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Résumé 
 

Ce mémoire présente une synthèse de mes activités cliniques, de recherche et 

pédagogiques, centrées sur la neurophysiologie clinique et fondamentale. La première partie 

est consacrée à mon parcours et curriculum vitae, jusqu’à ma nomination en 2017 en tant que 

MCU-PH de Physiologie à la faculté de médecine de Nancy et dans le service de Neurologie 

du CHRU de Nancy. La deuxième partie présente mes activités de recherche centrées sur 

l’exploration de mécanismes cérébraux de la reconnaissance visuelle des visages chez 

l’Homme. La reconnaissance des visages est une fonction essentielle pour la vie en société 

chez l’Homme, représente un défi pour le système visuel par sa complexité et par conséquent 

permet de servir de modèle pour la compréhension du système visuel de haut niveau dans sa 

globalité. Cette recherche se base en grande partie sur l’enregistrement de réponses 

électrophysiologiques du cortex visuel à l’aide d’une approche originale combinant d’une part 

les enregistrements intracérébraux réalisées chez des patients épileptiques (stéréo-

électroencéphalographie ou SEEG) et d’un autre part sur une méthode présentation 

périodique des stimuli visuels (stimulation visuelle périodique rapide ou FPVS). Cette 

combinaison permet l’enregistrement de réponses objectives et quantifiables avec une très 

grande résolution spatiale. Cette recherche se base également sur les stimulations électriques 

intracérébrales réalisées pendant la SEEG qui permettent l’identification des régions critiques 

pour la reconnaissance des visages. Nous avons ainsi rapporté, à travers plusieurs études, 

une cartographie exhaustive des régions impliquées dans la reconnaissance des visages le 

long du cortex occipito-temporal ventral. Par rapport aux précédentes études et notamment 

en IRM fonctionnelle, cette cartographie a montré le caractère vaste et distribué de ces régions 

et a mis en lumière des régions méconnues comme le gyrus fusiforme antérieur droit. La 

troisième partie présenté mes activités pédagogiques notamment avec l’enseignement de 

neurophysiologie à la faculté de médecine de Nancy, ainsi que mes responsabilités 

administratives dans ce domaine. La quatrième partie est consacrée à la présentation de mes 

activités cliniques au sein de service de Neurologie, centrées sur le diagnostic et le traitement 

des patients atteints d’épilepsie, et notamment de mon activité de référence avec la prise en 

charge chirurgicale des épilepsies focales pharmaco-résistantes dans laquelle la SEEG joue 

un rôle crucial. Cette partie montre également les apports potentiels de notre recherche 

fondamentale pour la prise en charge chirurgicale des patients épileptiques : la réalisation de 

cartographies des différentes fonctions cérébrales à l’aide de réponses fiables et objectives 

par combinaison de la SEEG et de FPVS représente un outil prometteur afin de mieux prédire 

le devenir neuropsychologique de ces patients en post-opératoire. La cinquième partie est 

consacrée à la recherche de financement, avec les financements acquis et refusés. La sixième 
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partie est consacrée à mes activités d’encadrements de la recherche (master 2, thèse 

d’exercice, diplôme d’études spécialisées), avec une présentation détaillée de mon travail de 

co-encadrant d’une thèse d’Université, étudiant la contribution des structures temporales 

postérieures et antérieures dans les mécanismes de perception visuelle de haut et dans la 

mémoire sémantique, à l’aide de la SEEG-FPVS et des stimulations électriques 

intracérébrales. La septième partie liste mes contributions scientifiques (articles, chapitres de 

livre, présentations orales). Enfin, la dernière partie envisage les perspectives de recherche à 

court, moyen et long terme. A très long terme, ces recherches viseront à obtenir une vision 

globale du système, notamment par des cartographies réalisées à travers toutes les bandes 

de fréquences (réponses électrophysiologiques de basses et hautes fréquences) et par l’étude 

des réponses à tous les niveaux d’enregistrements dont nous disposons (neurone unique, 

population de neurones, réseau de neurones, EEG de surface). Nous espérons que ces 

travaux apporteront des informations essentielles afin de mieux comprendre les aspects 

mécanistiques du système visuel de haut niveau.  
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Chapitre 1 : Parcours et Curriculum Vitae 
 

1.1 Mon parcours en quelques mots 

J’ai fait mes études de médecine à la Faculté de Médecine de Strasbourg (1998-2005). 

Durant mes études, j’ai été initié à la recherche par l’acquisition d’une Maitrise de Sciences 

Biologiques et Médicales, l’équivalent du Master 1 actuel. Pour mon internat, j’ai choisi la 

spécialité neurologie et la faculté de Médecine de Nancy. Ma formation à la neurophysiologie 

et à la recherche a débuté réellement lors d’un stage d’internat dans l’unité d’épileptologie du 

service de Neurologie du CHRU de Nancy en 2007 (Pr Louis Maillard). J’y ai grandement 

apprécié l’intérêt de cette équipe pour la recherche clinique et fondamentale (équipe ESPACE 

du CRAN). J’ai été aussi fasciné par le potentiel incroyable de la stéréo-

électroencéphalographie (SEEG) pour la compréhension des grandes fonctions cognitives. J’y 

ai effectué un travail de recherche clinique sur l’effet de l’hyperventilation à déclencher des 

crises d’épilepsie et cela m’a familiarisé avec les travaux de publications (Jonas et al., 2011, 

Journal of Neurology, Neurosurgery, and Psychiatry). J’ai ensuite réalisé un Master 2 de 

Neurosciences Cognitives (dans le cadre de l’année-recherche, 2009-2010) à l’Université Aix-

Marseille avec un stage de recherche dans l’Unité INSERM U751 du Pr Patrick Chauvel. Dans 

cette unité, j’ai été initié à la recherche sur les mécanismes de la perception visuelle des 

visages à l’aide de l’électro-encéphalographie (EEG) et de le SEEG. De retour à Nancy, j’ai 

eu la chance de poursuivre mon travail sur la perception des visages dans le cadre de ma 

thèse de médecine, par l’étude de 2 patientes dont la stimulation électrique en SEEG avait 

provoqué une incapacité transitoire à reconnaître les visages (patientes KV et CD). Afin 

d’approfondir l’étude de ces 2 cas, nous avions été amenés à contacter Bruno Rossion, 

chercheur internationalement reconnu pour ses travaux en électrophysiologie appliqués à la 

perception des visages (Université Catholique de Louvain, Belgique). Cela a été le début d’une 

fructueuse collaboration. J’ai défendu ma thèse de médecine en 2011. 

J’ai ensuite fait mon clinicat dans l’unité d’épileptologie du Pr Louis Maillard (2011-

2013) durant lequel j’ai débuté une thèse d’Université en neurosciences sur le thème des 

bases neurophysiologiques de la perception des visages à l’aide des enregistrements 

intracérébraux chez les patients épileptiques. Cette thèse s’est organisée en cotutelle entre 

l’Université de Lorraine (CRAN, Pr Louis Maillard) et l’Université Catholique de Louvain 

(Institute of Neuroscience et Institute of Psychological Research, Bruno Rossion). Après la fin 

de mon clinicat, j’ai poursuivi cette thèse par une mobilité de 4 ans dans le laboratoire de Bruno 

Rossion à l’Université Catholique de Louvain (financée par une bourse de recherche 

neuroscience belge du Fonds de la Recherche Scientifique - FNRS d’une durée de 4 ans). 

L’originalité de ces travaux de recherche est de réunir deux éléments novateurs : d’une part 
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les enregistrements intracérébraux (domaine d’expertise du Pr Louis Maillard et du CRAN, 

UMR 7039 CNRS-Université de Lorraine) et d’autre part la stimulation visuelle périodique 

rapide ou FPVS pour fast periodic visual stimulation (domaine d’expertise de Bruno Rossion 

et de son laboratoire). Ces activités de recherche ont été marquées par la publication de 

travaux dans des revues internationales (Jonas et al., Neuroscience, 2012 ; Jonas et al., 

Human Brain Mapping, 2014 ; Jonas et al., Neurology, 2014 ; Jonas et al., Neuroimage, 2014 

; Jonas et al., Cortex, 2015 ; Jonas et al., PNAS, 2016) mais aussi par la réalisation de 

plusieurs communications orales dans des congrès internationaux (USA et UK) qui ont permis 

de faire découvrir nos travaux sur le plan international. Cette thèse d’Université a été soutenue 

avec succès le 4 juillet 2016. 

En septembre 2017, j’ai été nommé Maître de Conférences – Praticien Hospitalier 

section Physiologie (44.02) à l’Université de Lorraine (Faculté de Médecine) et au CHRU de 

Nancy (service de Neurologie). Sur le plan de l’enseignement (département de Physiologie, 

Pr Bruno Chenuel), je participe à une grande partie des enseignements de Neurophysiologie 

fondamentale et clinique pour les FGSM3 (cours magistraux et travaux pratiques 

dématérialisés). Sur le plan de la clinique, mon activité est partagée entre la prise en charge 

des patients épileptiques au sein de l’Unité d’Epileptologie du service de Neurologie (Centre 

de Référence des Epilepsies Rares, Pr Louis Maillard) et l’interprétation EEG et des potentiels 

évoqués au sein des Explorations Fonctionnelles Neurologiques. Sur le plan de la recherche, 

je poursuis mes travaux de recherche sur la neurophysiologie de la perception visuelle et plus 

particulièrement des visages au sein de l’Equipe Neurosciences des Systèmes et de la 

Cognition (CRAN UMR 7039 CNRS-Université de Lorraine) dirigée par Bruno Rossion (qui a 

rejoint Nancy en tant que Directeur de Recherche CNRS au sein du CRAN).  

1.2 Curriculum Vitae  

Etat Civil 

-Mr Jacques Jonas  

-Né le 13 Avril 1980 

-Nationalité : française       

-Adresse professionnelle : CRAN, Pavillon Krug, Hôpital Central, CHRU de Nancy 

29, Avenue du Maréchal de Lattre de Tassigny, 54000 Nancy, France 

-Courriel : j.jonas@chru-nancy.fr ; jacques.jonas@univ-lorraine.fr 

-Tel. professionnel : 03 83 85 15 68 
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-Tél. portable : 06 98 41 42 13 

Fonctions actuelles 

-Depuis 2017 : Maître de Conférences des Universités – Praticien Hospitalier (Département 

de Physiologie, Faculté de Médecine de Nancy – Service de Neurologie, CHRU de Nancy) 

-Depuis 2017 : Membre titulaire de l’équipe Neurosciences des Systèmes et de la Cognition 

(CRAN, UMR 7039, CNRS-Université de Lorraine) 

Fonctions antérieures 

-2016-2017 : Post-doctorant en Neurosciences (Université Catholique de Louvain) 

-2012-2016 : Doctorant en Neurosciences (cotutelle Université Catholique de Louvain et 

Université de Lorraine)  

-2010-2013 : Assistant des Hôpitaux – Chef de Clinique des Universités (Unité d’épileptologie, 

Service de Neurologie, CHU de Nancy et Faculté de Médecine de Nancy) 

-2009-2010 : Etudiant en Master 2 Neurosciences (Unité INSERM U751, Marseille) 

-2006-2011 : Interne de Neurologie des Hôpitaux de Nancy (CHU de Nancy) 

Titres et diplômes  

Titres hospitaliers 

-2011-2013 : Chef de Clinique des Universités – Assistant des Hôpitaux 

-2006-2011 : Interne des Hôpitaux de Nancy  

Diplômes universitaires 

-2016 : Doctorat d’Université en Sciences de la Vie et de la Santé (Université de Lorraine) et 

Sciences Médicales (Université Catholique de Louvain) 

-2013 : DIU de Pédagogie Médicale (Université de Lorraine) 

-2011 : Doctorat en Médecine, DES de Neurologie (Université de Lorraine) 

-2011 : DIU d’Epileptologie (Université de Lorraine) 

-2010 : Master 2 Neurosciences Cognitives et Intégratives (Aix-Marseille Université)  

-2009 : DIU de Neurophysiologie Clinique (UV EEG et PE) (Université Lille II) 

-2007 : Maîtrise de Sciences Biologiques et Médicales (Université de Lorraine) 



11 

 

-2005 : Diplôme de fin de 2ème cycle des études médicales (Université de Strasbourg) 

Activités de Recherche 

Publications (liste au Chapitre 7) 

-34 publications internationales 

-Points SIGAPS : 557 

-Index H : 15 (730 citations selon Google Scholar) 

Mobilités 

-2013 – 2017 : Université Catholique de Louvain, Belgique (Pr Bruno Rossion) dans le cadre 

d’un doctorat en neurosciences (financement par une bourse de thèse neurosciences du 

FNRS)  

-2009 – 2010 : unité INSERM U751 Epilepsie et Cognition, Université Aix-Marseille, (Pr Patrick 

Chauvel) dans le cadre du Master 2 Neurosciences (financement au titre de l’année-

recherche) 

Prix et récompenses 

-Prix de la meilleure communication orale, 1ère journée interrégionale « Recherche et 

Neuroscience », Dijon (2013) 

-Bourse pour une thèse en neurosciences pour une durée de 4 ans, Fonds de la Recherche 

Scientifique – FNRS, Belgique (2013) 

-Elsevier/Vision Research Travel Award (VSS Student Travel Award), Vision Sciences Society, 

USA (2013) 

-Prix Sciences et Techniques de l’Académie Nationale de Metz pour la thèse de Doctorat en 

Médecine (2012) 

Activité d’enseignement 

Cours 

-Neurophysiologie fondamentale pour les étudiants en médecine (PACES et FGSM3) 

-DIU d’Epileptologie  

-DIU de Neurophysiologie Clinique  

-DIU de Pédagogie Médicale 
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-Master 2 Recherche de Neuropsychologie Cognitive et Clinique, Université de Strasbourg  

Pédagogie médicale 

-Responsable de la commission de Docimologie (Faculté de Médecine) 

-Référent docimologie pour la Neurologie à la Faculté de Médecine  

Intérêt général  

Responsabilités collectives 

-Responsable médical de l’unité d’explorations fonctionnelles neurologiques du service de 

Neurologie du CHRU de Nancy 

-Responsable de la commission de docimologie de la Faculté de Médecine de Nancy 

-Membre du bureau de la Commission des Jeunes Epileptologues de la Ligue Française 

Contre l’Epilepsie (LFCE)  

-Membre de Conseil Scientifique de la Fondation Française pour la Recherche sur l'Épilepsie 

(FFRE) 

Sociétés savantes 

-Membre de la « Society for Neuroscience » (SFN) 

-Membre de la Société de Neurophysiologie Clinique de Langue Française (SNCLF) 

-Membre de la Ligue Française Contre L’Épilepsie (LFCE)  

-Membre de la Société de Physiologie 

Activité éditoriale (relecture d’articles) 

Journal of Neuroscience, Cerebral Cortex, Neuropsychologia, Neuroimage, Human Brain 

Mapping, Social Cognitive and Affective Neuroscience, Brain Structure and Function, 

Neurophysiologie Clinique / Clinical Neurophysiology, Brain and Behavior, Brain Research, 

Nature Communications 
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Chapitre 2 : Activités de Recherche 
 

 

2.1. Introduction  

Le visage joue un rôle crucial dans les interactions sociales. Le visage transmet une 

foule d’informations sur un individu, son identité, son âge, son genre, son état d’esprit, ses 

émotions, son origine ethnique, etc. Toutes ces informations contenues dans les visages sont 

extraites instantanément lorsque nous interagissons avec quelqu’un.  

Parmi toutes ces informations, l’identité occupe une place à part. A l’opposé de la très 

grande majorité des autres espèces animales, l’Homme est un animal social qui vit au sein de 

structures sociales complexes dans lesquelles la détermination de l’identité de chaque individu 

est essentielle aux interactions entre ses membres, c’est-à-dire les caractéristiques qui font 

que chaque individu est différent de tous les autres, et semblable à lui-même, même à travers 

son évolution dans le temps. Chez l’Homme, il existe plusieurs moyens de déterminer l’identité 

d’un individu (le visage, le son de la voix, la démarche ou l’allure générale, les vêtements, 

etc.), mais le visage est de loin le moyen le plus efficace, pour deux raisons principales. 

Premièrement, au cours de l’évolution, le visage est devenu un signal qui code pour l’identité 

des individus notamment grâce à une variation phénotypique très élevée qui fait que chaque 

visage est unique (Sheehan et al., 2014). Deuxièmement, l’Homme est un expert en perception 

des visages, notamment par l’acquisition au fil de l’évolution d’un système cérébral de 

perception des visages extrêmement efficace, c’est-à-dire permettant la perception de 

l’identité de manière fiable, rapide, malgré la similitude visuelle entre les visages et les 

changements d’apparence visuelle qui s’opèrent dans un environnement naturel (orientation 

de la tête, taille relative, niveau d’éclairage, vision partielle, expression des émotions, etc.). 

La perception1 des visages repose sur un système extrêmement complexe, comme en 

témoigne son efficacité malgré la difficulté des fonctions qui lui sont assignées. Cette 

complexité explique que ce système occupe une grande partie de la voie visuelle ventrale et 

repose sur une vaste zone corticale s’étendant ventralement du lobe occipital au lobe temporal 

antérieur (VOTC pour « ventral occipito-temporal cortex ») avec une prédominance droite. La 

compréhension des mécanismes cérébraux de la perception des visages est un enjeu 

essentiel pour les neurosciences, notamment par sa complexité, son importance dans la vie 

 
1 Dans ce document, il n’y a pas de distinction entre perception et mémoire. De notre point de 

vue, il n’y a pas de perception sans mémoire et la mémoire est présente à toutes étapes du processus 
de perception. 
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sociale de l’Homme et par sa vocation à être un modèle pour la compréhension de l’ensemble 

des fonctions de perception visuelle.  

2.2 Méthodologie 

Notre approche pour mieux comprendre les mécanismes cérébraux de la perception 

des visages est basée sur une méthodologie originale, dont la clé de voûte est la SEEG 

(Bancaud et Talairach, 1973). La SEEG correspond à l’implantation d’électrodes profondes 

chez des patients épileptiques en bilan pré-chirurgical de leur épilepsie, permettant des 

enregistrements intracérébraux d’une grande précision spatiale, tout le long du VOTC (Figure 

1A). Ces électrodes se composent d’une rangée de sites d’enregistrements indépendants 

distribués le long de l’électrode, appelés contacts, permettant l’enregistrement de toutes les 

structures cérébrales traversées par l’électrode, du point de pénétration dans le cerveau, 

jusqu’à la cible profonde de l’électrode (cortex latéral et structures internes, sillons et gyri). La 

SEEG fait partie des techniques d’EEG intracrâniens (iEEG) avec l’électro-corticographie ou 

ECOG (implantation d’électrodes sur la surface corticale avec retrait du crâne, ne permettant 

pas l’enregistrement des structures profondes et des sillons).  

Le premier axe de notre méthodologie originale consiste en la combinaison de la SEEG 

et d’une méthode particulière de présentation des stimuli visuels (Figure 1B), appelée FPVS, 

dans laquelle les stimuli visuels sont présentés de manière périodique, c’est-à-dire à une 

fréquence fixe. Cette méthode est connue depuis longtemps sous le nom de steady-state 

visuel evoked potential ou SSVEP (Adrian et Matthews, 1934 ; Regan, 1966) avec l’utilisation 

de stimuli visuels simples. L’originalité de notre approche est nous avons appliqué la SSVEP 

à l’étude de la vision de haut niveau (Rossion, 2014). Le principe de la FPVS est la suivante : 

la présentation de stimuli à une fréquence fixe et rapide génère une réponse EEG périodique 

à la même fréquence dans les régions cérébrales impliquées dans la perception de ces stimuli. 

Les réponses sont ensuite identifiées, non pas le domaine temporel, mais dans le domaine 

fréquentiel (des stimuli présentés à 6 Hz, c’est-à-dire à 6 images par sonde, génèrent une 

réponse électrophysiologique à 6 Hz dans le cortex visuel, qui sera identifiée à 6Hz dans le 

domaine fréquentiel après transformation de Fourier du signal électrophysiologique). Les 

avantages de cette méthode sont : (1) l’enregistrement de réponses avec un très haut rapport 

signal/bruit (les réponses d’intérêt sont concentrées sur une fréquence alors que le bruit est 

réparti sur tout le spectre fréquentiel) ; (2) son objectivité (les réponses sont identifiées à la 

fréquence d’intérêt déterminée par l’expérimentateur et donc connue a priori) ; (3) sa faible 

sensibilité aux artéfacts (les réponses d’intérêt sont concentrées sur une fréquence donnée 

alors que les artéfacts  sont répartis sur une bande fréquentielle plus large et ont peu de 

chance de se concentrer spécifiquement sur la fréquence d’intérêt) ; et (4) l’enregistrement de 
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réponses facilement quantifiables, notamment grâce à l’objectivité et au haut rapport 

signal/bruit des réponses obtenues (en pratique il s’agit de sommer l’amplitude mesurée dans 

le spectre fréquentiel sur la fréquence d’intérêt et ses harmoniques).  

Les avantages de la combinaison de la SEEG et de la FPVS ont été explicités dans un 

article de revue récent rédigé par notre équipe (Rossion, Jacques, et Jonas, in press, Ann N 

Y Acad Sci). 

 

Figure 1. Combinaison de la SEEG et de la FPVS. A. Représentation schématique de la position des 

électrodes de SEEG le long du VOTC. Les électrodes (en rouge) sont composées de sites 

d’enregistrement indépendants distribués tout le long de l’électrode, appelés contacts, et représentés 

par les rectangles rouges. B. Principe de la FPVS. La présentation visuelle périodique d’un stimulus à 

5 Hz va produire une réponse EEG à 5 Hz qui va être identifiée dans le domaine fréquentiel à la même 

fréquence que la fréquence de stimulation.  

 

Le deuxième axe de notre méthodologie est l’utilisation de stimulations électriques 

corticales lors de la SEEG (Jonas, 2018). Il s’agit de délivrer un faible courant électrique entre 

2 contacts d’une électrode intracérébrale afin de désorganiser temporairement la fonction de 

la région cérébrale stimulée. Les conséquences de cette stimulation sont visibles directement 

sur le patient. Les stimulations électriques sont couramment utilisées en clinique afin de 

réaliser une cartographie fonctionnelle avant chirurgie de l’épilepsie. L’hypothèse couramment 

admise est que la stimulation électrique détecte les régions critiques (ou essentielles) pour 

une fonction et qui par conséquent  doivent être épargnées durant la résection chirurgicale (par 
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exemple, si la stimulation provoque un trouble du langage, c’est que la résection de cette 

région peut également entraîner un trouble du langage). Notre originalité est d’avoir appliqué 

cette méthode à l’étude de la perception des visages afin de déterminer les régions critiques 

(ou essentielles) pour cette fonction.  

2.3 Cartographie des réponses sélectives aux visages  

Notre premier axe de recherche concerne l’étude des bases neurales de la perception 

des visages. La détermination des bases neurales de la perception des visages est un 

prérequis essentiel à la compréhension des mécanismes de perception des visages. Les 

recherches dans ce domaine ont débuté il y a plusieurs décennies mais les résultats de ces 

études restent encore incomplets. L’imagerie structurelle des patients prosopagnosiques 

(patients incapables de reconnaître les personnes à partir de leur visage suite à une lésion 

cérébrale) a montré l’importance d’un vaste territoire au sein du VOTC, du lobe occipital 

jusqu’au lobe temporal antérieur, avec une prédominance droite (Barton et al., 2008 ; 

Bodamer, 1947 ; Bouvier et Engel, 2006 ; Busigny et al., 2014 ; Damasio et al., 2002 ; Rossion 

et al., 2003). Les études d’imagerie par résonnance magnétique (IRM) fonctionnelle chez des 

sujets sains et les études iEEG chez les patients épileptiques s’appuient sur l’enregistrement 

des réponses sélectives aux visages (plus amples pour les visages par rapport autres aux 

objets visuels) pour déterminer les régions impliquées dans la perception des visages. L’IRM 

fonctionnelle a mis en évidence des réponses sélectives aux visages regroupées dans des 

régions circonscrites du VOTC (organisation en « clusters » des réponses sélectives aux 

visages). Les 2 aires les plus connues sont l’OFA dans le gyrus occipital inférieur droit 

(« Occipital Face Area » ; Gauthier et al., 2000) et la FFA dans la section latérale du gyrus 

fusiforme moyen (« Fusiforme Face Area » ; Kanwisher et al., 1997). Ces réponses ont été 

principalement enregistrées dans la partie postérieure du VOTC (Weiner et Grill-Spector, 

2010), comme l’OFA et la FFA, car l’IRM fonctionnelle est limitée dans sa capacité à étudier 

le lobe temporal antérieur en raison d’artéfacts de susceptibilité magnétique (notamment liés 

au canal auditif) qui réduisent le signal dans les parties antérieures du lobe temporal (« signal 

drop-out » ; Axelrod et Yovel, 2013). Les études iEEG réalisées chez les patients épileptiques 

sont une opportunité unique d’enregistrer l’activité neuronale directe avec un très haut rapport 

signal/bruit, du lobe occipital jusqu’au lobe temporal antérieur. Au contraire des études IRM 

fonctionnelle, les études iEEG ont enregistré des réponses sélectives aux visages de manière 

dispersée dans le VOTC, sans organisation en « clusters » (Allison et al., 1999 ; Davidesco et 

al., 2014, Engell et McCarthy, 2011, Jacques et al., 2016 ; Rangarajan et al., 2014, Sato et al., 

2014 ; Tanji et al., 2012 ; Vidal et al., 2010). L’obstacle majeur de ces études iEEG a été le 

manque d’objectivité pour la définition des réponses sélectives aux visages, ce qui a limité leur 

quantification. En effet, les réponses sélectives aux visages ont pu être enregistrées dans 
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différentes fenêtres temporelles et dans différentes fenêtres fréquentielles (en basses 

fréquences ou potentiels évoqués et en hautes fréquences ou activité gamma).  

Afin de rapporter une cartographie et une quantification globale des réponses 

sélectives aux visages à travers tout le VOTC, du lobe occipital au lobe temporal antérieur, 

nous avons utilisé la combinaison de la SEEG et de la FPVS chez 28 patients (Jonas et al, 

2016, PNAS). Cette étude a été réalisée alors que j’étais affecté au laboratoire de Bruno 

Rossion à l’Université Catholique de Louvain et a été effectuée en proche collaboration avec 

un post-doctorant du laboratoire, Corentin Jacques (co-premier auteur de l’article) et avec 

Louis Maillard (CRAN, CHRU de Nancy). Nous avons utilisé un paradigme FPVS dit « face-

localizer » construit afin d’identifier des réponses sélectives aux visages (Rossion et al., 2015). 

Pendant l‘enregistrement SEEG, les patients ont visualisé des séquences FPVS d’images 

d’objets variables (visages, chaises, fruits, chiens, lampes, etc.) présentées à une fréquence 

fixe et rapide (6 Hz c’est-à-dire 6 images par seconde). Au sein des séquences, un visage était 

présenté toutes les 5 images (Figure 2A). La fréquence des visages a donc été fixée à 1,2 Hz 

(6 Hz/5). L’analyse du signal SEEG a été réalisée dans le domaine fréquentiel. Les réponses 

sélectives aux visages ont été identifiées et quantifiées dans le domaine fréquentiel à la 

fréquence de 1, 2 Hz et aux différentes harmoniques (voir Figure 2B pour un exemple chez un 

patient).   

Nous donc rapporté une cartographie globale des réponses sélectives aux visages sur 

tout le VOTC (Figure 2C). Nous avons fait les observations suivantes. Premièrement, les 

réponses sélectives aux visages les plus amples se localisent dans une région précise, la 

section latérale du gyrus fusiforme moyen droit (latFG), ce qui valide par enregistrement 

neuronal direct 2 décennies d’études IRM fonctionnelle (qui retrouvent des réponses 

sélectives maximales dans cette région, correspondant à la FFA droite ; Kanwisher et al., 

1997 ; Rossion et al., 2012). Les autres régions très sélectives aux visages sont le gyrus 

occipital inférieur droit et le gyrus fusiforme antérieur droit. Deuxièmement, nous avons 

retrouvé à la fois une répartition spatiale vaste et distribuée des réponses sélectives aux 

visages dans tout le VOTC et un regroupement spatial des réponses les plus amples en amas 

(ou « clusters ») dans certaines régions circonscrites (comme le gyrus fusiforme ou le gyrus 

occipital inférieur). Cela montre que le réseau de perception des visages est très vaste (ce 

grand espace cérébral est probablement nécessaire pour que l'identification du visage soit 

réalisée avec une telle efficacité) et que ce réseau repose également sur des nœuds critiques 

bien localisés, identifiés par ces « clusters » de réponses. Enfin, nous avons rapporté une 

cartographie précise des régions anatomiques sélectives aux visages dans le lobe temporal 

antérieur ou ATL pour « Anterior Temporal Lobe » (sillon collatéral antérieur, gyrus fusiforme 

antérieur, sillon occipito-temporal antérieur), dont l’étude est très limitée en IRM fonctionnelle 
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pour des raisons méthodologiques. En particulier, le gyrus fusiforme antérieur et sillon occipito-

temporal antérieur n’ont pratiquement jamais été décrits comme étant sélectifs aux visages 

dans les études d’IRM fonctionnelle.  

 

   

Figure 2. Réponses sélectives aux visages enregistrées en SEEG dans le VOTC (Jonas et al., 

2016, PNAS). A. Paradigme FPVS dit « face-localizer » ou de « sélectivité aux visages » pour 

l’enregistrement de réponses sélectives aux visages. Des images d’objets sont présentées à une 

fréquence 6 Hz (6 objets par seconde) avec une image de visage insérée toutes les 5 images. B. 

Exemple de réponse sélective aux visages dans le domaine fréquentiel enregistrée dans le latFG droit 

chez un patient (contact d’enregistrement indiqué par une flèche rouge). Les réponses à 1.2 Hz et 

harmoniques (2.4, 3.6, 4.8 Hz, etc.) correspondent aux réponses sélectives aux visages (sauf les 

réponses à 6 Hz et 12 Hz qui correspondent à la fréquence de stimulation de base). C. Cartographie 

des réponses sélectives aux visages à travers les 28 patients et représentée dans l’espace MNI 

(Montreal Neurological Institute). Les réponses sélectives aux visages sont quantifiées sur chaque 

contact (somme de l’amplitude aux différentes harmoniques) et projetées sur la surface corticale. Les 

chiffres indiquent la localisation des régions anatomiques avec les réponses sélectives aux visages les 

plus amples (1 : gyrus occipital inférieur ; 2 : latFG ; 3 : gyrus fusiforme antérieur).  

 

2.4 Traitement de l’individuation des visages 

L’une des grandes fonctions de la voie visuelle ventrale est de déterminer l’identité des 

visages. L’une des étapes cruciales de ce processus est de déterminer quelles sont les 

caractéristiques visuelles propres du visage d’une personne donnée, en l’absence 

d’informations sémantiques (individuation des visages). Les bases neurales de ce processus 

restent pour l’instant débattues, notamment parce que les études en IRM fonctionnelle 

montrent des résultats discordants, avec notamment 2 techniques différentes en IRM 
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fonctionnelle, adaptation et MVPA (Multi-Voxel Patern Analysis), qui mettent en évidence des 

régions différentes (adaptation : Gauthier et al., 2000; Schiltz et Rossion, 2006; Ewbank et al., 

2013 ; MVPA : Kriegeskorte et al., 2007; Natu et al., 2010; Nestor et al., 2011; Anzellotti et al, 

2014; Goesaert and Op de Beeck, 2013). Notre objectif est de rapporter une cartographie 

complète des régions impliquées dans l’individuation des visages à l’aide de la combinaison 

SEEG-FPVS. Cette étude, que j’ai coordonnée, a été réalisée en collaboration avec Bruno 

Rossion, Louis Maillard et Corentin Jacques (Université Catholique de Louvain). Cette étude 

fait l’objet d’une publication et dont je suis le dernier auteur (Jacques, (….), Jonas, in press, 

Neuroimage). Nous avons inclus 69 patients implantés en SEEG et utilisé un paradigme FPVS 

permettant d’identifier les régions impliquées dans l’individuation des visages (Liu-Shuang et 

al., 2014). Dans ce paradigme (Figure 3A), un visage inconnu de la même identité est présenté 

à 6 Hz et un visage d’une identité différente est présenté toutes les 5 images, de sorte que la 

fréquence du changement d’identité a été fixée à 1.2 Hz (6 Hz/5). Nous avons 2 conditions, 

avec des séquences dont l’ensemble des visages sont à l’endroit et des séquences avec 

l’ensemble de visages à l’envers. La sensibilité à l’individuation des visages est mesurée à 

cette fréquence et aux différentes harmoniques dans le domaine fréquentiel (voir la Figure 3B 

pour un exemple de réponse sur un contact individuel).  

Nous avons montré qu’une bande de cortex à droite, comprenant le gyrus occipital 

inférieur, le latFG et le gyrus fusiforme antérieur joue un rôle très important dans le traitement 

de l’identité. En effet, ces régions montraient des réponses d’individuation plus amples et plus 

fréquentes pour les visages à l’endroit par rapport aux visages à l’envers (Figure 3C). Cette 

étude montre qu’une partie de l’ATL (le gyrus fusiforme antérieur droit), joue un rôle dans 

l’individuation des visages, de manière indépendante de la mémoire sémantique, ce qui est 

conforme à nos observations précédentes (Jonas et al., 2015, Cortex ; patient DN, voir 

paragraphe 6.4.1). De manière surprenante, malgré un échantillonnage très important des 

régions plus antérieures dans l’ATL (notamment dans le pôle temporal), nous n’avons 

enregistré que très peu de réponses dans ces régions. Cela suppose que ces régions ne 

jouent pas un rôle dans l’individuation des visages mais plutôt dans la mémoire sémantique, 

ce qui en accord avec les travaux d’Angélique Volfart (dont je co-dirige les travaux de thèse) 

sur les performances neuropsychologiques en perception des visages des patients avec une 

épilepsie temporo-mésiale (étude ATENA-F, Volfart, Jonas, et al., in press, Neuropsychologia, 

voir paragraphe 6.4.1) et sur les bases neurales de l’intégration visages-noms (Volfart, Jonas, 

et al., 2020, Plos Biology, voir paragraphe 6.4.1).  
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Figure 3. Réponses d’individuation des visages. A. Paradigme FPVS pour l’enregistrement de 

réponses d’individuation des visages. Des visages inconnus d’une identité donnée (ID1) sont présentés 

à une fréquence 6 Hz (6 objets par seconde) avec un visage d’identité différente (ID2, ID3, etc.) inséré 

toutes les 5 images. B. Exemple d’un contact chez un patient dans le gyrus occipital inférieur droit 

enregistrant une réponse d’individuation des visages, plus ample à l’endroit qu’à l’envers. La fréquence 

du changement d’identité est à 0 Hz (somme des réponses à 1.2 Hz et harmoniques centrée sur 0). C. 

Cartographies des réponses d’individuation des visages plus amples à l’endroit qu’à l’envers, à travers 

les 37 patients inclus dans l’étude, représentées dans l’espace Talairach. A gauche, cartographie des 

régions montrant une proportion de réponses à l’endroit plus importante que la proportion de réponses 

à l’envers, sur l’ensemble des contacts enregistrés (en jaune-rouge). A droite, cartographie des régions 

montrant des réponses plus amples à l’endroit qu’à l’envers (en jaune-rouge).  

