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Résumé

Depuis un siècle, la stimulation corticale directe (SCD), utilisée au cours de la chirurgie d'exérèse tumorale, comme du bilan préopératoire des épilepsies pharmacorésistantes, s'est imposée comme une technique primordiale pour cartographier les fonctions cérébrales. A partir des données recueillies ont pu être extraites de nombreuses informations sur le fonctionnement de structures cérébrales clés, notamment dans le cadre de processus comportementaux et perceptifs. Néanmoins ces données nombreuses ne sont pas uniformisées, difficiles à synthétiser et de ce fait peu utilisables en pratique. Le but de notre travail était d'évaluer la faisabilité d'un atlas fonctionnel incluant une illustration par vidéo des symptômes obtenus, se basant sur le recueil des stimulations corticales directes responsables de signes cliniques (SCD-R) recueillies dans le cadre des explorations SEEG. Cet atlas a été pensé comme un atlas à double entrée, accessible, par une entrée clinique (symptômes provoqués par la stimulation), soit par une entrée anatomique. (région stimulée). La lecture de cet atlas peut se faire pour un patient donné ou un groupe de patients dans le but d'être utilisé à la fois par des étudiants, des cliniciens ou des chercheurs. Pour ce faire nous avons recueilli 1642 réponses cliniques (SCD-R) provoquées par 1436 stimulations appliquées en 1007 localisations corticales différentes dans le cadre de l'exploration SEEG de 50 patients candidats à une chirurgie de l'épilepsie. Les données de chaque stimulation ont été analysées afin de fournir les caractéristiques électriques de chaque dipôle stimulé, des modifications SEEG en regard de cette stimulation et des symptômes provoqués par cette dernière (classés selon la classification de Luders). Les fichiers vidéo des stimulations ont été extraits afin de fournir le maximum de précision sur la symptomatologie clinique présentée par le patient au cours de la stimulation. La description anatomique du cerveau des patients a été extraite de la base de données générée par le logiciel IntrAnat Electrode utilisé en pratique quotidienne. Les données ont été anonymisées et codées avant d'être utilisées. Nous avons ensuite utilisé deux logiciels préexistants (HIBoP and BrainTVreplay) développés par le Centre de Recherche en Neurosciences de Lyon pour faire le lien entre les données anatomiques, SEEG, et le visionnage des vidéos. Nos premiers résultats montrent que notre atlas permet une bonne visualisation tridimensionnelle des réseaux corticaux responsables d'une SCD-R mais aussi de l'ensemble des SCD-R associés à une localisation corticale donnée, à l'échelle d'un patient donné comme du groupe de patients. Un tutoriel a été édité pour permettre aux futurs utilisateurs d'exporter facilement les SCD-R et de permettre leur visualisation dans HiBoP puis dans BTVReplay. Ce travail a pour but de fournir les preuves suffisantes de la faisabilité d'un atlas fonctionnel basé sur l'obtention des SCD-R et doit être vu comme une preuve de concept, à développer dans les différents centres de chirurgie de l'épilepsie. Afin de rendre son utilisation plus pratique au quotidien, notre atlas nécessitera des ajustements et améliorations. Cependant la base de données initiale présentée ici permet d'initier le travail de recueil ; à travers les différents centres de chirurgie de l'épilepsie et par conséquent son amélioration au cours du temps.

