are more evident in the horizontal projections
under each 3D plot. The same findings could be illustrated
in a complementary manner, by representing stimulation
sites that induce a response at a single recording contact
(not shown). This process generated for each patient more
than 10.000 computed values, which are difficult to sum-
marize and visualize as functional maps.

Protocol Analysis of SPES-Evoked Data

To improve the reading of SPES-evoked data, each
recording was classified either as a prevalent activator that
induces evoked responses in other contacts, or as a preva-
lent receiver from other stimulated contacts (Fig. 3). Bidir-
ectional contacts that received from the same activated
contacts were also identified. The inclusion of a contact in

one of the 3 categories was assessed using the following
activating/receiving index (AR index):

AR-INDEX 5

Na:ed 2Nbidir

Na:ing 2Nbidir
; if Na:ed � Na:ing

Na:ing 2Nbidir

Na:ed 2Nbidir
; if Na:ed > Na:ing

8>>><
>>>:

where Na.ed is the number of activated contacts and Na.ing

is the number of activating contacts.
Using the 3D coordinates of each contact, plots of AR-
indices for main activator contacts (red dots in Fig. 3) and
primary receiver contacts (blue dots in Fig. 3) for both
phases 1 and 2 (phase 2 not shown) and their spatial dis-
tribution and correlation with the EZ and EPZ (contacts
outlined by the dotted sphere) were characterized. Nota-
bly, not all recording contacts are stimulated in clinical
practice, thus the number of potentially activated contacts
is consistently higher than or equal to the number of acti-
vating contacts. A threshold set to zero defines pure acti-
vators/receivers. The distribution of the bidirectional
contacts in both phases was also evaluated (Fig. 3, phase 1
only), applying a threshold on the number of bidirectional
connections.

The quantification of activator or receiver contacts per-
formed in the cohort of 12 patients showed no prevalent
distribution pattern in EZ, in EPZ or the peri-EZ-EPZ tis-
sue for both phases (Fig. 4A–D). Neither the averaged AR-
index nor the percentage of activators/receivers revealed
statistically significant differences between the two phases
in different areas. We did not observe evident correlations
between activators or receivers and the EZ/EPZ when this
analysis was repeated after varying AR index thresholds
from 0 to 0.5. AR-index for activators and receivers was
computed for each patient and illustrated with continuous
gray lines superimposed onto average histograms plots of
Figure 4A–D. The single patient data confirmed that EZ,
EPZ, and the surrounding non-epileptogenic healthy tissue
contain similar numbers of activating and receiving
contacts

Next, we evaluated bidirectional contacts inside and
outside the pathological zones. The number of bidirec-
tional connections varied from patient to patient, depend-
ing on the extension of the EZ and on the contact density
positioned in the explored brain region (see Supporting
Information Fig. 1A). To correct for this variability, we
computed the average number of bidirectional connections
of each stimulated contact, after dividing the average
number of bidirectional connections in the healthy tissue.
These values were subsequently averaged among patients
(Fig. 4E,F). During phase 1 only, the normalized number
of bidirectional contacts in the EZ was significantly higher
than in the healthy tissue (one-way ANOVA, P <0.05; Fig.
4E). The same statistical analysis was conducted on non-
normalized values for bidirectional connections and the
significance of the difference between EZ and healthy tis-
sue was equally assessed (Supporting Information Fig. 1).
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We also computed the percentage of highly bidirectional
contacts (with bidirectionality index higher than the aver-
age value of the healthy tissue) with respect to all contacts

in pathological and normal tissues. In the EZ we observed
only a trend for a higher probability of bidirectional con-
nections in phase 1 (Fig. 4E,F). Bidirectionality evaluated

Figure 3.

Activating, receiving, and bidirectional connections. Schematic

representation of a contact (center dot marked with a C) as

mainly receiver of inputs from other contracts (blue arrows) or

mainly activator of other contacts (red arrows) is shown on top.