 

 

2.5 Relation entre la perception des visages et les autres catégories visuelles 

Le VOTC n’est pas exclusif à la perception des visages et il joue également un rôle 

dans la perception des autres catégories visuelles (mots, objets, espaces extérieurs, etc.). Une 

question importante est de savoir quelle est la relation spatiale et fonctionnelle entre ces 

différents systèmes et notamment s’ils partagent certaines fonctions. Nous avons réalisé une 

étude SEEG-FPVS enregistrant les réponses sélectives aux visages et aux maisons (espaces 

visuels extérieurs) chez 78 patients en SEEG (Hagen, (….), Jonas, 2020, Cereb Cortex). Cette 

étude, que j’ai coordonnée et dont je suis le dernier auteur, a été réalisée en collaboration 
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avec Simen Hagen (post-doctorant au sein de l’équipe Neurosciences des Systèmes et de la 

Cognition du CRAN), Bruno Rossion, et Louis Maillard.  

Pour cela nous avons testé les patients avec le paradigme dit « face-localizer » (Jonas 

et al., 2016, PNAS) et une autre version de ce paradigme dans lequel les visages sont 

remplacés par des maisons, ce qui permet d’enregistrer des réponses sélectives aux maisons, 

c’est-à-dire plus amples pour les maisons par rapport aux objets (Figure 4A). Nous avons 

enregistré des réponses sélectives aux visages (Figure 4B) de manière similaire à l’étude 

précédente (Jonas et al., 2016, PNAS), c’est-à-dire avec des réponses surtout dans le gyrus 

occipital inférieur, le latFG et le gyrus fusiforme antérieur avec une prédominance droite 

(Figure 4C). Les réponses sélectives aux maisons (Figure 4B) ont été enregistrées dans des 

régions plus médiales (Figure 4C), c’est-à-dire dans le gyrus fusiforme médial, le sillon 

collatéral, et le gyrus parahippocampique, comme cela a déjà été rapporté en IRM 

fonctionnelle ou en iEEG dans la partie postérieure du VOTC (Weiner and Grill-Spector 2010 ; 

Spiridon et al. 2006 ; Nasr et al. 2011 ; Tootell et al. 2008 ; Gomez et al. 2015 ; Kadipasaoglu 

et al. 2016). Cette confirmation des études précédentes montre bien que les réponses 

périodiques enregistrées par la FPVS reflètent des processus physiologiques, spécifiques de 

la fonction étudiée et non pas des processus aspécifiques de détection d’évènements rares 

dans une séquence ou de détection d’évènements périodiques. L’originalité de ce travail 

repose sur plusieurs points. Premièrement, nous avons montré que cette dissociation spatiale 

(réponses sélectives aux maisons plus médiales que les réponses aux visages) persiste même 

en avant dans l’ATL, zone dont l’étude est très limitée en IRM fonctionnelle (Figure 4C). 

Deuxièmement, nous avons montré que ces 2 réponses, sélectives aux visages et aux 

maisons, ne sont pas corrélées en amplitude. Ces 2 résultats montrent que ces 2 systèmes 

de perception sont spatialement et fonctionnellement dissociés tout le long du VOTC, même 

en avant dans l’ATL. Enfin nous avons montré que dans le lobe temporal antérieur, le nombre 

de réponses sélectives aux visages surclasse largement le nombre de réponses sélectives 

aux maisons (Figure 4C, cartographies en proportion), probablement en raison de la richesse 

sémantique liée aux visages et du rôle de l’ATL dans la mémoire sémantique (voir Volfart, 

Jonas, et al., 2020, Plos Biology). 
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Figure 4. Réponses sélectives aux visages et aux maisons enregistrées en SEEG dans le VOTC 

(Hagen et al., 2020, Cereb Cortex). A. Paradigme FPVS pour l’enregistrement de réponses sélectives 

aux visages et aux maisons. Des images d’objets sont présentées à une fréquence 6 Hz (6 objets par 

seconde) avec une image de visage ou de maison insérée tous les 5 images. B. Exemple de réponse 

sélective aux visages dans le domaine fréquentiel enregistrée dans le latFG droit chez un patient (en 

haut), et de réponse sélective aux maisons dans le gyrus parahippocampique antérieur droit chez un 

autre patient (en bas). La fréquence sélective aux visages et aux maisons est à 0 Hz (somme des 

réponses à 1.2 Hz et harmoniques centrée sur 0). C. Cartographies des réponses sélectives aux visages 

et aux maisons à travers les 78 patients et représentées dans l’espace Talairach, en proportion (nombre 

de contacts avec réponses sélectives sur nombre de contacts enregistrés) et amplitude (réponses 

sélectives quantifiées et projetées sur la surface corticale). Noter la dissociation spatiale entre les 

réponses sélectives aux visages (latérales) et les réponses sélectives aux maisons (médiales), tout le 

long du VOTC jusqu’à l’ATL.  
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2.6 Cartographie des régions critiques pour la perception des visages 

Au-delà de l’enregistrement de réponses sélectives aux visages dans des régions 

cérébrales spécifiques, une question cruciale est de savoir lesquelles jouent un rôle causal 

(ou critique) dans la perception des visages. La désorganisation de la fonction d’une aire avec 

un rôle causal entraîne immédiatement des conséquences sur la perception des visages, qui 

peuvent être rapportées par le sujet ou évaluées par des tests neuropsychologiques. A 

l’inverse, une région sélective aux visages sans rôle causal peut être désorganisée sans 

conséquence directe sur la fonction (ce qui ne sous-entend pas qu’elle joue aucun rôle).  

Les études de cas de prosopagnosie ont montré que les régions impliquées de manière 

causale dans la perception des visages sont localisées dans le VOTC, avec une prédominance 

droite. En effet, suite à des lésions dans le VOTC, ces patients sont devenus incapables de 

reconnaître les visages (Barton et al., 2008 ; Bodamer, 1947 ; Bouvier et Engel, 2006 ; Busigny 

et al., 2014 ; Damasio et al., 2002 ; Rossion et al., 2003). Mais la localisation de ces lésions 

est très variable d’un patient à l’autre et est souvent très étendue et bilatérale, ce qui a 

empêché de déterminer précisément les régions critiques pour la perception des visages. Une 

autre approche a été utilisée : la stimulation électrique corticale. Cette méthode consiste à 

délivrer un courant électrique de faible intensité au niveau d’électrodes SEEG implantées chez 

des patients épileptiques afin de produire un signe clinique en rapport avec la fonction de la 

région stimulée. Cette méthode est utilisée en clinique afin de localiser la zone de départ des 

crises et de réaliser une cartographie fonctionnelle des régions critiques avant chirurgie. Les 

études de stimulation ont rapporté des difficultés à dénommer des visages célèbres ou des 

distorsions visuelles de visages lors de la stimulation électrique de certaines régions sélectives 

aux visages du VOTC (Allison et al., 1994 ; Puce et al., 1999 ; Parvizi et al., 2012). Mais 

aucune étude n’a rapporté de troubles du traitement de l’identité des visages lors des 

stimulations. Nous avons rapporté, à travers plusieurs études (Jonas et al., 2012, 

Neuroscience ; Jonas et al., 2014, Neuroimage ; Jonas et al., 2015, Cortex ; Jonas et al., 2018, 

Cortex) une cartographie des régions critiques pour le traitement de l’identité des visages à 

l’aide des stimulations électriques corticales (Figure 5).  
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Figure 5. Représentation schématique de la localisation des régions dont la stimulation 

électrique corticale a provoqué un trouble du traitement de l’identité des visages (Jonas et al., 

2012, 2014, 2015, 2018). Noter que toutes les régions sont localisées au niveau de l’hémisphère droit.  

 

2.6.1 Le gyrus occipital inférieur droit 

La première région à laquelle nous nous sommes intéressés a été une aire sélective 

dans le gyrus occipital inférieur droit (appelée OFA ou « Occipital Face Area » dans la 

littérature IRM fonctionnelle). Chez une patiente explorée en SEEG (KV), une électrode a été 

implantée par chance au sein de l’OFA droite, définie a posteriori par IRM fonctionnelle (Figure 

6A). Cette électrode a permis de réaliser des stimulations électriques et d’enregistrer l’activité 

électrophysiologique au sein de l’OFA droite. Cette étude (Jonas et al., 2012, Neuroscience) 

a été réalisée en collaboration avec Bruno Rossion, Médéric Descoins (membre de l’équipe 

INSERM U751 dans laquelle j’avais fait mon stage de Master 2) et Louis Maillard. Il faut noter 

que c’est cette étude qui a permis de débuter notre collaboration avec Bruno Rossion. Pendant 

les stimulations électriques, il a été demandé à la patiente de reconnaître des photographies 

de visages célèbres (Figure 6A). Les stimulations électriques de sites sélectifs aux visages 

dans le gyrus occipital inférieur droit (attestés par potentiels évoqués lors de la SEEG et par 

IRM fonctionnelle après la SEEG) ont provoqué une incapacité transitoire à reconnaître les 

visages (contacts O6-O7 et O7-O8, Figure 6A). Pendant le temps de la stimulation, la patiente 

a été incapable de nommer les visages ou de donner d’autres informations biographiques. 
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Pour certaines stimulations, la patiente a rapporté percevoir les éléments des visages dans le 

désordre et pour d’autres, une difficulté à percevoir ces éléments de manière simultanée, sans 

déformation des éléments du visage. Ce résultat a été : (1) reproductible (6 sur 7 stimulations 

de l’OFA) ; (2) spécifique aux visages (pas de déficit lors de la reconnaissance d’objets ou de 

lieux célèbres) ; (3) spécifique de l’OFA droite (pas de déficit lors de la stimulation d’autres 

régions cérébrales).  

Dans cette dernière étude (Jonas et al., 2012, Neuroscience), nous avons montré que 

l’OFA joue un rôle dans la perception de l’identité des visages familiers mais nous n’avons pas 

fourni d’informations quant au rôle précis que pourrait jouer l’OFA dans ce processus. Nous 

souhaitions donc adresser la question du rôle critique de l’OFA droite dans la discrimination 

de l’identité faciale, de manière indépendante aux informations sémantiques liées aux visages 

célèbres. Cela a été rendu possible par une deuxième SEEG réalisée chez la patiente KV 

avec à nouveau une électrode similaire qui traverse l’OFA droite (Figure 6B). Cette étude 

(Jonas et al., 2014, Neuroimage) a été réalisée en collaboration avec Bruno Rossion, Corentin 

Jacques (Université Catholique de Louvain) et avec Louis Maillard. Nous avons construit une 

tâche de discrimination de l’identité des visages inconnus que la patiente devait réaliser lors 

de la stimulation de l’OFA droite (Figure 6B). Cette tâche comprenait des paires de visages 

inconnus qui étaient soit identiques (de la même identité) ou légèrement différents (d’identité 

différente). Il a été demandé à la patiente KV de déterminer si les paires de visages 

appartenaient à une même identité ou à des identités différentes. En dehors de la stimulation, 

la patiente a montré de très bonnes performances (91% de réponses correctes, 49/54, pas de 

différence significative avec un groupe de sujets contrôles). Lors de la stimulation de l’OFA 

droite (contacts D5-D6, Figure 6B), ses performances ont chuté à 0%. Pour 6 des 6 

stimulations de l’OFA droite, la patiente a répondu que les visages étaient identiques alors que 

les visages présentés étaient différents (6 réponses incorrectes sur 6). Elle n’a rapporté 

aucune distorsion des visages mais a déclaré que les visages apparaissaient identiques. Les 

stimulations électriques de l’OFA droite ont donc provoqué une incapacité transitoire à 

discriminer visuellement les visages. 

De manière indépendante aux stimulations, nous avons mesuré la sensibilité de l’OFA 

droite à l’identité faciale grâce à un paradigme FPVS (Rossion et Boremanse, 2011). La 

patiente KV a visualisé des séquences FPVS comportant des séquences de visages 

identiques ou différents, à l’endroit ou à l’envers, présentés à une fréquence fixe et rapide (6 

Hz :  6 visages par seconde) (Figure 6B). Dans plusieurs régions du VOTC droit nous avons 

enregistré une forte réponse à 6 Hz. Certaines régions ont montré un effet d’adaptation pour 

l’identité, c’est-à-dire une réduction de la réponse à 6 Hz pour les visages identiques par 

rapport aux visages différents. Grâce à la méthode FPVS, cet effet d’adaptation a pu être 
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quantifié sur chaque contact intracérébral. De manière remarquable, l’effet d’adaptation le plus 

ample et le plus spécifique des visages à l’endroit a été enregistré dans l’OFA droite, 

précisément sur le contact intracérébral impliqué lors des stimulations électriques provoquant 

une incapacité à discriminer les visages (contact D5, Figure 6B). 

Cette étude montre que l’OFA droite est impliquée de manière causale dans la 

discrimination de l’identité faciale de manière indépendante des informations sémantiques, 

c’est-à-dire dans le traitement des caractéristiques visuelles qui rendent un visage unique.  Ce 

résultat va à l’encontre des modèles qui assignent à l’OFA un rôle relativement bas dans le 

traitement hiérarchique de la perception des visages, généralement restreint au traitement des 

éléments du visage de manière isolée (comme les yeux, le nez, la bouche) (Haxby et al., 2000 ; 

Picher et al., 2011). Cette étude est aussi marquée par une convergence de preuves, les 

résultats en stimulation électrique étant corroborés par les enregistrements intracérébraux 

réalisés à l’aide de la méthode FPVS. Cette convergence renforce nos résultats et montre la 

pertinence fonctionnelle de la méthode FPVS qui a été capable de mettre en évidence de 

manière indépendante les régions critiques pour la discrimination de l’identité faciale.  
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Figure 6. La stimulation du gyrus occipital inférieur droit induit une incapacité transitoire de 

reconnaissance des visages (sujet KV). A. Étude de Jonas et al., 2012, Neuroscience. B. Étude de 

Jonas et al., 2014, Neuroimage. Pour les deux études, le panneau de gauche montre les activations 

sélectives du visage en IRM fonctionnelle dans le VOTC droit (coupes axiales) avec les électrodes 

SEEG superposées (points blancs) ; le panneau du milieu montre les stimuli présentés pendant la 

procédure de stimulation ; le panneau de droite montre les enregistrements SEEG pendant un 

paradigme FPVS mesurant la sensibilité à l'identité des visages. Dans Jonas et al. (2012), les contacts 

éloquents O6, O7 et O8 (mis en évidence par un rectangle rouge) sont situés dans le cortex occipital 

inférieur droit sélectif aux visages comme le montre l'IRM fonctionnelle (OFA). La stimulation de ces 

contacts a induit une incapacité transitoire à reconnaître des visages célèbres. Dans Jonas et al. (2014) 

nous avons profité d'une deuxième SEEG réalisée sur le même sujet avec l’implantation d’une électrode 

similaire dans le gyrus occipital inférieur droit. La stimulation de deux contacts (D5-D6) a évoqué une 

incapacité transitoire à discriminer les identités de visages inconnus. Au cours de la SEEG, nous avons 

testé le sujet KV avec un paradigme d'adaptation FPVS mesurant la sensibilité à l'identité des visages 

et comprenant des séquences de visages à l’endroit ou à l’envers et présentés à une fréquence rapide 

et fixe de 6 Hz. Sur le contact D5, nous avons enregistré une réponse significativement plus grande 

pour des visages différents par rapport aux visages identiques (effet d’adaptation pour l’identité).    
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2.6.2 Le gyrus fusiforme antérieur droit  

Le rôle de l’ATL dans la perception des visages et dans le traitement de l’identité faciale 

fait actuellement l’objet d’intenses recherches (Collins et Olson, 2014). De rares études IRM 

fonctionnelle ont mis en évidence des régions sélectives aux visages dans cette région, 

principalement dans le sillon collatéral antérieur (Nasr et Tootell, 2012 ; Rajimehr et al., 2009 ; 

Rossion, et al., 2012 ; Tsao, et al, 2008). Malheureusement nous disposons actuellement de 

très peu d’informations sur cette région, notamment parce que l’IRM fonctionnelle est limitée 

dans l’exploration de cette région en raison d’un artefact de susceptibilité magnétique qui réduit 

très fortement le signal enregistré dans cette région (Axelrod et Yovel, 2013 ; Ojemann et al., 

1997). En utilisant la combinaison SEEG-FPVS, nous avons rapporté une cartographie précise 

des régions sélectives aux visages dans le lobe temporal antérieur (Jonas et al, 2016, PNAS), 

mais le caractère critique de ces régions reste à déterminer.  

Une patiente (CD) a été implantée en SEEG avec une électrode traversant le gyrus 

fusiforme antérieur droit, et lors de la stimulation de cette électrode (contacts F3-F4, F4-F5, 

F5-F6, Figure 7A) il a été demandé à la patiente de reconnaître des photographies de visages 

célèbres pendant les stimulations électriques (de manière similaire à la première étude chez 

la patiente KV ; Jonas et al., 2012, Neuroscience). Cette étude (Jonas et al., 2015, Cortex) a 

été réalisée en collaboration avec Bruno Rossion, Corentin Jacques (Université Catholique de 

Louvain), Gabriela Hossu (CIC-IT, CHRU de Nancy) et Louis Maillard (CHRU de Nancy). Les 

stimulations électriques du gyrus fusiforme antérieur ont provoqué une incapacité transitoire 

de la patiente à reconnaître des visages célèbres (prosopagnosie transitoire). La patiente n’a 

jamais rapporté de modification visuelle des visages. Ce résultat a été : (1) reproductible (8 

sur 8 stimulations) ; (2) spécifique des visages (pas de déficit lors de la reconnaissance 

d’objets) ; (3) spécifique du gyrus fusiforme antérieur droit (pas de déficit lors de la stimulation 

d’autres régions cérébrales).  

Pendant la SEEG, nous avons réalisé une cartographie fonctionnelle des régions 

sélectives aux visages en enregistrant les réponses électrophysiologiques aux visages et aux 

objets à l’aide d’une stimulation visuelle classique non périodique (en potentiels évoqués et en 

activité gamma). A cette date, nous ne disposions pas encore de la FPVS (la patiente a été 

explorée en 2011). Nous avons montré que les stimulations ont intéressé une région sélective 

pour les visages dans le gyrus fusiforme antérieur droit (réponses sélectives aux visages en 

potentiels évoqués et en activité gamma, précisément sur les contacts impliqués durant les 

stimulations). Après la SEEG, nous avons également réalisé une cartographie des aires 

sélectives aux visages en IRM fonctionnelle (Figure 7A). L’IRM fonctionnelle a permis de faire 

2 observations importantes : (1) le site de stimulation dans le gyrus fusiforme antérieur est 
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situé en avant de la FFA droite, localisé dans le latFG droit ; (2) aucune activation IRM 

fonctionnelle sélective pour les visages n’a été retrouvée dans la région du site de stimulation, 

malgré l’enregistrement de réponses électrophysiologiques sélectives aux visages en 

intracérébral. En effet, la superposition spatiale de la position de l’électrode et de l’amplitude 

du signal brut acquis pendant cette IRM fonctionnelle a montré que l’électrode est localisée au 

sein d’une zone comprenant très peu de signal en raison d’un artefact de susceptibilité 

magnétique lié au canal auditif (« signal drop-out », Figure 7A), ce qui explique l’absence de 

réponses sélectives aux visages retrouvées en IRM fonctionnelle dans cette région.  

Cette étude a montré qu’au moins une région dans l’ATL droit, le gyrus fusiforme 

antérieur, est impliquée de manière causale dans le traitement de l’identité des visages. Cette 

étude met aussi en évidence une région méconnue, le gyrus fusiforme antérieur. Cette région 

n’a été que très rarement identifiée comme sélective aux visages en IRM fonctionnelle en 

raison d’un artefact de susceptibilité magnétique qui affecte le lobe temporal antérieur et 

particulièrement le gyrus fusiforme antérieur (voir notre article de revue Rossion, Jacques et 

Jonas, 2018, Ann N Y Acad Sci). Cette région a été aussi mise en évidence dans notre étude 

de groupe SEEG-FPVS (Jonas et al, 2016, PNAS) comme étant l’une des plus sélectives aux 

visages de tout le VOTC (après le latFG droit et le gyrus occipital inférieur droit). Ces différents 

résultats illustrent aussi l’apport de la SEEG par rapport aux méthodes plus classiques comme 

l’IRM fonctionnelle. Une des limites de cette étude est que nous avons utilisé uniquement des 

visages célèbres. Le trouble observé ici pourrait être expliqué par un défaut d’accès à la 

mémoire sémantique et non pas par un trouble spécifique du traitement des visages. 

Récemment, nous avons adressé cette limite en étudiant un autre patient (DN) dont la 

stimulation électrique du gyrus fusiforme antérieur droit a provoqué un trouble du traitement 

de l’identité des visages célèbres sans trouble de la reconnaissance des noms célèbres, ce 

qui exclut une participation de la mémoire sémantique aux troubles observés lors de la 

stimulation de cette région. Cette étude se fait en collaboration avec Angélique Volfart 

(doctorante que j’encadre actuellement au sein de l’équipe Neurosciences des Systèmes et 

de la Cognition du CRAN) et Bruno Rossion, et fait l’objet d’un article actuellement soumis 

(voir paragraphe 6.4.1).  



30 

 

 

Figure 7. La stimulation du gyrus fusiforme droit induit une incapacité transitoire de reconnaissance des 

visages. A. Étude de Jonas et al., 2015, Cortex dans le gyrus fusiforme antérieur droit (sujet CD). B. 

Étude de Jonas et al., 2015, Cortex dans le latFG droit (sujet MB). Pour les deux études, le panneau de 

gauche montre les activations sélectives du visage IRM fonctionnelle dans le VOTC droit (coupes 

axiales) avec les électrodes SEEG superposées (croix noires ou rouges) ; le panneau du milieu montre 

les stimuli présentés pendant la procédure de stimulation ; le panneau de droite montre les 

enregistrements SEEG pendant un paradigme FPVS mesurant la sensibilité à l'identité du visage. Dans 

Jonas et al. (2015), les contacts éloquents (F3 à F6) étaient localisés dans le gyrus fusiforme antérieur 

droit, en avant de la FFA. Bien que nous ayons enregistré sur ces contacts des réponses sélectives 

pour les visages dans des bandes de fréquences basses et gamma, nous n'avons pas trouvé 

d'activations sélectives aux visages en IRM fonctionnelle autour de ces contacts en raison d’une 

importante perte de signal affectant la gyrus fusiforme antérieur droite (le panneau de gauche montre 

le signal IRM fonctionnelle  brute en gris clair, avec les contacts éloquents au sein de cette région avec 

un signal IRM fonctionnelle  très faible). La stimulation de ces contacts a induit une incapacité transitoire 

à reconnaître des visages célèbres. Dans Jonas et al. (2018), les contacts éloquents (F1 et F2) ont été 

localisés dans le latFG sélectif aux visages («FFA») comme le montre l'IRM fonctionnelle . La stimulation 

de ces contacts a induit une palinopsie faciale transitoire avec un mélange d'identités faciales 

différentes. Au cours du SEEG, le sujet MB a été testé avec un paradigme FPVS «oddball» mesurant 

la sensibilité à l'identité des visage  et contenant des séquences avec une même identité de visage 

inconnu présentée à une fréquence rapide de 6 Hz, avec des visages d’identités différentes insérés 

toutes les 5 images (fréquence de changement d'identité = 1,2 Hz, soit 6 Hz / 5). Sur le contact F1, nous 

avons enregistré de grandes réponses de discrimination d'identité (le panneau de droite montre des 

réponses de discrimination d'identité enregistrées sur ce contact à 1,2 Hz et harmoniques dans le 

domaine fréquentiel). De tous les 137 contacts enregistrés dans le cerveau de MB, le contact F1 a 

enregistré, de loin, la plus grande amplitude de réponse. 
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2.6.3 Le gyrus fusiforme moyen droit 

Après le gyrus occipital inférieur et le fusiforme antérieur, nous nous sommes 

intéressés au latFG droit. Il s’agit de la région la plus sélective aux visages (Jonas et al, 2016, 

PNAS) et contenant l’aire sélective aux visages définie par IRM fonctionnelle la plus connue 

et la plus étudiée (FFA). Même si cette région a été intensément étudiée depuis deux 

décennies maintenant, le rôle causal de cette région dans le traitement de l’identité des 

visages restait à déterminer. En 2012, il a été rapporté que la stimulation électrique en ECOG 

de la FFA droite provoque des distorsions visuelles de visages (Parvizi et al., 2012 ; voir aussi 

Rangarajan et al., 2014 pour une étude sur plus de patients). Si cette étude montre que la FFA 

est impliquée dans la perception des visages, elle ne montre pas que la FFA joue un rôle 

causal dans le traitement de l’identité des visages.  

Nous avons étudié une patiente (MB) en SEEG, dont une électrode a été implantée 

dans le latFG droit. Durant les stimulations électriques de cette région (contacts F1-F2, Figure 

7B), il a été demandé à la patiente de reconnaître des visages célèbres, des objets usuels et 

des lieux célèbres, et parfois de simplement regarder passivement ces images ou le visage 

du médecin présent dans la chambre lors des stimulations. Cette étude (Jonas et al., 2018, 

Cortex) a été réalisée en collaboration avec Bruno Rossion, Corentin Jacques (Université 

Catholique de Louvain), et Louis Maillard. Spécifiquement lors de la stimulation du latFG droit 

et en présence de visages, la patiente MB a rapporté un phénomène visuel caractérisé par le 

mélange de visages d’identités différentes. Selon elle, les éléments d’un visage donné (soit 

issu de sa mémoire, soit issu d’images montrées peu de temps avant) étaient intégrés dans le 

visage perçu lors de la stimulation, le tout formant un nouveau visage cohérent, non déformé. 

Sur le site de stimulation éloquent ont été enregistrées des fortes réponses sélectives aux 

visages en utilisant le paradigme FPVS dit « face-localizer » (Figure 2A). Une IRM 

fonctionnelle réalisée après la SEEG a montré que l’électrode était implantée dans la FFA 

droite.  

Comme dans une autre étude de stimulation électrique (Jonas et al., 2014, 

Neuroimage), nous avons mesuré de manière indépendante aux stimulations la sensibilité du 

site de stimulation à l’identité faciale grâce à un paradigme FPVS, mais cette fois-ci en utilisant 

un autre paradigme FPVS (Liu-Shuang et al., 2014 ; Jacques, (….), Jonas, in press, 

Neuroimage). Dans ce paradigme, un visage inconnu de la même identité est présenté à 6 Hz 

et un visage d’une identité différente est présenté toutes les 5 images, de sorte que la 

fréquence du changement d’identité a été fixée à 1.2 Hz (6 Hz/5) (Figure 7B, voir aussi 

paragraphe 2.4). La sensibilité à l’identité des visages a été mesurée à cette fréquence et aux 

différentes harmoniques dans le domaine fréquentiel. Nous avons enregistré sur le site de 
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stimulation qui a provoqué ce phénomène de mélange d’identités (contact F1) les réponses 

de sensibilité à l’identité des visages les plus fortes parmi tous les sites d’enregistrement chez 

cette patiente (Figure 7B).  

Cette étude montre que la FFA droite est impliquée de manière causale dans le 

traitement de l’identité des visages. Encore une fois, nous avons apporté deux sources de 

preuves convergentes, la stimulation électrique et les enregistrements FPVS. De plus, la FPVS 

a été capable de mettre en évidence les régions critiques pour l’identité, ce qui montre la 

pertinence fonctionnelle de cette méthode. Une des limites de cette étude est que la patiente 

MB a toujours été capable de reconnaître les visages malgré ce phénomène visuel de mélange 

d’identités. Récemment (en mai 2019), nous avons adressé cette limite en étudiant une autre 

patiente (CJ) dont la stimulation électrique du latFG droit a provoqué un déficit objectivable de 

la perception des visages (incapacité à détecter un visage célèbre parmi 2 inconnus). Cette 

étude est en préparation et se fait en collaboration avec Angélique Volfart et Bruno Rossion.  

2.6.4 Autres études de stimulation électrique corticale 

Nous avons appliqué la méthode des stimulations électriques corticales à d’autres 

fonctions du système visuel.  

En 2014, nous avons rapporté les phénomènes subjectifs (hallucinations et illusions 

visuelles) évoqués par stimulation électrique du cortex visuel chez 22 patients en SEEG.  Cette 

étude (Jonas et al., 2014, Human Brain Mapping) est basée sur la thèse d’exercice de Solène 

Frismand, interne en neurologie, dont j’ai encadré le travail, en collaboration avec Louis 

Maillard. Nous avons fait 2 observations importantes. Premièrement, nous avons montré une 

organisation postéro-antérieure de la qualité des phénomènes visuels, avec des phénomènes 

simples (flashs ou points) évoqués par la stimulation du VOTC postérieur et des phénomènes 

complexes (formes géométriques et objets visuels réels) par la stimulation du VOTC antérieur. 

Deuxièmement, nous avons montré que la probabilité d’évoquer un phénomène visuel est plus 

élevée par stimulation de l’hémisphère droit que par stimulation de l’hémisphère gauche. De 

plus, cette prédominance droite s’accentue le long de l’axe postéro-antérieur, avec une 

différence maximale droite-gauche pour les régions antérieures du VOTC. Ce résultat est en 

faveur d’une prédominance de l’hémisphère droit dans toutes les fonctions visuelles et surtout 

dans les fonctions visuelles les plus élevées, et ceci de manière indépendante de la tâche ou 

de l’implication des fonctions attentionnelles (aucune tâche n’était demandée aux patients).  

La même année, nous nous sommes intéressés plus particulièrement à un phénomène 

visuel tout à fait particulier appelé hallucination autoscopique (Blanke et al., 2005). 

L’hallucination autoscopique est surtout rencontrée lors des crises d’épilepsie impliquant les 

régions postérieures et fait partie du groupe d’illusions caractérisées par une duplication de 
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son propre corps dans l’espace extra-personnel (avec l’héautoscopie et les phénomènes de 

sortie hors du corps). L’hallucination autoscopique est caractérisée par une hallucination 

visuelle de son propre visage en face de soi. Ce phénomène est interprété comme le reflet de 

la désorganisation des systèmes de représentation du soi. Les bases neurales des processus 

du soi sous-tendant l’hallucination autoscopique sont encore débattues. Nous avons rapporté 

le cas de 2 patients, dont la stimulation d’une région précise du cortex visuel, le sillon occipito-

pariétal droit et le précunéus postérieur droit, a évoqué une hallucination de leur propre visage, 

en face d’eux, dans l’hémichamp visuel gauche. Cette étude (Jonas et al., 2014, Neurology) a 

été réalisée en collaboration avec le Dr Jean-Pierre Vignal (service de neurologie du CHRU 

de Nancy) et Louis Maillard. Le fait que l’hallucination autoscopique soit évoquée par une 

région du cortex visuel suggère qu’une représentation visuelle de notre visage est stockée 

dans le système visuel, et que cette représentation pourrait jouer un rôle dans la cognition 

sociale (préférence sexuelle de partenaires sexuels peu ressemblants de nous afin 

d’augmenter le métissage génétique ou renforcement des liens envers les personnes qui nous 

ressemblent comme les membres de notre famille).   

2.7 Relations surface-profondeur des activités électrophysiologiques des visages 

La perception des visages a bien entendu été étudiée principalement avec des 

méthodes non invasives, et en ce qui concerne les méthodes électrophysiologiques, l’EEG est 

de loin la méthode la plus utilisée pour l’étude de cette fonction. En EEG, il a été mis en 

évidence un potentiel évoqué, sélectif aux visages, négatif dans la région occipito-temporale 

droite et atteignant son pic d’amplitude aux alentours de 170 ms, la N170 (Rossion et Jacques, 

2011). La N170 est considérée comme reflétant les mécanismes de perception des visages 

dans la partie postérieure du VOTC, et des centaines d’études ont été consacrées à ce 

potentiel. Néanmoins, la localisation des générateurs contribuant à la N170 enregistrée sur le 

scalp reste débattue.  

Dans notre unité d’épileptologie du CHRU de Nancy, nous avons l’opportunité 

d’enregistrer des activités EEG de scalp de manière simultanée avec la SEEG (pose 

d’électrodes d’EEG de scalp après l’implantation des électrodes SEEG). Chez la patiente KV 

(décrite dans Jonas et al., 2012, Neuroscience et Jonas et al., 2014, Neuroimage) nous avons 

pu enregistrer la N170 à la fois en EEG scalp et en SEEG (Jacques et al., 2019, Human Brain 

Mapping). Cette étude, dont je suis 2ème auteur, a été réalisée en collaboration avec Corentin 

Jacques (Université Catholique de Louvain), Louis Maillard, Laurent Koessler (chargé de 

recherche CNRS dans l’équipe Neurosciences des Systèmes et de la Cognition du CRAN) et 

Bruno Rossion. Nous avons montré que le générateur principal de la N170 était le gyrus 

occipital inférieur droit et non le gyrus fusiforme, comme que cela est suggéré souvent. Cela 
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montre l’importance du gyrus occipital inférieur dans la perception des visages, région qui est 

souvent attachée à tort à des traitements précoces et peu complexes dans certains modèles 

hiérarchiques (Haxby et al., 2000 ; Pitcher et al., 2011).   

Etant donné l’importance de l’EEG en recherche fondamentale, la compréhension des 

relations entre les activités EEG et leurs sources intracérébrales est cruciale. Récemment, 

nous avons montré que la FPVS est un outil particulièrement efficace pour comprendre ces 

relations. Nous avons présenté à la patiente citée plus haut (KV) un paradigme FPVS 

comportant des séquences de visages différents à l’endroit à 6 Hz (Rossion et Boremanse, 

2011) alors qu’elle bénéficiait d’un enregistrement simultané SEEG-EEG (Jacques et al., 2020, 

Human Brain Mapping). Cette étude, dont je suis 2ème auteur, a été réalisée en collaboration 

avec Corentin Jacques, Louis Maillard, Laurent Koessler et Bruno Rossion. Grâce à différentes 

analyses (quantification de l’amplitude, estimation de la phase, corrélation des signaux dans 

le domaine temporel), nous avons pu précisément quantifier la contribution des différents 

générateurs intracérébraux dans le VOTC à l’activité projetée sur le scalp.  

2.8. Applications à d’autres fonctions visuelles  

Au cours de recherches, nous avons été amenés à nous intéresser à d’autres fonctions 

visuelles, notamment liées au langage (lecture et dénomination visuelle), en utilisant les 

méthodologies précédemment décrites (combinaison SEEG-FPVS et stimulations électriques 

corticales).  