Summary

For almost one century, direct cortical stimulation (DCS) has appeared as a powerful technique to map brain functions in epilepsy surgery and tumor surgery patients. This has provided a large amount of data on the key structures involved in various perceptual and behavioral phenomena which are, however, very difficult to synthesize and therefore uneasy to use. The aim of our work was to assess the feasibility to generate a functional atlas from DCS-derived clinical data, including video clips. This atlas was imagined to be symptom-based and anatomically-based, both at the individual and group level, in order to be usable for students, clinicians and researchers. To do so, 1642 clinical responses (DCS-R) elicited by 1436 stimulations applied at 1007 cortical sites were extracted from DCS performed in 50 epilepsy surgery candidates submitted to Stereotactic intracerebral EEG (SEEG) investigation. Data were carefully analyzed to provide information on the stimulated dipole, stimulation parameters, DCS-R (classified according to Lüders's classification) and SEEG changes. Video-SEEG segments of DCS-R were extracted from the video-SEEG files to provide the full clinical information. Anatomical description of the patients' brains were extracted from the database generated by the IntrAnat Electrode sofware that we use in routine. Data were anonymized and coded before to be further processed. We then used two already existing in-house softwares (HIBoP and BrainTVreplay) developed by the Centre de Recherche en Neurosciences de Lyon to link together anatomical and SEEG data and review video sequences. Our preliminary results shows that the atlas allows, both at the individual and group level, and with a video output, a convenient 3D visualization of the cortical networks associated with similar DCS-R, as well as of all DCS-R elicited from a given cortical parcel. A tutorial has been elaborated to help future users to export DCS-R in HIBoP, from where they can be easily displayed on brain anatomy, and further visualized using BrainTVreplay. We expect this preliminary work to provide convincing arguments on the practicality and interest of this proof-of-concept of atlas, that will need further improvements to make it available in routine. We assume that the present dataset, while limited, already provides a firm basis for a collaborative effort across epilepsy surgery centers to update the atlas over time.

Introduction

Since the pioneering works of Penfield and Jasper [START_REF] Penfield | Epilepsy and the functional anatomy of the human brain[END_REF], direct cortical stimulation (DCS) has appeared as a powerful technique to map brain functions in epileptic patients. This has led first to the concept of eloquent cortical areas which, when stimulated, produce clinical symptoms [START_REF] Penfield | Some observations on the cerebral cortex of man[END_REF]. By analogy, this has also led later to the concept of the symptomatogenic zone, i.e. 'the area of cortex which, when activated by an epileptiform discharge, produces the ictal symptoms' [START_REF] Rosenow | Presurgical evaluation of epilepsy[END_REF]. Therefore, DCS helps in epilepsy surgery not only for delineating the cortical regions that have to be spared by the resection, but also for providing insights into the spatial organization of the epileptogenic zone by identifying relay and subrelay areas that are essential for building up individual ictal clinical signs. This explains why DCS has survived to the advent of functional neuroimaging techniques in the field of resective brain surgery, whether applied intraoperatively in acute condition, or extraoperatively in epilepsy monitoring unit using subdural or intracererebral electrodes [START_REF] Ritaccio | Electrical Stimulation Mapping of the Brain: Basic Principles and Emerging Alternatives[END_REF].

Obviously, such a 'phrenological' approach cannot account for the complexity of brain (dys)functions, which are currently viewed as underlied by large scale networks (i.e., distributed groups of interconnected and synchronized neurons) rather than isolated functional areas [START_REF] Duffau | Intraoperative subcortical stimulation mapping of language pathways in a consecutive series of 115 patients with Grade II glioma in the left dominant hemisphere[END_REF]2014). Also, how DCS modulates brain activity so that behavioural responses are altered or promoted still remains to be elucidated. However, and despite some reservations, DCS remains a unique method to provide information on some of the key structures involved in various perceptual and behavioral phenomena, whether physiological or pathological [START_REF] Desmurget | Re-establishing the merits of electrical brain stimulation[END_REF].

As such, DCS has brought during the last decades a large amount of data on brain functions that are however very difficult to synthesize and therefore not easy to use [START_REF] Selimbeyoglu | Electrical stimulation of the human brain: perceptual and behavioral phenomena reported in the old and new literature[END_REF]. Having an easy access to such a large dataset would be certainly of crucial interest both for clinicians, researchers and teachers who are involved in the functional assessment of brain networks. However, apart from a very recent initiative (Sarubo et al., 2020), clinical data derived from DCS have been so far not well exploited to make them easily available through userfriendly interfaces.

The main aim of the present work was to assess the feasibility to generate a functional atlas from DCS-derived clinical data, which could be updated over time.

This implied first to appropriately classify clinical information that were extracted from DCS performed in 50 epilepsy surgery candidates submitted to Stereotactic intracerebral EEG (SEEG) investigation, and then to design an easy-to-use procedure to store, retrieve and visualize the data, including the videotapes. The atlas was imagined to be symptom-based and anatomically-based, both at the individual and group level, in order to be usable for clinical, research and teaching purpose. We expect this preliminary work to provide convincing arguments on the practicality and interest of this atlas, that will need further improvements to make it available in routine.