Bidirectional relationship between coupled receiving and activat-

ing contacts are represented by black arrows. On the left, a

threshold based on the number of bidirectional contacts (>4)

was used to illustrate the contacts with the highest number of

bidirectional connections (black dots) during phase 1 in patient

9 on a 3D space in which the position of the electrodes is

reconstructed based on MR coordinates (bottom, the horizontal

projection). On the right a plot of the distribution of phases 1

contacts defined mainly as receiving (blue dots) and activating

(red dots) after setting a threshold value of AR-index< 0.1 for

the main activators and< 0.5 for the main receivers (see Meth-

ods) is shown for patient 9 (bottom, the horizontal projection).

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Figure 4.

Distribution of activating, receiving, and bidirectional connec-

tions. A–D: Average values of AR-index for mainly activator or

receiver contacts and the percentage of activator and receiver

contacts for phase 1 (A and B) and phase 2 (C and D) in EZ

(black columns), EPZ (gray columns), and healthy tissue (white

columns), calculated in 12 patients. Values from each patient are

illustrated by light gray lines. E: Quantification of the average

number of bidirectional connections in EZ and EPZ normalized

to the mean number of bidirectional connection of the contacts

in healthy tissue calculated for phase 1 (left) and phase 2 (right

panel). F: Percentage of bidirectional connections in EZ and EPZ

calculated for phase 1 (left) and phase 2 (right panel). The value

of normalized bidirectionality and percentage beside the abso-

lute number of mean bidirectional contacts from each patient

are reported in Supporting Information Figure 1. G: The total

activation is the summation of activated and activating contacts

for each stimulated contact, minus the number of bidirectional

connections, averaged with respect to the pathological and

healthy regions. The absence of any statistical significance in this

parameter let us reject the hypothesis of a bias on the activator

or receptor behavior of each contact due to a higher number of

activated/activating contacts.



in phase 2 did not reveal any significant correlation with
pathological tissue (Fig. 4E,F). The sum of the number of
activated and activating contacts could be a possible bias
for bidirectionality values of each contact. Thus, we eval-
uated the mean total activation in the three zones for each
patient in each phase and observed no significant differen-
ces (Fig. 4G). The data analysis subdivided for each patient
is illustrated in detail in Supporting Information Figure
1B–D.

These findings demonstrate that bidirectional interac-
tions are prevalent within the EZ when evaluated by ana-
lyzing SPES-evoked responses. This type of analysis is
statistically relevant, but does not provide functional map-
ping of the explored brain areas easy to examine.

Network Connectivity Maps and Graph

Partitioning

To study the spatial distribution of SPES-evoked func-
tional interactions, we used a different approach based on
bidimensional analysis of connections among contacts by
force-directed graph algorithm [Fruchterman and Rein-
gold, 1991].

The localization of the recording contacts in the patho-
logical zone of Patient 9, indentified by clinicians is shown
in Figure 5A; red dots for EZ, yellow dots for EPZ (note
this colors notation will remain valid for the following fig-
ures and in the Supporting Information).

As illustrated in Figure 5B, the graphical representation
of connectivity maps obtained with this procedure shows
the distribution of contacts based on their interactions and
topology in an artificial functional environment (see Meth-
ods). In these maps, the unidirectional and bidirectional
connections (see contact B11 in the insert in Fig. 5, phase
1) are drawn in light blue and blue respectively. The
topology of the maps depends on the pattern of connec-
tions. Maps of the two phases of the same patient might
have different shapes, but the grouping of EZ-EPZ con-
tacts with respect to the whole map is preserved across
phases (Fig. 5B).

To organize the seeds of the network (contacts) into dis-
crete modules based on their common interconnection pat-
terns, we applied the graph-clustering algorithm
ClusterONE. Among the set of extracted clusters (with sig-
nificant P, see Methods), we observed clusters overlapping
almost perfectly with one of the pathological zones (Fig.
6A–C), clusters identifying structures with known func-
tional role (hippocampus, motor cortex, etc.) and clusters
linking distant portions of the map (Fig. 6D). The clusters
were analyzed during phase 1 and phase 2 in 12 patients.
EZ- and EPZ-clusters were defined by the presence of
more than 30% of the contacts in either the EZ or the EPZ
zones (black and gray columns, respectively, in Fig. 7).
Clusters that did not include EZ-EPZ contacts were identi-
fied as healthy tissue clusters (white columns in Fig. 7). A
total of 10 and 12 EZ clusters were identified for phases 1