2.8.1 La lecture 

Nous avons appliqué la combinaison SEEG-FPVS à l’étude des bases neurales de la 

lecture (Lochy, (…), Jonas, 2018, PNAS). Une des grandes questions est savoir s’il existe une 

région cérébrale purement lexicale (contenant un stock des mots connus), et si oui, où elle est 

localisée. La région connue sous le nom de VWFA (Visual Word Form Area ou aire de la forme 

visuelle des mots), mise en évidence par l’équipe de Stanislas Dehaene et Laurent Cohen 

(Cohen et al., 2002), est aujourd’hui considérée comme pré-lexicale (sensible à la structure 

orthographique fréquemment rencontrée dans les mots) plutôt que purement lexicale. Dans le 

cadre de cette étude, j’ai été amené à encadrer une post-doctorante du laboratoire de Bruno 

Rossion à l’Université Catholique de Louvain, Aliette Lochy, spécialiste des mécanismes de la 

lecture (1ère auteure de l’article). Aliette Lochy a apporté ses connaissances sur les 

mécanismes de lecture et j’ai apporté mon expertise dans la méthode SEEG-FPVS. Nous 

avons présenté à 37 patients implantés en SEEG des mots de manière périodique (1 fois sur 

5) au sein de différentes séquences à 10 Hz contenant des stimuli variant selon leur proximité 

avec des mots (pseudo-lettres ou séries de lettres découpées et réarrangées spatialement ; 

non-mots ou séries de lettres non prononçables ; pseudo-mots ou séries de lettres 
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prononçables) (Figure 8A). Les réponses de discrimination aux mots ont été identifiées à la 

fréquence de 2 Hz et harmoniques (10 Hz/ 5). Nous avons enregistré des contacts avec des 

réponses purement lexicales, c’est-à-dire avec des réponses de discrimination de mots dans 

les 3 conditions, même dans la condition avec des pseudo-mots (Figure 8B). Ces réponses 

purement lexicales étaient concentrées au niveau du gyrus fusiforme moyen et antérieur 

gauche, c’est-à-dire en avant de la WVFA classiquement décrite (Figure 8C). Cette région 

n’avait pas été précédemment décrite car elle est située dans une zone où le signal enregistré 

est très faible en IRM fonctionnelle, en raison d’artéfacts méthodologiques. Ce résultat est en 

faveur d’une organisation hiérarchique des mécanismes de la lecture dans le VOTC, avec des 

processus de plus en plus complexes dans l’axe postero-antérieur, aboutissant à une région 

purement lexicale dans le gyrus fusiforme moyen et antérieur gauche. Cette étude illustre le 

fait que la combinaison de la SEEG et de la FPVS n’est pas limitée à l’étude des mécanismes 

de la perception des visages et peut être appliquée aux autres fonctions de la voie visuelle 

ventrale.   

 

Figure 8. Réponses FPVS purement lexicales (Lochy et al., 2018, PNAS). A. Paradigme FPVS pour 

l’enregistrement de réponses sélectives aux mots. Des mots sont présentés de manière périodique (1 

fois sur 5) au sein de séquences à 10 Hz contenant soit des pseudo-lettres (condition PL-M), des non-

mots (NM-M) ou des pseudo-mots (PM-M), c’est-à-dire avec une fréquence de 2 Hz (10 Hz/5). B. 

Exemple d’un contact chez un patient dans le gyrus fusiforme antérieur gauche enregistrant une 
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réponse purement lexicale, avec une réponse à toutes les conditions. La fréquence des mots est à 0 

Hz (somme des réponses à 2 Hz et harmoniques centrée sur 0). C. Proportion de contacts avec une 

réponse purement corticale sur l’ensemble des contacts enregistrés à travers les 37 patients inclus dans 

l’étude, représentée dans l’espace MNI.  

 

2.8.2 La dénomination visuelle  

La dénomination est une problématique importante dans les épilepsies du lobe 

temporal car les patients se plaignent très souvent de difficultés à trouver les mots et ces 

difficultés sont généralement aggravées par le traitement chirurgical, c’est-à-dire la lobectomie 

temporale antérieure. Les régions impliquées dans la dénomination dans le lobe temporal ont 

été historiquement identifiées grâce à la stimulation corticale (Lüders et al., 1991). En effet, la 

stimulation électrique du cortex temporal ventral gauche entraîne un trouble de la 

dénomination avec des anomies et des paraphasies. Cette région a été appelée BTLA (« Basal 

Temporal Language Area » ou aire temporale basale du langage). Notre objectif était de mieux 

déterminer la localisation de la BTLA et de mieux comprendre son rôle. Cette étude (Bédos 

Ulvin, Jonas et al., 2017, Brain and Langage) est basée sur la thèse d’exercice de Line Bédos 

Ulvin, interne en neurologie, dont j’ai encadré le travail, en collaboration avec Louis Maillard. 

Nous avons rapporté les résultats des stimulations électriques du cortex temporal droit et 

gauche pendant une tâche de dénomination d’images (ou dénomination visuelle) chez 23 

patients implantés en SEEG. Nous avons rapporté une cartographie précise de la BTLA, en 

incluant également les sillons. Nous avons fait 2 observations importantes. Premièrement, 

nous avons montré que la BTLA est strictement latéralisée dans un seul hémisphère chez un 

patient donné (droit ou gauche). Ce résultat suggère que les stimulations électriques de la 

BTLA pourraient être utiles afin de déterminer la latéralisation hémisphérique du langage chez 

les patients implantés en SEEG (des études menées sous la direction de Louis Maillard sont 

actuellement en cours afin de confirmer ce point). Deuxièmement, le rôle de la BTLA est 

encore débattu. Une hypothèse serait qu’elle est impliquée dans la récupération lexicale (une 

tâche purement langagière), une autre hypothèse serait qu’elle fait partie de la mémoire 

sémantique et que les anomies observées seraient en fait liées à un défaut d’accès à la 

mémoire sémantique et non pas à un défaut d’accès au nom. Pour certains sites de stimulation 

évoquant une anomie, nous avons à nouveau stimulé ces sites en utilisant cette fois-ci une 

tâche sémantique. Nous n’avons jamais observé de troubles sémantiques, ce qui est en faveur 

d’un rôle de la BTLA dans la récupération lexicale.  

2.9 Résilience du réseau de perception des visages après résection  

 Le modèle le plus reconnu du réseau de perception des visages est un modèle 

strictement hiérarchique (Haxby et al., 2000), dans lequel l’ensemble du réseau est dépendant 
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du traitement réalisé dans ce qui considéré comme la porte d’entrée du réseau l’OFA. Selon 

ce modèle, une lésion de l’OFA affectera toutes les aires situées en aval, en particulier la FFA. 

Nous avons testé ce modèle à l’aide d’une patiente épileptique (SP) dont la résection 

chirurgicale comprenait l’OFA droite et chez qui nous avons mesuré les activations sélectives 

aux visages en IRM fonctionnelle avant et après chirurgie (Weiner, Jonas et al., 2016, Journal 

of Neuroscience). Cette étude dont je suis 2ème auteur, a été réalisée en collaboration avec 

Bruno Rossion et avec Kevin Weiner et Kalanit Grill-Spector de l’Université de Stanford. Nous 

avons montré que la résection de l’OFA droite ne modifie pas le reste du réseau c’est-à-dire 

les autres activations sélectives aux visages, même celles situées en aval (OFA gauche, FFA 

droite et FFA gauche). Nous avons également montré grâce à une analyse en tractographie 

que cette résilience est probablement due à des faisceaux qui relient directement le cortex 

visuel primaire à la FFA sans passer par l’OFA, ce qui est en accord avec des études récentes 

de connectivité (Wang et al., in press). Ces résultats sont en faveur d’un modèle non 

strictement hiérarchique du réseau de la perception des visages (Rossion et al., 2008).  
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Chapitre 3 : Activités Pédagogiques 
 

 

3.1 Formation à la pédagogie  

J’ai obtenu en 2013 le DIU de Pédagogie Médicale (Faculté de Médecine de Nancy) 

qui m’a permis d’acquérir les connaissances de base en pédagogie. Le mémoire de validation 

de ce DIU a porté sur la création d’une vidéo d’e-learning pour l’apprentissage de l’annonce 

diagnostique de crises psychogènes non-épileptiques. Cette vidéo est toujours en ligne et est 

souvent visionnée par des médecins, des internes ou des patients (https://www.canal-

u.tv/video/canal_u_medecine/annonce_d_un_diagnostic_de_crises_non_epileptiques_psych

ogenes.12726).  

3.2 Charge d’enseignement 

Depuis septembre 2017 et ma nomination en tant que MCU-PH de Physiologie, mes 

enseignements concernent principalement la neurophysiologie fondamentale et appliquée à 

la clinique pour la formation initiale des médecins (PACES : 2h par an, FGSM3 : 13h), pour 

différents DIU (DIU de neurophysiologie clinique options EEG et PE, DIU d’épileptologie, 

environ 4h par an), pour les formations paramédicales (IFSI, école d’orthophonie, école 

d’ergothérapie, école des manipulateurs en électroradiologie, école de kinésithérapie, environ 

10h par an) et pour différents masters (M1 Santé de la Faculté de Médecine de Nancy, Master 

2 de Neuropsychologie Cognitive et Clinique de l’Université de Strasbourg, environ 6h par an). 

Je participe également aux enseignements de la neurologie pour la formation initiale des 

médecins (4h par an en FGSM3).  

Mon enseignement de neurophysiologie pour la formation initiale de médecins est 

caractérisé à la fois par la hiérarchisation des notions fondamentales qui sont essentielles aux 

médecins dans leur pratique quotidienne et par l’initiation des étudiants à la recherche en 

neurosciences. En ce qui concerne les notions essentielles, il est important que les étudiants 

disposent : (1) des notions fondamentales qui expliquent les signes cliniques d’une pathologie, 

les effets d’un traitement ou les résultats d’un examen neurophysiologique ; (2) des notions 

essentielles dans chaque sous-discipline (anatomie, moléculaire, cellulaire, génétique, 

histologie, psychologie, cognition) et de leur articulation, afin d’avoir une vision d’ensemble 

d’un système (et non d’avoir des connaissances poussées dans une sous-discipline). En ce 

qui concerne l’initiation à la recherche en neurosciences, cet enseignement illustre sur certains 

points les limites des connaissances actuelles et les recherches actuellement en cours au 

niveau international mais aussi au niveau local dans notre laboratoire (équipe Neurosciences 

https://www.canal-u.tv/video/canal_u_medecine/annonce_d_un_diagnostic_de_crises_non_epileptiques_psychogenes.12726
https://www.canal-u.tv/video/canal_u_medecine/annonce_d_un_diagnostic_de_crises_non_epileptiques_psychogenes.12726
https://www.canal-u.tv/video/canal_u_medecine/annonce_d_un_diagnostic_de_crises_non_epileptiques_psychogenes.12726
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des Systèmes et de la Cognition, CRAN UMR 7039 CNRS-Université de Lorraine). Il est 

important que les étudiants soient conscients que les neurosciences représentent 

actuellement un énorme champ de recherche au niveau international et que cette recherche 

se développe également au niveau local.  

3.3 Responsabilité de la commission de docimologie 

Depuis 2019, je suis responsable de la commission de docimologie de la Faculté de 

Médecine de Nancy. Mon rôle en tant que responsable est la bonne marche de cette 

commission dont l’objectif principal est de s’assurer que les épreuves proposées par les 

enseignants aux examens facultaires (de FGSM3 à FASM3) soient de bonne qualité sur le 

plan de la forme et respectent les programmes. L’autre objectif de la commission est 

d’accompagner la réforme actuelle du 2ème cycle des études médicales avec l’introduction de 

nouveaux types de questions (QCM à contexte riche, « key-features problem » et les tests de 

concordance de script). Cela implique la formation des rédacteurs et des correcteurs à ces 

nouvelles modalités.  

La responsabilité de la commission de docimologie m’a amené à m’intéresser aux 

méthodes d’écriture des questions (QCM ou dossier progressif), aux critères de qualité 

nécessaires pour la construction des questions, aux différentes modalités d’écriture des 

questions avec chacune leurs avantages et leurs inconvénients (voir par exemple Pugh et al., 

2018). Je participe dans ce cadre à l’enseignement du DIU de Pédagogie Médicale de la 

Faculté de Médecine de Nancy (3h par an).  

3.4 Innovation pédagogique  

Depuis 2017, je participe à un projet innovant en pédagogie. Il s’agit du développement 

de l’e-learning en physiologie et neurophysiologie, notamment avec la réalisation de travaux 

pratiques dématérialisés via la plateforme d’e-learning KuraCloud (AD Instruments) dans le 

cadre d’un projet faisant partie de l’Hôpital Virtuel de Lorraine (Pr Bruno Chenuel). La 

physiologie est une discipline fondamentale, dont l’enseignement est basé en partie sur 

l’observation directe par les étudiants des phénomènes de la vie. Cette partie de 

l’enseignement reposait classiquement sur les travaux pratiques. Malheureusement, 

l’augmentation du nombre d’étudiants en médecine ne permet plus la réalisation des travaux 

pratiques sous leur forme classique (en laboratoire). L’e-learning permet de pallier ce 

problème.  

Via cette plateforme d’e-learning, j’ai construit des travaux pratiques dématérialisés de 

neurophysiologie pour les FGSM3. Le but de ces travaux pratiques est d’apprendre l’origine 

du signal électrophysiologique recueilli lors des examens complémentaires de 



40 

 

neurophysiologie (EEG, EMG et PE). L’originalité est que les étudiants manipulent et 

analysent de vraies données électrophysiologiques, pour la plupart recueillies dans le service 

de Neurologie du CHRU de Nancy (Figure 9) A partir de leurs analyses, les étudiants doivent 

faire leurs propres observations et répondre à des questions. Une séance de correction en 

présentiel permet aux étudiants de poser des questions et de renforcer l’enseignement par de 

l’interactivité.  

Cette méthode pédagogique est appréciée des étudiants (cela est attesté par un 

questionnaire de satisfaction en ligne). Elle a fait l’objet d’une présentation orale au Congrès 

National de Physiologie et de Biologie Intégrative en 2019 (en collaboration avec le Pr Bruno 

Chenuel).  

 

 

 
Figure 9. Exemple de présentation de données réelles (EEG) via la plateforme d’e-learning KuraCloud. 
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Chapitre 4 : Activités Cliniques 
 

 

Mon activité clinique de neurologue est centrée sur la neurophysiologie, soit à travers 

le diagnostic et le traitement l’épilepsie, soit l’interprétation des explorations fonctionnelles 

neurologiques (EEG et potentiels évoqués). J’exerce ces 2 activités dans le service de 

neurologie du CHRU de Nancy (dirigé par le Pr Marc Debouverie), respectivement dans l’unité 

d’épileptologie (dirigée par le Pr Louis Maillard) et dans l’unité d’explorations fonctionnelles 

neurologiques (dont j’ai la responsabilité).  

4.1. Diagnostic et traitement de l’épilepsie 

4.1.1 Prise en charge des patients épileptiques de manière générale  

En tant que neurologue spécialisé dans l’épilepsie, je participe à la prise en charge de 

tous les patients épileptiques, avec la réalisation de consultations d’épileptologie, la 

participation à l’activité de l’unité d’épileptologie (visite du secteur, interprétation des vidéo-

EEG), l’interprétation des EEG des patients épileptiques, et la prise en charge des patients 

ayant présenté une première crise d’épilepsie (supervision des consultations « première crise 

» réalisées par les internes, supervision des hospitalisations de jour pour « première crise » 

avec réalisation d’une vidéo-EEG de 3 heures). 

Dans ce cadre, je participe beaucoup à la formation des internes afin de leur 

transmettre les connaissances et les compétences de base pour le diagnostic et le traitement 

des épilepsies (en plus du DIU d’Epileptologie dans lequel je suis enseignant).  

4.1.2 Activité de référence : les épilepsies focales pharmaco-résistantes  

 Mon activité de référence en épilepsie concerne la prise en charge des épilepsies 

rares et pharmaco-résistantes. Cette activité se fait au sein de l’Unité d’Epileptologie du service 

de Neurologie qui est Centre de Référence des Epilepsie Rares (centre constitutif, 

responsable : Pr Louis Maillard). Notre centre est centre multidisciplinaire comprenant 5 

neurologues titulaires (Pr Louis Maillard, Pr Louise Tyvaert, Dr Jean-Pierre Vignal, Dr Jacques 

Jonas et Dr Olivier Aron à 40%), 1 neurochirurgien (Pr Sophie Colnat-Coulbois), 1 psychiatre 

(Dr Coraline Hingray), une neurologue spécialisée en neuro-génétique (Dr Mathilde Renaud), 

3 neuropsychologues (Hélène Brissart, Natacha Forthoffer, Mylène Meyer).  

Mon activité de référence concerne en particulier la prise en charge chirurgicale des 

épilepsies focales pharmaco-résistantes de l’adulte. Pour ces patients, les crises d’épilepsie 

persistent malgré de nombreux traitements antiépileptiques et une solution chirurgicale peut 
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être proposée. Cette chirurgie repose sur le principe que le retrait chirurgical de la zone 

cérébrale nécessaire et suffisante pour déclencher des crises (zone épileptogène) permettra 

la guérison de l’épilepsie. Avant de réaliser cette chirurgie, il est donc nécessaire de délimiter 

avec le plus de précision possible cette zone. Ce bilan pré-chirurgical repose en grande partie 

sur la réalisation d’un examen hautement spécifique, la SEEG. La SEEG correspond à la mise 

en place d’électrodes intracérébrales afin de localiser très précisément la zone de départ des 

crises et donc la zone à retirer chirurgicalement. Cet examen n’est réalisé que dans une 

dizaine de CHU en France. Le CHRU de Nancy est la seule structure avec le CHU de 

Strasbourg à porter cette activité dans l’inter-région Est. En termes de nombre de SEEG 

réalisées (environ 35 par an), le CHRU de Nancy est le 2ème centre en France (derrière la 

Fondation Rothschild, centre spécialisé dans la SEEG chez l’enfant) et le premier pour l’activité 

adulte. 

4.1.3 Lien clinique-recherche : le pronostic neuropsychologique 

Les épilepsies focales résistantes au traitement médicamenteux peuvent relever d’un 

traitement chirurgical. La résection chirurgicale a pour but de retirer la zone de déclenchement 

des crises (zone épileptogène) mais cette résection pourra également intéresser des zones 

cérébrales fonctionnelles, critiques pour certaines fonctions cérébrales, soit parce qu’elles font 

partie de la zone épileptogène, soit parce qu’elles se situent dans son voisinage ou sur la voie 

d’abord chirurgicale. Avant toute chirurgie de l’épilepsie, il est donc essentiel de réaliser une 

cartographie fonctionnelle de la zone épileptogène et des régions avoisinantes afin de 

déterminer si une résection est envisageable ou non sur le plan fonctionnel et si oui, de prédire 

le devenir neuropsychologique post-opératoire. 

L’IRM fonctionnelle peut être utilisée pour réaliser une cartographie fonctionnelle per-

opératoire, notamment pour le langage et la motricité. La limite de l’IRM fonctionnelle est que 

cette méthode ne montre que les régions qui sont activées par une tâche, et non pas 

spécifiquement celles qui sont critiques, c’est-à-dire celles dont la résection va effectivement 

entraîner un déficit post-opératoire. L’autre moyen est d’utiliser la SEEG pour réaliser la 

cartographie per-opératoire, soit en utilisant les stimulations électriques corticales (voir Jonas, 

2018 pour une revue de littérature sur ce point), soit en utilisant les enregistrements 

électrophysiologiques (par potentiels évoqués classiques ou par FPVS).  

Les études SEEG mentionnées dans le Chapitre 2 (utilisant la stimulation électrique 

ou les enregistrements FPVS) ont pour but la cartographie fonctionnelle des fonctions 

visuelles. Les données issues de ces patients sont parfois utilisées afin guider la résection 

chirurgicale (éviction des régions critiques pour la vision). Par exemple, la patiente KV (Jonas 

et al., 2012, Neuroscience ; Jonas et al., 2014, Neuroimage) dont les stimulations et les 
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enregistrements FPVS ont montré une région critique pour le traitement de l’identité des 

visages dans le gyrus occipital inférieur droit, proche de la zone épileptogène située dans le 

gyrus lingual, a été longtemps contre-indiquée pour la chirurgie (de 2010 à 2018) en raison du 

risque de prosopagnosie en cas de résection dans le lobe occipital droit  (la patiente a 

finalement été opérée en 2018 avec une résection comprenant le gyrus occipital inférieur droit, 

et les résultats post-opératoires sur ses capacités de perception des visages sont équivoques 

et sont en cours d’interprétation).  

Notre objectif dans l’avenir est de valider l’intérêt des stimulations et des 

enregistrements par des études sur un grand nombre de patients. Par exemple, un article de 

notre équipe dont je suis co-auteur explore l’intérêt de la cartographie de la BTLA par 

stimulation électrique sur le pronostic neuropsychologique post-opératoire en langage. Ce 

travail est fait en collaboration avec Louis Maillard et Chifaou Abdallah (ancienne Chef de 

Clinique dans l’unité d’épileptologie du CHRU de Nancy). Nous avons étudié 20 patients avec 

une épilepsie temporale qui ont bénéficié d’une cartographie de la BTLA par stimulations 

électriques en SEEG puis d’une lobectomie temporale antérieure. Nous avons montré qu’une 

résection d’une partie de la BTLA était prédictif d’une chute des performances en dénomination 

à 6 mois post-opératoire. Par contre, les performances en dénomination chez ces patients 

s’amélioraient à 23 mois post-opératoire, probablement grâce à des mécanismes de 

compensation ou de plasticité. Cela montre l’importance d’inclure une dimension temporelle 

lorsqu’il s’agit de prédire le devenir neuropsychologique. En d’autres termes, les mécanismes 

de compensation ou de plasticité font que la valeur prédictive d’une donnée ou d’un test varie 

en fonction du délai post-opératoire (dans cette étude, la résection d’une partie de la BTLA est 

prédictive d’une baisse des performances à 6 mois mais pas à 23 mois). 

4.2. Explorations fonctionnelles neurologiques 

4.2.1 Activité clinique 

 Mon autre activité clinique est centrée sur l’interprétation des EEG et des potentiels 

évoqués au sein de l’unité d’Explorations Fonctionnelles Neurologiques dont j’ai la 

responsabilité médico-administrative. Dans ce cadre, je suis impliqué dans l’interprétation des 

EEG standards (EEG adultes du CHRU, EEG des Hôpitaux périphériques comme Bar-le-Duc, 

Verdun, Neufchâteau), les astreintes EEG, l’interprétation des potentiels évoqués en 

laboratoire (potentiels évoqués somesthésiques), l’interprétation des potentiels évoqués en 

réanimation pour le pronostic de réveil des comas (Pôle réanimation du CHRU de Nancy) et 

l’interprétation des potentiels évoqués au bloc opératoire pour la surveillance 

électrophysiologique de la moelle épinière lors de la chirurgie rachidienne et médullaire (Pôle 

enfants du CHRU de Nancy).  
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 Je suis impliqué dans l’enseignement de l’EEG et des potentiels évoqués auprès des 

internes de neurologie (en plus du DIU de Neurophysiologie Clinique dans lequel je suis 

enseignant). J’ai également mis en place une formation continue pour les infirmières de l’unité 

d’Explorations Fonctionnelles Neurologiques, avec des séances hebdomadaires de cours et 

des discussions autour des EEG réalisés récemment.  

4.2.2 Lien clinique-recherche 

Un autre élément important afin de prédire le devenir neuropsychologique post-

opératoire en chirurgie de l’épilepsie consiste en une évaluation précise des capacités 

neuropsychologiques des patients avant chirurgie. Actuellement, ce bilan est réalisé par des 

tests neuropsychologiques classiques où il est demandé aux patients de réaliser des tâches 

évaluant la mémoire, le langage, la vision, les fonctions exécutives, les fonctions 

attentionnelles, etc. Malheureusement, ces tests sont parfois peu fiables et peu reproductibles 

en raison des biais attentionnels ou de motivation qui peuvent interférer. Par exemple, un 

patient qui a des troubles attentionnels ou qui a peu de motivation pour faire les tests pourra 

avoir des scores déficitaires dans plusieurs fonctions, sans que ces fonctions soient réellement 

déficitaires. 

Comme mentionné plus haut, la FPVS est un outil prometteur afin d’évaluer de manière 

fiable les performances d’un sujet dans certains domaines (langage et perception visuelle 

principalement) et pourrait être utilisée afin de prédire le pronostic neuropsychologique post-

opératoire après neurochirurgie de l’épilepsie. En effet, les réponses obtenues par FPVS ont 

plusieurs caractéristiques essentielles pour cet objectif : (1) les réponses sont objectives et 

facilement quantifiables ; (2) les réponses sont reproductibles dans le temps chez un même 

sujet ; (3) les réponses ont une valeur fonctionnelle. Concernant ce dernier point, plusieurs 

études d’EEG de scalp utilisant la FPVS ont montré une relation entre la valeur d’amplitude 

de la réponse et les performances (pour la lecture, voir Lochy et al., 2016 ; pour la perception 

des visages, voir Liu-Shuang et al., 2016). 

Dans l’avenir, nous souhaiterions envisager le remplacement de certaines évaluations 

neuropsychologiques pré-opératoires classiques par une mesure électrophysiologique 

objective et quantifiable en combinant l’EEG de scalp et la FPVS (voir paragraphe 8.3.8). A 

terme, une partie du bilan neuropsychologique pré-opératoire ne se ferait plus par un bilan 

neuropsychologique classique, mais à l’aide d’un EEG réalisé dans l’unité d’explorations 

fonctionnelles neurologiques. Afin de valider cette approche, nous avons une étude en cours 

évaluant les capacités en perception des visages et les capacités de lecture chez des patients 

et des sujets témoins appariés, en utilisant à la fois le bilan neuropsychologique classique et 

l’EEG couplé à la FPVS. Pour cette étude, nous avons obtenu le financement d’un assistant 
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de recherche (Pierre Riff) en 2018 par une bourse Fondation Française pour la Recherche sur 

l'Épilepsie, FFRE (90912€).  
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Chapitre 5 : Financement de la Recherche 
 

5.1 Financements obtenus 

5.1.1 CPRC 

En 2012, nous avons obtenu un financement de 20 000 € pour une étude intitulée 

« Evaluation des conséquences neuropsychologiques de l’épilepsie temporale antérieure 

pharmaco-résistante et de la lobectomie temporale antérieure sur la perception des visages » 

(ATENA-F) de la part du CHRU de Nancy via un CPRC (Contrat Programme de Recherche 

Clinique). Même s’il s’agit de ma thématique personnelle de recherche, je n’ai pas pu être 

investigateur principal de cette étude car je ne disposais pas à cette époque de statut de 

titulaire au CHRU (Assistant-Chef de Clinique). Le Pr Louis Maillard est donc investigateur 

principal de cette étude. Cette étude, que je coordonne en pratique, a été réalisée en 

collaboration avec Bruno Rossion, Hélène Brissart (neuropsychologue dans le service de 

neurologie) et Angélique Volfart dont je co-encadre la thèse d’Université. Cette étude est 

actuellement terminée et a fait l’objet d’un article publié (Volfart, Jonas, et al., in press, 

Neuropsychologia).  

5.1.2 Bourse de thèse FNRS 

 En 2013, j’ai obtenu une bourse de thèse du FNRS (Fonds National de la Recherche 

Scientifique, Belgique) pour la réalisation d’une thèse de neurosciences. Cette bourse m’a 

permis de réaliser un séjour de 4 ans dans le laboratoire de Bruno Rossion (Institute of 

Neuroscience et Institute of Psychological Research) pour la préparation de ma thèse 

d’Université. Cette bourse comprenait un salaire mensuel de 2000 € et une bourse pour des 

frais divers de 10 000 €.  

5.1.3 Système d’acquisition micro-électrodes 

 En 2013, nous avons obtenu un financement pour l’achat d’un système d’acquisition 

micro-électrodes afin de réaliser des enregistrements de neurones uniques chez l’Homme via 

la SEEG (voir paragraphe 8.2.2). Nous avons obtenu 171 000 € de la Fédération pour la 

Recherche sur le Cerveau (Appel d’Offres Exceptionnel « Espoir en tête ») et 340 000 € du 

Conseil régional de Lorraine 2013. Le Pr Louis Maillard est le porteur du projet et je suis l’un 

des investigateurs associés. 

5.1.4 Bourse de voyage Nancy-Louvain-la-Neuve 

 Afin de prendre en charge mes déplacements entre Nancy et Louvain-la-Neuve (ma 

thèse d’Université s’est déroulée en cotutelle entre l’Université de Lorraine et l’Université 



47 

 

Catholique de Louvain, et de plus l’ensemble des acquisitions de données SEEG se faisaient 

au CHRU de Nancy tandis que le traitement des données se faisait principalement dans le 

laboratoire de Bruno Rossion), j’ai demandé et obtenu en 2015 une bourse de voyage du 

Conseil de Recherche de l’Université Catholique de Louvain d’un montant de 4180 €.  

5.1.5 Bourse de voyage Israël  

 En 2015, j’ai obtenu une bourse de voyage du FNRS (Belgique) afin d’assister à une 

réunion scientifique (« workshop ») à Jérusalem d’une valeur de 500 € (Person Recognition 

Workshop, Jérusalem, 2015).  

5.1.6 Contrat doctoral d’Angélique Volfart 

 En 2017, nous avons obtenu un contrat doctoral MENSR (école doctorale BIOSE, 

Université de Lorraine) pour Angélique Volfart, doctorante dans l’équipe Neurosciences des 

systèmes et de la cognition (CRAN, UMR 7039, CNRS-Université de Lorraine) et dont je co-

encadre la thèse d’Université.  

5.1.7 Contrat doctoral de Marie-Alphée Laurent 

 En 2020, nous avons obtenu un contrat doctoral (co-financement école doctorale 

BIOSE - Région Grand Est) pour le financement de la thèse de Marie-Alphée Laurent dont je 

suis le co-encadrant avec Bruno Rossion.  

5.2 Demandes de financement refusées  

5.2.1 ANR  

En 2014, nous avons soumis une demande d’ANR intitulée « Cartographie 

intracérébrale humaine par stimulation visuelle périodique » (IPER-STIM) avec comme 

coordinateur Louis Maillard, et avec Bruno Rossion et moi-même dans le consortium. Le but 

scientifique de cette demande était de mieux comprendre les mécanismes de la perception 

visuelle en utilisant la SEEG, la FPVS et les stimulations électriques corticales. Cette demande 

a été refusée. 

En 2015, nous avons soumis une demande similaire mais retravaillée, intitulée 

« Cartographie cérébrale humaine multimodale et multi-échelle par stimulation visuelle 

périodique rapide » (M3-STIM) avec comme coordinateur Louis Maillard, et avec Bruno 

Rossion et moi-même dans le consortium. Cette demande a été refusée.  

En 2018, j’ai soumis en tant que coordinateur principal un appel à projets générique 

JCJC, avec dans le consortium Louis Maillard et Bruno Rossion, intitulé « Bases neurales de 

la reconnaissance faciale à l'aide des enregistrements intracérébraux » (NEUFI). Le but 
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scientifique de cette demande était de mieux comprendre les mécanismes du traitement de 

l’identité des visages en utilisant la SEEG, la FPVS, les stimulations électriques corticales et 

les enregistrements de neurones uniques. Cette demande a été refusée. 

En 2019, nous avons soumis une demande d’ANR, dont je faisais partie du consortium 

(20%), intitulée « The neural basis of Primate Face Recognition: a comparative multimodal 

approach » (PREFER) avec comme coordinateurs Bruno Rossion et Benoit Cottereau (CerCo, 

UMR 5549 CNRS/Université Paul Sabatier, Toulouse III). Le but scientifique de cette demande 

était de comparer les bases neuronales de la perception des visages entre l’Homme et son 

modèle le plus utilisé pour étudier cette fonction, le macaque, en utilisant les mêmes 

paradigmes FPVS et les mêmes méthodes d’enregistrement (EEG de scalp, IRM 

fonctionnelle, enregistrements unitaires de neurones individuels). Cette demande a été 

refusée. 

5.2.2 APJ 

 En 2019, nous avons postulé pour un APJ (Appel à Projet Jeune Chercheur) du GIRCI 

Est (Groupement Interrégional de Recherche Clinique et d'Innovation de l'Est). Cette demande 

s’intitulait « Cartographie fonctionnelle pré-opératoire du lobe temporal antérieur grâce à 

l’utilisation de techniques innovantes en IRM fonctionnelle chez des patients épileptiques 

pharmaco-résistants » (CARTA) et j’en étais l’investigateur principal. Cette demande a été 

réalisée en collaboration avec Gabriela Hossu (CIC-IT du CHRU de Nancy). Cette demande 

a été refusée. 
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Chapitre 6 : Encadrement de Projets de Recherche 
 

 

6.1 Master 2 recherche 

 J’ai encadré 5 étudiants en Master 2, dans le cadre du Master 2 Recherche de 

Neuropsychologie Cognitive et Clinique, Université de Strasbourg : Mylène Romilly en 2013, 

Julie Gamper en 2013, Clémentine Castro en 2014, Marion Beringer en 2014 et Angélique 

Volfart en 2016.  

6.2 Thèse d’exercice   

 En 2013, j’ai co-encadré avec Louis Maillard la thèse de Solène Frismand (alors interne 

de neurologie au CHRU de Nancy) sur le thème des stimulations électriques corticales dans 

le cortex visuel (voir paragraphe 2.6.4). Ce travail a fait l’objet d’une publication (Jonas J, 

Frismand S, Vignal JP, Colnat-Coulbois S, Koessler L, Vespignani H, Rossion B, Maillard L. 

Right hemispheric dominance of visual phenomena evoked by intracerebral stimulation of the 

human visual cortex. Human Brain Mapping. 2014;35:3360-71). 

 En 2013, j’ai co-encadré avec Louis Maillard la thèse de Nicolas Carpentier (alors 

interne de neurologie au CHRU de Nancy) sur le thème des activités électrophysiologiques 

enregistrées dans l’hippocampe à l’aide de la SEEG. Ce travail a fait l’objet d’une publication 

(Carpentier N, Cecchin T, Koessler L, Louis-Dorr V, Jonas J, Vignal JP, Carpentier M, Szurhaj 

W, Bourgin P, Maillard L. Stereo electroencephalography identifies N2 sleep and spindles in 

human hippocampus. Clin Neurophysiol. 2017;128:1696-1706.) 

En 2016, j’ai co-encadré avec Louis Maillard la thèse de Line Bédos Ulvin (alors interne 

de neurologie au CHRU de Reims) sur le thème des stimulations électriques corticales 

induisant des troubles de la dénomination dans le cortex temporal ventral (voir paragraphe 

2.8.2). Ce travail a fait l’objet d’une publication (Bédos Ulvin L, Jonas J, Brissart H, Colnat-

Coulbois S, Thiriaux A, Vignal JP, Maillard L. Intracerebral stimulation of left and right ventral 

temporal cortex during object naming. Brain Lang. 2017;175:71-76). 

En 2019, j’ai co-encadré avec le Pr Marc Debouverie (service de Neurologie, CHRU 

de Nancy) la thèse de Marion Selton (alors interne de neurologie au CHRU de Nancy) sur le 

thème de l’influence des crises d’épilepsie sur le pronostic de la sclérose en plaques. Un article 

est en cours de préparation dont je suis le dernier auteur.  
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6.3 Mémoire de Diplôme d’Etudes Spécialisées  

 En 2013, j’ai co-encadré avec Louis Maillard le mémoire de Diplôme d’Etudes 

Spécialisées (DES) de Neurologie de Nicolas Carpentier (alors interne de neurologie au CHRU 

de Nancy) sur le thème de l’adhésion au traitement anti-épileptique des patients avec une 

épilepsie focale pharmaco-résistante. Ce travail a fait l’objet d’une publication (Carpentier N, 

Jonas J, Frismand S, Vignal JP, Rikir E, Baumann C, Lapicque F, Saint-Marcoux F, Vespignani 

H, Maillard L. Direct evidence of non-adherence to antiepileptic medication in refractory focal 

epilepsy. Epilepsia. 2013;54:e20-e23).  

6.4 Thèse d’Université  

Depuis 2017, je suis co-encadrant (ACT) de la thèse d’Université d’Angélique Volfart, 

avec Bruno Rossion (Université de Lorraine) et Valérie Goffaux (Université Catholique de 

Louvain). Cette thèse est réalisée en cotutelle entre l’Université de Lorraine (équipe 

Neurosciences des systèmes et de la cognition, CRAN, UMR 7039, CNRS-Université de 

Lorraine) et l’Université Catholique de Louvain. Cette thèse s’intitule « Etude du système visuel 

ventral dans l’épilepsie du lobe temporal à partir d’une nouvelle approche en 

électrophysiologie ».  