Material and methods

Patient population

To have a large overview of the spectrum of clinical responses that can be elicited by DCS, 50 epilepsy surgery patients who underwent SEEG recordings at Grenoble-Alpes University Hospital were selected, based on the following criteria: (i) age > 7 years; (ii) no mental retardation nor major psychiatrics comorbidities; (iii) at least one DCS-induced clinical sign; (iv) pre-and post-implantation neuroimaging studies available.

All the 50 patients underwent high-resolution MRI, scalp-video-EEG monitoring, and neurocognitive evaluation before the SEEG study.

The main characteristics of the studied population are given in Table 1. Briefly, there were 29 women and 21 men, whose age at SEEG ranged from 8 to 58 years (mean 32.4 years). Mean age at seizure onset was 11.8 years (range 1-41 years) and mean duration of epilepsy was 20.6 years (range 2-44 years). Brain MRI showed different kind of lesions in 30 cases and proved negative in 20.

SEEG investigations were tailored in each individual depending on the suspected origin of seizures [START_REF] Kahane | Intracerebral depth electrodes electroencephalography (stereoelectroencephalography)[END_REF] so that the number of intracerebral electrodes varied from 6 to 20 per patient.

Based on SEEG findings, the epileptogenic zone proved to be unilobar in 36 cases (temporal: 19 ; frontal: 14 ; insular: 3), mulitlobar in 5 cases, bilateral or multifocal in 8 cases, and undetermined in 1 case. 

DCS procedure

DCS were performed using the SEEG recording multicontacts semirigid intracerebral electrodes that had a diameter of 0.8 mm and comprised 5 to 18 contacts of 2 mm length and 1.5 mm apart (DIXI Medical, Besançon, France). The precise location of the electrodes contacts was assessed using a computer-assisted matching of perimplantation CT-scan or MRI with a pre-implantation 3D MRI, using the IntrAnat Electrodes software [START_REF] Deman | IntrAnat electrodes: a free database and visualization software for intracranial electroencephalographic data processed for case and group studies[END_REF].

DCS were conducted in one to 3-hour sessions over a few days under continuous video-SEEG monitoring that allowed to record simultaneously the depth EEG activity of up to 128 contacts, with a sampling rate of 512 to 2048 Hz and an acquisition band-pass filter between 0.1 and 200 Hz (Micromed, Treviso, Italy). DCS were applied between two adjacent electrode contacts (bipolar stimulus) using a current generator delivering square wave pulse of alternating polarity (Micromed, Treviso, Italy), and according to parameters proved to produce no structural damage [START_REF] Gordon | Parameters for direct cortical electrical stimulation in the human: histopathologic confirmation[END_REF].

Following our standard clinical procedure [START_REF] Kahane | Electroclinical manifestations elicited by intracerebral electric stimulation ''shocks'' in temporal lobe epilepsy[END_REF], DCS were performed at low (1Hz, rarely 10Hz) frequency (pulse width: 1msec; DCS duration: 40 sec) and high (50Hz) frequency (pulse width: 0.5-1ms; DCS duration: 5 sec), with stepwise increasing intensities (0.5 to a maximum of 5mA) until clinical responses, afterdischarges or electro-clinical seizures were obtained. Typically, patients were sitting on the bed, facing the video camera with eyes opened and arms outstretched, counting or listing series of words. Other simple tasks could be performed depending on the expected or observed clinical responses (e.g, alternate movements of the forearms, finger tapping, listening the observer's voice, denominating images, etc...).

Patients were asked to report any symptoms they felt as soon as possible and were immediately examined and carefully questioned by the observer. Clinical and electrical findings were documented on a standardized form and stored on computerized support.

DCS analysis

Clinical responses elicited by DCS (DCS-R) at 1Hz, 10Hz or 50Hz were extracted from the raw data sheets, and only clinical signs elicited at the lowest intensity for a given DCS site were kept for analysis in order to get a DCS effect as focal as possible. Electrically-induced seizures were not taken into consideration.

