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Introduction

Epilepsy surgery requires intracranial electrodes in 25-50% of the
cases, either at the surface (grids, strips) or deep inside the brain
(stereo-electroencephalography, SEEG) (Spencer et al., 2008), in order
to delineate from the intracranial electroencephalogram (IEEG) the cor-
tical areas where seizures start and rapidly propagate (David et al.,
2011). For clinical reasons, it is also possible to use direct electrical stim-
ulation (DES) of the cortex in a given region using a bipolar derivation of
two adjacent electrodes and to record electrophysiological responses
with the other electrodes. In addition to induced changes of behaviour
or perception used for functional mapping (Selimbeyoglu and Parvizi,
2010), after discharges or abnormal responses can be elicited for map-
ping epileptic circuits (David et al., 2008; Kahane et al., 1993; Valentin
et al., 2002), but also cortico-cortical evoked potentials (CCEPs) that re-
semble physiological responses (Catenoix et al., 2005; 2011; Koubeissi
et al, 2012; Lacruz et al,, 2007; Matsumoto et al., 2004, 2007, 2011,
Rosenberg et al., 2009; Wilson et al., 1990). Because CCEPs are usually
composed of a sharp deflection followed by a slow wave, they can be
used to estimate neuroanatomical functional pathways to and from
the site of stimulation by the quantification of the strength and latency
of the first response component recorded at every electrode.

CCEPs are obtained in response to brief current stimulations, of
pulse-width usually below 3 ms (David et al., 2010). Amplitude and
spatial extent of CCEPs depend on the stimulation energy E per time
unit (1 s), which can be approximated to Pwf for a monophasic stimula-
tion of pulse width w at frequency fwhere P is the power of stimulation.

Assuming pure resistive coupling between tissue and electrodes of
2

impedance Z, P is equal to V7 for a stimulation at voltage amplitude

V (usually below 10 V) or to I?Z for a stimulation at current amplitude
I (usually below 10 mA). Strong activations are thus obtained with
large pulse-width and amplitude of stimulation, but delivered energy
also critically depends on the electrode impedance, and in general on
the physical properties of the electrode/tissue interface that are in fact
also capacitive (Franks et al., 2005).

Available methods of analysis of DES responses for connectivity
inference are based on the visual analysis of the stimulation-related
averaged CCEP. Usually, significant responses are detected when the
averaged CCEP amplitude increase is above twice the standard devia-
tion of background activity (Catenoix et al., 2005, 2011; Lacruz et al.,
2007; Rosenberg et al., 2009; Wilson et al., 1990). It has also been pro-
posed to use a geometrical analysis of the N1 component, and of the N2
component if present (Koubeissi et al., 2012; Matsumoto et al., 2004,
2007, 2011). Latency of responses are defined either at the start of the
slope (Rosenberg et al., 2009) or at the peak (Matsumoto et al., 2004)
of the first CCEP component.

Because IEEG electrodes sparsely sample the brain, DES group
studies are often limited to a small number of patients and/or of
regions. Similarly to neuroimaging studies however, it has been pro-
posed to normalise patients' brain into a stereotactic space, such as
proposed by Talairach and Tournoux (1988) or Montreal Neurological
Institute (MNI), in order to summarise electrophysiological data
between patients (Catenoix et al., 2011; Matsumoto et al., 2011;
Rosenberg et al., 2009). Here, we propose to extensively develop
this approach in order to develop an atlas of human brain connectivity
derived from DES data. It can be thought of as an atlas of “functional
tractography”, a term originally proposed in Matsumoto et al. (2007),
as a distinction from “anatomical fibre tractography” that is studied in
human by brain diffusion tensor imaging (DTI) (Jones, 2008). Building
a new atlas of functional tractography is relevant because several thou-
sands of patients have now been stimulated in many epilepsy centres
worldwide, using grids, strips or depth electrodes, and putting together
parts of those data in a common framework should certainly allow
for reaching nearly full coverage of the cortex. Below, we demon-
strate the feasibility of the approach using SEEG data from Grenoble

University Hospital recorded in 35 patients. We will continue includ-
ing other patients in our database in the next few years. Eventually,
the DES atlas will be made freely available for usage by the com-
munity for different purposes (e.g. studying cortico-cortical human
connectivity in vivo, validating or improving other non invasive
connectivity methods such as diffusion tractography, studying prop-
agation pathways of epileptic seizures and their relationships with
cognitive networks).