6.4.1 Résumé de la thèse 

Le but de la thèse est de mieux comprendre les mécanismes de perception visuelle au 

sein du VOTC, et notamment de clarifier la contribution des structures temporales postérieures 

et antérieures dans les mécanismes de perception visuelle de haut et dans la mémoire 

sémantique. Pour cela, cette thèse s’appuie sur l’utilisation de la neuropsychologie, de la 

FPVS, des enregistrements en EEG de scalp et SEEG, de patients épileptiques et de sujets 

sains non-épileptiques.  

La première étude a pour but d’évaluer les capacités de perception des visages chez 

des patients avec une épilepsie temporo-mésiale, à l’aide de tests neuropsychologiques. Cette 

étude a été supportée par le CHRU de Nancy par un financement de 20 000 € dans le cadre 

d’un CPRC en 2012 (étude ATENA-F). Nous avons inclus 42 patients et 42 sujets témoins 

appariés. Nous avons montré que les patients ont un déficit de mémoire sémantique et 

épisodique des visages (difficultés à reconnaître et dénommer des visages célèbres et à 

apprendre explicitement des nouveaux visages). En revanche, les patients ont des 

mécanismes perceptifs d’individuation des visages normaux (capacité à discriminer 2 visages 

différents sur base de leurs caractéristiques visuelles). Ces résultats montrent que les patients 

avec une épilepsie temporo-mésiale ont des mécanismes d’individuation des visages normaux 

et des troubles en mémoire épisodique et sémantique en rapport avec la localisation de leur 
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épilepsie (atteinte de l’hippocampe et du cortex temporal très antérieur et du pôle temporal, 

avec préservation d’une grande partie de la voie visuelle ventrale, notamment la partie 

moyenne et postérieure du VOTC). Cette étude supporte également la validité du modèle du 

cerveau épileptique pour l’étude des mécanismes de perception des visages à l’aide de la 

SEEG. Ce travail fait l’objet d’une publication (Volfart, Jonas, et al., in press, 

Neuropsychologia).  

 Une deuxième étude concerne le rôle du gyrus fusiforme antérieur droit dans la 

perception des visages. Nous avions montré que cette région est fortement sélective aux 

visages (Jonas et al., 2016, PNAS) et que la stimulation électrique de cette aire entraîne un 

trouble du traitement de l’identité des visages (Jonas et al., 2015, Cortex). Pour cette dernière 

étude, nous avions utilisé uniquement des visages célèbres, et par conséquent, le trouble 

observé lors de la stimulation pouvait être expliqué par un défaut de traitement spécifique des 

visages (individuation) mais aussi par un défaut d’accès à la mémoire sémantique. Nous avons 

étudié un patient implanté en SEEG (DN) avec une électrode dans le gyrus fusiforme antérieur 

droit en utilisant d’autres tâches lors des stimulations. Nous avons construit une tâche de 

pointage dans laquelle le patient devait pointer un item célèbre parmi 2 inconnus, en utilisant 

soit des visages, soit des noms (3 visages dont 1 célèbre, ou 3 noms dont 1 célèbre). 

Spécifiquement durant la stimulation électrique du gyrus fusiforme antérieur doit, le patient 

était incapable de pointer le visage célèbre, mais restait capable de pointer le nom célèbre. 

Cela montre que le gyrus fusiforme antérieur droit a un rôle crucial dans l’individuation des 

visages mais pas dans la mémoire sémantique. En d’autres termes, même située dans l’ATL, 

cette région reste impliquée dans des processus visuels de haut niveau et pas dans la 

mémoire sémantique. Par ailleurs, comme pour la patiente CD (Jonas et al., 2015, Cortex), 

nous avons montré que cette région est localisée dans une zone de susceptibilité magnétique 

en IRM fonctionnelle, avec une absence de signal et de réponses sélectives aux visages dans 

cette région. En revanche, en utilisant la FPVS durant la SEEG, nous avons enregistré des 

réponses sélectives aux visages très amples spécifiquement sur les sites de stimulation 

évoquant un trouble de l’identité des visages. Cela montre encore une fois la valeur 

fonctionnelle de la méthode FPVS. Ce travail fait l’objet d’un article dont je suis dernier auteur 

et qui a été soumis (Volfart A, Yan X, Maillard L, Rossion B, Jonas J, Intracerebral electrical 

stimulation and electrophysiology identifies the right anterior fusiform gyrus as key node of 

thehuman face identity recognition network).  

 La troisième étude concerne les bases neurales de la mémoire sémantique, et plus 

précisément de l’association visages-noms pour des personnes célèbres. Nous avons 

construit un paradigme FPVS permettant de mettre en évidence cette association. L’avantage 

de la FPVS est que cette méthode nous permet de mettre en évidence de manière directe des 
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réponses reflétant le processus d’association entre un visage et un nom (la réponse ne peut 

être générée uniquement si l’association a été réalisée), à l’opposé des études précédentes 

qui ont étudié de manière indirecte ce processus d’association, en comparant les réponses 

évoquées séparément par les visages et par les noms. Après avoir validé ce paradigme à 

l’aide de l’EEG de scalp chez des sujets sains, nous avons testé 7 patients implantés en SEEG 

avec des électrodes dans le lobe temporal gauche. Cette étude, dont je suis 2ème auteur, a été 

faite en collaboration avec Bruno Rossion (codirecteur de la thèse) et Louis Maillard (Volfart, 

Jonas, et al., 2020, Plos Biology). Nous avons mis évidence des sites avec des réponses 

« pures » d’association visages-noms, qui ne répondent pas aux visages isolément, ni aux 

noms isolément, mais uniquement à l’association des deux. Ces sites étaient tous localisés 

dans le lobe temporal antérieur. Leur faible nombre ne permettait pas une cartographie 

précise, mais un recrutement de plus de patients est en cours afin de rendre possible la 

cartographie fonctionnelle de cette fonction d’association. Cette étude montre que le lobe 

temporal gauche est un site d’intégration des visages et des noms au sein d’une représentation 

unifiée amodale.  

 En conclusion, ce travail de thèse montre que les processus de perception visuelle de 

haut niveau (dont l’individuation des visages), occupent une grande partie du VOTC, jusqu’au 

niveau du gyrus fusiforme antérieur dans l’ATL. En avant, les régions sont plus impliquées 

dans la mémoire sémantique, et en particulier dans l’intégration des visages et des noms au 

sein d’une représentation unifiée amodale. Les patients avec une épilepsie temporo-mésiale 

(type d’épilepsie focale la plus fréquente en SEEG et en chirurgie de l’épilepsie) montrent une 

atteinte de la mémoire sémantique sans atteinte des mécanismes d’individuation des visages 

(en accord avec la localisation de leur épilepsie), ce qui valide le modèle du cerveau 

épileptique pour l’étude par la SEEG des mécanismes de perception visuelle de haut niveau 

des visages.  

6.4.2 Valorisation de la thèse 

Cette thèse a été valorisée avec plusieurs communications affichées : 

-Volfart, A., Yan, X., Maillard, L., Rossion, B. & Jonas, J.  Intracerebral electrical stimulation of 

the right anterior fusiform gyrus elicits a transient face-specific impairment in recognizing 

famous people. Journées de Neurophysiologie Clinique, Nancy, France (2019). 

-Volfart, A., Jonas, J., Maillard, L., Rossion, B. & Brissart, H.  Typical unfamiliar face 

discrimination ability in anterior temporal lobe epilepsy. Vision Sciences Society, St Pete 

Beach, USA (2019). 
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-Volfart, A., Jonas, J., Maillard, L., Colnat-Coulbois, S. & Rossion, B. Evidence for integrated 

face-name representations in the left ventral anterior temporal cortex. Groupement de 

Recherche (GDR) Vision, Paris, France (2018). 

Cette thèse a été valorisée par une communication orale dans un congrès 

international : 

-Volfart, A., Jonas, J., Maillard, L., Rossion, B. & Brissart, H.  Face discrimination abilities in 

patients with temporal lobe epilepsy. European Conference on Visual Perception, Louvain, 

Belgique (2019). 
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Chapitre 8 : Perspectives 
 

 

8.1 Perspectives à court terme  

8.1.1 Contribution des informations de bas niveau 

De nombreuses études actuelles suggèrent que la perception des visages repose sur 

les informations visuelles de bas niveau (Honey et al., 2008 ; VanRullen, 2006 ; Crouzet and 

Thorpe, 2011 ; Andrews et al., 2010 ; Rice et al., 2014 ; Coggan et al., 2016), c’est-à-dire sur 

les informations contenues dans l’image (contraste, luminance, fréquences spatiales). Le 

système de perception ne serait alors qu’un simple analyseur d’image. Une autre vision 

suppose que la perception des visages est en grande partie basée sur notre expérience 

personnelle de ce qu’est un visage. Dans ce schéma, la mémoire jouerait un rôle important 

dans le processus de perception. Nous avons réalisé une étude sur 61 patients en SEEG-

FPVS qui compare les réponses sélectives aux visages lorsque les visages sont intacts et 

lorsqu’ils ont été brouillés (perte de la structure du visage avec préservation des informations 

de bas niveau). Cette étude, que j’ai coordonnée, a été réalisée en collaboration avec Bruno 

Rossion, Louis Maillard et Corentin Jacques (Université Catholique de Louvain). Cette étude 

fait l’objet d’un article qui est actuellement soumis et dont je suis le dernier auteur (Jacques C, 

Rossion B, Maillard L, Colnat-Coulbois S, Jonas J. Minimal contribution of low-level properties 

to intracerebral face-selective responses in ventral occipitotemporal cortex). Pour cela nous 

avons testé les patients avec le paradigme dit « face-localizer » dans lequel les images étaient 

intactes et le même paradigme mais dans lequel toutes les images étaient brouillées (Figure 

10A). Dans la condition intacte, nous avons enregistré des réponses sélectives aux visages 

très fortes et notamment à droite (Figure 10C). En revanche, nous n’avons presque pas 

enregistré de réponses dans la condition brouillée. Tous les 790 contacts (sauf 2) ont montré 

une réponse dans la condition intacte mais pas dans la condition brouillée (pour un exemple 

de contact, voir Figure 10B). De plus, en quantifiant l’amplitude des réponses surtout les 

contacts, quelle que soit leur significativité, nous avons observé une baisse dramatique des 

amplitudes pour la condition brouillée (Figure 10C). Ces résultats montrent que les 

informations de bas niveau seules ne sont pas suffisantes pour générer une réponse sélective 

aux visages et vont donc à l’encontre d’un rôle majeur des informations visuelles de bas niveau 

dans la perception des visages.  
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Figure 10. Absence de réponses sélectives aux visages uniquement sur la base des informations 

visuelles de bas niveau. A. Paradigme FPVS dit « face-localizer » en condition intacte et en condition 

brouillée. La fréquence des visages était déterminée à 1.2 Hz pour les 2 conditions. B. Exemple d’un 

contact représentatif chez un patient dans le latFG droit enregistrant une réponse dans la condition 

intacte mais pas dans la condition brouillée (pattern de réponses retrouvé sur les 790 contacts sélectifs 

aux visages en condition intacte, sauf 2 avec une réponse en condition brouillée). La fréquence de 

sélectivité aux visages est à 0 Hz (somme des réponses à 1.2 Hz et harmoniques centrée sur 0). C. 

Cartographies d’amplitude des réponses aux visages dans la condition intacte et la condition brouillée, 

sur tous les contacts enregistrés chez les 61 patients inclus dans l’étude, dans l’espace Talairach. Notez 

la baisse dramatique de l’amplitude en condition brouillée.  

 

Nous avons également débuté une étude SEEG-FPVS utilisant le phénomène de 

paréidolie ou tendance naturelle du cerveau humain à percevoir des visages là où il n'y en a 

pas, notamment dans des objets ou des paysages, malgré l’absence d’informations de bas 

niveau en commun avec les visages (puisque ce ne sont pas des visages). Nous avons 

construit un paradigme FPVS dans lequel des objets qui évoquent des visages sont insérés 

périodiquement dans des séquences d’objets qui n’évoquent pas des visages. Si notre 

hypothèse se confirme, et que la perception des visages ne dépend pas des informations de 

bas niveau mais de l’expérience que nous avons des visages, nous devrions enregistrer des 

réponses fortes dans les régions sélectives aux visages. Nous avons commencé à inclure des 

patients et je coordonne cette étude.  

 



60 

 

8.1.2 Perception des visages et lecture  

Dans quelle mesure le système de perception des visages et le système de la lecture 

partagent des régions corticales dans le VOTC pour leur fonctionnement est actuellement 

débattu. Il a été proposé que les visages et les mots partagent certaines fonctions et certains 

circuits neuronaux dans le VOTC, par exemple car ils nécessitent tous les 2 une vison fovéale 

et une discrimination individuelle au sein leur catégorie (Behrmann et Plaut, 2013; Nestor et 

al., 2012; Robinson et al., 2017). Nous avons réalisé une étude SEEG-FPVS enregistrant les 

réponses sélectives aux visages (paradigme « face-localizer » de l’étude Jonas et al., 2016, 

PNAS, voir Figure 2A) et aux mots (condition PL-M de l’étude de Lochy, (…), Jonas, 2018, 

PNAS, voir Figure 8A) chez 37 patients en SEEG. Ces patients ont aussi été testés avec le 

paradigme FPVS pour l’enregistrement de réponses sélectives aux maisons (Hagen, (….), 

Jonas, 2020, Cereb Cortex, voir Figure 4A) et celui-ci a servi de condition contrôle. Cette 

étude, que j’ai coordonnée avec Bruno Rossion et dont je suis l’avant dernier auteur, a été 

réalisée en collaboration avec Simen Hagen, Aliette Lochy (Université du Luxembourg), et 

Louis Maillard. Cette étude fait l’objet d’un article qui est actuellement soumis (Hagen S, Lochy 

A, Jacques C, Maillard L, Colnat-Coulbois S, Jonas J, Rossion B. Dissociated face- and word-

selective intracerebral responses in the human ventral occipito-temporal cortex). 

Dans cet article, nous apportons plusieurs arguments montrant que les visages et les 

mots sont dissociés spatialement et fonctionnellement. Sur le plan spatial, les visages sont 

fortement latéralisés à droite et les mots à gauche. Visages et mots sont également séparés 

dans l’axe médio-latéral et dans l’axe postérieur-antérieur au sein d’un même hémisphère. Sur 

le plan fonctionnel, les réponses aux visages sont très faiblement corrélées en amplitude aux 

réponses aux mots. De plus, cette corrélation visages-mots est similaire à celle qui existe entre 

les réponses aux visages et aux maisons, alors que cette dernière catégorie est connue pour 

ne partager aucune fonction avec les visages (comme cela a été aussi montré dans l’étude de 

Hagen, (….), Jonas, 2020, Cereb Cortex). 

8.2 Perspectives à moyen terme  

8.2.1 Relation entre les réponses à travers les différentes bandes de fréquence 

Les enregistrements électrophysiologiques donnent accès à différents types de 

réponses en fonction de la bande fréquence étudiée (basses fréquences en dessous de 30Hz 

et hautes fréquences au-dessus de 30Hz ou réponses gamma). Cette richesse pose de 

nombreux problèmes en neurosciences actuellement. A partir d’une question scientifique, quel 

type de réponse faut-il étudier ? S’il existe plusieurs types de réponses, sont-elles 

superposables, ou reflètent-elles des processus différents ? Quelles sont les bases 

neurophysiologiques de chaque type de réponses ? Si une cartographie d’une fonction doit 
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être réalisée, est-ce que les hautes fréquences permettront des résultats plus précis sur le 

plan spatial, comme cela est parfois suggéré (Miller et al., 2007) ? Il est donc crucial de 

comprendre les relations entre ces différents types de réponses, pour notre domaine de 

recherche mais aussi pour les autres domaines en neurosciences utilisant des 

enregistrements électrophysiologiques.  

Notre méthode SEEG-FPVS est particulièrement bien appropriée afin de comparer des 

réponses issues de 2 bandes de fréquences différentes. Premièrement, la FPVS permet 

d’identifier et de quantifier les réponses dans les hautes fréquences (Figure 11). Pour les 

hautes fréquences, il suffit d’ajouter une analyse temps-fréquence avant la transformée de 

Fourier. L’analyse temps-fréquence permet de visualiser des bouffées ou « bursts » 

périodiques d’activité gamma. Après un moyennage fréquentiel à travers les hautes 

fréquences, une transformée de Fourier permet de mettre en évidence cette activité périodique 

gamma dans le domaine fréquentiel, de la même manière que les basses fréquences. 

Deuxièmement, les avantages de la FPVS (sensibilité, objectivité et réponses facilement 

quantifiables) sont un atout lorsqu’il s’agit de comparer 2 types de réponses. Par rapport aux 

méthodes classiques de présentation non-périodique, nous évacuons la subjectivité liée à la 

définition a priori de la fenêtre temporelle à étudier ou le choix arbitraire d’un composant (ou 

potentiel évoqué) à analyser pour la comparaison.   

Nous avons commencé à étudier les réponses FPVS sélectives aux visages dans les 

basses et hautes fréquences chez 90 patients en SEEG. Cette étude, que je coordonne, est 

réalisée en collaboration avec Bruno Rossion, Louis Maillard et Corentin Jacques (Université 

Catholique de Louvain). A ce stade, nous avons fait les observations suivantes. Premièrement, 

les réponses basses fréquences sont beaucoup plus fréquentes que les réponses gamma 

(rapport de 1/5). Deuxièmement, les cartographies en basses fréquences et en gamma sont 

similaires dans la partie postérieure du VOTC (mêmes régions sélectives aux visages, 

prédominance du latFG droit). Dans ces régions postérieures, il existe une forte corrélation 

d’amplitude entre ces 2 réponses. Cependant, les réponses gamma sont rares dans l’ATL 

alors qu’elles sont fréquentes en basses fréquences (voir Jonas et al., 2016, PNAS). Des 

analyses sont en cours afin de comprendre la raison d’une telle diminution des réponses 

gamma dans l’ATL. A ce stade, ces résultats suggèrent qu’une cartographie en gamma 

manquerait de mettre en évidence les régions sélectives aux visages dans l’ATL. D’autres 

études en ECOG ont également échoué à montrer des réponses gamma sélectives aux 

visages dans l’ATL (Kadipasaoglu et al. 2016 ; Schrouff et al., 2020). Enfin, nos analyses 

spatiales montrent que les réponses gamma ne sont pas plus précises spatialement que les 

réponses basses fréquences (même pattern de propagation spatiale des réponses autour des 

réponses les plus amples). Au total, ces résultats préliminaires suggèrent à ce stade un 



62 

 

avantage à cartographier les régions sélectives aux visages avec des réponses dans les 

basses fréquences (réponses plus fréquentes, cartographie de l’ATL, pas de supériorité du 

gamma dans la précision spatiale). Des études ultérieures seront menées afin de mieux 

comprendre les relations fonctionnelles entre ces 2 types de réponses, au-delà de leurs 

relations spatiales.    

 
 

 

 

Figure 11. Identifier des réponses périodiques dans les hautes fréquences (gamma). Ici est 

représentée une analyse sur un contact implanté dans le latFG droit d’un patient pour le paradigme 

FPVS sur l’individuation des visages à l’endroit (voir Figure 3A). A. Données brutes enregistrées sur ce 

contact pendant l’expérience. B. Analyse temps-fréquence (dans un souci de clarté, ici est représenté 

un grand moyennage sur 4 cycles et non pas une analyse temps-fréquence sur toute la séquence). 

Nous observons des bouffées d’activité périodique dans la bande gamma. Ces activités suivent les 

changements d’identité (Id2, Id3, etc.) qui apparaissent de manière périodique à la fréquence de 1,2 

Hz. C. Moyennage fréquentiel de l’analyse temps-fréquence dans la bande gamma (de 30 Hz à 160 

Hz). D. Résultats obtenus après transformée de Fourier. Les réponses à 1,2 Hz et à ses harmoniques 

correspondent à des réponses de discrimination individuelle de l’identité des visages dans la bande 

gamma.  

 

 

8.2.2 Traitement des visages au niveau cellulaire 

L’une des grandes théories en neurosciences est que le neurone est la brique 

élémentaire du cerveau et que la compréhension du cerveau ne peut passer uniquement par 

l’étude de ces briques prises isolément (« neural doctrine », Barlow, 1972). Cette théorie a été 



63 

 

le point de départ de nombreuses recherches. Chez le singe, des enregistrements de 

neurones individuels ont été réalisés dans la voie visuelle ventrale et il a été découvert dans 

les années 1970 des neurones sélectifs aux visages, c’est-à-dire répondant uniquement aux 

visages (Gross et al., 1972). Ces recherches chez le singe se sont poursuivies jusqu’à une 

étude récente prétendant avoir découvert le « code » permettant de reconnaître les visages 

(Chang & Tsao, 2017).  Cependant, cette espèce n’est pas très efficace en perception 

d’identité faciale et ne possède pas les structures cérébrales similaires à l’Homme (notamment 

le gyrus fusiforme) pour réaliser cette fonction, rendant ce modèle animal particulièrement 

inadéquat (Rossion et Taubert, 2019). Chez l’Homme, les enregistrements de neurones 

individuels sont beaucoup plus rares et réalisés presque uniquement dans l’hippocampe pour 

des raisons méthodologiques. Ces enregistrements ont tout de même permis la découverte 

de neurones « concepts » dans l’hippocampe, ne répondant qu’à un seul concept sémantique 

bien défini (par exemple à Jennifer Aniston ou à Star Wars ; Quiroga et al., 2005). Ces 

neurones jouent un rôle crucial dans la mémoire et non pas dans la perception des visages. 

Actuellement un énorme champ de recherche s’ouvre avec la possibilité d’enregistrer des 

neurones individuels dans le cortex chez l’Homme (et non pas uniquement dans 

l’hippocampe). Plusieurs équipes ont déjà réussi à enregistrer des neurones sélectifs aux 

visages chez l’Homme (Axelrod et al., 2019 ; Khuvis et al., 2019). Nous avons la chance au 

CHRU de Nancy d’avoir également cette possibilité. 

Nous avons obtenu en 2013 un financement de plus de 500 000 € (FRC et Conseil 

Régional de Lorraine) afin d’acheter un système d’acquisition pour réaliser des 

enregistrements unitaires chez les patients épileptiques implantés en SEEG via des 

microélectrodes (système Blackrock). Le CHRU de Nancy s’est porté promoteur de cette étude 

(étude REUNIE, investigateur principal : Pr Louis Maillard). Pour la mise en place pratique des 

enregistrements, nous avons bénéficié de la collaboration de l’un des experts mondiaux dans 

le domaine (Rodrigo Quian Quiroga, University of Leicester). Afin d’enregistrer des réponses 

au niveau des neurones uniques, nous avons combiné l’enregistrement des microélectrodes 

et la FPVS. Actuellement, nous avons inclus et enregistré 20 patients. L’analyse de ces 

signaux étant particulière par rapport aux enregistrements classiques, cette recherche se fait 

en collaboration avec Pauline Jurczynski, ingénieur de formation et doctorante au sein de 

l’équipe Neurosciences des Systèmes et de la Cognition (CRAN UMR 7039 CNRS-Université 

de Lorraine), encadrée par Bruno Rossion et Radu Ranta (CRAN), et dont la thèse est centrée 

sur les aspects traitement du signal des enregistrements unitaires. En ce qui concerne l’étude 

des implications neurocognitives de ces enregistrements, nous avons obtenu un contrat 

doctoral en 2020 (co-financement école doctorale BIOSE - Région Grand Est) pour le 
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financement de la thèse de Marie-Alphée Laurent dont je suis le co-encadrant avec Bruno 

Rossion.  

Nos résultats préliminaires sont très prometteurs et ont déjà permis de faire plusieurs 

observations. Premièrement, nous avons enregistré dans le latFG des neurones uniques 

sélectifs aux visages, c’est-à-dire des neurones qui déchargent des potentiels d’action de 

manière périodique, uniquement pour la présentation d’un visage (voir Figure 2A pour le 

paradigme FPVS). Nous avons également enregistré d’autres neurones dont la sélectivité aux 

visages se matérialise de manière inverse, c’est-à-dire par une diminution sélective du nombre 

de potentiels d’action à chaque présentation de visages. Cela montre qu’il existe différents 

patterns de sélectivité aux visages, soit des activations sélectives, soit des désactivations 

sélectives. Deuxièmement, nous avons enregistré des neurones spécifiquement dédiés au 

traitement de l’identité des visages dans le latFG, c’est-à-dire répondant uniquement lors des 

changements d’identité (voir Figure 7A pour le paradigme FPVS), avec un important effet 

d’inversion (diminution drastique de l’amplitude des réponses d’individuation lorsque les 

visages sont présentés à l’envers). Cette dernière observation montre qu’une partie du 

traitement de l’identité des visages est réalisée localement dans le latFG et non pas 

uniquement dans le lobe temporal antérieur comme cela est suggéré par d’autres études 

(Kriegeskorte et al., 2007; Anzellotti et al., 2014). Ce résultat corrobore également nos 

enregistrements intracérébraux classiques (obtenus sur des populations de neurones) qui ont 

montré des réponses d’individuation très amples et avec un fort effet d’inversion dans la même 

région, le latFG (Figure 3C, Jacques, (….), Jonas, in press, Neuroimage). Les réponses 

évoquées par d’autres paradigmes FPVS sont en cours d’analyse.  

Cette recherche a un potentiel théorique énorme dans le domaine de la perception 

visuelle (quel est le rôle d’un neurone individuel dans la perception ? quels sont les traitements 

qui sont réalisés au niveau local ?) mais aussi de manière générale en neurosciences (quel 

type d’information porte un neurone unique ?).   

8.2.3 Influence de la méthode de référence pour les cartographies intracérébrales 

 Nos cartographies SEEG-FPVS concernant les visages (Jonas et al., 2016, PNAS), 

les visages et les maisons (Hagen, (….), Jonas, 2020, Cereb Cortex) et les mots (Lochy, (….), 

Jonas, 2018, PNAS) ont été obtenues à l’aide de réponses enregistrées entre un contact 

SEEG actif et une électrode de référence dite monopolaire (référence à distance, soit une 

électrode EEG de scalp FpZ, soit un contact SEEG localisé dans la substance banche). Une 

question est de savoir si l’utilisation d’une méthode de référence locale permet d’améliorer nos 

cartographies, c’est-à-dire de renforcer les réponses réellement générées localement et 

d’éliminer les réponses issues de la diffusion biophysique des activités électriques (Li et al., 
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2018). Nous avons étudié les réponses sélectives aux visages (paradigme dit « face-localizer, 

Figure 2A) obtenues chez 93 patients et comparé les cartographies obtenues avec notre 

méthode de référence monopolaire (électrode de référence à distance) avec des méthodes de 

référence locale (soit référence bipolaire, 1 contact actif et référence par un contact adjacent ; 

soit référence laplacienne, 1 contact actif et référence par la moyenne des 2 contacts adjacents 

de part et d’autre du contact actif). Cette étude, que je coordonne est réalisée en collaboration 

avec Simen Hagen, Radu Ranta et Bruno Rossion. 

 Les résultats préliminaires montrent que les cartographies de réponses sélectives aux 

visages varient assez peu en fonction de la méthode de référence utilisée. Les mêmes 

conclusions concernant les bases neuronales de la perception des visages sont tirées quelle 

que soit la méthode de référence. Néanmoins, il existe quelques différences. Par rapport à la 

méthode de référence monopolaire, les méthodes de référence locale permettent : (1) de 

diminuer le nombre de réponses sélectives aux visages dans des régions considérées comme 

non critiques (surtout dans le gyrus temporal inférieur et le gyrus parahippocampique), 

probablement par diminution des effets de la diffusion biophysique du signal, et (2) 

d’augmenter significativement le nombre de réponses sélectives aux visages dans l’ATL, 

grâce à une amélioration du rapport signal/bruit surtout due à une réduction importante du 

bruit. Dans nos futurs projets de recherche, une référence locale pourra être utilisée afin de 

maximiser nos chances d’identifier des réponses dans l’ATL. Par ailleurs, ce dernier résultat 

souligne le fait que l’enregistrement de réponses sélectives aux visages dans l’ATL est très 

dépendant du rapport signal/bruit et qu’une méthode sensible comme la SEEG-FPVS est 

nécessaire pour enregistrer ces réponses (Jonas et al. 2016, PNAS ; pour des réponses aux 

maisons dans l’ATL, voir Hagen, (….), Jonas, 2020, Cereb Cortex). La plupart des études 

iEEG n’ont pas rapporté de réponses sélectives aux visages dans l’ATL en basses fréquences, 

malgré le haut rapport signal/bruit des enregistrements intracrâniaux (pour de rares études 

avec des réponses dans l’ATL, voir Allison et al., 1999 ; Tanji et al., 2012). Pour la SEEG-

FPVS, l’utilisation d’une référence locale permet d’améliorer la détection de ces réponses dans 

l’ATL, qui sont déjà détectables avec une référence monopolaire.  

8.2.4 Traitement des visages familiers 

Le but final de la perception des visages est de permettre une reconnaissance 

complète de la personne (avec son nom et les informations sémantiques associées). Cette 

reconnaissance complète peut être étudiée avec des visages connus, comme les visages de 

célébrités. Nous avons débuté une étude SEEG-FPVS permettant de mettre en évidence les 

régions répondant différentiellement aux visages connus (célèbres) et aux visages inconnus. 

Nous avons à ce stade inclus 31 patients. Cette étude se fait en collaboration avec Angélique 
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Volfart et Bruno Rossion. Les résultats préliminaires montrent que les régions qui répondent 

aux visages familiers sont situées dans l’ATL, précisément celles qui sont sensibles à 

l’association visages-noms (Volfart, Jonas, et al., 2020, Plos Biology) mais pas à l’individuation 

des visages inconnus (Jacques, (….), Jonas, in press, Neuroimage). Sans tomber dans l’excès 

de certaines théories modulaires, l’ensemble de ces résultats suggèrent que les processus 

visuels impliqués dans l’individuation des visages sont supportés par la partie postérieure du 

VOTC, tandis que les régions plus antérieures jouent un rôle dans la mémoire sémantique.  

8.3 Perspectives à long terme  

8.3.1 Poursuite des stimulations électriques intracérébrales 

Dans l’avenir, je poursuivrai la recherche des aires cérébrales critiques pour la 

perception des visages grâce aux stimulations électriques intracérébrales appliquées au 

VOTC durant des tâches de perception des visages. L’objectif sera de réaliser une 

cartographie aussi complète que possible de ces aires critiques, et de déterminer le rôle de 

chacune de ces aires. L’observation d’une stimulation positive entrainant un déficit de 

perception des visages est aléatoire et dépend de plusieurs facteurs non modifiables, comme 

la position exacte des électrodes, la localisation des aires de perception des visages au niveau 

individuel, etc. Afin de maximiser nos chances de détecter ces aires, nous analysons le jour 

même les résultats des paradigmes FPVS « face-localizer » (Figure 2A) et d’individuation des 

visages (Figure 3A), et nous réalisons des stimulations électriques avec tâches de perception 

des visages en priorité sur les sites avec les réponses FPVS les plus amples.  

8.3.2 Conséquences de la lobectomie temporale antérieure sur la perception des 

visages 

L’étude ATENA-F a montré que les patients avec une épilepsie temporo-mésiale ont 

des mécanismes d’individuation des visages normaux par rapport aux sujets contrôles (Volfart, 

Jonas, et al., in press, Neuropsychologia). Cette étude comprend également une évaluation 

prospective de leurs capacités en perception des visages en post-opératoire, après lobectomie 

temporale antérieure. Nous avons à ce stade inclus 26 patients et 26 témoins appariés. 

Conformément aux résultats de nos études précédentes, nous prédisons que la chirurgie du 

lobe temporal antérieur impactera la mémoire sémantique et la mémoire épisodique liées aux 

visages, mais pas les capacités d’individuation des visages.  

8.3.3 Traitement des émotions dans l’amygdale  

L’amygdale joue un rôle important dans la discrimination des émotions faciales. Mais 

le rôle du VOTC et en particulier du latFG est plus débattu. Nous avons construit un paradigme 

FPVS permettant l’enregistrement de réponses de discrimination d’émotions faciales 
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(Dzhelyova et al., 2017). Nous avons appliqué ce paradigme à 30 patients SEEG implantés 

dans l’amygdale, dont 21 également dans le latFG. Les résultats préliminaires montrent des 

réponses de discrimination des émotions dans l’amygdale mais également dans le latFG. 

Dans le latFG, les réponses sont caractérisées par une très forte amplitude et par un fort effet 

d’inversion (réponses plus amples à l’endroit qu’à l’envers), ce qui montre que cette région 

joue un rôle très important dans la discrimination visuelle des émotions faciales. Une 

hypothèse serait que l’amygdale joue un rôle dans la valence à assimiler à chaque émotion, 

plutôt qu’à la discrimination visuelle des émotions. Cette étude est réalisée en collaboration 

avec Bruno Rossion et Stéphanie Caharel (laboratoire 2LPN, EA 7489, Université de 

Lorraine).  

8.3.4 Dynamique temporelle de la perception des visages 

La dynamique temporelle du processus de perception des visages reste encore 

méconnue, notamment parce les études en IRM fonctionnelle (qui sont dominantes sur ce 

thème) sont limitées par une faible résolution temporelle. Même si la plupart de nos études en 

SEEG-FPVS ont consisté en la quantification de l’amplitude des réponses dans le domaine 

fréquentiel, la méthode FPVS permet également une analyse des réponses dans le domaine 

temporel, comme pour des potentiels évoqués classiques (Liu-Shuang et al., 2014 ; Rossion 

et al., 2015). Dans l’avenir, nous souhaitons analyser dans le domaine temporel les réponses 

de sélectivité aux visages (Figure 2A) et de discrimination individuelle des visages (Figure 3A) 

acquises en SEEG chez un grand nombre de patients (plus de 100), afin d’avoir une vision 

globale de la dynamique temporelle de ces processus tout le long du VOTC. Il faut noter que 

l’interprétation de ces réponses dans le domaine temporel n’est pas facile pour plusieurs 

raisons : important chevauchement temporel des réponses (voir par exemple Barbeau et al., 

2008), difficulté à déterminer avec objectivité le début exact de la réponse (quel critère 

statistique choisir ?), difficulté à déterminer les critères à retenir pour caractériser l’activation 

d’une région (début de la réponse ou pic de la réponse ?), importante variabilité inter-

individuelle (ce qui augmente encore le chevauchement spatial des réponses lors du 

moyennage à travers les sujets), etc. Ce travail se fera en collaboration avec Bruno Rossion 

et Corentin Jacques. 

8.3.5 Relation entre sélectivité aux visages et individuation des visages  

Une question encore débattue est de savoir si une région impliquée dans l’individuation 

des visages doit être nécessairement sélective aux visages, c’est-à-dire montrer une réponse 

plus ample pour les visages par rapport aux objets (voir par exemple Kriegeskorte et al., 2007 

et Nestor et al., 2011 pour des réponses d’individuation en dehors des régions sélectives aux 

visages). Nos cartographies de sélectivité pour les visages (Figure 2) et d’individuation des 
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visages (Figure 3) montrent qu’il existe, au niveau du groupe, un chevauchement spatial 

important entre ces 2 fonctions, notamment dans la partie postérieure du VOTC. Nous 

souhaitons à l’avenir obtenir des informations plus précises concernant ce chevauchement en 

analysant les patients qui ont bénéficié des 2 paradigmes FPVS : pourcentage de 

chevauchement de manière globale et en fonction des régions, chevauchement au niveau 

individuel, corrélation d’amplitude etc. Nous souhaitons également comparer la dynamique 

temporelle entre ces 2 fonctions. Ce travail se fera en collaboration avec Bruno Rossion et 

Corentin Jacques. 