The videotapes of each DCS-R were then carefully reviewed by at least two of three clinicians (T.R., A-S.J-C, and P.K.) and classified according to the terminology used by Lüders et al. to categorized paroxysmal events [START_REF] Lüders | Classification of paroxysmal events and the four-dimensional epilepsy classification system[END_REF]. To note that we use only the terms of 'event' and replace the term of 'aura' by 'subjective event' to avoid any misunderstanding with respect to seizures. Then, depending on the level of details provided by videotapes analysis, clinical manifestations were classified according to the three levels of complexity of the classification (low, moderate, high), including somatotopic modifiers when appropriate (see Annex 1). When different signs occurred concomitantly during DCS, they were considered independently.

Whether clinical manifestations were recognized as being part of the patient's seizure or not was noticed.

SEEG findings were also reviewed to evaluate whether DCS-R were associated or not with an afterdischarge, a term which refers to a rythmic epileptiform discharge that occurs as an immediate result of DCS and outlasts the electrical stimulus. SEEG findings were then classified either as no change, local afterdischarge (limited to the stimulated electrode), regional afterdischarge (diffusing to adjacent electrodes), or diffuse afterdischarge (involving electrodes remote from the DCS site).

Gathering and processing of DCS-R

The objective here was to design a user-friendly procedure allowing to easily display DCS-R in the brain anatomy, both at the individual and group level, and therefore to generate a functional atlas from DCS data.

To do so, all DCS data were collected in an Excel file that provided information on the stimulated dipole, stimulation parameters (frequency and intensity), and electroclinical responses (according to the categorizations described above) (Figure 1).

Data were anonymized and coded before to be further processed.

Video-SEEG segments of DCS-R were extracted from the video-SEEG files to provide the full clinical information, i.e. starting 10 sec before the stimulation onset and terminating at the end of clinical signs and/or patient's questioning. Each segment comprised two files (one SEEG file in Micromed TRC format, and one video file in AVI format), which were each identified using the same code as the one use for DCS-R identification in the Excel spreadsheet.

Anatomical description of the patients (3D mesh of the brain, 3D T1 MRI, and coordinates of the sites of the electrodes contacts) were extracted from the database generated by the IntrAnat Electrode software that we use in routine to coregister various 3D brain images and to visualize the anatomical location of the electrodes [START_REF] Deman | IntrAnat electrodes: a free database and visualization software for intracranial electroencephalographic data processed for case and group studies[END_REF]. SEEG sites located in the same anatomo-functional region or with similar clinical DCS-R were exported for further processing (video-SEEG review) using the second software -BrainTVreplay -designed for that purpose.

Results

Clinical effects of DCS

During 50 SEEG studies, a total number of 1642 DCS-R (3-88 per SEEG, 28.7 in average) were elicited by 1436 DCS applied at 1007 SEEG sites.

DCS that provoked DCS-R were more frequently applied at 50Hz (74.4%) than at 1Hz (24.7%) or 10Hz (0.8%), with similar intensities used (Table 2). They evoked much more frequently one single clinical event (87%) than two (11.8%) or three (1.2%), whether applied at low (1Hz or 10Hz, 94% vs 4.9% vs 1.1%) or high (50Hz, 84.6% vs 14.2% vs 1.2%) frequency. Five hundred thirteen (35.7%) of the DCS that provoked DCS-R also concomitantly evoked an afterdischarge, which was local in the majority of the cases (Table 2). Afterdischarges were much more easily elicited by high frequency DCS (43.5% of 50Hz DCS) than by low frequency DCS (13.1% of 1Hz / 10Hz DCS). Interestingly, 91 of the 177 DCS (51.4%) that elicited more than one clinical sign also provoked an afterdischarge, as compared with 422 of the 1249 DCS (33.8%) that produced only one clinical event. This finding was more prominent for 1Hz/10Hz DCS ( 10 A large majority of the 1642 DCS-R consisted in subjective events (n=1148, 69.9%), of which 177 (15.4%) could not be classified further (Table 3). Otherwise they mainly consisted in somatosensory manifestations (33.4%), followed by visual (13.7%), autonomic (13.5%), auditory (10.1%) and psychic (8.4%) phenomena. Vestibular, gustatory and olfactory manifestations were quite rare. Subjective events were produced much more frequently by 50Hz DCS (930/1148, 81%) than by 1Hz/10Hz DCS (218/1148, 19%). They often resembled patients's epileptic aura (396/1148, 34.5%) and/or were often associated with an afterdischarge (493/1148, 42.9%).