and 2, respectively, and 24 and 27 EPZ clusters were iden-
tified for phases 1 and 2, respectively. Moreover, 67 and
63 healthy tissue clusters were correspondingly identified
in phases 1 and 2. The main percentage of EZ/EPZ con-
tacts included in EZ/EPZ clusters was, respectively,
49 6 3% and 49 6 3% in phase 1 and 51 6 4% and 44 6 2%
in phase 2. Hybrid clusters (with EZ/EPZ contacts <30%)
that did not obey these rules were discarded from the
analysis. A small overlap in the connectivity clustering
between the EZ and EPZ was observed. The percentage of
EPZ contacts in EZ clusters was on average 9% for phase
1 and 5% for phase 2. The EZ contacts in EPZ clusters
were 3 and 4% for phases 1 and 2 respectively, independ-
ently of the anatomical proximity of these two zones.
Focusing only on phase 1, 75% (9/12) of the patients had
at least 1 cluster of EZ or EPZ-type and 33% (4/12) had at
least 1 cluster that included both EZ and EPZ, whereas
92% of patients (11/12) showed healthy tissue clusters.
Similar results were obtained in the analysis of phase 2.
The number of bidirectional connections was significantly
higher in phase 1 EZ and EPZ clusters than in the non-
epileptogenic clusters (P< 0,001 and P< 0,05, respectively,
Fig. 7B). The significance of the bidirectional contacts in
the EZ clusters confirmed the findings derived from
single-contact analysis (Fig. 4E,F). Moreover, the cluster
bidirectionality was also significantly higher in the EPZ
compared with nonepileptogenic tissue.

Other parameters were computed on clusters, such as
the ratio between the number of bidirectional and unidir-
ectional connections (Fig. 7C) and the quality, which refers
to the ratio between internal and external connections to
the cluster (Fig. 7D). These parameters showed a general
larger values for EZ compared with other regions, without
statistical significance, with the exception of the ratio
between bidirectional and unidirectional connections in EZ
compared with EPZ during phase 2.

DISCUSSION

We developed a quantitative procedure to analyze data
from electrical stimulation protocols performed during
SEEG, and to extract potentially useful features that con-
tribute to assess the characteristics of the epileptogenic
brain regions in patients with focal pharmacoresistant epi-
lepsy. We propose that it is feasible to compute and to
interpret the massive amount of data obtained by consid-
ering responses recorded from all electrodes following
bipolar SPES of all sites.

The first step to achieve this goal was to identify two
principal phases of SPES-induced responses. The reliability
of these responses over all recording contacts facilitated
the computation of average values for each and all SPES.
Previous reports indicated that cortico-cortical field
responses evoked by local intracortical stimulation in dif-
ferent regions of the human cortical mantle are character-
ized by two major components [Enatsu et al., 2012; Kubota
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Figure 5.

A: Schema of the recording contacts inside the brain of patient 9; in

red the contacts in the EZ and in yellow the ones in the EPZ. B:

Two-dimensional connectivity maps based on the stimulated/acti-

vated contacts. Map of contact connectivity during phases 1 and 2 in

patient 9, based on the analysis of averaged SPES-evoked responses.

Separation between contacts was optimized using a force-directed

layout [Fruchterman and Reingold, 1991]. Connections (light blue)

with marked directions (see enlargement of B11 contact) originate

from stimulated contacts and end on supra-threshold activated con-

tacts. Purple lines represent bidirectional relationships between cou-

ples of contacts. EZ contacts (reported in red) are clustered

separately from the EPZ contacts (in yellow) in this patient. Bridging

links connect the two main groups of contacts both maps. The two

main groups of contacts of phase 1 and 2 maps are all included in

temporal lobe (upper and right groups in phase 1 and 2, respectively)

and in frontal lobe (lower and right groups in phase 1 and 2, respec-

tively). For phase 1, contacts interposed between the two groups

represented intermediate structures between the two lobes: con-

tacts R2 to R9 were located in the central operculum and contacts

B9-B11 in the medium temporal gyrus.
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et al., 2013; Nathan et al., 1993; Valent�ın et al., 2005; Wil-
son et al., 1990]. Phase 1 and phase 2 identified in our
study respectively include the area underlying N1 and N2
waves of cortico-cortical evoked potentials described in
the temporal region [Matsumoto, 2004]; these waves have
peak latency of 20–35 ms and 110–170 ms. Phase 1 is due
mainly to a population of postsynaptic excitatory poten-
tials generated in cortical neurons in response to afferent
cortical inputs [Douglas et al., 1995; Sugaya et al., 1964]
that are possibly generated in deep cortical layers [Kumar