8.3.6 Relations entre la voie visuelle ventrale et l’hippocampe 

 Les informations visuelles sont traitées tout le long de la voie visuelle ventrale 

(anatomiquement dans le VOTC) puis envoyées dans l’hippocampe pour être encodées en 

mémoire épisodique. La méthode SEEG-FPVS permet l’enregistrement de réponses à la fois 

dans le VOTC et l’hippocampe chez un même patient.  Afin de mieux comprendre les relations 

entre ces 2 structures, nous souhaitons dans l’avenir comparer les réponses enregistrées en 

SEEG-FPVS dans ces 2 structures, à l’aide de différents paradigmes FPVS (sélectivité aux 

visages, individuation des visages, discrimination de visages célèbres, etc.), dans les 

domaines fréquentiel et temporel, dans les basses et les hautes fréquences. Ce travail se fera 

en collaboration avec Bruno Rossion et Corentin Jacques. 

8.3.7 Relations surface-profondeur 

 Dans l’unité d’épileptologie, nous avons la chance de réaliser, pour la plupart des 

patients implantés en SEEG, des enregistrements simultanés SEEG-EEG, c’est-à-dire que les 

patients bénéficient de la pose d’électrodes EEG de scalp après l’implantation des électrodes 

SEEG (Koessler et al., 2015). Cette méthodologie nous fournit une opportunité pour mieux 

comprendre les relations complexes entre les générateurs intracérébraux et les activités 

projetées sur le scalp (voir par exemple Jacques, Jonas et al., 2019, Human Brain Mapping et 

Jacques, Jonas et al., in press, Human Brain Mapping pour des études réalisées chez 1 

patient). Dans l’avenir, nous souhaitons poursuivre ces analyses sur un grand nombre de 

patients avec des enregistrements simultanés SEEG-EEG et testés avec des paradigmes 

FPVS. Ce travail se fera en collaboration avec Bruno Rossion et Laurent Koessler. 

8.3.8 Evaluation des capacités en perception des visages par EEG de surface 

 L’étude ATENA-F a pour but d’évaluer les capacités de perception des visages chez 

des patients avec une épilepsie temporo-mésiale à l’aide de tests neuropsychologiques 

(Volfart, Jonas, et al., in press, Neuropsychologia). Le défaut des tests neuropsychologiques 

est que les performances sont dépendantes de facteurs comme la motivation, l’attention, le 
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niveau de compréhension des consignes, etc., indépendants de la fonction étudiée et qui 

peuvent donc biaiser l’évaluation de celle-ci. Afin de pallier ce problème, nous envisageons 

l’utilisation d’une méthode implicite pour l’évaluation des capacités en individuation des 

visages des patients avec une épilepsie focale pharmaco-résistante : l’EEG de scalp combiné 

avec le paradigme FPVS d’individuation des visages (Figure 3A). Cette méthode permet 

l’enregistrement en quelques minutes de réponses objectives d’individuation des visages (Liu-

Shuang et al., 2014), avec une très bonne reproductibilité dans le temps (Dzhelyova et al., 

2019) et avec une très bonne valeur fonctionnelle (réponse abolie en cas de trouble du 

traitement de l’identité des visages comme dans les cas de prosopagnosie, Liu-Shuang et al., 

2016).  Nous avons pour l’instant testé une vingtaine de patients et leurs témoins appariés. En 

accord avec les résultats de l’étude en ATENA-F (Volfart, Jonas, et al., in press, 

Neuropsychologia), nous prédisons que les réponses EEG d’individuation des visages chez 

les patients avec une épilepsie temporo-mésiale ne différeront pas de celles enregistrées chez 

les sujets témoins. Pour cette étude, nous avons obtenu le financement d’un assistant de 

recherche (Pierre Riff) en 2018 par une bourse de la Fondation Française pour la Recherche 

sur l'Épilepsie, FFRE (90912€). Ce travail se fera en collaboration avec Bruno Rossion et 

Hélène Brissart (neuropsychologue au CHRU de Nancy, Equipe Neurosciences des Systèmes 

et de la Cognition, CRAN UMR 7039 CNRS-Université de Lorraine). Dans un second temps, 

cette méthode sera appliquée à d’autres fonctions cognitives. A terme, certaines évaluations 

neuropsychologiques en préopératoire pourront être remplacées par des mesures 

électrophysiologiques objectives en EEG-FPVS, ce qui permettra d’améliorer l’objectivité des 

évaluations et la prédiction du devenir neuropsychologique après chirurgie de l’épilepsie.  

8.3.9 Cartographie fonctionnelle préopératoire par IRM fonctionnelle  

 L’EEG intracrânien (avec notamment les stimulations électriques) et l’IRM fonctionnelle 

sont les 2 principales méthodes de cartographie fonctionnelle en préopératoire dans la 

chirurgie de l’épilepsie et sont souvent complémentaires. En ce qui concerne l’épilepsie 

temporo-mésiale, l’IRM fonctionnelle est très limitée en raison d’un artefact de susceptibilité 

magnétique qui rend presque invisible l’ATL (Jonas et al., 2015, Cortex ; Rossion, Jacques, et 

Jonas, 2018, Ann N Y Acad Sci). Dans l’avenir, nous envisageons l’utilisation de séquences 

innovantes (séquences multi-écho) afin d’améliorer la détection des aires fonctionnelles dans 

l’ATL de patients avec une épilepsie temporo-mésiale en cours de bilan pré-chirurgical (aires 

fonctionnelles de la perception des visages, de la dénomination et de la mémoire sémantique 

qui sont connues pour être localisées dans l’ATL). Nous souhaitons ensuite évaluer l’intérêt 

de la détection de ces aires pour la prédiction du devenir neuropsychologique après chirurgie 

de l’épilepsie, en perception des visages, en dénomination et en mémoire sémantique. Ce 

travail se fera en collaboration avec Bruno Rossion et Gabriela Hossu (CIC-IT CHRU de 
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Nancy, IADI Inserm U1254). Une demande de financement par CPRC sera prochainement 

soumise au CHRU de Nancy, dont je serai l’investigateur principal.  

8.4 Perspectives à très long terme  

Sur le plan de la recherche fondamentale, j’espère, dans les 10 années à venir, arriver 

à une meilleure compréhension des mécanismes de perception des visages chez l’Homme. 

Comme notre recherche repose sur plusieurs modalités et plusieurs niveaux d’étude différents, 

je pense qu’une meilleure compréhension passera par la synthèse de l’ensemble des résultats 

que nous avons obtenus et que nous obtiendrons prochainement (SEEG, EEG, neurone 

unique ; potentiels d’action, hautes fréquences, basses fréquences ; électrophysiologie, 

neuropsychologie, imagerie fonctionnelle ; sujets sains et sujets avec lésions ; sujets avant et 

après chirurgie).   

Premièrement, mon objectif sera d’obtenir différentes cartographies fonctionnelles du 

VOTC en utilisant la méthode SEEG-FPVS pour chaque aspect de la perception des visages, 

ainsi qu’une cartographie aussi complète que possible des régions critiques pour les visages 

en utilisant la stimulation électrique. Si possible, ces cartographies devront intégrer l’étude de 

la dynamique temporelle des réponses et l’étude des réponses dans les différentes bandes de 

fréquences (basses et hautes fréquences). Des cartographies par IRM fonctionnelle seront 

également intégrées si nous parvenons à obtenir des réponses fiables dans l’ATL. Ensuite, il 

sera nécessaire de comparer ces différentes cartes afin d’avoir une vision globale du 

processus de perception des visages.   

Deuxièmement, mon objectif sera de mettre en lien les résultats obtenus grâce aux 

différents niveaux d’enregistrements dont nous disposons : neurone unique par 

enregistrement micro-électrodes, population de neurones par SEEG, population de neurones 

plus large par EEG de scalp. L’objectif sera d’avoir une compréhension à toutes les échelles 

du processus de perception des visages (neurone unique, population de neurone, réseau ou 

système neuronal). Je ne pense pas que les enregistrements au niveau du neurone unique 

puissent se suffire à eux-mêmes, même s’il existe un fort courant de pensée suggérant que 

tout mécanisme cérébral ne peut être compris qu’avec une étude au niveau cellulaire (Barlow, 

1972 ; Chang & Tsao, 2017). C’est pourquoi je souhaite que les résultats des enregistrements 

au niveau cellulaire soient intégrés avec les enregistrements réalisés au niveau des 

populations de neurones.  

J’espère également que ces recherches permettront d’éclaircir des problématiques 

plus vastes, dépassant le cadre de la perception des visages : compréhension du 

fonctionnement global de la voie visuelle ventrale et ses liens avec la mémoire épisodique et 

la mémoire sémantique, compréhension du rôle de l’ATL, compréhension des relations entre 



71 

 

les générateurs intracérébraux et l’activité projetée sur le scalp, compréhension des relations 

entre les différents types de signaux électrophysiologiques (potentiel d’action, activité de haute 

fréquence ou gamma, activité de basse fréquence), meilleure prédiction du devenir 

neuropsychologique après chirurgie de l’épilepsie. 

Sur le plan de la recherche clinique, mon objectif sera de synthétiser toutes les 

observations réalisées chez les patients épileptiques en pré-opératoire (SEEG, EEG, 

neuropsychologie, imagerie fonctionnelle) afin de déterminer les informations qui permettent 

de prédire avec le plus de fiabilité le devenir neuropsychologie après chirurgie de l’épilepsie, 

en perception des visages mais aussi en langage (dénomination, lecture). Même s’il faut 

prudent lorsque l’on projette d’appliquer des connaissances fondamentales à la pratique 

clinique, j’espère tout de même dans l’avenir améliorer la prédiction du devenir 

neuropsychologique après chirurgie de l’épilepsie et donc améliorer la prise en charge des 

patients épileptiques. 

Ce projet se réalisera bien entendu au sein de l’Equipe Neurosciences des Systèmes 

et de la Cognition (CRAN UMR 7039 CNRS-Université de Lorraine) avec la collaboration des 

membres suivants : Bruno Rossion (chef d’équipe), Laurent Koessler (relations surface- 

profondeur), Louis Maillard (épileptologie), Hélène Brissart (neuropsychologie), Sophie 

Colnat-Coulbois (neurochirurgie), Radu Ranta (traitement des signaux). Ce projet bénéficiera 

également de la collaboration de personnes extérieures au CRAN : Stéphanie Caharel pour le 

traitement des émotions (2LPN, EA 7489, Université de Lorraine), Gabriela Hossu pour l’IRM 

fonctionnelle (CIC-IT CHRU de Nancy, IADI Inserm U1254), Corentin Jacques pour les 

enregistrements SEEG-FPVS (Université Catholique de Louvain). 
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Abstract—Face perception is subtended by a large set of

areas in the human ventral occipito-temporal cortex. How-

ever, the role of these areas and their importance for face

recognition remain largely unclear. Here we report a case

of transient selective impairment in face recognition (proso-

pagnosia) induced by focal electrical intracerebral stimula-

tion of the right inferior occipital gyrus. This area presents

with typical face-sensitivity as evidenced by functional neu-

roimaging right occipital face area (OFA). A face-sensitive

intracerebral N170 was also recorded in this area, support-

ing its contribution as a source of the well-known N170 com-

ponent typically recorded on the scalp. Altogether, these

observations indicate that face recognition can be selec-

tively impaired by local disruption of a single face-sensitive

area of the network subtending this function, the right OFA.

� 2012 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: face perception, OFA, electrical stimulation,

prosopagnosia, N170.

INTRODUCTION

Face perception is an extremely important social function

that is subtended by a set of widely distributed brain areas

in human (Sergent et al., 1992; Allison et al., 1994, 1999;

Kanwisher et al., 1997; Haxby et al., 2000; Ishai, 2008;

Rossion et al., 2012) and non-human primates (Tsao

et al., 2008), with a right hemisphere advantage. Despite

intense research, important debates remain about the de-

gree of face-specificity, and the functional organization of

the areas of the ventral occipito-temporal cortex that are

preferentially activated when perceiving faces as com-

pared to other object categories (Wiggett and Downing,

2008; Weiner and Grill-Spector, 2010; Rossion et al.,

2012). In particular, whether all of the right hemisphere

face-sensitive occipito-temporal areas are necessary for

normal face recognition remain unknown. In humans,

the localization of lesions causing prosopagnosia – classi-

cally the impairment of face recognition following brain

damage (Bodamer, 1947) – can potentially provide infor-

mation about the necessity of occipito-temporal areas

and their putative connections for face recognition

(Hécaen and Angelergues, 1962; Damasio et al., 1982;

Barton et al., 2002; Thomas et al., 2008). However, while

there is a much higher prevalence of lesions in the right

than the left hemisphere causing prosopagnosia, these

patients usually have large and variable lesions that can

encompass the lingual, fusiform, and parahippocampal

gyri, and even the anterior part of the inferior temporal

cortex (Barton et al., 2002; Bouvier and Engel, 2006;

Bukach et al., 2006; Sorger et al., 2007), preventing to

draw firm conclusions about the necessity of a given area

for face recognition. Moreover, brain areas that may

appear structurally intact and thus not considered to be

critically associated with face recognition in a patient with

prosopagnosia may in fact be functionally depressed be-

cause they do not receive normal inputs from lesioned

areas (‘diaschisis’, see Price and Friston, 2002; see also

Thomas et al., 2008). Another issue related to the func-

tional organization of the cortical face network concerns

the relative time-course of these areas: when and along
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which time-course do they show face-sensitive responses

(e.g., Jiang et al., 2011; Sadeh et al., 2010) and contribute

to the face-sensitive N170 response recorded on the

human scalp (Bentin et al., 1996; for reviews see Eimer,

2011; Rossion and Jacques, 2011).

In the present study we had a unique opportunity to

test the role and time-course of the most posterior face-

sensitive area that has been consistently reported,

namely the right occipital face area (‘rOFA’, e.g., Gauthier

et al., 2000; for a recent review see Pitcher et al., 2011).

This opportunity was offered to us in the clinical context of

a young human patient with a rare medically intractable

right occipital epilepsy related to a focal cortical dysplasia

involving the right inferior occipital gyrus. The patient had

normal familiar face recognition and face perception out-

side of the epileptic seizures, as assessed by behavioral

tests. Intra-cerebral electrodes were stereotactically im-

planted in the patients’ occipito-temporal region in order

to localize the zone of seizure onset, and to determine

the post-surgical neuropsychological outcome. As part

of her pre-surgical investigation, focal intracerebral elec-

trical stimulations were performed to directly test the role

of this region in face recognition, and the patient under-

went a functional magnetic resonance examination con-

trasting the presentation of faces and objects. We also

had the unique opportunity of recording intracerebral

potentials to visual stimulation of faces and non-face

objects in this cortical region, allowing testing for the

time-course of its contribution to face recognition.

EXPERIMENTAL PROCEDURES

Case description

The patient is a 32-year-old right-handed woman (K.V.) who has

rare medically intractable right occipital epilepsy related to a focal

cortical dysplasia involving the right inferior occipital gyrus. She

has never complained of difficulties in face recognition, even dur-

ing seizures. Neuropsychological evaluations performed before

the intracerebral exploration revealed a normal performance on

intellect, memory, visual perception, and most importantly face

and object perception (Table 1). She also has a normal pattern

of performance in paradigms measuring integration of local facial

features into a global (‘holistic/configural’) representation (face

inversion effect, Fig. 1 and composite face effect, Fig. 2), as

tested 6 months after the intracerebral exploration. She gave

written consent to participate in these procedures, monitored by

the appropriate ethics committee.

Stereo-electroencephalographic (SEEG) placement
of intracerebral electrodes

SEEG recording was performed in order to define the epilepto-

genic zone (Talairach and Bancaud, 1973). The electrode

implantation sites were chosen according to non-invasive data

collected during the earlier phase of the investigation in order

to localize and delineate the zone of epileptic seizure onset and

early propagation (Maillard et al., 2009). Stereotactic placement

of the intracerebral electrodes (Dixi Medical, Besançon, France),

consisting of 5–18 contiguous contacts of 2-mm long separated

by 1.5 mm, was performed as follows: after induction of general

anesthesia, the Leksell G-frame (Elekta S.A., Stockholm, Swe-

den) was positioned on the patient’s head and a stereotactic

MRI (3D SPGR T1 weighted-sequence, TR: 20 ms, TE: 6 ms;

matrix 512 � 512, with double injection of gadolinium, Signa

1.5 Tesla; General Electric Medical System, Milwaukee, United

States) was carried out. MRI was imported into a computer-as-

sisted stereotactic module (Leksell Surgiplan; Elekta S.A., Stock-

holm, Sweden), and electrode trajectories were calculated

according to pre-operative planning, with careful avoidance of

vascular structures. A post-operative stereotactic CT-scan was

then carried out and fused with pre-operative MRI to determine

the exact position of each electrode according to the Talairach

and Tournoux coordinates. The signal was recorded at a 512-

kHz sampling rate on a 128-channels amplifier (2 SD LTM 64

Headbox; Micromed, Italy). The reference electrode was a pre-

frontal–central surface electrode (FPz).

Eight electrodes were placed in the right hemisphere target-

ing the calcarine fissure (electrode Ca, containing 12 contacts),

ventral-occipital cortex (electrode O, containing 10 contacts),

middle ventral temporal cortex (electrode F containing 15 con-

tacts), occipito-parietal junction (electrode S, containing 18 con-

tacts), collateral fissure and the middle temporal gyrus

(electrode TM, containing 15 contacts), entorhinal cortex and

inferior temporal gyrus (electrode TB, containing 15 contacts),

superior temporal gyrus (electrode T, containing 5 contacts)

and hippocampus (electrode B, containing 12 contacts). Four

electrodes were placed in the left hemisphere, exploring the ven-

tral occipital cortex (electrode O0, containing 12 contacts), the

middle ventral temporal cortex (electrode F0, containing 15 con-

tacts), occipito-parietal junction (electrode S0, containing 18 con-

tacts) and hippocampus (electrode B0, containing 15 contacts).

Cortical stimulations

Bipolar electrical intracerebral stimulations were applied between

two contiguous contacts along one common electrode and per-

formed at 50 Hz during 5 s at intensities ranging from 1 to

1.8 mA (usual stimulation settings in SEEG). Impulsion was

diphasic and 1050 ls width. Trains of stimulation of electrodes

targeting the right occipital lobe and the ventral-temporal cortex

bilaterally (electrodes Ca, O, O0, F, F0) were carried out during

naming photographs of famous faces, objects, and famous visual

scenes that she has correctly named before the procedure. For a

given category, the patient had to name a set of 3 stimuli, one be-

fore, one during and one after the stimulation (Fig. 3). Using this

procedure we performed 33 stimulations (19 sets of famous

faces, 10 sets of objects and 4 sets of famous scenes) at 12 dif-

ferent sites (Table 2). We used 10 different famous faces, 10 dif-

ferent objects and 10 different famous scenes. The patient never

had to name the exact same set of 3 stimuli for 2 given stimula-

tions. She was not aware of the stimulation onset and termina-

tion, the stimulation site and the potential evoked perceptual

changes.

To ensure that the face task does not differ in difficulty from

the non-face task, the patient was tested at the face and non-face

(objects and famous scenes) recognition tasks the day before the

stimulations. She named easily all famous faces, objects and

famous scenes that were presented.

Functional mapping

Brain regions of interest for face perception were mapped using

fMRI and intracerebral evoked related potentials (intracerebral

ERPs) by contrasting responses to pictures of faces and objects

(Allison et al., 1994; Bentin et al., 1996; Kanwisher et al., 1997).

fMRI was performed 1 month after the SEEG exploration. No sei-

zure occurred in 24 h before ERP recordings and fMRI

procedure.

Intracerebral event-related potentials. The material consisted

of 60 grayscale pictures of unknown faces and of 45 grayscale

pictures of non-living objects extracted from the oral naming
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DO 80 test (Deloche and Hannequin, 1997). Male and female

faces were equally represented. All faces showed a frontal view

with a neutral background and neutral or mildly positive expres-

sions. The patient seated in a hospital bed facing a computer

screen placed 70 cm from her face. The 60 pictures of faces

and the 45 pictures of objects were presented two times

randomly on the center of the screen using Bq-Evoque v1.0.3

software (Micromed, Italy). Stimulus duration was 396 ms. Inter-

stimulus interval was filled by a black screen and varied randomly

between 2000 and 3000 ms. The task consisted of pressing a

mouse button with the right hand at a designated repeated check-

erboard (presented 19 times at random).

Off-line processing of SEEG data was performed with Brain-

Vision Analyzer� software (Brain Products GmbH, Munich, Ger-

many). A Butterworth filter with a low pass of 0.1 Hz (24 dB/oct)

and a high band pass of 30 Hz (48 dB/oct) were applied to the

raw data. Epochs were created beginning 200 ms before stimu-

lus onset and lasting until 1000 ms post-stimulus. Channels of

epochs containing artifacts were individually removed using a

semi-automatic thresholding of potential values. A baseline cor-

rection was applied between �200 and 0 ms. Averaging was

computed separately for faces and objects. Amplitude differ-

ences between faces and objects ERPs were assessed with a

two-tailed t-test (p< 0.05 two-tailed, 10 consecutive time points

at least).

fMRI. The material consisted of 60 grayscale photographs of

unknown faces and of 60 grayscale drawings of objects. Male

and female faces were equally represented. All faces showed a

frontal view with a neutral background. Presented faces showed

neutral or mildly positive expressions. fMRI activations were stud-

ied using a block design. Nine epochs of each experimental con-

dition (faces and objects) were performed. Epochs of face and

object presentations (14.4 s; 4 TR) were counterbalanced and

separated by baseline epochs (fixation cross; 14.4 s; 4 TR). In

each face/object epoch, 18 stimuli were randomly presented for

500 ms, followed by a fixation cross (300 ms). The patient was

required to perform a one-back task (detection of immediate rep-

etition of an item) by pressing a response key.

Imaging was performed on a 3T wide-bore scanner (Verio,

Siemens, Engerlingen, Germany), using 32-channel head coil.

A gradient echo, echo-planar sequence (TE = 27 ms;

TR= 3600 ms; field of view= 244 cm; pixel size = 2 � 2 mm;

slice thickness = 2.5 mm; TA= 9 min 48 s) was used for the

fMRI data acquisition. The images were acquired in the axial

plane covering the whole brain. The high resolution T1-weighted

anatomical reference images were acquired as a set of 100 con-

tiguous sagittal slices using 3-dimensional magnetization-pre-

Table 1. Summary of visual functions of KV

Score

Visual field Normal

Visual acuity 1.0 bilaterally

Benton line orientation 26

Rey–Osterrieth complex figure test

Copy 33/36

Visual Object and Space Perception Battery (VOSP)

Object perception

Screening test 20/20

Incomplete letters (test 1) 20/20

Silhouettes (test 2) 21/30

Object decision (test 3) 18/20

Progressive silhouettes (test 4) 6/16

Space perception

Dot counting (test 5) 10/10

Position discrimination (test 6) 18/20

Number location (test 7) 10/10

Cubes analysis (test 8) 10/10

Visual Agnosia Battery (PEGV)

Entangled figure 10/10

Figure decision 9/10

Functional matching 10/10

Categorial matching 10/10

Benton face recognition test (electronic

version, as in de Heering et al.

(2012))

43/54, 501700 duration

for whole test

Warrington face recognition test 39/50, normal

Old/new face recognition (experiment 3

in Busigny et al. (2010))

82%, within one SD

of normal controls

Fig. 1. Average responses times (RTs, ±SEs) of the patient KV for correct trials in a simultaneous match-to-sample task across viewpoint changes

for faces and cars. All methods are described in the study of Busigny and Rossion (2010), experiment 3. The patient made only two mistakes

(inverted faces conditions) and showed a typical inversion effect for faces in RTs.
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pared rapid acquisition gradient echo (TE = 2.2 ms; TR=

1900 ms; flip angle = 9�; field of view = 260 cm; pixel size =

1 � 1 mm; slice thickness = 1 mm; TA= 2 min 26 s).

Data processing and statistical analysis were performed

using Brain Voyager QX (2.3, Brain Innovation, Maastricht, The

Netherlands) running on MacOS 10.6. Preprocessing consisted

of a linear trend removal for excluding scanner-related signal, a

temporal high-pass filtering applied to remove temporal frequen-

cies lower than 3-cycles per run, and a correction for small inter-

scan head movements by a rigid body algorithm rotating and

translating each functional volume in 3D space (the patient had

almost head movements during recordings). The data were cor-

rected for the difference between the scan times of the different

slices. Data were smoothed in the spatial domain (FWHM

4 mm, all three directions), and spatially coregistered with the

3D T1-weighted scans (automatic coregistration in Brain Voyager

QX, verified manually). Subsequently, the functional data were

analyzed using a multiple regression model (General Linear Mod-

el; GLM) consisting of two predictors, which corresponded to the

particular experimental conditions (faces, objects). The predictor

time courses used were computed on the basis of a linear model

of the relation between neural activity and hemodynamic re-

sponse, assuming a rectangular neural response during phases

of visual stimulation (Boynton et al., 1996). A conservative

(Bonferroni-corrected, p< 0.05) statistical threshold was used

to define face-sensitive areas (faces – objects), corresponding to

t-values above 5.095. The statistical map was then interpolated

on a cubic grid of resolution 0.5 mm using trilinear interpolation

for the coregistration with the CT-scan using a custom-based

application.

Fig. 2. Average responses times (RTs, ±SEs) of the patient KV for correct trials in a composite face-matching task. All methods are described in

the study of Busigny et al. (2010), experiment 24. The patient had to match the top halves of two consecutively-presented faces and made only four

mistakes in total (three in the critical ‘‘bottom different’’ condition). She was significantly slowed down when the bottom halves were different and

aligned with the top halves, showing a typical composite face effect.

Fig. 3. Typical example of famous face recognition paradigm during intracerebral stimulation in the lateral section of the inferior occipital gyrus

between two contiguous contacts along one common electrode.
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RESULTS

Six of the 7 stimulations involving one common contact of

electrode O (named O7, Fig. 4) located within the right

inferior occipital gyrus reproducibly induced a transient

inability to recognize the face, that is prosopagnosia.

The patient could not name the face and provide any

semantic information about the faces (see Movies 1 and 2).

This impairment completely recovered immediately upon

termination of the stimulation. Stimulations at this

eloquent contact never produced visual distortions, deficit

in object and scene recognition (4 objects and 2 visual

scenes correctly recognized out of 6 stimulations) or epi-

leptic discharges. When she was asked to name objects

and scenes during stimulations of the contact O7, the pa-

tient named them immediately and correctly without

reporting any perceptual changes. When present, after-

discharges were always limited to the immediate vicinity

of the stimulated site. Stimulation of contacts of other

electrodes (Ca, O0, F, F0) did not elicit prosopagnosia or

deficit in object and scene recognition. The epileptogenic

zone and the focal–cortical dysplasia were respectively

located 2 cm medially (lingual gyrus) and 0.5 cm posteri-

orly to contact O7.

For 5 out of 6 stimulations producing transient proso-

pagnosia, the patient spontaneously and reproducibly re-

ported two types of face perception deficits. First, she

described a disturbance in perceiving the spatial relation-

ship of facial elements (stimulations number 1, 3, 4, 7).

She stated: ‘‘the facial elements were mixed’’ (stimulation 1),

‘‘the facial elements were in disarray’’ (stimulation 4),

‘‘the mouth was in the place of the forehead and the nose

was in the place of the mouth’’ (stimulation 7), ‘‘the nose

was not in its place’’ (stimulation 7), (see Movie 1 for stim-

ulation number 7). Second, she reported that she was un-

able to perceive the face as a whole (stimulations number

1, 3, 6). She stated: ‘‘the face does not appear to me as a
single entity’’ (stimulation 1), ‘‘the entity of the face was al-
tered’’ (stimulation 3), ‘‘the overview of the face is not

forthcoming’’ (stimulation 6), ‘‘the name didn’t come to
me because I didn’t assimilate the face as a whole’’ (stim-

ulation 6), (see Movie 2 for stimulation number 6). She

never reported such distortion for objects and scenes.

The eloquent contact O7 was located within the func-

tionally face-sensitive area in the right inferior occipital

gyrus (rOFA; see Fig. 4), which extended more laterally

to contacts O8 and O9. This area had a size of 447 voxels

at a threshold of p< 0.05 (Bonferroni corrected), and is

known as the most posterior face-sensitive area in the

human brain (e.g., Rossion et al., 2003; Pitcher et al., 2011).

A N170 potential was recorded at the same contact

O7 and at O9 with a phase reversal (P170). N170 and

P170 potentials recorded on contacts O7 and O9 were

much larger in response to faces than objects, as ob-

served on the scalp at the exact same latency in numer-

ous studies (Bentin et al., 1996; for a review see

Rossion and Jacques, 2011), but also in intracranial

recordings of the ventral occipito-temporal cortex most of-

ten in more anterior locations (N200: Allison et al., 1994,

1999; Puce et al., 1999; N160: Mundel et al., 2003;

N170: Rosburg et al., 2010; see also Halgren et al.,

1994; Barbeau et al., 2008 for SEEG recordings of a

P180/P160 respectively in the fusiform gyrus). Here,

importantly, the phase reversal observed between

Table 2. Locations of intracerebral electrical stimulations and the number of stimuli for each set used, for each location. Each stimulation location is

defined by the name of the two contiguous contact involved in the stimulation, by its anatomical location and if possible by its functional location. (IOG,

inferior occipital gyrus; MOTS, medial occipito-temporal sulcus; LOTS, lateral occipito-temporal sulcus)

Locations of stimulations Sets of stimuli

Famous faces Objects Famous scenes

O6–O7

Right IOG, within rOFA

3 1 1

O7–O8

Right IOG, within rOFA

4 1 1

O3–O4

Right MOTS

1 1

O4–O5

Right LOTS

1 1

Ca5–Ca6

Right lateral and posterior occipital cortex

1 1

Ca7–Ca8

Right lateral and posterior occipital cortex

1 1

F5–F6

Right fusiform gyrus, at the edge of the rFFA

2

F3–F4

Right fusiform gyrus

1 1

F4–F5

Right fusiform gyrus

1 1

O05–O06

Left MOTS

1 1

O09–O010

Left IOG

1 1 1

F05–F06

Left fusiform gyrus

2 1
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contacts O7 and O9 (more lateral) suggests a local gen-

erator of the face sensitive N170 recorded within the right

inferior occipital gyrus (Fig. 4). A face-selective P170 po-

tential was also recorded at a contact of electrode F

(named F6) located at the edge of the well-known right

fusiform face area (FFA; Kanwisher et al., 1997), albeit

with a much lower signal-to-noise ratio. However, stimula-

tion at this latter contact did not evoke prosopagnosia,

probably because the contact was located at the edge

of the right FFA as shown by its anatomical location and

Fig. 4. Anatomical and functional location of the eloquent stimulation site whose stimulation induced transient prosopagnosia (contact O7). Left:

Fusion between fMRI and post-operative CT-scan with implanted depth electrodes. fMRI disclosed classical face-selective regions in the right

inferior occipital gyrus (most posterior activation, right OFA, Talairach coordinates: x= 39 mm, y= �78 mm, z= �17 mm, 447 voxels) comprising

the contacts O7 to O9 and in the right fusiform gyrus (most anterior activation, right FFA, x= 33, y= �43, z= �21, 3162 voxels). Homologous

regions in the left hemisphere were also disclosed at this threshold (left OFA: 145 voxels, x= �44 mm, y= �72 mm, z= �17 mm; left FFA: 291

voxels, x= �36 mm, y= �47 mm, z= �14 mm). Note that the Talairach coordinate were obtained after standardization in the Talairach space,

but the non-normalized image is displayed here. Right: Visual potentials evoked by faces and objects on contacts O7 and O9. A face sensitive N170/

P170 potential (latency: 160 ms) was recorded on contacts O7 and 09. The polarity reversal observed for the face sensitive N170/P170 potential

between these two close contacts suggests a local generator of this face-sensitive component.

Fig. 5. Anatomical and functional location of the contact F6 on a coronal slice. Left: Fusion between fMRI and post-operative CT-scan with

implanted depth electrodes. fMRI disclosed the classical rFFA in the right fusiform gyrus. Contact F6 was located at the edge of the rFFA. Note that

more lateral contacts F7, F8, and F9 that were closer to the rFFA than F6 were not recorded because they were located in the white matter. Right:

Visual potentials evoked by faces and objects on contact F6. A face sensitive P170 potential (latency: 160 ms) was recorded on contact F6, albeit

with a low signal-to-noise ratio.
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the low signal-to-noise ratio of the face-selective P170 po-

tential recorded at this location (Fig. 5). No other face-

selective N170 or P170 potentials were recorded on other

contacts.

DISCUSSION

In a unique patient, we found that focal stimulation of the

right inferior occipital gyrus elicited a specific and repro-

ducible transient prosopagnosia. Transient impairments

in face recognition, or face-name association (‘‘person,

or face, anomia’’) have been previously reported following

electrical stimulations of the fusiform gyrus using grids of

subdural electrodes (Allison et al., 1994; Puce et al.,

1999). In some cases, object naming was reported as

normal or near-normal (Puce et al., 1999). However,

these reports were only anecdotally mentioned in studies

that rather focused on detailed electrophysiological inves-

tigations. Consequently the tests were limited to 1 or 2

items, without information about the procedure and the

face processing abilities of the epileptic patients outside

of the electrical stimulation. Most importantly, rare stimu-

lations of the lateral inferior occipital cortex and inferior

temporal gyrus (Puce et al., 1999) produced either no def-

icits in face recognition or deficits that were not specific,

including very general deficits in sentence reading (alexia)

and distorsions of any viewed image, suggestive of a gen-

eral perceptual deficit.

In the present case, the specificity of the induced pros-

opagnosia for electrical stimulation outside of the fusiform

gyrus was most likely due to several factors. First, stimu-

lation was performed in a face-selective area, as defined

in fMRI (see also Murphey et al., 2009 for FFA stimula-

tion). Here, the coordinates of the stimulated region,

and most importantly the fMRI and electrophysiological

mapping provide decisive evidence that the disrupted

functional area is the right OFA. Second, in contrast to

subdural grids as used in previous stimulation studies

(Allison et al., 1994, 1999; Puce et al., 1999; Mundel

et al., 2003), the Stereo-EEG method (Talairach and

Bancaud, 1973) relies on intra-cerebral electrodes which

allow us to use low voltage-electrical currents resulting

in a very focal effect (e.g., 10 mA in Allison et al. (1994)

and Puce et al. (1999) for 1 to 1.8 mA in the present

study). Supporting this claim, high frequency intracerebral

stimulation at low voltage is thought to evoke experiential

phenomena through the disruption of the neural function

near the stimulating electrode (Halgren and Chauvel,

1993).

Our stimulation findings provide direct evidence that

the right OFA is necessary for normal face perception

as a critical node within a bilateral occipito-temporal net-

work of face-sensitive areas (Haxby et al., 2000; Rossion

et al., 2003; Pitcher et al., 2011). In line with these obser-

vations, it has been recently shown that scalp transcranial

magnetic stimulation (TMS) above the right OFA may

transiently and selectively disrupt the matching/discrimi-

nation of individual faces (Pitcher et al., 2008). However,

such disruptive effects are relatively small and the effects

of cortically-localized TMS need not be necessarily limited

to the cortical area directly under the coil (Sack and

Linden, 2003). In addition, the nature of the disturbance

in face perception reported by the patient here could be

speculatively described as holistic/configural perception

(integration of multiple facial elements into a whole; e.g.,

Tanaka and Farah, 1993). Therefore, and although this

is purely based on a subjective report, our observations

may suggest a critical role of the right OFA in holistic/con-

figural processing, a fundamental process of human face

recognition.