Motor events accounted for 17.9% of DCS-R (294/1642), and they almost always consisted in simple motor manifestations (97.3%). By opposition to subjective events, they were more frequently elicited by 1Hz/10Hz DCS (181/294, 61.6%) than by 50Hz DCS (113/294, 38.4%), and they unfrequently occurred concomitantly with an afterdischarge (38/294, 12.9%). Surprisingly, however, they were often recognized by the patients as being part of their seizures (89/294, 30.3%). As expected, 1Hz/10Hz only provoked clonic/myoclonic manifestations while 50Hz DCS mainly produced tonic or clonic manifestations (Table 3).

Dyscognitive events represented the third low complexity group of DCS-R (173/1642, 10.5%), and mainly consisted in aphasic phenomena (89%). Akinetic events were much less frequent (11%), and dialeptic events were never observed (Table 3).

Dyscognitive events were elicited by 50Hz DCS in a large majority of the cases (158/173, 91.3%), they often resembled patients's seizures (52/173, 30.1%), and they were commonly associated with an afterdischarge (84/173, 48.6%).

The remaining two low complexity groups -(objective) autonomic events and special events -only accounted for 0.5% (8/1642) and 1.1% (19/1642) of all DCR, respectively (Table 3). However, we did not check systematically ECG nor respiratory changes during DCS, which can explain the absence of bradycardia, tachycardia and apnea.

Table 3. Clinical responses elicited by cortical stimulation in 50 patients studied by SEEG. The terminology used is derived from Lüders's classification [START_REF] Lüders | Classification of paroxysmal events and the four-dimensional epilepsy classification system[END_REF]. To note (*) that the simple motor events 'clonic' and 'myoclonic', as well as the special events 'astatic' and 'atonic' were grouped. DCS-R: clinical response elicited by direct cortical stimulation; N°: number.

DCS-Atlas generation to display DCS-R

One deliverable of this work was to propose a user-friendly procedure to help clinicians to export DCS-R in HIBoP, from where they can be easily displayed on brain anatomy, and further visualized using BrainTVreplay.

To this aim, a tutorial was elaborated in close collaboration with the CRNL, the full presentation of which is presented in Annex 2. Below are briefly presented the main steps we had to pass through for our dataset of 1642 DCS-R, and some of the possibilities that offer HIBoP and BrainTVreplay to show the data.

Brain anatomy (3D T1 MRI) and location of intracerebral electrodes of the 50 patients were extracted from the IntrAnat Electrodes database, which is based on BrainVisa (http://brainvisa.info) and therefore allows an easy export to HIBoP. DCS parameters and effects were extracted from the Excel file for each of the 50 patients, and then converted in CSV format to be read by HIBoP. Once imported in HIBoP, anatomical and DCR data were linked together, and the software then allowed several options of data display, that are currently not all fully developed.

HIBoP first allows to show the position of all electrodes implanted in one single patient or in a patient group, and to precisely visualize the location of each electrode contact on the patient's brain anatomy or on a reconstruction of the MNI brain (Figure 2A). The display of DCS-R is not available yet for all elicited events, but of course still possible for each type of clinical event, either at the low (Figure 2B) or moderate (Figure 2C) level of clinical complexity as defined in Lüders's classification [START_REF] Lüders | Classification of paroxysmal events and the four-dimensional epilepsy classification system[END_REF]. Additionally, by pointing to each stimulated contact, HIBoP provides a full clinical, anatomical and SEEG information of the corresponding DCS-R, including notably the high level of clinical complexity and the somatotopic modifiers. HIBoP allows not only to display on brain anatomy a functional map of a given subgroup of DCS-R, but it also provides, for a given brain region, a visualization of the clinical events that can be elicited by its stimulation (Figure 3).

At that time, however, the two entries cannot be mixed together, i.e. visualizing within an anatomical parcel only those of DCS-R that belongs to a specific clinical events subtype. Video clips of DCS-R cannot be currently triggered directly from HIBoP, so that video-SEEG segments (coded in a similar way as the DCS-R identification in HIBoP) must be converted using HIBoP2Replay before to be played with BrainTVreplay.