and Huguenard, 2001; Mercer et al., 2005]. Phase 2 is
either generated by recurrent inhibitory potentials that fol-
low the direct excitation mediated by phase 1 [Silberberg
and Markram, 2007], or can be sustained by polisynaptic
cortico-cortical and/or cortico-subcortico-cortical excitatory
circuits. Evidence for a contribute of polysynaptic (either
inhibitory or excitatory) activation during phase 2 derives
from paired-pulse stimulation protocols performed during
intracranial exploration, by transcranial magnetic stimula-
tion in humans [Ferreri et al., 2011; Wilson et al., 1998]

Figure 6.

Clustering of contacts analysed by connectivity features. Cluster-

ONE network-clustering algorithm was applied to phase 1 con-

nectivity 2D-map in the same patient 9 of Figure 5, to identify

optimal clusters of contacts (in purple) sharing dense connection

patterns. The contacts belonging to each cluster were also

reported, with the same colour (on the side of each connectiv-

ity map), in the brain schema of the implanted electrodes of the

patient. Red and yellow dots in the connectivity maps identify

the EZ and the EPZ. The location of the clusters (purple con-

tacts) in the 3D reconstruction of the patient brain is shown on

the right in each panel. Cluster overlapping was permitted. A:

Cluster matching with the EZ. B and C: Clusters included in the

EPZ. D: Cluster matching with well-defined anatomical and func-

tional healthy tissue structures that connect the temporal with

the frontal lobe (opercular region).
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and in experimental reports [Biella et al., 1996; Metherate
and Ashe, 1994; Nathan and Lambert, 1991]. These studies
demonstrated that the delayed component (lasting 300–600
ms) evoked by the second stimulus in a pair is abolished
by inter-stimulus interval lower than 30 ms, suggesting a
prevalent involvement of cortical recurrent inhibitory net-
works in its generation.

The computation of phase 1 and phase 2 average inte-
gral area dramatically decreased the data size to kilobytes
and made it possible to represent the global effect of dif-
ferent stimulations in a 3D plot based on the exact spatial
positions of the contacts obtained by MRI. Next, we intro-
duced a further binary parameter by setting thresholds on
the amplitude and area of the evoked responses to filter
for non-relevant parameters and to highlight specific con-
tacts. By considering only the active contacts, we were
able to assess the activation propensity of each contact
(main receiver, main activator, and bidirectional) and this
approach further reduced the data set consenting of the
analysis of reciprocal interactions between contacts, but
did not allow for a clear mapping of these interactions. By

quantitatively evaluating the propensity towards either
activation or passive reception of individual SPES, we did
not observe a significant preferred ability for activation or
being activated in the contacts within the epileptic net-
works with respect to the surrounding healthy tissue. This
suggests that neurons within the EZ (i) do not over-
respond to an incoming cortical input and (ii) when stimu-
lated do not generate a larger than normal response in sur-
rounding healthy tissue. Bidirectionality of activation
among contacts during phase 1 was a reliable indicator of
the pathological tissue. Analyses of single contacts showed
a significant higher number of bidirectional connections in
the EZ with respect to the healthy tissue during phase 1,
but not between EPZ and healthy tissue.

To interpret our data revealed by SPES, we integrated
connection patterns into a global connectivity network
map by applying graph clustering analysis derived from
research fields such as molecular biology, social science,
and statistical physics. Graph network theory has sug-
gested several natural and local small-world properties
typical of brain connectivity [Strogatz, 2001]. Network

Figure 7.