Finally, our recording of a N170 directly in the human

right OFA has implications for the understanding of the

sources of the N170 typically recorded on the scalp

(Bentin et al., 1996; see Rossion and Jacques, 2011 for a

review), and more largely for the spatio-temporal course

of face perception. Many studies have recorded face-spe-

cific or face-sensitive potentials around that latency in

the fusiform gyrus (N200: Allison et al., 1994, 1999;

P180: Halgren et al., 1994; N200: McCarthy et al.,

1999; Puce et al., 1999; N160: Mundel et al., 2003;

P160: Barbeau et al., 2008), including one study with

fMRI functional co-localization in the FFA (Puce et al.,

1997). However, such potentials have been only rarely re-

ported in the lateral occipital region (N200: Allison et al.,

1999; N170: Rosburg et al., 2010) and without any func-

tional co-localization in fMRI. The present observation of

a face sensitive N170/P170 within the rOFA, with a phase

reversal between two closed-by contacts, is informative

because it strongly suggests that rather than being asso-

ciated with earlier low-level face-sensitive P1 response

(Sadeh et al., 2010), this area is an important generator

of the face-sensitive N170 recorded on the human scalp,

in line with other indirect sources of evidence (e.g., Bötzel

et al., 1995; Herrmann et al., 2005; Deffke et al., 2007).
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Chauvel C (2008) Spatio temporal dynamics of face recognition.

Cereb Cortex 18:997–1009.

Barton JJ, Press DZ, Keenan JP, O’Connor M (2002) Lesions of the

fusiform face area impair perception of facial configuration in

prosopagnosia. Neurology 58:71–78.

Bentin S, Allison T, Puce A, Perez E, McCarthy G (1996)

Electrophysiological studies of face perception in humans. Cogn

Neurosci 8:551–565.

Bodamer J (1947) Die Prosop-Agnosie. Arch Psychiatr Nervenkr Z

Gesamte Neurol Psychiatr 118:6–53.
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Abstract: Electrical brain stimulation can provide important information about the functional organiza-
tion of the human visual cortex. Here, we report the visual phenomena evoked by a large number
(562) of intracerebral electrical stimulations performed at low-intensity with depth electrodes
implanted in the occipito-parieto-temporal cortex of 22 epileptic patients. Focal electrical stimulation
evoked primarily visual hallucinations with various complexities: simple (spot or blob), intermediary
(geometric forms), or complex meaningful shapes (faces); visual illusions and impairments of visual
recognition were more rarely observed. With the exception of the most posterior cortical sites, the
probability of evoking a visual phenomenon was significantly higher in the right than the left hemi-
sphere. Intermediary and complex hallucinations, illusions, and visual recognition impairments were
almost exclusively evoked by stimulation in the right hemisphere. The probability of evoking a visual
phenomenon decreased substantially from the occipital pole to the most anterior sites of the temporal
lobe, and this decrease was more pronounced in the left hemisphere. The greater sensitivity of
the right occipito-parieto-temporal regions to intracerebral electrical stimulation to evoke visual
phenomena supports a predominant role of right hemispheric visual areas from perception to recogni-
tion of visual forms, regardless of visuospatial and attentional factors. Hum Brain Mapp 35:3360–3371,
2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

The portion of the human visual cortex dedicated to visual
form perception and recognition extends from the posterior
medial occipital cortex to the anterior temporal cortex [Grill-
Spector and Malach, 2004]. Electrical cortical stimulation
studies in epileptic patients have provided important infor-
mation about the spatial and functional organization of the
human visual cortex [e.g., Lee et al., 2000, Murphey et al.,
2009, Penfield and Rasmussen, 1957]. Stimulation of the occi-
pital cortex mainly induces elementary hallucinations such
as phosphenes (spot of light) or more complex forms (e.g.,
stars, balls), which are sometimes colored or in motion [Bak
et al., 1990, Brindley and Lewin, 1968, Lee et al., 2000, Mur-
phey et al., 2009, Penfield and Jasper, 1954, Penfield and Ras-
mussen, 1957]. However, stimulations of more anterior sites
in the visual cortex are rare, and the few studies published to
date have reported discrepant observations. Stimulations of
the temporal lobe evoked either complex hallucinations [Ish-
ibashi et al., 1964, Lee et al., 2000, Puce et al., 1999], visual
illusions [Lee et al., 2000], or no detectable percept or elemen-
tary hallucinations [Murphey et al., 2009]. Likewise, stimula-
tion studies have yielded contradictory results regarding a
postero-anterior hierarchical organization of the visual cortex
[DeYoe and Van Essen, 1988; Hubel and Wiesel, 1962, Lee
et al., 2000, Murphey et al., 2009]. For instance, Lee et al.
(2000) showed an increasing complexity of electrically
induced visual phenomena along a postero-anterior axis. In
contrast, Murphey et al. (2009) reported only elementary hal-
lucinations evoked by stimulating equally low-level and
high-level visual areas defined by fMRI.

Another important issue regarding functional organiza-
tion of the visual system is its functional hemispheric asym-
metry. Studies of split-brain patients have supported a right
hemispheric dominance for visuospatial processing [Corbal-
lis, 2003]. Scalp ERP studies have suggested that this asym-
metry could be related to the processing of specific material
such as abstract pictures or faces [see Maillard et al., 2011;
Rossion et al., 2003 respectively]. However, cortical stimula-
tion studies have not addressed this issue of hemispheric
lateralization so far [Lee et al., 2000; Murphey et al., 2009].

Here, we report the visual phenomena evoked by a
large set of electrical stimulations (562) of the visual cor-
tex, carried out over the past five years in 22 epileptic

patients implanted for presurgical delineation of epilepto-
genic zones and functional mapping of the occipito-temporal
and parietal regions. Importantly, while previous electrical
stimulation studies of the visual cortex relied on subdural
electrodes on the cortical surface [Lee et al., 2000; Murphey
et al., 2009], our approach relies on intracerebral recordings
with depth electrodes [Talairach and Bancaud, 1973]. The
subdural electrode approach has the advantage of offering
an extensive superficial spatial coverage, but has several lim-
itations compared to intracerebral recordings with depth
electrodes as used here: (i) electrical fields evoked by sub-
dural electrical stimulations are less focal because of higher
intensities of stimulations (usually more than 5 mA), larger
electrodes and inter-electrodes distances, and the spreading
of current through cerebrospinal fluid [Nathan et al., 1993];
(ii) subdural electrodes do not allow direct stimulation of
deep sulcal cortex; (iii) the sampling of medial structures is
difficult and less systematic with subdural electrodes.

In contrast, our investigations were conducted using
intracerebral electrodes that provided coverage of all the
structures encountered in their trajectories, from their site
of penetration to their final impact point [e.g., Jonas et al.,
2012; Kahane et al., 2003]. Therefore, electrical stimulations
were performed not only within the cortical surface, but
also in sulci and medial cortical structures that are essential
to visual perception (i.e., calcarine sulcus, precuneus, lin-
gual gyrus). In addition, our procedure was based on intra-
cortical stimulations delivered in bipolar mode through
close adjacent contacts (1.5 mm) with low intensities (0.5–2
mA), and so is very effective in producing localized current
flows. The effectiveness of this focal low intensity stimula-
tion results partly from the fact that the stimulated contacts
are not located on the pia-arachnoid, but inside the cortex,
avoiding shunting of the current through cerebrospinal
fluid [Nathan et al., 1993]. In addition, intracerebral stimu-
lations has been shown to produce visual percepts at much
lower intensities than subdural grid stimulation [Bak et al.,
1990], thus preventing afterdischarges, epileptic discharges,
and remote effects.

The main purpose of this study was to explore the func-
tional organization of the visual system by using intracerebral
electrical stimulations, with a specific emphasis on hemi-
spheric lateralization and postero-anterior functional gradient.
We analyzed the visual phenomena provoked by intracortical
electrical stimulations of the human temporo-parieto-occipital
cortex. The originality of this study relies on both the use of
intracerebral depth electrodes implanted for stereo-electroen-
cephalography (SEEG) and the similar distribution of electri-
cal stimulations between the left and right hemispheres,
allowing comparison of their sensitivity and properties.

MATERIALS AND METHODS

Patients

The study included 22 patients (11 men and 11 women)
undergoing intracerebral evaluation (SEEG) for refractory

Abbreviations

CT computed tomography
ERP event-related potential
FFA fusiform face area
fMRI functional magnetic resonance imaging
LO lateral occipital
MRI magnetic resonance imaging
MT middle temporal
OFA occipital face area
PPA parahippocampal place area
SEEG stereo-electroencephalography
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partial epilepsy between 2007 and 2011, in the Epilepsy
Unit of the Department of Neurology (University Hospital
of Nancy). Inclusion criterion was the presence of intrace-
rebral electrodes implanted in occipital, temporal, or parie-
tal lobes. All 22 patients gave written consent to
participate to the study. All patients were right-handed
attested by the Edinburgh Handedness Inventory [Old-
field, 1971]. Mean age at the time of SEEG was 36 years
(1/29). Three out of 22 patients reported visual phenom-
ena during epileptic seizures: two patients presented vis-
ual illusions characterized by blurring, with additional
change of color in one; one patient reported complex vis-
ual hallucinations (e.g., landscape, animals). Eleven out of
the 22 patients presented a brain lesion identified by struc-
tural MRI. Brain lesions were right hippocampal sclerosis
(1 patient), left hippocampal sclerosis (5 patients), left ante-
rior temporal focal dysplasia (1 patient), right temporal
lobe schizencephaly (1 patient), left temporal lobe schizen-
cephaly (1 patient), left temporo-occipital schizencephaly
(1 patient), and right occipital focal dysplasia (1 patient).
None of the patients, including the two with occipital
lesions (i.e., right occipital dysplasia and left temporo-
occipital schizencephaly), had visual field defects.

Stereotactic Placement of Intracerebral

Electrodes and SEEG Recording

Intracerebral electrodes (0.8 mm diameter, Dixi Medical,
Besançon, France) were stereotactically implanted in the
occipito-temporo-parietal regions to delineate the epilepto-
genic zone and to determine the postsurgical neuropsycho-
logical outcome [Talairach and Bancaud, 1973]. The
electrode implantation sites were chosen according to nonin-
vasive data collected during an earlier phase of the investiga-
tion. Stereotactic placement of the intracerebral electrodes,
consisting of 5–18 contiguous contacts of 2 mm in length,
separated by 1.5 mm, was performed as follows: after induc-
tion of general anesthesia, the Leksell G-frame was posi-
tioned on the patient’s head and stereotactic MRI was
carried out [Maillard et al., 2009]. MRI data was imported
into a computer-assisted stereotactic module and electrode
trajectories were calculated according to pre-operative plan-
ning with careful avoidance of vascular structures. The sig-
nal was recorded at a 512 kHz sampling rate on a 128
channel amplifier (2 SD LTM 64 Headbox; Micromed, Italy).
The reference electrode was a prefrontal medial surface elec-
trode (FPz). Overall 222 intracerebral electrodes (total num-
ber of contacts: 2,553) were implanted in the 22 patients,
corresponding to 80–140 contacts per patient. Figure 1 illus-
trates the typical trajectories of electrodes implanted in occi-
pital, temporal and parietal lobes.

Intracerebral Stimulations

The clinical goal of intracerebral stimulations was to
reproduce usual epileptic seizures to map functionally elo-

quent areas that should be spared during surgery. Bipolar
electrical intracerebral stimulations were applied between
two contiguous contacts and performed at 50 Hz during 5
s, at intensities ranging from 0.5 to 2 mA. The intensities
were set to elicit visual phenomena and other clinical
symptoms without afterdischarges (usually between 1 and
1.5 mA). Impulsion was diphasic with 500 ms width on
each phase. Patients were sitting in their bed, facing the
video camera, with eyes opened.

Depending on the expected clinical response, they were
asked either to look at a white wall in front of them, or to
perform language and visual recognition tests. These tests
comprised naming famous faces, famous scenes, usual
objects, and reading words. Patients were not aware of the
stimulation onset and termination, the stimulation site, or
the potential perceptual changes elicited by stimulation.
They were asked to report any symptoms as soon as they
experienced them and were immediately questioned on
these symptoms. When visual hallucinations were evoked,
they were asked to report their color, their form, their
motion, and their location in the visual field. When com-
plex visual phenomena were evoked, patients were asked
if the visual phenomena comprised a familiar scene or cor-
responded to a personal memory. Stimulations that pro-
duced remote afterdischarges or epileptic discharges were
not considered in the analysis. Stimulations that were
accompanied by an afterdischarge limited to the immedi-
ate vicinity of the stimulated site (i.e., in the same anatom-
ical structure) were included in the analysis.

Overall, the lingual gyrus, cuneus, inferior, middle and
superior occipital gyri, fusiform gyrus, parahippocampal

Figure 1.

Schematic representation of usual trajectories of depth electrodes

implanted in occipital, temporal, and parietal lobes. (IOG: inferior

occipital gyrus; MOG: middle occipital gyrus; CU: cuneus; PCU:

precuneus; FG: fusiform gyrus; LG: lingual gyrus; ITG: inferior tem-

poral gyrus; MTG: middle temporal gyrus; STG: superior temporal

gyrus; PHG: parahippocampal gyrus; CF: calcarine sulcus).
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gyrus, inferior, middle, and superior temporal gyri, rhinal
cortex, and hippocampus were stimulated bilaterally
(Table I). The calcarine sulcus and the precuneus were
explored and stimulated only in the right hemisphere
because none of the enrolled patients had a presumed sei-
zure onset or early propagation zone in these regions
within the left hemisphere.

Probability of Evoking a Visual Phenomenon

To compare data among patients and to calculate the
probability of evoking a visual phenomenon, the coordi-
nates of all stimulated contacts in all patients were normal-
ized and represented within the standard Talairach space
[Talairach and Tournoux, 1988]. We calculated the percent-
age of contacts producing visual phenomena in right and
left hemispheres, every 10 mm along the x (medial-lateral)
and y (antero-posterior) axis, and for each anatomical struc-
ture (calcarine sulcus, lingual gyrus, cuneus, lateral occipi-
tal cortex precuneus, fusiform gyrus, parahippocampal
gyrus, inferior, middle, and superior temporal gyri, rhinal
cortex, and hippocampus). For each region, we computed
the percentage of “positive sites,” that is, the number of
contacts producing visual phenomena divided by the total
number of stimulated contacts, multiplied by 100.

Visual Phenomena Quality

Visual phenomena were defined as visual hallucinations,
visual illusions or visual perceptive impairments (e.g., pro-
sopagnosia). Hallucinations were classified as follows [Lee
et al., 2000]: (i) elementary hallucinations were defined as

a spot or a blob; (ii) intermediary hallucinations were
defined as geometric forms (e.g., kaleidoscope, square, tri-
angle, star, diamond); (iii) complex hallucinations were
defined as meaningful visual hallucinations (e.g., face,
landscape, animal, body parts). For all hallucinations, the
color, the form, the character of movement and the loca-
tion in the visual field of the hallucinations were reported.
Visual perceptive impairments were defined by a transient
inability to name a picture (face, object, or scene) that was
not due to a language problem (e.g., prosopagnosia for
faces). Dreamy states (i.e., “d�ej�a v�ecu” and reminiscence)
were excluded from our analysis because they may have
resulted from disturbance of the autobiographic memory
system involving medial temporal structures outside of
the visual stream [Vignal et al., 2007]. The precise anatomi-
cal locations of the stimulated contacts were provided by
coregistration of the postoperative stereotactic CT-scan
and the preoperative MRI for each patient.

Statistical Analyses

To compare stimulation results between the right and
left hemispheres, we performed chi-square analyses or
Fisher’s exact test for small samples. A P value of <0.05
was considered statistically significant.

RESULTS

Global Results

From a total of 562 stimulated sites in the occipito-
parieto-temporal cortex (678 stimulations in total), 95 sites

TABLE I. Number of stimulated sites, number of positive sites (site where a visual phenomenon was evoked), and

probability to evoke a visual phenomenon (%) in each anatomical structure

Anatomical structure

Left Hemisphere Right Hemisphere

Number of
stimulated sites

Number of
positive sites %

Number of
stimulated sites

Number of
positive sites %

Calcarine sulcus 0 0 / 6 4 67
Lateral occipital cortex 2 0 0 14 10 71
Precuneus 0 0 / 4 3 75
Cuneus/Parieto-occipital sulcus 13 7 54 14 10 71
Lingual gyrus 12 7 58 12 12 100
Fusiform gyrus 45 8 18 40 20 50
ITG 37 0 0 13 0 0
CoS 8 0 0 10 3 30
OTS 14 0 0 10 0 0
MTG 27 0 0 17 1 6
STG 38 0 0 56 1 2
PHG 12 0 0 16 4 25
Rhinal cortex 36 0 0 22 2 9
Hippocampus 55 3 6 29 0 0
Total 299 25 8 263 70 27

CoS: collateral sulcus; ITG: inferior temporal gyrus; MTG: middle temporal gyrus; OTS: occipito-temporal sulcus; PHG: parahippocam-
pal gyrus; STG: superior temporal gyrus.
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evoked a visual phenomenon (125 visual phenomena in
total; Fig. 2). Some sites were stimulated several times to
ensure that the evoked phenomena were reproduced, but
a site was counted only once for analysis in this case. Vis-
ual phenomena, which were all reproduced when stimu-
lating several times, were comprised of 104 visual
hallucinations (82 sites), 8 visual illusions (8 sites), and 13
visual perceptive impairments (5 sites; Table II, Fig. 5).
Visual hallucinations were classified by quality, resulting
in the count of 61 elementary hallucinations (54 sites), 29
intermediary hallucinations (21 sites), and 14 complex hal-
lucinations (7 sites).

Mean intensity of stimulation did not differ between stim-
ulations that produced visual phenomena and those that did
not (1.30 mA 1/20.34 vs. 1.26 mA 1/20.35, Student t test,
ns.). Additionally, mean intensity of stimulation producing a
visual phenomenon did not differ between types of visual
phenomena (hallucinations: 1.25 mA 1/20.34; illusions:
1.51 mA 1/20.23; visual perceptive impairments: 1.3 mA
1/20.4; Student t test, ns.). All 22 patients presented either
transient anomia/alexia from stimulating the left temporo-
basal cortex or no anomia/alexia from stimulating the right
temporo-basal cortex, thus reflecting their left hemispheric
dominance for language.

Probability of Evoking a Visual Phenomenon

Overall, the probability of evoking a visual phenomenon
was significantly higher in the right (70/263, 26.6%) than
in the left hemisphere (25/299, 8.4%), irrespective of the
distance to the occipital pole, along a postero-anterior axis
(v2 test, P < 0.0001) and in each stimulated anatomical
structure (Table I, Figs. 2–5). Mean intensity of stimulation
producing a visual phenomenon did not differ between
the right and left hemispheres (1.29 mA 1/20.27 vs. 1.27
mA 1/20.36, respectively; Student t test, ns.). There was
a striking relationship between the position of the contacts
along the postero-anterior axis (y-axis) and medio-lateral
axis (x-axis) and the probability to evoke a visual phenom-
enon: the probability to evoke visual phenomena dramati-
cally decreased with increasing distance from the occipital
pole along the postero-anterior axis (y-axis; Fig. 3). This
decrease was more pronounced in the left hemisphere
than in the right hemisphere. Along the medio-lateral axis
(x-axis), the probability to evoke visual phenomena was
maximal in the medial part of both hemispheres and
decreased laterally (Fig. 4). Again, this decrease was more
pronounced in the left than in the right hemisphere.

To ensure that this right predominance was not related
to a lack of sampling in critical visual regions in the left

Figure 2.

Spatial distribution of positive stimulation sites (i.e., sites where stimulation evoked a visual phe-

nomenon) and negative stimulation sites (i.e., sites where stimulation did not elicit a visual phe-

nomenon) on a schematic brain representation (Talairach and Tournoux coordinates). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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hemisphere, we defined three volumes of interest in the
right hemisphere that were highly sensitive to stimulations
and we considered the corresponding volumes in the left
hemisphere. Based on the visual analysis of Figure 2, we
defined the Talairach coordinates of three volumes in the
right hemisphere: one in the medial occipital cortex, one in
the ventral occipito-temporal cortex and one in the ante-
rior temporal cortex. We then defined the corresponding
volumes in the left hemisphere that were symmetric
according to the y-axis. Results are shown in Table III.
There was an undersampling of the left medial occipital
cortex compared to the right (13 vs. 38), so no conclusion
about lateralization effects could be drawn for this region
(Fisher’s exact test: P 5 0.3). However, there was an equiv-
alent sampling of more anterior critical regions (ventral
occipito-temporal cortex: 35 vs. 36; anterior temporal cor-
tex: 77 vs. 78), and for both regions the proportion of
evoked visual phenomena was significantly larger in the
right than in the left hemisphere (ventral occipito-temporal
cortex, v2 5 7.3, P 5 0.007; anterior temporal cortex, Fish-
er’s exact test: P 5 0.003). Therefore, with the exception of
the medial occipital cortex, the right hemisphere predomi-
nance cannot be accounted for by a lack of sampling of
left hemisphere critical regions.

Visual Phenomena Quality

Visual hallucinations

The spatial distribution of the types of hallucinations
evoked by stimulation is shown in Figure 5 and Table II.
Eighty-five percent of elementary hallucinations were

TABLE II. Distribution of evoked visual phenomena in function of the stimulated structures and the type of

hallucinations

Anatomical structure

Positive sites
for elementary
hallucinations

Positive sites for
intermediary
hallucinations

Positive sites
for complex

hallucinations Illusions
Visual perceptive

impairments

Right Left Right Left Right Left Right Left Right Left

Calcarine sulcus 2 / 2 / 0 / 0 / 0 /
Lateral occipital cortex 4 0 4 0 0 0 0 0 2 0
Precuneus 0 / 2 / 1 / 0 / 0 /
Cuneus/Parieto-occipital

sulcus
1 7 4 0 5 0 0 0 0 0

Lingual gyrus 10 5 2 2 0 0 0 0 0 0
Fusiform gyrus 10 7 4 1 1 0 2 0 3 0
ITG 0 0 0 0 0 0 0 0 0 0
CoS 1 0 0 0 0 0 2 0 0 0
OTS 0 0 0 0 0 0 0 0 0 0
MTG 1 0 0 0 0 0 0 0 0 0
STG 1 0 0 0 0 0 0 0 0 0
PHG 1 0 0 0 0 0 3 0 0 0
Rhinal cortex 1 0 0 0 0 0 1 0 0 0
Hippocampus 0 3 0 0 0 0 0 0 0 0

CoS: collateral sulcus; ITG: inferior temporal gyrus; MTG: middle temporal gyrus; OTS: occipito-temporal sulcus; PHG: parahippocam-
pal gyrus; STG: superior temporal gyrus.

Figure 3.

Probability to produce a visual phenomenon along the posterior-

anterior (y) axis. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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induced by stimulating the calcarine sulcus, the lingual
gyrus, the lateral occipital cortex, the fusiform gyrus and
the cuneus/parieto-occipital sulcus (46/54 sites). All inter-
mediary hallucinations were induced by stimulating the
same structures as those eliciting elementary hallucina-
tions (21/21 sites). However, compared to elementary hal-
lucinations, intermediary hallucinations were evoked at
more anterior sites in infra-calcarine occipital structures
and in the ventral temporal region (Fig. 5). Complex hallu-
cinations were hallucinations of faces induced by stimulat-
ing the cuneus/parieto-occipital sulcus (5/7 sites), the
precuneus (1/7 sites) and the fusiform gyrus (1/7 sites).

Most elementary and intermediary hallucinations were
colored and moving. There were only few sites on which

motionless (4/75, 5%) or colorless (15/75, 20%) elementary
and intermediary hallucinations were evoked. Elementary
and intermediary hallucinations were all located in the
contralateral visual hemifield of the stimulation side,
except those elicited by stimulations of the calcarine sul-
cus, which were located in the center of the visual field.

Visual illusions

Eight visual illusions were produced at eight different
sites, all characterized by a change of color or by a spatial
modification of the visual background. Illusions were all
elicited by stimulating the right hemisphere, in the rhinal
cortex, parahippocampal gyrus, collateral sulcus, and fusi-
form gyrus (see Fig. 5).

Figure 4.

Probability to produce a visual phenomenon along the medial-lateral (x) axis. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Visual perceptive impairments

We evoked transient impairment in two patients exclu-
sively by stimulating the right hemisphere. In both
patients, the impairments consisted of transient prosopag-
nosia [i.e., specific impairment of face recognition; Bod-
amer, 1947; Busigny et al., 2010] during stimulation. This
was found by asking these two patients to name photo-
graphs of famous faces, famous scenes, and usual objects,
before, during, and after stimulations [the full procedure

is described in Jonas et al., 2012]. Prosopagnosia was
evoked by the stimulation of the right inferior occipital
gyrus in the first patient (reproduced six times at two sites
of stimulation) and by the stimulation of the right middle
fusiform gyrus in the second patient (reproduced seven
times at three sites of stimulation). The patients were
unable to name famous faces, whereas they were able to
recognize objects and famous scenes during stimulation of
these sites. Prosopagnosia completely recovered immedi-
ately upon termination of the stimulation. The first patient

Figure 5.

Spatial distribution of types of visual phenomena evoked by stimulation, represented on a sche-

matic brain representation (Talairach and Tournoux coordinates). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

TABLE III. Number of stimulated sites, number of positive sites (site where a visual phenomenon was evoked), and

probability to evoke a visual phenomenon (%) in each defined volume: in the medial occipital cortex (x: 0/630; y:

290/260; z: 210/30), in the ventral occipito-temporal cortex (x: 610/640; y: 260/235; z: 220/0), and in the anterior

temporal cortex (x: 620/650; y: 235/210; z: 230/0)

Left Hemisphere Right Hemisphere

Number of
stimulated sites

Number of
positive sites %

Number of
stimulated sites

Number of
positive sites %

Anterior temporal cortex 77 0 0% 78 9 11%
Ventral occipito-temporal cortex 35 6 17% 36 17 47%
Medial occipital cortex 13 13 100% 45 38 84%
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(K.V.) is fully described in Jonas et al. (2012). The stimu-
lated site was located in a high-level visual area involved
in face perception in the right inferior occipital gyrus
(right “occipital face area,” right OFA) as defined by fMRI
and intracerebral ERPs. For the second patient, face sensi-
tive ERPs were recorded on the stimulated sites (manu-
script in preparation, data not shown here).

Spatial Organization of Visual Phenomena Types

Visual analysis of the spatial organization of visual phe-
nomena evoked from the infra-calcarine occipital struc-
tures to the ventral temporal region (z < 0 mm) showed a
trend toward a postero-anterior gradient (Fig. 5) with a
predominance of elementary hallucinations at the most
posterior sites, a mix of elementary and intermediary hal-
lucinations more anteriorly and illusions at the most ante-
rior sites in the temporo-basal cortex. However, the
location of the stimulated sites along the antero-posterior
axis (x-axis) did not differ between the three different
qualities of evoked visual phenomena (one-way ANOVA,
F2,48 5 1.29; P 5 0.28). No spatial organization was found
for visual phenomena evoked from the supra-calcarine
occipital structures to the parietal region (z > 0 mm).
However, there were few depth electrodes implanted in
these structures.

The right hemispheric predominance was more pro-
nounced for complex visual phenomena (Fig. 6). Elemen-
tary hallucinations were evoked with a slight right
predominance but with no statistical significance (32 posi-
tive sites in the right hemisphere vs. 22 in the left hemi-
sphere, v2 5 3.7, P 5 0.053). Intermediary hallucinations
showed a significant right predominance (18 positive sites
in the right hemisphere vs. 3 in the left hemisphere, Fish-
er’s exact test: P < 0.001). Complex hallucinations, illu-
sions, and visual perceptive impairments were exclusively
evoked by stimulating the right hemisphere (20 positive
sites in the right hemisphere vs. 0 in the left hemisphere,
Fisher’s exact test: P < 0.0001).

DISCUSSION

Taken altogether, our data showed a general organiza-
tion of evoked visual phenomena consisting of: (i) a
decreasing probability to evoke visual phenomena along
the posterior-anterior axis; (ii) a trend towards posterior-
anterior gradient in terms of complexity of visual phenom-
ena; and (iii) a clear functional hemispheric asymmetry
with right hemisphere predominance. The right visual cor-
tex showed a greater sensitivity to electrical stimulation
for each stimulated structure and each type of evoked vis-
ual phenomenon, except for occipital medial structures
and elementary visual phenomena. Moreover, this hemi-
spheric asymmetry increased along the postero-anterior
axis: the decreasing probability to evoke a visual phenom-
enon along the postero-anterior axis was less pronounced

in the right hemisphere, and the right hemispheric pre-
dominance was significant for complex and intermediary
but not for elementary visual phenomena.

Hierarchical Organization of the Visual System

Our observations suggest that there is a posterior-
anterior gradient regarding visual phenomena quality in
the ventral visual pathway (i.e., infracalcarine occipital
structures to the ventral temporal region). Intermediary
hallucinations were roughly localized anteriorly to elemen-
tary hallucinations, and illusions were all localized anteri-
orly to intermediary hallucinations. Although it was not
statistically significant because of low statistical power,
these observations are consistent with a previous stimula-
tion study that showed a postero-anterior distribution of
simple, intermediate, and complex forms, respectively [Lee
et al., 2000]. Overall, these observations are consistent with
a hierarchical organization of visual areas along the
occipito-temporal pathway in which visual information is
first represented in a localized and simple form, and is then
transformed into more complex representations through a
sequence of processes [DeYoe and Van Essen, 1988; Grill-
Spector and Malach, 2004; Hubel and Wiesel, 1962].

Our results showed a decreasing probability of eliciting
visual phenomena from posterior to anterior sites. This
decrease may arise from a postero-anterior gradient in the
functional connectivity of visual areas. The greater

Figure 6.

Schematic representation of the number of visual phenomena

evoked in the left and right hemispheres along a gradient of

complexity (LH: left hemisphere, RH: right hemisphere, V: visual

perceptive impairments, C: complex hallucinations, I: illusions).

The number of visual phenomena is represented by the height

of the bars.
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sensitivity to electrical stimulation of posterior and low-
level visual areas might be related to their greater extrinsic
connectivity compared to anterior, higher level visual
areas [Murphey et al., 2009; Tolias et al., 2005]. However,
compared to a previous stimulation study [Murphey et al.,
2009], our study showed qualitative differences between
visual percepts evoked by the stimulation of posterior, as
opposed to anterior, sites: the increasing complexity of
evoked visual phenomena along the posterior-anterior axis
paralleled the decreasing probability to evoke visual phe-
nomena. Altogether, these results support the view of a
hierarchical posterior-anterior organization of visual
system.

Right Hemispheric Predominance

The most original and important observation of the
present study is the greater sensitivity to electrical stimula-
tion found in the right hemisphere, compared to the left
hemisphere, from the ventral occipito-temporal cortex to
more anterior temporal regions (Figs. 2 and 5). The proba-
bility of evoking a visual phenomenon was significantly
higher in the right than the left hemisphere, except for the
medial occipital cortex. Intermediary hallucinations were
predominantly elicited by right hemisphere stimulation,
whereas complex hallucinations, illusions, and visual per-
ceptive impairments were elicited exclusively by right
hemisphere stimulation (Figs. 5 and 6).

This right hemispheric predominance of electrically
evoked visual phenomena has scarcely been reported in
previous studies, and then only for visual illusions [Mul-
lan and Penfield, 1959]. Interestingly, epileptic complex
visual hallucinations (e.g., faces, objects, bodies) or illu-
sions were also reported to be associated with a right epi-
leptic focus in a retrospective study of medically
intractable occipital epilepsy [Salanova et al., 1992]. In
most previous visual cortex stimulation studies, this func-
tional hemispheric asymmetry has not been specifically
addressed [Lee et al., 2000; Lesser et al., 1998; Murphey
et al., 2009]. Our original observations can be tentatively
related to the use of depth electrodes, as opposed to sub-
dural electrodes used in previous studies. Depth electrodes
indeed allow eliciting phenomena with low stimulation
intensities (mean intensity of 1.29 mA, as compared to 4.75
mA in Lee et al., (2000), for instance). Thus, the depth elec-
trode approach is very effective in producing localized
low intensity current flows, preventing afterdischarges and
spread to homologous contralateral sites through corpus
callosum connections.

The increased sensitivity of the right hemisphere to pro-
duce electrically induced visual phenomena is consistent
with the long-standing view of right hemisphere speciali-
zation in processing visual or nonverbal stimuli [Jackson,
1874]. This view has been supported by studies of patients
with temporal lobe damage or surgical resection [Kimura,
1963, 1966; Milner, 1958], occipito-temporo-parietal dam-
age [Humphreys and Riddoch, 1984; Warrington and Tay-

lor, 1978; Warrington, 1982] and studies of split-brain
patients [Bogen and Gazzaniga, 1965, Gazzaniga et al.,
1965]. More specifically, the right hemisphere would be
superior to the left in visual tasks requiring spatial judg-
ment [Corballis et al., 2002; Funnel et al., 1999] or spatial
attention [for a review see Karim and Kojima, 2010]. How-
ever, this right hemispheric general superiority in
visuospatial processing or in spatial attention cannot easily
account for its greater sensitivity to evoke visual phenom-
ena, because: (i) during electrical stimulation, patients
were not engaged in spatial or attentional tasks; (ii)
evoked visual phenomena were described by the patients
as vivid and clear after stimulation of both hemispheres,
making it very unlikely that the right predominance
resulted from an attentional bias; and (iii) the greater sen-
sitivity of the right hemisphere to evoke visual phenomena
was reported for several anatomical structures and for
very different types of visual phenomena, suggesting that
this greater sensitivity of the right hemisphere reflects the
general function of the visual system, rather than a specific
involvement of visuospatial processes.

Hemispheric asymmetry also increased along the
posterior-anterior axis. The decreasing probability of evok-
ing a visual phenomenon along the posterior-anterior axis
was indeed less pronounced in the right hemisphere and
paralleled the right hemispheric predominance for more
complex visual phenomena. These results suggest a pro-
gressive and increasing postero-anterior specialization of
the right hemisphere in visual processing from the
occipito-temporal ventral cortex to the more anterior tem-
poral areas.

These results are consistent with the view that asymme-
tries in visual processing are likely to arise relatively late
in the visual system, and in areas with bilateral receptive
fields. ‘‘Low-level’’ or ‘‘early’’ visual areas are constituted
of neurons with small receptive fields, responding to spa-
tially limited visual stimuli localized in the contralateral
visual hemifield. These receptive fields get progressively
larger and more bilateral in “higher-level” and more ante-
rior visual areas. At early levels of processing, in each
hemisphere, the representation of the contralateral visual
field is unique; therefore, asymmetries in early visual proc-
essing are unlikely to arise. At higher level of processing,
the representation of the visual field is redundant in both
hemispheres. At these higher stages, visual representations
might therefore be favored in one hemisphere (for instance
in the right) over the other. This right hemispheric domi-
nance at higher levels of processing is also reflected by the
larger amplitude of visual evoked potential over the right
ventral occipito-temporal region between 150 and 200 ms
during face or abstract pictures processing [Maillard et al.,
2011; Rossion et al., 2003].