This latter then allows a convenient visualization of the patient's behavior and of the concomitant SEEG activity over selected channels, as well as the display of the DCS site in the MNI brain (Figure 4). 

Discussion

This last decade, a number of initiatives have been proposed to collect, store, share and analyze intracranial EEG data, in particular as part of the Human Brain Project (HBP). Some of these initiatives have recently led to the development of several brain atlases that gather cortico-cortical evoked potentials [START_REF] David | Probabilistic functional tractography of the human cortex[END_REF][START_REF] Trebaul | Probabilistic functional tractography of the human cortex revisited[END_REF], physiological intracranial EEG activities [START_REF] Frauscher | Atlas of the normal intracranial electroencephalogram: neurophysiological awake activity in different cortical areas[END_REF], cortico-subcortical critical functions (Sarubo et al., 2015;2020), and taskrelated gamma-band responses (HBP-funded HIBoP project).

Our atlas, although preliminary, is connected to and can complement that line of The current DCS-R database, however, underlines some interesting findings that can be summarize as follows. (i) High frequency (50H) DCS was much more efficient than low frequency (1Hz/10Hz) DCS to elicit clinical event, as already suggested in previous studies [START_REF] Kahane | Electroclinical manifestations elicited by intracerebral electric stimulation ''shocks'' in temporal lobe epilepsy[END_REF].

This finding does not seem to rely on the current density delivered, which was quite close across DCS types. It might rather depend on the pulse width used, that was lower for high-frequency (i.e., 0.5 msec) than for low-frequency (i.e., 1 msec) DCS, and might therefore explain the preferential stimulation of axons or cell bodies, respectively. (ii) A large majority of DCS (87%) only provoked one single clinical event, which might suggest a functional selectivity of the stimulated cortical area.

Whether this effect results from a local or remote effect of the electrical current delivered remains debatable (Borchers et al., 2012), but this supports the idea that the DCS sites sit in critical nodes of the neural network underlying a specific brain process. (iii) More than two-third of DCS-R consisted in subjective events, which strikingly differs from the functional dataset recently provided by Sarubo et al. (2020) where objective events were much more frequently elicited. In this latter situation, however, DCS were applied during awake surgery, at 60Hz only, at the brain surface or in the subcortical white matter neighboring the resection, with a limited time frame, and during functional tasks mainly designated to evaluate the surgical risks. The working environment for DCS assessment is quite different during SEEG procedures (see the method section), with a spatial sampling that allows to reach various mesial, lateral and deep-seated cortical areas as well as sulcal cortex. (iv) A significant number of DCS-R were recognized by the patients as being part of their seizures, and/or were associated with an afterdischarge. Both findings suggest that at least part of the stimulated cortex is epileptogenic (and is therefore hyperexcitable) and that possible plastic changes may have occurred in response to repeated seizures [START_REF] Trébuchon | Electrical Stimulation for Seizure Induction and Functional Mapping in Stereoelectroencephalography[END_REF]. However, 43.2% (710/1642) of DCS-R responses were unknown and devoid of any associated electrical changes (Table 3), which can serve as an 'ideal' dataset for functional mapping purpose.

In any case, gathering all DCS-R in a common database allows, if needed, the comparison of the anatomical distribution of a given clinical event whether physiological or pathological.