Materials and methods
Clinical procedure and data acquisition

Patients included in this study (n = 35) were fully informed and
gave their consent to undergo invasive recordings and stimulation
as part of the presurgical evaluation of their drug-resistant epilepsy,
in addition to more standard exams (high resolution structural mag-
netic resonance imaging — MRI, video-EEG monitoring, neuropsycho-
logical testing). SEEG recordings and DES at 1 Hz were performed
according to the routine procedure used at Grenoble University Hospital
to better delineate the brain areas to be resected (Kahane et al., 1993,
2004). Ten to 17 semirigid intracerebral electrodes (mean: 13.6 +
1.8) were implanted per patient, unilaterally (n = 26) or bilaterally
(n = 9), in various cortical areas depending on the suspected origin of
seizures. Each electrode was 0.8 mm in diameter and included 5, 10,
15 or 18 leads 2 mm in length, 1.5 mm apart (Dixi Medical, Besan¢on,
France), depending on the target region. A preoperative stereotaxic
MRI and a stereotaxic teleradiography matched with Talairach and
Tournoux's atlas (Talairach and Tournoux, 1988) were used to assess
anatomical targets. Implantation of the electrodes was performed in
the same stereotaxic conditions, with the help of a computer-driven
robot (Neuromate, ISS). The location of the electrode contacts was sub-
sequently reported on a stereotaxic scheme for each patient and defined
by their coordinates in relation to the anterior commissure/posterior
commissure plane. They were finally expressed in the MNI coordinate
system to allow group analyses. When an anatomical MRI with SEEG
electrodes was available, MNI coordinates were directly obtained from
the MRI and its nonlinear transform defined by the brain normalisation
procedure of the Statistical Parametric Mapping 8 software (SPMS,
Wellcome Department of Imaging Neuroscience, University College
London, www.filion.ucl.ac.uk/spm). When it was not (for patients
implanted before 2009 in our centre, 17 of the 35 patients included in
this report), electrode repositioning in the MNI space was based on
the use of coronal and sagittal teleradiographic images of the stereo-
tactic scheme of each patient and was composed of the following
steps (Lachaux et al., 2005): (1) The anterior and posterior commis-
sures were detected in teleradiographic images and used to define the
Talairach and Tournoux coordinate system (Talairach and Tournoux,
1988); (2) External anatomical landmarks (most lateral and most ante-
rior-posterior points of the brain) were used to proceed to a linear scale
adjustment to correct for size differences between patient's brain and
Talairach's reference brain, with an additional scale factor to transform
Talairach's coordinates into the MNI space; (3) For every patient,
anatomical locations of electrodes were confirmed or slightly ad-
justed manually by visually comparing their positions in the MNI
canonical brain to the anatomical structures initially targeted by the
neurosurgeon.

SEEG recordings were performed using a video-EEG monitoring
system (Micromed, Treviso, Italy) that allowed for simultaneously re-
cording up to 256 monopolar contacts, so that a large range of mesial
and cortical areas, as well as fissural cortices, was sampled for each
patient. Sampling rate was either 256 or 512 Hz, with an acquisition
band-pass filter between 0.1 and 90 Hz or between 0.1 and 200 Hz
respectively, depending on amplifier capacities at the date of record-
ings. Data were acquired using a referential montage with reference
electrode chosen in the white matter. All other recording sites were
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