Face-Selective Regions

We evoked specific visual perceptive impairments (i.e.,
prosopagnosia, impairment in face recognition) during
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stimulation of face-sensitive areas in two patients. The first
patient (K.V.) is fully described in Jonas et al. (2012). In
that article, we showed that transient prosopagnosia was
induced by stimulating a high-order visual area involved
in face perception in the right inferior occipital gyrus
(right OFA). This observation indicated that a specific pro-
cess (here, face recognition) could be selectively disrupted
by stimulating a high-order and functionally specific vis-
ual area. In a second patient, we also induced transient
prosopagnosia by stimulating a face sensitive site localized
in the right middle fusiform gyrus. Previous electrical
stimulation studies that did not use specific visual stimuli
during stimulations have not found visual perceptive
impairments during stimulations of anterior sites in the
temporal lobe or functionally defined high-level areas [Lee
et al., 2000; Lesser et al., 1998; Murphey et al., 2009]. In
particular, Murphey et al. (2009) reported only elementary
visual hallucinations, even after stimulation of fMRI-
defined high-level areas (V8, MT, PPA, FFA, LO). Our
study shows that presenting real face stimuli during elec-
trical cortical stimulations allows the establishment of a
causal relationship between face-selective regions and face
perception.

CONCLUSIONS

Overall, our depth electrode stimulation study contrib-
utes to the understanding of the functional organization of
the human visual cortex, as reflected by its heterogeneous
but organized sensitivity to electrical stimulation. Specifi-
cally, we found a clear right hemispheric functional pre-
dominance that cannot easily be accounted for by a task-
related or a material-specific bias. Rather, this right hemi-
spheric dominance seems to reflect the general function of
the visual system.
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Self-face hallucination evoked by electrical
stimulation of the human brain

ABSTRACT

Objectives: Self-face hallucination (autoscopic hallucination or AH) has been reported in patients
with widespread brain damage or retrospectively after epileptic seizures. The neural basis and the
self-processing operations underlying AH remain unknown.

Methods:We report the results of intracerebral electrical stimulations of the rightmedial occipitoparietal
cortex (right precuneus and occipitoparietal sulcus) in 2 patients with epilepsy who underwent a stereo-
EEG.

Results: Immediately after the onset of the stimulation, the 2 patients reported seeing their cur-
rent own face, facing themselves, in their left visual field.

Conclusions: Our study shows that the medial occipitoparietal junction has a key role in generating
AH. This region has been shown to have a central role in various self-processing operations and espe-
cially in self-face recognition. Our observations further reveal that this region is involved in a visual
representation of our own face, which is generated during the pathologic phenomenon of AH. This
visual representation of our own facemay be useful for self-face recognition and social cognition pro-
cesses involving judgment of self-facial resemblance to others. Neurology® 2014;83:336–338

GLOSSARY
AH 5 autoscopic hallucination; OBE 5 out-of-body experience.

The conscious experience of the self is one of the most astonishing features of the human brain and
comprises different facets (the sense that I exist separately from others, my autobiographical mem-
ories, the awareness of my own body, what I look like, etc.). One of the most important elements
of our sense of identity is the appearance of our own face. Notably, although we are rarely con-
fronted with our own face compared with others in everyday life, we are quicker at identifying
our own face than other people’s faces. This has been interpreted as reflecting the existence of a
robust neural self-face representation.

One of the most fascinating phenomena related to the disturbance of the neural processes
underlying the representation of the self is autoscopic hallucination (AH). AH is characterized
by the visual hallucination of one’s own face, sometimes including the upper parts of one’s
body. AH is part of a heterogeneous class (autoscopic phenomena) of pathologic visual illusory
reduplication of one’s own body in the extrapersonal space, which also contains out-of-body
experiences (OBEs) and heautoscopy.1–3 While the neural basis and the self-processing opera-
tions underlying OBEs and heautoscopy have been well documented (i.e., temporoparietal
junction, disturbance of the awareness of our own body), these aspects remain debated for
AH.1 Here we report the first description of AH evoked by focal electrical stimulation of the
human brain.

METHODS Case descriptions. We report the cases of 2 right-handed patients with epilepsy who never experienced AH during their

seizures. Patient 1 is a 46-year-old man and patient 2 is a 24-year-old woman. Both patients underwent a stereo-EEG, which delineated the

epileptogenic zone in the right medial temporal lobe for patient 1 and in the right posterior insula for patient 2.
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Cortical stimulations. Stereotactic placement of the intracerebral

electrodes consisted of 5 to 18 contiguous 2-mm-long contacts

separated by 1.5 mm. Intracerebral stimulations were performed

to localize the epileptogenic zone and to map functionally relevant

areas. Bipolar electrical intracerebral stimulations were applied

between 2 contiguous contacts and performed at 50 Hz over 5

seconds, at intensities ranging from 0.5 to 2 mA. Patients were

not aware of the stimulation onset and termination, the

stimulation site, or the potential evoked perceptual changes.

RESULTS Patient 1. Patient 1 reported transient visual
hallucinations of his own face during stimulations of 2
different sites in the posterior bank of the right occipito-
parietal sulcus (figure). One site was located in the
medial part of the right occipitoparietal sulcus (contacts
O1-O2, 1 mA, 2 of 6 stimulations) and the other site
was located in the lateral part of the sulcus (contacts O4-
O5, 1.2 mA, 2 of 4 stimulations). Immediately after
stimulation onset, the patient reported seeing a face in
his left visual field (“I see a face”). When asked whose
face it was, the patient spontaneously responded: “it
seems to be my face,” “I think it’s my face.” When
asked if he saw any other parts of his body, the patient
stated that he also saw his bust. Stimulations of the most
medial contacts of electrode O in the occipitoparietal
sulcus (contacts O1-O2) evoked garish, colored
hallucinations of his own face (video 1 on the
Neurology® Web site at Neurology.org). When asked

if the hallucinated face was his current own face, he
responded directly: “my face, yes.” Four additional
stimulations at this site produced hallucination of
faces that were not spontaneously recognized as his
own face. Stimulations of intermediate contacts of
electrode O located in the white matter evoked
either hallucinations of unknown faces (O2-O3,
2 stimulations) or elementary visual hallucinations
(O3-O4, 1 stimulation). Notably, stimulations of
more lateral contacts of electrode O located within
the lateral part of the right occipitoparietal sulcus
evoked hallucinations of the patient’s own face
again (contacts O4-O5, 2 stimulations). At this
site, the patient saw his own face with the
bandage that he was currently wearing during
stereo-EEG (video 2). Stimulations of the most
lateral contacts outside the occipitoparietal sulcus
evoked hallucinations of unknown faces (O5-O6 and
O6-O7, 2 stimulations).

Patient 2. Stimulation of one site in the right posterior
precuneus at the edge of the occipitoparietal sulcus
evoked a transient hallucination of the patient’s own
face (PP2-PP3, 1.2 mA; figure). During the stimula-
tion train and the local after-discharge limited to the
immediate vicinity of the stimulated site, the patient
reported vertigo (“I am dizzy”) and visual hallucination

Figure Anatomical locations of relevant contacts that produced autoscopic hallucination at stimulation

(A) Axial view of electrode O in patient 1 (bipolar stimulations of contacts O1-O2 and contacts O4-O5). Note that only stimulations
of contacts locatedwithin the right occipitoparietal sulcus induced autoscopic hallucination. (B) Sagittal view of relevant contacts in
patient 1 (bipolar stimulations of contacts O1-O2 and contacts O4-O5) and in patient 2 (bipolar stimulations of contacts PP2-PP3).
For each pair of contacts, only one contact is represented.
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in the left visual field (“there is something in front of
my left eye”). She spontaneously reported: “I saw
myself like in a mirror,” “I saw my face,” “I
recognized myself like in a mirror,” “there was
something metallic like a mirror, I looked and I saw
myself,” “it was on my left,” “I was colored like in a
mirror” (video 3). Three subsequent stimulations at
this site performed at lower intensities (0.8 and
1 mA) only evoked vertigo and elementary colored
hallucinations in the left visual field.

Standard protocol approvals, registrations, and patient

consents. Ethics committee approval was not requested
because we only report results that were obtained in a
clinical context. Also note that patients are not recogniz-
able in the text or the videos.

DISCUSSION To our knowledge, we report the first 2
cases of self-face visual hallucination evoked by electrical
stimulation of the human brain. In contrast to previous
brain stimulation studies evoking autoscopic phenomena
(OBEs) with subdural electrodes applied over the cortical
surface,4,5 our investigations used intracerebral depth
electrodes. In this approach, the stimulations are not
only performed in the lateral cortex but also in the sulci
and in deep and medial cortical structures that are
essential to self-processing (e.g., precuneus, cingulate
cortex, medial prefrontal cortex).6

Phenomenologically, these hallucinations are similar
to the pathologic AH described in various cerebral dis-
eases causing damage to the right occipital and/or the
parietal region. However, the heterogeneous and wide-
spread localization of brain lesions has prevented estab-
lishing firm conclusions concerning the critical region(s)
generating AH.2,3 A recent study showed an overlap of
these lesions in the right occipital lobe (cuneus, and the
right superior occipital gyrus).1 Focal electrical stimula-
tion findings reported here provide a more accurate
anatomo-functional correlation pointing toward the
right precuneus and right parieto-occipital sulcus. More-
over, electrical stimulations further provide a causal link
between the stimulated brain areas (right medial occip-
itoparietal junction) and the occurrence of AH.

Our current observations are consistent with func-
tional neuroimaging studies in healthy subjects that
showed a central role of the occipitoparietal sulcus
and the precuneus in various self-processing operations.7

More specifically, the right precuneus has been shown
to have a role in self-face processing within a widespread
cortical network involving the left fusiform gyrus, and
bilateral middle and inferior frontal gyri.8 Our results
emphasize the crucial role of the right precuneus and
occipitoparietal sulcus within this large cortical network.

The present observations show the key role of the
right precuneus and occipitoparietal sulcus in repre-
senting self-face visual information within a distributed

neural network dedicated to self-face processing. We
suggest that AH may represent an abnormal activation
of a visual internal template of our own face. Such a
visual internal template of our own face may be useful
for self-face recognition and judgment of self-facial
resemblance of others, a function that is very important
for social cognition, including trusting behavior, proso-
cial perceptions, and sexual preferences.9 However,
because our face changes with age and experience, such
a template has to be a malleable construct and updated
by recent visual experience of our own face.10 This may
explain why both patients reported seeing their current
face (with his bandage for patient 1 and “like in a
mirror” for patient 2).
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Intracerebral electrical stimulation of a face-selective area in the right
inferior occipital cortex impairs individual face discrimination
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During intracerebral stimulation of the right inferior occipital cortex, a patient with refractory epilepsy was tran-
siently impaired at discriminating two simultaneously presented photographs of unfamiliar faces. The critical
electrode contact was located in themost posterior face-selective brain area of the human brain (right “occipital
face area”, rOFA) as shown both by low- (ERP) and high-frequency (gamma) electrophysiological responses as
well as a face localizer in fMRI. At this electrode contact, periodic visual presentation of 6 different faces by second
evoked a larger electrophysiological periodic response at 6 Hz than when the same face identity was repeated at
the same rate. This intracerebral EEG repetition suppression effectwasmarkedly reducedwhen face stimuliwere
presented upside-down, a manipulation that impairs individual face discrimination. These findings provide orig-
inal evidence for a causal relationship between the face-selective right inferior occipital cortex and individual face
discrimination, independently of long-termmemory representations. More generally, they support the function-
al value of electrophysiological repetition suppression effects, indicating that these effects can be used as an index
of a necessary neural representation of the changing stimulus property.

© 2014 Elsevier Inc. All rights reserved.

Introduction

One of themost impressive functions of the human brain is its ability
to differentiate complex visual forms (DiCarlo and Cox, 2007). The
human face constitutes themost familiar, socially relevant, and complex
visual form, so that discriminating individual faces requires elaborate
and refined perceptual skills called for by few other categories of ob-
jects. Despite the high similarity among faces and their complex config-
uration of several parts (eyes, nose, mouth, etc.), adults attain a high
degree of proficiencywith these skills. Yet, to date, theneural basis of in-
dividual face discrimination in the human brain remains by and large a
mystery.

In humans, there is a large bilateral network of occipito-temporal
areas responding preferentially to faces (i.e., face-selective areas), with
right hemispheric dominance (e.g., Allison et al., 1994; Calder and
Young, 2005; Haxby et al., 2000; Rossion et al., 2012a; Sergent et al.,
1992; Weiner and Grill-Spector, 2010). To investigate sensitivity to

individual faces of these areas, functional magnetic resonance imaging
(fMRI) studies have taken advantage of the reduction of neural activity
following repetition of the same stimulus (repetition suppression, also
referred to fMR-adaptation or habituation; Grill-Spector and Malach,
2001; Grill-Spector et al., 2006). The rationale of this approach is that
populations of neurons sensitive to differences between individual
faces show a smaller response when the same face identity is repeated
compared to the presentation of different face identities. Many fMRI
studies have reported such decreases to individual face repetition
in face-selective areas of the ventral occipito-temporal cortex (e.g.,
Gauthier et al., 2000; Grill-Spector and Malach, 2001; Andrews and
Ewbank, 2004; Schiltz et al., 2006; Gilaie-Dotan and Malach, 2007;
Davies-Thompson et al., 2009; Xu and Biederman, 2010; Ewbank
et al., 2013). Multivariate pattern analyses of fMRI data have also iden-
tified various clusters of voxels in the ventral occipito-temporal cortex
that are sensitive to individual faces (Goesaert and Op de Beeck, 2013;
Kriegeskorte et al., 2007; Nestor et al., 2011). Taken together, the obser-
vations of these studies point to a distributed representation of individ-
ual face information in the ventral occipito-temporal cortex,with a right
hemispheric advantage. However, the relationship between these ef-
fects – in particular the face identity repetition suppression effects in
neuroimaging – and behavioral performance at individual face
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discrimination remains unknown. Moreover, these neuroimaging stud-
ies are not in a position to clarify the extent to which these identified
brain regions encode critical information for individual face discrimina-
tion behavior.

This question can be tackled with other approaches. For instance,
studies of neuropsychological patients with prosopagnosia – typically
impairment in face recognition following brain damage – suggest that
multiple regions of the right ventral occipito-temporal cortex play an
important role in individual face discrimination (e.g., Barton, 2008;
Bouvier and Engel, 2006; Rossion et al., 2003; Sergent and Signoret,
1992). However, patients with acquired prosopagnosia usually
have large cortical lesions (e.g., Barton, 2008; Busigny et al., 2010a)
preventing firm conclusions to be drawn about the critical role of a
given cortical area in this process. Transcranial magnetic stimulation
(TMS) on the scalp above a right face-selective area of the lateral occip-
ital cortex (right “occipital face area”, “OFA”) may also impair individual
face discrimination (Pitcher et al., 2007). Yet, it is fair to say that the TMS
disruptive effects on individual face discrimination are relatively small
(e.g., Solomon-Harris et al., 2013) and not always observed (Pitcher
et al., 2008). More generally, these effects are of limited localizing
value because TMS cannot be applied to other face-selective areas of
the ventral visual stream, and the TMS effects are not necessarily limited
to the cortical area directly under the coil (Sack and Linden, 2003).

In a recent study, we reported a transient inability to recognize pho-
tographs of famous faces during intracerebral electrical stimulation of
the right occipital cortex in an epileptic patient implanted with depth
electrodes (Jonas et al., 2012). Since the stimulated area was located
in the right OFA, this study provided evidence for a causal link between
this face-selective area and face recognition (Jonas et al., 2012; see also
Vignal et al., 2000 and Parvizi et al., 2012 for reports of a distortion of the
physician’s face following electrical stimulation of the prefrontal cortex
and fusiform gyrus respectively). Here we report the results of a second
intracerebral exploration performed a year later in the same patient
(KV, Jonas et al., 2012). Since this second exploration also involved in-
tracerebral electrodes in the right inferior occipital cortex, it provided
a unique opportunity to test the causal link between the right OFA
and behavioral individual face discrimination. To do so, we designed
an experimental paradigm with unfamiliar rather than familiar faces
during intracerebral stimulation, testing individual face discrimination
independently from memory factors. To test the relationship between
repetition suppression/adaptation effects and individual face discrimi-
nation behavior, we measured repetition suppression by means of a
fast periodic visual stimulation (FPVS) paradigm with trains of either
identical faces or different faces (Rossion and Boremanse, 2011;
Rossion et al., 2012b). This approach has the advantage of providing
high signal-to-noise ratio repetition suppression effects for face identity
within a few minutes of stimulation, a factor that is particularly impor-
tant in a clinical context with limited testing time.

Materials and methods

Case description

The patient is a 32-year-old right-handed female (KV) who has rare
refractory right occipital epilepsy related to a focal cortical dysplasia in-
volving the right inferior occipital gyrus. Her case was previously re-
ported as evidence of a transient inability to recognize famous faces
following intracerebral electrical stimulation of the right inferior occip-
ital gyrus (Jonas et al., 2012). Because she was contraindicated to con-
ventional resection based on this first stereo-electroencephalography
(SEEG; Talairach and Bancaud, 1973), the patient underwent a second
SEEG about a year later (December 2011) in order to perform
radiofrequency-thermolesions of the epileptic focus (Catenoix et al.,
2008). To date, the patient did not have surgery. All of the SEEG and be-
havioral data reported in thepresent paper study come from this second
electrode implantation and have never been reported.

The patient never reported face recognition difficulties, between and
during seizures and had preserved memory and preserved visual per-
ception (including faces and objects), as shown by neuropsychological
evaluations (Jonas et al., 2012). She gave written informed consent for
this study, which was approved by the ethical committee of the Nancy
University Hospital.

Intracerebral electrode placement and SEEG recordings

Stereotactic placement of 3 intracerebral electrodes, consisting of 8–
11 contiguous contacts of 2 mm in length, separated by 1.5 mm, was
performed according to a well-defined and previously described proce-
dure (Maillard et al., 2009). Intracerebral EEGwas recorded at a 512 kHz
sampling rate with a 128 channel amplifier (2 SD LTM 64 Headbox;
Micromed, Italy). The reference electrode was a prefrontal midline sur-
face electrode (FPz). All three electrodeswere placed in the right ventral
occipito-temporal cortex (see Fig. 1). ElectrodesD (8 contacts, D1 toD8)
targeted the right ventral occipital cortex, from the lateral part of the in-
ferior occipital gyrus to the posterior collateral sulcus. Electrode F (11
contacts, F1 to 11) was located more anteriorly in the ventral occipito-
temporal junction, from the right inferior temporal gyrus to the lingual
gyrus. Electrode L (8 contacts, L1 to L8) was located between electrodes
D and F, also in the right occipital cortex but slightly above these elec-
trodes. Note that this kind of electrode implantation is very rare in clin-
ical practice, where most epileptic patients are implanted with more
anterior electrodes to sample the temporal cortex.

Cortical stimulation: individual face discrimination task

Since typical clinical settings in SEEG do not allowperforming a large
number of electrical stimulations and the patient was only implanted
with intracerebral electrodes during 3 days whichweremainly dedicat-
ed to clinical investigations, we first identified the relevant electrode
contacts for face processing, in order to test these contacts with a
well-controlled individual discrimination task limited to the category
of faces. Therefore, we first screened the effect of electrical stimulation
on recognition of famous faces, scenes, and everyday objects, for most
of the contacts (recognition task; Table 1). This allowed us to select rel-
evant electrode contactswhose stimulation evoked perceptual or recog-
nition disturbances specifically for faces (i.e., no recognition difficulties
for visual scenes or object pictures). Then,we tested the effect of electri-
cal stimulation on individual face discrimination only on these selected
electrode contacts (individual face discrimination task; Table 1).

Stimuli
Pictures of unfamiliar faces of 48 Caucasian undergraduate students

were used. Faces were cropped along the face contour, so that no hair or
external cues were visible. All images were obtained under identical
conditions (distance, lighting, position). Photo Morpher v3.10 (Mor-
pheus, Santa Barbara, CA, USA) was used to create 48 morph continua
by morphing each face with two other faces of the same sex. For each
face, 300 points were placed on the critical features (i.e., pupils, iris,
eye bulbs, eyelids, eyebrows, mouth, nose, and overall facial contour)
to allow smooth transitions between the 11 stimuli defining each
morph continuum (two original faces representing the extremes, with
consecutive increments of 10%). For each of the continua, two stimuli
that differed from each of the two original faces (0% and 100%) by 40%
(i.e., 30% and 70%) were selected. We constructed pairs of stimuli that
consisted of two identical faces (two 30% or two 70%) or two different
faces (one 30% and one 70%) presented next to each other (Fig. 2). For
each continuum, there were thus 3 kinds of trials (3 × 48 = 144).
Then,we constructed 28 sets of 5 pairs of photographs. Out of the 28 po-
tential sets, the patientwas eventually shown 13 sets (65 pairs) in total.
In the majority of sets (11/13), there were three pairs of different faces
and two pairs of identical faces. The size of the presented faceswas 8 cm
in height × 6 cm in width (roughly 8° × 6° at a distance of 60 cm).
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Procedure
Bipolar electrical intracerebral stimulations were applied between

two contiguous contacts along a common electrode (50 Hz over 5 s at
intensities ranging from 1 to 2mA; Jonas et al., 2012). During the recog-
nition task, the patientwas shownwith sets of 5 colored photographs of
a same category (famous faces, famous scenes or objects that she cor-
rectly recognized before the stimulation procedure) presented one by
one. The patient had to name each photograph in turn. For each set,
the stimulation was triggered randomly during the presentation of
one of the 5 photographs (1 s before the presentation). During the indi-
vidual discrimination task, each face pair was presented one by one,
with 5 pairs presented consecutively. Stimulations were triggered ran-
domly during the presentation of only one pair of each set, beginning
1 s before the onset of that pair (Fig. 2).Within a set (i.e., 5 pairs present-
ed consecutively), each pair of faceswas presented for 2000ms,with an
interstimulus interval varying randomly between 4100ms and 4500ms
(black screen of 300ms followed by a central fixation cross randomized
between 3800 ms and 4200 ms). One face was located in the center of
the screen and the other face on the right side, so that the patient's
first fixation fell onto a face rather than between the two faces. For
each pair of faces the patient was instructed to decide whether the

faces were identical or different. A video camera and sound recorder re-
corded the patient performing the experiment and an experimenter sit-
ting behind the patient in the room also recorded her oral response.
Electrical stimulation was applied only on a pair of different faces be-
cause we hypothesized that the effect of stimulation would disrupt
the perception of the information that differs between different faces
rather than making identical faces look different. The patient was not
aware of the stimulation onset, stimulation offset, or the localization
of the stimulation site. The patient was seated in a chair in her hospital
room, facing the computer screen placed 60 cm away from her face.
Visual stimuli were presented on a computer screen using E-Prime
v2.0. For two sets of 5 pairs, the patient was also asked to perform the
matching task without any electrical stimulation.

Face-selectivity: fMRI face localizer

The comprehensive method used for this fMRI localizer study was
previously reported in detail (Jonas et al., 2012) and will only be briefly
summarized here. Nine epochs [duration 14.4 s; 4 repetition time (TR)]
of two conditions (faces and objects) were presented alternatively dur-
ing fMRI recording. In each epoch, 18 stimuli were presented, each

Fig. 1. Anatomical locations of the 3 intracerebral electrodes implanted in the right inferior occipito-temporal cortex (electrodes, D, L and F) and face selectivity results on each contact.
A. Schematic locations of enter points of the 3 electrodes shown on a segmented brain of patient KV. B and C. Schematic locations of the electrodes and all contacts along these electrodes
on MRI axial slices. Each contact is represented by a cross. The color of the cross indicates face selectivity responses recorded on each contact. Only the most medial and the most lateral
contacts of each electrode are named. Electrode L is located slightly above electrodes F and D. Contact D8 is themost lateral contact of electrode D andwas not located inside the brain but
sitting on the surface of the lateral occipital cortex.
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stimulus being presented for 500 ms followed by a fixation cross (300
ms). The patient was required to perform a one-back task (detection
of immediate repetition of an item) by pressing a response key.

Imagingwas performed on a 3 Twide-bore scanner (Verio, Siemens,
Engerlingen, Germany), using 32-channel head coil. Both a high

resolution T1-weighted anatomical image (100 contiguous sagittal
slices, echo time (TE) = 2.2 ms; TR = 1900 ms; flip angle = 9°; field
of view (FOV) = 260 cm; pixel size = 1 × 1 mm; slice thickness =
1 mm) and a gradient echo, echo-planar sequence (TE = 27 ms; TR =
3600 ms; FOV = 244 cm; pixel size = 2 × 2 mm; slice thickness =
2.5 mm; acquisition time (TA) = 9 min 48 s) were acquired. Data pro-
cessing (linear trend removal, slice scan time correction, high-pass filter-
ing of N3-cycles/run, and headmotion correction) and statistical analysis
were performed using Brain Voyager QX. The fMRI data were spatially
smoothed (full width at half maximum of 4 mm, all three directions),
and coregistered with the 3D T1-weighted scans. Functional data were
analyzed using a General Linear Model with two predictors (faces, ob-
jects). Predictors’ time courses were computed on the basis of a linear
model of the relation between neural activity and hemodynamic re-
sponse, assuming a rectangular neural response during phases of visual
stimulation. A conservative statistical threshold (Bonferroni-corrected,
p b 0.05) was used to define face-selective areas (faces–objects), corre-
sponding to t-values above 5.095. The statistical map was then interpo-
lated on a cubic grid of resolution 0.5 mm using trilinear interpolation
for the coregistration with the computed tomography (CT)-scan using
a custom-based application.

Face-selectivity: intracerebral ERP and gamma activity

Face-selectivity of the electrode contacts was determined by com-
paring the response to faces, objects, and phase-scrambled stimuli, ex-
actly as in a scalp event-related potential (ERP) study (Rossion and
Caharel, 2011). Color photographs of full-front segmented faces and
cars were used, in addition to their phase-scrambled versions. All stim-
uli subtended approximately 6.52° × 7.44° of visual angle at a distance
of 60 cm.

Procedure
The patient was seated in a chair in her hospital room facing a com-

puter screen placed 60 cm from her face. In each trial, a fixation point
was displayed at the center of the screen for 100 ms, followed approxi-
mately 300 ms (200–400 ms) later by the test stimulus for 300 ms. An
inter-trial interval of about 1700ms (1600–1800ms)was used. The pa-
tient was asked to judge whether the presented stimulus was an object
(face or car) or a “texture” (scrambled versions), by pressing one of two
response keys with her right hand. The patient performed two blocks of
86 trials (172 trials in total with 43 trials per condition, randomized).

ERP analysis
Stereo-electroencephalographic ERPs were analyzed using Letswave

(Mouraux and Ianetti, 2008) and MATLAB v7.9 (The Mathworks, Inc.).
The analysis consisted of: (i) bandpass filtering (0.1–48 Hz, 24 dB/
oct), (ii) epoching (−200 ms to +1000 ms relative to stimulus
onset), (iii) baseline correction (−200 ms to 0 ms), and (iv) averaging
of epochs per condition. Conditions were compared by pairs on each
time-point and differences were considered to be significant if they

Table 1
Number of electrical stimulations performed at each stimulation site and type of
stimulus sets used. For each stimulation, the patient was presented with a set of 5
successive images of the same category, 4 images without stimulation and 1 image
during stimulation. In brackets are indicated the corresponding number of stimulations
which evoked difficulties in recognizing visual objects for the recognition task and
incorrect responses for the individual face discrimination task. Each stimulation location
is defined by the name of the 2 contiguous contacts involved in the stimulation, by its
anatomical location, and if possible by its functional location (OTS: occipito-temporal sul-
cus; CoS: collateral sulcus, rOFA: right occipital face area).

Number of sets

Recognition task Individual face
discrimination task

Locations of stimulations Famous
faces

Objects Famous
scenes

Morphs of
unknown faces

D2–D3
Right CoS

1 (0)

D3–D4
Right CoS

1 (0)

D4–D5
Right CoS, within rOFA

1 (0) 1 (0)

D5–D6
Right CoS, within rOFA

2 (2) 1 (0) 6 (6)

D6–D7
Right lateral occipital cortex,
within rOFA

2 (2) 1 (0) 1 (0)

L1–L2
Right CoS

1 (0)

L2–L3
Right CoS

1 (0)

L4–L5
Right CoS

2 (0)

L6–L7
Right lateral occipital cortex

5 (3) 2 (0) 4 (2)

L7–L8
Right lateral occipital cortex

1 (0)

F1–F2
Right lingual gyrus

1 (0)

F2–F3
Right CoS

1 (0)

F3–F4
Right CoS

2 (0)

F4–F5
Right CoS

1 (0) 1 (0)

F5–F6
Right CoS

1 (0)

F6–F7
White matter

1 (0)

F7–F8
Right OTS

1 (0)

F9–F10
Right OTS

1 (0)

Fig. 2. Schematic representation of the individual face discrimination task during electrical intracerebral stimulation in the right inferior occipital gyrus. The electrical stimulationwas per-
formed randomly on one of five consecutive trials, always on a pair showing two different faces.
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reached p b 0.05 for 10 consecutive time-points (10 ms). To compare
ERPs that were shifted in time, a paired t-test (p b 0.05) was done on
maximum amplitudes of single trials.

Gamma-ERSP analysis
Event-related spectral perturbations (ERSP) were computed using

Letswave and MATLAB v7.9. Variation in signal amplitude as a function
of time and frequency was estimated by a Morlet wavelet transform
on each single trial from frequencies of 2 to 200Hz in 120 steps (non-fil-
tered data). The number of cycles (i.e., central frequency) of thewavelet
was adapted as a function of frequency from 2 cycles at the lowest fre-
quency to 10 cycles at the highest frequency. The wavelet transform
was computed on each time-sample and the resulting amplitude enve-
lope was downsampled by a factor of 10 (i.e., to a 102.4 Hz sampling
rate). Amplitude was normalized across time and frequency to obtain
the percentage of power change generated by the stimulus onset rela-
tive to the mean power in a pre-stimulus time-window (−600 ms to
−300 ms relative to stimulus onset).

The amplitude difference between the gamma-band signal (30–
100 Hz) generated by face and car stimuli was statistically assessed by
running a permutation test at each time-sample of the response be-
tween −100 and 800 ms relative to stimulus onset. This frequency
range for gamma was selected on the basis of the prior intracerebral
studies (Engell and McCarthy, 2011). In short, the single-trial ampli-
tudes obtained in the two conditions at a given time-point were ran-
domly assigned in two bins, the number of trials in each bin being
equal to the number of trials in each original condition. Next, the differ-
ence between the means of the two random bins was computed and
stored. Because permutation shuffles the assignment of the conditions,
the difference between the means of the two new bins reflects the dif-
ference between conditions under the null hypothesis. This process
was performed 10,000 times to generate a distribution of differences
at a p b 0.001 (two-tailed) and values that reached this threshold for
at least 3 consecutive time-samples (i.e., 30 ms) were considered as
significant.

Repetition suppression effects for individual faces measured with fast
periodic visual stimulation

The main aspects of the procedure for this experiment have been
previously described in two different studies comparing the presenta-
tion of trains of different faces to identical faces at a fixed frequency
rate (Rossion and Boremanse, 2011; Rossion et al., 2012b). From a
methodological perspective, this fast periodic visual stimulation
(FPVS) approach – which leads to so-called steady-state visual evoked
potentials (SSVEPs, Regan, 1966, 1989) – has multiple advantages: ob-
jectivity of definition and quantification of the response of interest,
high signal-to-noise ratio (SNR), short time duration of the experiment,
and recording of the response of interest during a simple incidental task
(see Rossion, 2014 for a review), making it a tool of choice for the study
of patients implanted with intracerebral electrodes. Here faces were
presented at a 6 Hz rate because this frequency rate provides the largest
repetition suppression effect on the right occipito-temporal scalp
(Alonso-Prieto et al., 2013).

Stimuli
Eighteen full-front color pictures of unfamiliar faces (7° × 10° of vi-

sual angle for the base face size) equalized in luminance online by the
stimulation software were used.

Procedure
In each condition, a face stimulus appeared and disappeared

(sinusoidal contrast modulation) on the screen, at a stimulation rate
of 6 faces/s (one face every 166.66 ms; Fig. 3; see Movie 1 for an exam-
ple of a 6 Hz periodic stimulation of different faces). A trigger was sent
to the parallel port of the EEG recording computer at each minimal

level of visual stimulation (gray background) using a photodiode placed
on the left upper corner of a laptop monitor. In the identical face condi-
tion, a randomly selected face picture was presented repeatedly during
thewhole stimulation duration (70 s). In the different face condition, the
same face identity was presented for the first 15 s, and from then on the
face identity changed with every cycle until the end of the sequence
(Rossion et al., 2012b). In that condition, 18 individual faces of the
same sex were used and presented in random order. The same face
identity never appeared twice in a row, so that the face identity change
rate was always 6 Hz. Tominimize repetition suppression effects due to
low-level cues, the face stimulus changed substantially in sizewith each
presentation, i.e., at a rate of 6 Hz, in all conditions (random face size be-
tween 82% and 118% of base face size).

The patient performed8 sequences of 70 s in total: 2 (identity change:
identical or different faces) × 2 (orientation: upright/inverted) × 2 repe-
titions (sex: male or female faces). The whole experiment lasted about
10 min, including the pauses between the runs. The order of conditions
was randomized. During each 70 s run, the patient was instructed to fix-
ate on a small black cross located centrally on the face, slightly below the
bridge of the nose. The fixation cross changed color (black to red) briefly
(200 ms) 6 to 8 times during each run and the patient was instructed to
report the color changes by pressing a response key.

SEEG analysis for periodic stimulation
All analyses were performed using Letswave (http://nocions.

webnode.com/letswave/, Mouraux and Ianetti, 2008) and MATLAB
v7.8 (The Mathworks, Inc.), according to the procedure described in
Rossion et al. (2012b). Fifty seconds of stimulation (300 cycles at
6.0 Hz) from the 18th second onset point (i.e., 18 s onset to 67 s offset)
were considered for analysis. Discrete Fourier Transform (DFT) was ap-
plied to the individualwindows, and SEEG amplitude extracted at a high
spectral resolution of 1/50= 0.02 Hz. Frequency spectra of the two tri-
als of each condition were averaged. Signal-to-noise ratio (SNR) was
computed at each channel for all frequency bins between 0 and
100 Hz as the ratio of the amplitude at each frequency to the average
amplitude of the 20 neighboring bins (e.g., Rossion et al., 2012b). Signif-
icant responses above noise level were defined by computing a Z-score
using themean and standard deviation of the 20 neighboring bins of the
frequency of interest. Comparison between conditions was made sepa-
rately for each orientation by computing Z-scores on the subtracted
SEEG spectra (different faces− identical faces). A complementary analy-
sis was performed by segmenting the SEEG windows in 13 pieces of 4 s
(17 s to 69 s), which were Fourier Transformed (resolution 0.25 Hz). A
paired t-test was then performed between the two conditions using
26 trials by condition.

Results

Functional location of intracerebral contacts

Contacts D5, D6 and D7 were located within a functionally face-
selective area in the right inferior occipital gyrus (right OFA; Fig. 4). Lat-
eral contacts of electrode L (L6 and L7) were adjacent to the right OFA.
Contacts D5 and D7 were found face-selective in ERP and/or in
gamma-ERSP. On contact D5, a P170 component and the gamma-ERSP
were much larger for faces than for cars (normal pictures only, Fig. 5).
Contact D7 was only face-selective in gamma-ERSP. The adjacent D6
was not face-selective (but located in the white matter, see Fig. 1).