Distribution of contact clusters. A: Mean number of contacts in

EZ (black column), EPZ (gray column), and healthy tissue (white

column) clusters during phases 1 and 2 calculate in all 12

patients. B: Number of bidirectional connections in EZ, EPZ,

and healthy tissue clusters. C: Ratios between bidirectional and

unidirectional connections for the two phases. D: Cluster quality

feature comparison between EZ, EPZ, and healthy tissue clus-

ters. Quality parameter represents a measure of cohesiveness,

which assesses a well-defined cluster with many internal edges

and few boundary edges. One-sided Mann-Whitney U test was

used to determine the significance: ***5 P <0,001; ** 5 P

<0,01; *5 P <0,05.
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clustering of SPES-evoked responses exploits connectivity
maps to obtain a better understanding of the activation
relationships among different cortical structures. A similar
connectivity approach has been applied to evaluate syn-
chronization properties of SEEG signal and the direction
of the information flow in the epileptogenic region [Fra-
naszczuk et al., 1994; Varotto et al., 2012; Wilke et al.,
2010] or to functional MRI analysis [Pandit et al., 2013;
Smith, 2002] and might contribute to functional connec-
tomics evaluation of physiological and pathological brain
networks [Alvisatos et al., 2012]. Connectivity mapping
approach ensures contacts segregation in more densely
connected clusters, thus allowing for an efficient informa-
tion flow through the network that is otherwise hindered
by visual analysis. Here, we took in advantage of the three
different activation patterns (receiver, activator, and bidir-
ectional) to construct network connectivity maps and to
evaluate cluster proprieties of the EZ-EPZ and the healthy
tissue. Exploiting the cluster parameters between EZ/EPZ
against healthy tissue clusters, we revealed that highly
dense clusters with more internal connections might reflect
a pathological condition of the epileptogenic tissue. These
characteristics are analogues to small-worlds phenomena
with high clustering coefficients and high degree nodes, in
which most nodes can be reached from every other node
through a small number of hops or steps. Indeed, when
we considered small assemblies of contacts sharing similar
connectivity patterns instead of single contacts by connec-
tivity maps and an automatic clustering algorithm, we
obtained significant higher number of bidirectional con-
nections in both EZ and EPZ clusters compared with pure
healthy tissue clusters. These data confirmed and further
extended the findings obtained with single correlation
analysis, and strongly suggest that the epileptogenic area
is formed by group of neurons that show a higher concen-
tration of bidirectional connections with respect to cluster
in close networks. High interconnectivity is particularly
evident for interactions within the EZ and it is likely medi-
ated by monosynaptic cortico-cortical interactions between
groups of neurons, since this property is emerging exclu-
sively for phase 1. This observation supports the assump-
tion that phase 2 represents a local response (possibly
inhibitory or polisynaptic) independent on cortico-cortical
connectivity and generated by neuronal activation during
the monosynaptic phase 1 component.

The possibility that connectivity clustering maps may
highlight physiological networks among the different
explored structures should be considered. In patients
explored in the mesial temporal lobe, indeed, strong pri-
mary clustering within the hippocampal-entorhinal area
were observed (see Supporting Information Fig. 2). In
mesial temporal lobe exploration en passant to the EZ, such
physiological, non-epileptic clusters were not included in
the epileptogenic area. Nonclustering analysis of SPES-
evoked responses was reported to study the connectivity of
hippocampal afferent projections in patients during SEEG
exploration [Catenoix et al., 2011]. It is interesting to notice

that in the 4 patients explored with electrodes implanted in
two different lobes (such as the patient illustrated in Figs. 5
and 6), clustering analysis during phase 1 revealed two sep-
arate groups of contacts connected by few interposed con-
tacts. The 3D reconstruction of the position of the electrodes
demonstrated that all contacts included in one of the two
large map cluster are comprised in one lobe. Moreover, the
contacts interposed between the two main groups are
located in cortical areas that connect the two lobes (central
operculum and medium temporal gyrus in patient 9; see fig-
ure legend of Fig. 6). This observation will need more accu-
rate evaluation of multilobar explorations.

In conclusion, mapping bidirectionality features of
SPES-evoked responses (mainly of early components corre-
lated to phase 1) recorded during intracranial SEEG moni-
toring can be used to identify the EZ and may improve
detection in those cases in which EZ is not easily defined
by seizure patterns. Moreover, the recognition of patholog-
ical and healthy tissue clusters could facilitate the identifi-
cation of the area of surgical resection.
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