As a proof of concept, the current atlas has to face some limitations that will have to be overcome over time. One of these limitations concerns the localizing significance of DCS-R, that remains a subject of controversy for many decades [START_REF] Borchers | Direct electrical stimulation of human cortex -the gold standard for mapping brain functions?[END_REF][START_REF] Desmurget | Re-establishing the merits of electrical brain stimulation[END_REF]. Pragmatically however, the obvious causality between DCS and behavioural changes makes its use essential to predict potential deficits during resective surgery [START_REF] Mandonnet | Direct electrical stimulation as an input gate into brain functional networks: principles, advantages and limitations[END_REF]. Going further to interpret DCS effects needs new developments, such as the quantification of DCS-induced high frequency activities outside the stimulated region to assess large-scale networks correlated with DCS-R [START_REF] Perrone-Bertolotti | Probabilistic mapping of language networks from high frequency activity induced by direct electrical stimulation[END_REF]. Another limitation relies on the spatial coverage of SEEG electrodes, which strongly depends on the epilepsy type and can explain the current under-evaluation of certain brain regions, and consequently the rarity or even lack of some clinical events. The present dataset, while limited, provides a firm basis for a collaborative effort across epilepsy surgery centers to update the atlas over time and therefore minimize the spatial sampling bias. A third limitation, related to one of the major assets of our atlas, concerns the sharing and distribution of video clips that raise ethical and regulatory issues. Since the pioneering works of Penfield and Jasper, direct cortical stimulation (DCS) has appeared as a powerful technique to map brain functions in epileptic patients. This has provided during the last decades a large amount of data on the key structures involved in various perceptual and behavioral phenomena that are however very difficult to synthesize and therefore not easy to use. The aim of our work was to assess the feasibility to generate a functional atlas from DCS-derived clinical data. This atlas was imagined to be symptombased and anatomically-based, both at the individual and group level, in order to be usable for clinical, research and teaching purpose.

Conclusion

To do so, 710 DCS-elicited clinical responses (DCS-R) that did not resemble patient's usual seizures and that were not associated with any afterdischarges were extracted from DCS performed in 50 epilepsy surgery candidates submitted to Stereotactic intracerebral EEG (SEEG) investigation. DCS-R were analyzed and labeled according to Luders classification. Video-SEEG segments were anonymized and coded to provide information on the stimulated bipole and on DCS frequency and intensity. Anatomical description of the patients' brains were extracted from the database generated by the IntrAnat Electrode software that is used in routine to locate the electrodes contacts. We then used two already existing in-house softwares (HIBoP and BrainTVreplay) developed by the Centre de Recherche en Neurosciences de Lyon (CRNL) to design an easy-to-use procedure to store, retrieve and visualize the data, including the videotapes. Our preliminary results shows that the atlas allows, both at the individual and group level, and with a video output, a convenient 3D visualization of the cortical networks associated with similar DCS-R, as well as of all DCS-R elicited from a given cortical parcel.

We expect this preliminary work to provide convincing arguments on the practicality and interest of this proof-of-concept of atlas, that will need further improvements to make it available in routine.

Table 1 .

 1 General characteristics of the patients population. M: male; F: female; RH: right-handed; LH: Left-handed; Amb: ambidextrous; N°: number; N: normal; R: right; L: left; RFTC: radiofrequency thermocoagulation; VNS: vagus nerve stimulation; MCD: malformation of cortical development; FCD: focal cortical dysplasia; PVNH: periventricular nodular heterotopia; HS: hippocampal sclerosis; DNET: dysembryoplasic neuroepithelial tumor.

  Then, to link together anatomical and SEEG data and review video sequences, we used two already existing in-house softwares developed by the Centre de Recherche en Neurosciences de Lyon (CRNL). The first software, HIBoP (Human Intracranial Brain Observation Player), developed in the frame of the Human Brain Project to display task-related intracranial gamma-band responses during various cognitive tests, was used to visualize the location of all SEEG sites onto the individual patient's 3D MRI (at the individual level) or onto the 3D MNI (Montreal Neurological Institute) MRI template (at the group level). HiBoP thus allowed for the convenient selection and 3D visualization of sites with a given clinical manifestation induced by DCS.

Figure 2 .

 2 Figure 2. Electrodes location and anatomical display of electrically-induced clinical responses. Each dot represents one single electrode contact. (A) Visualization of all contacts of the 752 electrodes implanted in the 50 patients. (B) Visualization of the 1148 DCS sites from where subjective events (low level of clinical complexity) where elicited. The sites are widely distributed over the temporal, parietal, occipital and insular lobes, but much less represented over the frontal lobe. (C) Visualization, among subjective events, of the 116 auditory manifestations (moderate level of clinical complexity). As expected, responses are mainly distributed along the first temporal gyrus and more especially at the vicinity of Heschl gyrus. (D) By pointing to one of the contacts (here one of thoseassociated with an auditory response), an explanatory window appears, where all the clinical, anatomical and SEEG information is provided. This includes the patient identification code, the stimulated contacts name, the stimulation parameters (frequency and intensity), the location of the DCS site according to different brain atlases (AAL, Aicha, Freesurfer, Lausanne, MarsAtlas, Hammers, HCP-MMP), the precise description of clinical events (third level of clinical complexity and somatotopic modifiers) and whether they resemble or not to the patients' seizures, the presence and extent of an afterdischarge, if any, and the description of other clinical events possibly elicited concomitantly.

Figure 3 .

 3 Figure 3. Display of clinical events elicited by DCS applied within a specific parcel of the brain. Each dot represents one single electrode contact. (A) Visualization of all contacts of the 752 electrodes implanted in the 50 patients, before any brain parcellation. (B) Anatomical location of allDCS sites tagged as 'Frontal lobe' using the MarsAtlas parcellation. (C) All DCS-R located within the frontal lobe are provided in the drop-down menu (panel C, upper right), from where they can be selected (arrow) to be anatomically displayed at the intersection of the three anatomical planes, and then detailed by pointing on the selected spot (panel D). In this example (patient 38), 50 HZ DCS of electrode I'11-I'12, located in the left frontal eye-field, provoked a motor event (low level of complexity), further defined as simple motor event (moderate level of complexity), and then as versive event (high level of complexity) which involved the eyes and head (somatotopic modifier 1) that were deviated to the right (somatotopic modifier 2).

Figure 4 .

 4 Figure 4. Visualization of the video clip of electrically-induced clinical events. BrainTVreplay interface allows to simultaneously visualize the patient's behavior (right), SEEG channels (middle) and DCS site (upper left). Same example as in Figure 3. The video-SEEG review shows on the one hand that the versive phenomenon involved first the eyes, and on the other hand that the stimulated contacts (I'11-I'12) did not exhibit any afterdischarge.

  research by providing a large dataset on the clinical effects of DCS in epileptic patients, including -in an original way -video clips. It has been thought both for students, clinicians, and researchers, and therefore relies on a user-friendly interface allowing symptom-based and anatomy-based data retrieval, as well as individual and group analyses. All clinical and SEEG information imported in the atlas have been carefully reviewed and labelled according to a standardized methodology that can be easily reproduced by other epilepsy surgery centers. In particular, the description of DCS-R was derived from the terminology used by[START_REF] Lüders | Classification of paroxysmal events and the four-dimensional epilepsy classification system[END_REF] to depict seizure semiology, which reduces the risk of misclassification across users and allows an easy comparison between functional mapping and epileptic signs. The use of different levels of clinical complexity also allows to adapt DCS-R group analyses according to the number of available data in each group or subgroup of clinical events in order to reach significance. As our project was thought from the start as scalable, the progressive incrementation of the atlas should allow in the future to reinforce the association between a given elicited clinical symptom and one (or several) cortical locations.We started our project with the collection of 1642 DCS-R in 50 patients, with the aim first to evaluate the feasibility of classifying and importing anatomo-electro-clinical data into softwares dedicated to their visualization. Our work was thus not intended to give an exhaustive overview of DCS-R of the human cortex.

  DIRECT CORTICAL STIMULATION OF THE HUMAN BRAIN AND PROPOSAL FOR A FUNCTIONAL ATLAS EFFETS CLINIQUES DE LA STIMULATIN CORTICALE DIRECTE DU CERVEAU HUMAIN ET PROPOSITION D'UN ATLAS FONCTIONNEL CONCLUSION:

  

  

  

Table 2 . Direct cortical stimulation eliciting clinical events in 50 patients studied by SEEG.

 2 /22, 45.5% vs 38/307, 12.4%) than for 50Hz DCS (81/165, 49.1% vs 384/904, 42.5%).

	DCS	N°	Intensity (mA)	N° of DCS-R 1 2	3	none	Afterdischarge local regional diffuse
	All	1436	2.1 (0.2-4)	1249	170 17	923	391	101	21
	50Hz	1069	2.1 (0.4-4)	904	152 13	604	357	94	14
	10Hz	12	2.1 (2-3)	12	0	0	8	4	0	0
	1Hz	355	2.1 (0.2-3)	333	18	4	311	30	7	7

DCS: direct cortical stimulation; DCS-R: clinical response elicited by direct cortical stimulation; N°: number.

Somatotopic modifiers
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