Twenty other contacts in the right occipito-temporal cortex were
also found to be face-selective in ERP and/or in gamma-ERSP. Eight con-
tacts were found face-selective in both ERP and gamma-ERSP (D4, L3,
L4, L5, F6, F7, F8, F9). The remaining 12 contacts (D3, D8, L1, L6, L7, L8,
F1, F2, F3, F4, F10, F11) were only found face selective in gamma-
ERSP. This is in line with a previously reported co-localization on the
occipito-temporal cortical surface of electrode sites showing both ERP
and gamma-ERSP face-selective responses and sites showing only
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gamma-ERSP face-selective responses (Engel and McCarthy, 2011).
Fig. 1 shows selectivity results across all intracerebral contacts in MRI
axial slices. No amplitude differences were found between responses
evoked by scrambled faces and scrambled cars on face-selective con-
tacts in ERP or in gamma-ERSP.

Intracerebral electrical stimulation

Pre-experiment recognition task
Among the 15 sites tested with the recognition task (Table 1), the

patient reported difficulties in recognizing famous faces during stimula-
tion of 3 sites, all located in the right inferior occipital gyrus.When stim-
ulating contacts located within the right OFA, the patient reported such
difficulties for 4 out of 4 stimulations (D5–D6: 2 stimulations; D6–D7: 2
stimulations). When stimulating contacts adjacent to the right OFA, she

also reported such subjective difficulties but with less reproducibility
(L6–L7: 3 out of 5 stimulations). The patient reported these difficulties
specifically for famous faces presented during the stimulation and
never for faces presented without stimulation. These difficulties oc-
curred only after stimulation onset and recovered immediately upon
termination of the stimulation. The patient spontaneously reported:
“something disturbs the identification of an entity that is the face”, “I did
not process the face as a whole”, “my brain had to process the different fa-
cial elements simultaneously”, “my brain had to process several pieces of
information simultaneously, the forehead, the chin, the eyes, the nose”. It
is important to note that the patient was able to name all the famous
faces (without andwith stimulation) and shenever reported distortions
of faces during stimulation; she correctly recognized all the non-face
images and she never reported these recognition difficulties when pre-
sented objects or visual scenes during stimulations (in total, her

Fig. 3. A.Visual stimulation tomeasure an electrophysiological index of individual face discrimination. Full-front pictures of faces were presented at a periodic rate of 6 cycles/s (6 Hz, one
face every 166ms, here two cycles presented), following sinusoidal contrast stimulation (Rossion and Boremanse, 2011; seeMovie 1). The beginning of the 70-s stimulation (420 cycles in
total, here 2 cycles represented) was always the (gray) background. The lower contrast face stimulus in the midline, between the background and the full face stimulus, represents an
intermediary stage of stimulation at the onset of the face stimulus. B. The two main conditions of the study, in which either the same face was repeated throughout the 70-s stimulation
sequence (above) or different face identities were presented successively (below). Note that there were large changes of size between each face picture to minimize low-level adaptation
effects. A fixation cross was also present on the top of the nose.
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performance at the recognition task was at 100% for face and non-face
stimuli, including the stimuli presented during stimulation).

Main experiment: individual face discrimination task
Without stimulation, the patient performed the individual discrimi-

nation task with an accuracy rate of 91% (49/54, 4 errors when faces
were different). For comparison, a group of 11 age-, sex- and education
level-matched controls performed the same task with an accuracy rate
of 74%, +/− 8% (91% vs. 74%, t = 1.858, p = 0.093). In contrast,
when stimulating the contacts D5–D6 located in the right OFA, the pa-
tient’s correct response rate dropped to 0% (0/6) (for functional location
of contacts D5–D6 see Fig. 4; for a video of stimulation see Movie 2).
Specifically, although the morphed faces were different, the patient al-
ways responded “same”. The patient stated: “I saw the faces, I had a feel-
ing of a strong resemblance”, “for me, there were two identical faces”. She
clearly stated that there were no visual distortions of the presented
faces and that she was always aware that she was seeing faces: “the
faces are not distorted”, “there was no deformation”, “I knew it was a
face”, “the outlines are distinct, there is no blurring”, “there was no dis-
turbed arrangement of the facial elements”. Note that her score of 0/6
should not be compared to chance level but to her performancewithout
stimulation, on the ‘different’ trials (23/27, 85.2%) (p = 0.037, Fisher’s
exact test). She was also incorrect for 2 out of 4 morphs presented
when stimulating contacts L6–L7, adjacent to the right OFA. At contacts
D6–D7, she responded correctly during the single stimulation tested
(1/1). Stimulations at these sites (D5–D6, D6–D7 and L6–L7) never
produced epileptic discharges. When present, afterdischarges were al-
ways limited to the immediate vicinity of the stimulated site.

Repetition suppression effects for individual faces

Upright faces
For upright faces, a large response confined to the 6Hz frequency bin

and its harmonics (2 F = 12Hz, 3 F = 18 Hz, etc.) was observed on
many contacts of electrodes D and L. Much weaker responses were ob-
served on electrode F. There were large repetition suppression effects
on electrode contact D5, whose stimulations evoked impairment in in-
dividual face discrimination (i.e., 6 Hz response 2 μV larger for different
than same faces, Z N 2.9, p b 0.05, corrected formultiple tests on all elec-
trodes, Fig. 6A). A t-test performed using the 26 segments of EEG data
(see methods) showed the same results (t25 = 31.34, p b 0.0001 at
channel D5). Fig. 6C shows the time–frequency analysis for the relevant
contact D5. The response is centered on the 6 Hz stimulation band,
showing an immediate rebound and then sustained activity when dif-
ferent face identities are presented, as compared to when the exact
same face is presented until the end of the sequence. There were also
statistically significant repetition suppression effects recorded on
other electrode contacts located in the right inferior occipital gyrus
and in the right posterior fusiform gyrus (D7, D8, L7, L8, F3, F8, see
Fig. 7 for quantification of repetition suppression effects in each contact
and Fig. 8 for anatomical locations of repetition suppression results). In
Fig. 8, we can see clearly see that the largest effect for upright faces was
located in the right inferior occipital cortex, in contacts locatedwithin or
close to the right OFA (D5, D7, D8, L7, L8).

Inverted faces
Large 6 Hz-specific responses were also observed for inverted faces

at the same contacts as for upright faces. Although the differences be-
tween conditions were much smaller than in the upright condition,
the 6 Hz response was significantly larger for different than for same
faces on contacts located in the right inferior occipital gyrus and in
the right posterior fusiform gyrus (D7, D8, L7, L8, F6, F8, F9, Z N 2.9,
p b 0.05, corrected for multiple comparisons, see Fig. 7 for quantifica-
tion of repetition suppression effects on each contact). For contact D5,

Fig. 4. Functional location of the 2 stimulated contacts D5-D6 inducing reproducible im-
pairment of individual face discrimination (6 times). Contacts D5-D6 are both located
within the right OFA. D7 is located also within this region also, just laterally to D6. The fig-
urewas obtained by fusing the functionalMRI and the post-operative stereotactic CT-scan.

Fig. 5. Face-selectivity in ERP (above) and gamma-ERSP (below) of the stimulated contact
D5. On average, the potential evoked by faces (i.e., P170, see Jonas et al., 2012) peaked ear-
lier (167 ms) and had larger amplitude (75.3 μV) than the P170 evoked by cars (186 ms,
55.7 μV). At this contact, the P170 peak could be identified on single trials (after low-
passfiltering at 20Hz). Themaximumamplitudewas extracted automatically for each sin-
gle trial between 140 and 200 ms for faces and 160 ms and 223 ms for cars. The P170 at
contact D5 was significantly larger for pictures of faces than pictures of cars (t = 2.021;
p = 0.036).
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the difference was strongly reduced as compared to the upright condi-
tion (0.99 μV vs. 2.03 μV; see Fig. 6B) andwas not statistically significant
in the inverted condition (p N 0.05). This reduction of repetition sup-
pression effects for inverted faces is consistent with effects observed
on the scalp with the same approach in normal participants (Rossion
and Boremanse, 2011; Rossion et al., 2012b). More generally, inversion
is a manipulation that preserves low-level features of the face but dis-
rupts individual face discrimination performance (e.g., Yin, 1969;
Freire et al., 2000; Rossion, 2008 for a review) and substantially reduces
repetition suppression effects in face-selective areas (Gilaie-Dotan et al.,
2010; Mazard et al., 2006; Yovel and Kanwisher, 2005). This effect is
known to be highly specific to faces (i.e., non-face stimuli elicit either
no inversion effect or an inversion effect of smaller magnitude than
face stimuli, Yin, 1969; Rossion, 2008). Therefore, the lack of repetition
suppression effect for inverted faces on contact D5 reinforces the fact
that this contact was located in a face-selective region involved in indi-
vidual face discrimination.

Upright vs. inverted faces
For all contacts, the repetition suppression effect for upright faces

was subtracted out from the effect for inverted faces (i.e. repetition sup-
pression index). This index reflects the specificity of repetition suppres-
sion to upright faces on each intracerebral contact. Of all recorded
contacts, the largest repetition suppression indexwas observed on elec-
trode contact D5 (1.24 μV, Z = 5.24, p b 0.0001; Fig. 7).

Discussion

In the present study, we had a unique opportunity to test the critical
role of a face-selective region of the right inferior occipital cortex in in-
dividual face discrimination. We were able to test only a single case be-
cause the patient had a rare electrode implantation. Moreover, the
patient performed extremely well at face recognition and individual
face discrimination when she was not stimulated in this brain region.
Electrically stimulating contacts within this region (contacts D5-D6)
evoked a transient impairment at discriminating two simultaneously
presented photographs of different faces. Bymeans of fast periodic visu-
al stimulationwith unfamiliar faces, we found on the stimulated contact
D5 themost specific face identity repetition suppression effects of all re-
corded contacts in the patient’s brain. Altogether, these data provide
converging evidence for a causal role of the right face-selective inferior
occipital cortex in individual face discrimination.

The right OFA is critical for individual face discrimination behavior

Intracerebral electrical stimulation of a face-selective cortical area in
a unique patient impaired individual discrimination of unfamiliar faces.
This observation goes beyond our previous report of impairment in rec-
ognizing famous faces during a previous implantation in the same re-
gion (Jonas et al., 2012) and other electrical stimulation studies
reporting impairment in face vs. no face categorization (Chong et al.,
2013, see also Afraz et al., 2006 for modulation of face categorization
by electrical stimulation of themonkey infero-temporal cortex), impair-
ment in facenaming (Allison et al., 1994; Puce et al., 1999) or distortions
of the physician’s face following electrical stimulation of other face-
selective regions (Parvizi et al., 2012; Vignal et al., 2000). More related
to our observations, Mundel et al. (2003) reported an epileptic patient
who stated that “all faces look the same” following electrical brain stim-
ulation of the right fusiform gyrus, suggesting impairment in individual
face discrimination. However, the patient reported the same feeling
during epileptic seizures, and individual face discrimination was not
tested experimentally during electrical stimulation. Most importantly,
relevant electrical stimulations were performed over a undefined
brain lesion in the right fusiform gyrus.

Here, to our knowledge, we report the first case in which individual
face discrimination was experimentally tested during electrical

stimulation of the human brain. Indeed, here we were able to design a
psychophysical task of matching similarly looking faces that specifically
tested individual face discrimination. Moreover, since the faces were
unfamiliar and were presented simultaneously on the screen, there
were nomemory processes involved during the individual face discrim-
ination task. Hence, these findings indicate that the area targeted by the
intracerebral stimulation is critical for the perception of the individuality
of the face, independently of long-term memory representations.

Fig. 6. Repetition suppression effect for individual faces on intracerebral contact D5 with
fast periodic visual stimulation. A. For upright faces in the frequency domain. B. For
inverted faces in the frequency domain. C. For upright faces in the time domain: time-
frequency analysis (Morlet wavelet) for the relevant contact D5 between −1 and 70 s
and between 0 and 30 Hz for same and different upright faces.
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Fig. 7. Graphical representation of individual face repetition suppression effects obtained on each intracerebral contact (upright condition, inverted condition and repetition suppression
index that is upright condition minus inverted condition). Of all contacts, the largest difference when comparing the magnitude of the effect between upright and inverted faces was ob-
served on contact D5. It is important to note that therewas also a large repetition suppression index on contact D6, but essentially related to a larger response for identical than for different
faces in the inverted condition. Therefore, the high repetition suppression index found on D6 does not reflect a high sensitivity to individual faces, which is consistent with the absence of
face-selective responses and repetition suppression effect for upright faces recorded on this contact and its anatomical location in the white matter.

Fig. 8.Anatomical location of individual face repetition suppression effects for theupright condition onMRI axial slices.A. ElectrodesD and F.B. Electrode L. Each contact is representedby a
cross. The color of the cross indicates the magnitude of repetition suppression in the upright condition. Only the most medial and the most lateral contacts of each electrode are named.
Electrode L is located slightly above electrodes F and D. Note that the largest repetition suppression is located in the lateral section of the right inferior occipital cortex. Contact D8 is the
most lateral contact of electrode D and was not located inside the brain but sitting on the surface of the lateral occipital cortex.
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It is very unlikely that other factors were involved in the impairment
in individual face discrimination reported here: (i) low-level process:
the patient clearly stated that therewere no distortions of the face stim-
uli and the relevant electrical stimulations were done within a high-
level visual area (i.e., OFA); (ii) habituation or simulation: the patient
was not informed about the exact time and duration of electrical stimu-
lation, which was performed randomly during one out of five consecu-
tive individual face discrimination trials; (iii) neuropsychological deficit
in face perception: without electrical stimulation, the patient’s perfor-
mancewas similar to normal controls, and her performance at an exten-
sive battery of neuropsychological tests of face perception indicates that
she has no impairment at individualizing faces (Jonas et al., 2012).
Hence, her failure to discriminate the individual faces in six out of six tri-
als during electrical stimulation (a relatively high number of stimula-
tions at the same location in a clinical setting) cannot be attributed to
chance. Rather, the effect of focal electrical stimulation appears to dis-
rupt the processing of visual information that is necessary to discrimi-
nate individual faces.

The relevant stimulation producing this transient inability in
individual face discrimination was located in a face-selective cortical
region, as determined both by electrophysiological (ERP, gamma
synchronization) and hemodynamic responses (fMRI). This area corre-
sponds to the most posterior face-selective area of the cortical face net-
work, the so-called right OFA. Therefore, the effect of focal electrical
stimulation provides original evidence for a causal link between a
well-defined face-selective region (i.e., the right OFA) and behavioral
individual face discrimination.

Although due to the constraints of the clinical setting we were not
able to test stimuli other than faces in the individual discrimination
task, the functional location of the stimulation (i.e., a cortical region
identified as face-selective) and the much larger repetition suppression
effects to upright faces as compared to inverted faces recorded at the
stimulation site suggest that the impairment in individual face discrim-
ination is limited to the category of faces.Moreover, the patientwas also
testedwith a recognition task of face andnon-face stimuli at 15different
anatomical sites and she reported recognition difficulties only for faces.
These face recognition difficulties were observed specifically during
stimulation of contacts located within or adjacent to the right OFA
(D5, D6, D7, L6, L7), thus reinforcing the view that stimulation of this re-
gion impairs face-specific processes.

This observation of a critical role of the face-selective right occipito-
temporal cortex in individual face discrimination is in agreement with
lesion studies, the right occipital cortex being one of themost consistent
sites of brain damage causing prosopagnosia (Bouvier and Engel, 2006).
Interestingly, patients with prosopagnosia following lesions to the right
inferior occipital cortex are impaired at individual face discrimination
(e.g., Busigny et al., 2010b; Rossion et al., 2003) and may be impaired
for faces only (Busigny et al., 2010a). Moreover, applying TMS on the
scalp above the right OFA may specifically impair face discrimination
in a delayed matching task (Pitcher et al., 2007; Pitcher et al., 2009;
Solomon-Harris et al., 2013). However, an impairment of individual dis-
crimination of faces with TMS is not always found (e.g. Pitcher et al.,
2008) and this effect remains relatively small in magnitude, whether
it is expressed in terms of a slowing down of the response or a small
drop of accuracy rates. Here, during intracerebral stimulation of the
right OFA, our patient was completely unable to discriminate individual
faces. Moreover, while the localizing value of TMS is limited, the Stereo-
EEG approach used here provides electrical stimulation contacts that are
embedded into brain tissue, with the low voltage-electrical currents,
causing local disruptive effects.

The functional value of repetition suppression effects during fast periodic
visual stimulation

The effect of stimulation in the right face-selective occipito-temporal
cortex is also consistent with fMRI studies showing repetition

suppression effects for individual faces in this OFA region (e.g.,
Andrews and Ewbank, 2004; Davies-Thompson et al., 2009; Ewbank
et al., 2013; Gauthier et al., 2000; Gilaie-Dotan and Malach, 2007;
Grill-Spector andMalach, 2001; Schiltz et al., 2006). This stimulation re-
sult complements these observations by indicating that the right OFA is
a critical node among the set of areas showing sensitivity to individual
face information. More importantly, our observation shows that the
right OFA carries crucial individual face information that is directly re-
lated to individual face discrimination behavior.

A recent study has reported electrophysiological face repetition sup-
pression effects at multiple frequency rates (alpha, low and high
gamma) for face-selective contacts over the ventral occipito-temporal
cortex (Engell and McCarthy, 2014). Here, release from repetition sup-
pressionwas evidenced intracerebrally bymeans of a fast periodic visu-
al stimulation paradigm, providing a robust face identity repetition
suppression effect at an experimentally defined stimulation frequency
(Rossion and Boremanse, 2011; Rossion, 2014 for a review). The elec-
trode contact D5, associatedwith the transient impairment in individual
face discrimination, recorded the largest and most specific repetition
suppression effect for individual faces (i.e., the largest difference when
comparing the magnitude of the repetition suppression effect between
upright and inverted faces among all contacts). This observation –

which is consistent with the right occipito-temporal localization of
this effect on the scalp (Rossion and Boremanse, 2011; Rossion et al.,
2012b) – provides further evidence for the sensitivity of the right OFA
to differences between individual faces. Moreover, the unique correla-
tion between the repetition suppression effects and the behavioral im-
pairment at individual face discrimination highlights the functional
value of face adaptation/repetition suppression effects, at least when
they are measured in electrophysiology with the fast periodic visual
stimulation approach.

Given the fact that themost consistent effect of electrical stimulation
and the largest repetition suppression effect were found on the same
electrode site, our findings even suggest that crucial information for in-
dividual face discrimination may be encoded in brain regions showing
the largest repetition suppression effect to individual faces. If this is
the case,measuring objectively themagnitude of repetition suppression
effects (i.e., at an experimentally-defined frequency rate) and with a
high signal-to-noise ratio may be particularly important, suggesting
that the fast periodic visual stimulation approach used here may be a
tool of choice in the future to rapidly identify cortical nodes that are crit-
ical for individual face discrimination and other brain functions.

Conclusion

In summary, to our knowledge, this is the first report of transient im-
pairment of individual discrimination of unfamiliar faces following in-
tracerebral electrical stimulation. These findings point to the causal
role of the right face-selective inferior occipital cortex in the perception
of the individuality of the face, independently of long-term memory
representations. These findings also support the functional relevance
of repetition suppression/visual adaptation effects obtained with high-
level visual stimuli bymeans of fast periodic visual stimulation, and pro-
vide evidence that these effects index the neural representation of the
changed stimulus property.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.06.017.
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a b s t r a c t

According to neuropsychological evidence, a distributed network of regions of the ventral

visual pathway e from the lateral occipital cortex to the temporal pole e supports face

recognition. However, functionalmagnetic resonance imaging (fMRI) studies have generally

confined ventral face-selective areas to the posterior section of the occipito-temporal cortex,

i.e., the inferioroccipital gyrusoccipital facearea (OFA)and theposterior andmiddle fusiform

gyrus fusiform face area (FFA). There is recent evidence that intracranial electrical stimula-

tionof theseareas in the righthemisphereelicits facematchingandrecognition impairments

(i.e., prosopagnosia) as well as perceptual face distortions. Herewe report a case of transient

inability to recognize faces following electrical stimulation of the right anterior fusiform

gyrus, in a region located anteriorly to the FFA. There was no perceptual face distortion re-

ported during stimulation. Although no fMRI face-selective responses were found in this

region due to a severe signal drop-out as in previous studies, intracerebral face-selective

event-related potentials and gamma range electrophysiological responses were found at

the critical site of stimulation. These results point to a causal role in face recognition of the

right anterior fusiform gyrus and more generally of face-selective areas located beyond the

“core” face-processing network in the right ventral temporal cortex. It also illustrates the

diagnostic value of intracerebral electrophysiological recordings and stimulation in under-

standing the neural basis of face recognition and visual recognition in general.
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1. Introduction

The ability to recognize people by their face is an extremely

important function of the human brain, critical for social in-

teractions. The neural basis of this function has been defined

by studies of patients with face recognition impairment

following brain damage e prosopagnosia e (Bodamer, 1947),

which point to a large territory of the ventral occipito-

temporal cortex, from the lateral occipital cortex to the tem-

poral pole, with a right hemisphere advantage (Barton, 2008;

Busigny et al., 2014a; H�ecaen & Angelergues, 1962; Meadows,

1974; Rossion et al., 2003a; Sergent & Signoret, 1992; see

Rossion, 2014 for a review). Early neuroimaging studies using

positron emission tomography (PET) as well as intracranial

recordings by means of subdural grids of electrodes electro-

corticography (ECOG) have also shown larger responses to

faces than objects (i.e., “face-selective” responses) across the

entire ventral occipito-temporal cortex, again with a right

hemisphere advantage (Sergent, Ohta, & MacDonald, 1992 for

PET; Allison, McCarthy, Nobre, Puce, & Belger, 1994 and

Allison, Puce, Spencer, & McCarthy, 1999 for ECOG).

Subsequent studies using functional magnetic resonance

imaging (fMRI) have generally confined face-selective areas to

the posterior half of the ventral occipito-temporal cortex,

namely in the inferior occipital gyrus [occipital face area

(OFA), Gauthier et al., 2000] and in the posterior and middle

fusiform gyrus [fusiform face area (FFA), Kanwisher,

McDermott, & Chun, 1997; Puce, Allison, Gore, & McCarthy,

1995]. Together with a face-selective region in the posterior

part of the superior temporal sulcus (pSTS), these areas have

been defined as the “core” network for face perception

(Atkinson & Adolphs, 2011; Calder & Young, 2005; Haxby,

Hoffman, & Gobbini, 2000; Ishai, 2008; Rossion, 2008; Weiner

& Grill-Spector, 2010). Moreover, transcranial magnetic stim-

ulation (TMS) applied on the scalp, and intracranial electrical

stimulation, have shown that areas of the core network play a

causal role in face recognition (Pitcher, Walsh, Yovel, &

Duchaine, 2007; Solomon-Harris, Mullin, & Steeves, 2013 for

TMS studies of the OFA; Jonas et al., 2012, 2014; Parvizi et al.,

2012 for intracranial electrical stimulation studies). Jonas

et al. (2012) reported a case of transient prosopagnosia by

electrically stimulating the right OFA of an epileptic patient

implanted with depth electrodes. Parvizi et al. (2012) reported

a distortion of a clinician's face during electrical stimulation of

the cortical surface over the right FFA (see also Rangarajan

et al., 2014).

Most recently, fMRI studies have also reported ventral face-

selective regions anterior to the FFA, up to the temporal pole

(e.g., Avidan et al., 2014; Nasr & Tootell, 2012; Rajimehr,

Young, & Tootell, 2009; Rossion, Hanseeuw, & Dricot, 2012;

Tsao, Moeller, & Freiwald, 2008; for a recent review, see

Collins & Olson, 2014). Unfortunately, due to large hemody-

namic signal drop-outs caused by magnetic susceptibility ar-

tifacts (Axelrod & Yovel, 2013; Ojemann et al., 1997), fMRI

studies are limited in their understanding of the function(s) of

the anterior ventral temporal face-selective areas, in partic-

ular in the anterior part of the fusiform gyrus (e.g., Fig. S7 in

Rajimehr et al., 2009; Fig. S7 in Tsao et al., 2008). Moreover,

unlike the OFA and pSTS, the function of these ventral regions

cannot be disrupted by TMS during face recognition. Hence,

aside from the association of lesions in the right anterior

temporal lobe with acquired prosopagnosia (e.g., Busigny

et al., 2014a) and reduced cortical volume of the anterior

part of the fusiform gyrus in low performers at face recogni-

tion (i.e., “congenital prosopagnosia”, Behrmann, Avidan, Gao,

& Black, 2007), the causal role of anterior ventral temporal

regions in this function remains largely unknown.

Here we report a novel case of transient prosopagnosia

following electrical stimulation of a face-selective region of

the right ventral temporal cortex located anteriorly to the FFA.

As in previous studies of our group (Jonas et al., 2012, 2014),

this epileptic patient (CD) was implanted with depth intrace-

rebral electrodes [stereotactic electroencephalography (SEEG),

Talairach & Bancaud, 1973; e.g., Barbeau et al., 2008; Halgren

et al., 1994]. While performing electrical stimulation of the

patient's right anterior fusiform gyrus (anterior FG), we

observed her transient inability to recognize famous face

photographs. Intracerebral electrophysiological face-selective

responses were recorded at the critical site of stimulation. A

subsequent fMRI examination showed that the critical stim-

ulation site was located anteriorly to the right FFA, extending

further the causal role of face-selective areas to anterior

ventro-temporal regions beyond the core face-processing

network.

2. Materials and methods

2.1. Case description

The patient was a 44-year-old woman (CD) who hadmedically

intractable left temporal epilepsy related to a left temporal

lobe schizencephaly. She never complained of face recogni-

tion difficulties in everyday life or during and after epileptic

seizures.

She was right-handed as attested by the Edinburgh Hand-

edness Inventory (Oldfield, 1971) and also by intracerebral

electrical stimulations performed during the SEEG exploration

(stimulations in the left FG elicited impairments in naming

and reading, showing unambiguously the left hemispheric

language dominance). The SEEG exploration took place in June

2011. SEEG exploration delineated the seizure onset zone in

the left ventral temporal cortex. CD was contraindicated to

conventional resection and she did not have surgery eventu-

ally. The face processing behavioral tests and the neuro-

imaging recordings took place in April and May 2014. CD gave

written consent to participate in the experimental procedures,

which were part of the clinical investigation.

2.2. Neuropsychological assessment

2.2.1. General assessment
Patient CD showed a general intelligence in the lower range

(full-scale IQ of 70) with verbal-performance IQ discrepancy

(performance score > verbal score). Shewas impaired in object

naming and verbal fluency. This impairment in language

functions is consistentwith the localization of the brain lesion

and the epileptic focus in the left temporal lobe. Importantly,

CD showed normal basic visual perception attested by the
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Visual Object and Space Perception Battery (VOSP). The results

of this neuropsychological assessment are summarized in

Table 1.

2.2.2. Face perception and memory
We conducted a series of stringent behavioral tests to assess

CD's face/object perception and memory. Six control partici-

pants (age-, sex- and education level-matched controls, not

matched in IQ) performed the same tests. To compare the

results of CD to the control participants, we used the modi-

fied t-test of CrawfordeHowell for single-case studies

(Crawford & Howell, 1998) with a p value of <.05 considered

as statistically significant. These tests included: (1) individual

discrimination of unfamiliar categories: individual face

matching (Benton Face Recognition Test: BFRT, Benton,

Sivan, Hamsher, Varney, & Spreen, 1983) and individual

face and car matching at upright and inverted orientations

(experiment 22 in Busigny, Joubert, Felician, Ceccaldi, &

Rossion, 2010); (2) visual memory: encoding followed by an

old/new forced choice decision with faces (experiment 3 in

Busigny et al., 2010) and on the same task with bird pictures,

using the same parameters as for faces; (3) a famous face

recognition test for French celebrities (cropped faces, CELEB

test, Busigny et al., 2014b).

The results of these tests are shown in Table 2. Patient CD

was in the normal range at individualizing unfamiliar faces.

She was in the normal range at the BFRT and at matching

upright and inverted faces. Her decrease of performance for

inverted compared to upright faces (accuracy: 86.6% vs 72.2%;

reaction times: 1553 msec vs 1869 msec) was also in the

normal range (t ¼ .62, p ¼ .56 and t ¼ .99, p ¼ .37 respectively,

revised standardized difference test, Crawford & Garthwaite,

2005). However, she scored below normal controls at the old/

new test for faces and non-face objects (birds), although her

performance at memorizing faces was well above chance

level (73.3%). She was also below normal controls at recog-

nizing famous faces [CELEB test, Face Recognition Index (FRI)]

and at naming famous faces [CELEB test, Name Access Index

(NAI)].

In summary, patient CD had no impairment at perceiving

faces but she was below normal controls at memorizing un-

familiar faces, and at recognizing and naming famous faces.

Such difficulties are often found in patients with temporal

lobe epilepsy (Glosser, Salvucci, & Chiaravalloti, 2003).

Nevertheless, we acknowledge that this is a factor to take into

account for the experimentation (i.e., the identity of the

famous faces selected) and the interpretation of the behav-

ioral tests with faces performed during intracerebral stimu-

lation (see Discussion section).

2.3. Stereotactic placement of intracerebral electrodes

Intra-cerebral electrodes (Dixi Medical, Besançon, France)

were stereotactically implanted in the patient's brain in order

to delineate the seizure onset zone (Talairach & Bancaud,

1973). The sites of electrode implantation were determined

based on non-invasive data collected during an earlier phase

of the investigation. Each intracerebral electrode consists in a

cylinder of .8 mm diameter and contains 5e18 contiguous

contacts of 2 mm in length separated by 1.5 mm from edge to

edge. A few days before surgery, a non-stereotactic T1

weighted MRI with gadolinium was carried out and imported

into a computer-assisted software (iPlan Stereotaxy, Brainlab,

Germany). Each electrode trajectory was then determined

according to the investigation planning with careful avoid-

ance of vascular structures. The day of surgery, after induc-

tion of general anesthesia, the stereotactic frame (Leksell G-

frame, Elekta, Sweden)was positioned on the patient's head. A
stereotactic CT-scan was then carried out and fused to the

pre-operative non-stereotactic MRI. Stereotactic coordinates

were then calculated for each trajectory. A post-operative

non-stereotactic CT-scan was carried out and fused with a

T1-weighted MRI to determine the exact position of each

electrode.

Nine electrodes were placed in the left hemisphere tar-

geting the occipito-temporal cortex. Two electrodes were also

placed in the right hemisphere, targeting the right ventral

occipito-temporal cortex. Electrode F (containing 12 contacts)

explored the anterior FG and the adjacent occipito-temporal

sulcus (OTS). The border between the anterior and posterior

FG was defined as the most posterior temporal lobe slice

where the hippocampus was visible (e.g., Onitsuka et al.,

2003). Electrode O (containing 12 contacts) explored the

ventral occipital cortex (inferior bank of the calcarine sulcus

and inferior occipital gyrus).

Table 1 e General neuropsychological assessment of
patient CD.

Score

IQ

WAIS-R

Verbal IQ 64

Performance IQ 80

Full-scale IQ 70

Memory

Immediate memory/Working memory

Forward span 5

Backward span 4

Grober & Buschke 16 items

Encoding 16/16

Immediate free recall 9-9-12/16

Immediate total recall 15-16-16/16

Recognition 16

Delayed free recall 11/16

Delayed total recall 16/16

Basic visual perception

Visual Object and Space Perception Battery (VOSP)

Screening test 19/20

Incomplete letters (test 1) 20/20

Silhouettes (test 2) 20/30

Dot counting (test 5) 10/10

Position discrimination (test 6) 17/20

Number location (test 7) 10/10

Language

Verbal fluency in 2 min

Semantic (letter R) 20

Phonological (“fruit” category) 12a

Naming (DO 80) 65/80a

Reading words 20/20

a Indicates impaired scores.
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2.4. Intracerebral electrical stimulations

Intracerebral electrical stimulations targeting the right ventral

occipito-temporal cortex (contacts of electrodes F and O) were

carried out while the patient performed famous face and ob-

ject recognition tasks and a face versus object categorization

task (Table 3). These stimulations were applied between two

contiguous contacts along one common electrode and per-

formed at 50 Hz during 5 sec or 10 sec at intensities ranging

from .8 to 1.2 mA (usual stimulation settings in SEEG). CD was

not aware of the stimulation onset and termination, the

stimulation site and the nature of the impairments that could

be potentially elicited.

2.4.1. Famous face and object recognition task
Stimulations were carried out during recognition of sets of

photographs of the same category presented one by one

(famous faces with all external features or common objects).

The patient had to name each photograph in turn. She had to

recognize several photographs, before, during and after the

stimulation (Fig. 1A, Table 4). For each set, the stimulationwas

triggered randomly during the presentation of one of the

photographs. The stimulationwas triggeredmanually, around

.5e1 sec before the visual presentation and the current was

delivered throughout the entire duration of the visual pre-

sentation. Because of a limited time of testing due to the

clinical context, we first screened all the contacts located in

the right hemisphere using one stimulation per site (elec-

trodes F and O). Next, we studied more extensively the rele-

vant contacts evoking face recognition impairment by

performing additional electrical stimulations on these sites.

Thirteen famous faces that CD easily recognized and named

prior to the stimulation procedure were selected. The number

of stimulations was well above the number of face photo-

graphs used, so that the same faces were repeated across

stimulations. In total the patient was presented with 51 pho-

tographs of faces, 22 during electrical stimulation, 19 before

and 10 after. CD was also presented with 16 different objects

(no repetition), 6 during the time of the stimulation, 4 before

and 6 after.

Immediately after 3 stimulations of one site in the anterior

FG (contacts F3eF4), CDwas asked to recall the faces that were

presented during the stimulation procedure (recall task,

Fig. 2B). She was presented again with the faces presented

during the stimulation procedure along with distractors (for 2

stimulations) and was asked to indicate verbally which of

these faces she saw a moment ago.

2.4.2. Face/object categorization task
During stimulations of one site in the right anterior FG (F3eF4,

Table 3), CD was presented alternatively with photographs of

faces and objects (the same as in the recognition task) andwas

Table 2 e Performances of CD and 6 control participants in neuropsychological tests on face/object perception and memory
(Acc: accuracy; RT: reaction times inms; BFRT: Benton Face Recognition Test; FRI: Face Recognition Index; NAI: Name Access
Index).

Patient CD Normal controls (n ¼ 6) t-test (CrawfordeHowell)

BFRT Acc 40/54 45.4/54 ± 2.7 t ¼ 1.808, p ¼ .065

RT 445a 254 ± 77.6 t ¼ 2.278, p ¼ .036

Face matching

(upright and inverted)

Acc upright

Acc inverted

86.1%

72.2%

93.3% ± 5

80% ± 10

t ¼ 1.326, p ¼ .121

t ¼ .716, p ¼ .253

RT upright

RT inverted

1553

1869

1292 ± 229

1496 ± 469

t ¼ 1.055, p ¼ .17

t ¼ .738, p ¼ .247

Car matching

(upright and inverted)

Acc upright

Acc inverted

94.4%

86.1%a

95% ± 3.6

95.6% ± 3.7

t ¼ .144, p ¼ .446

t ¼ 2.365, p ¼ .032

RT upright

RT inverted

1528a

1752a
1086 ± 185

1134 ± 234

t ¼ 2.212, p ¼ .039

t ¼ 2.261, p ¼ .037

Old/New face Acc 73.3%a 90% ± 4.7 t ¼ 3.276, p ¼ .011

RT 1624 1763 ± 513 t ¼ .250, p ¼ .406

Old/New bird Acc 50%a 87.8% ± 8.4 t ¼ 4.183, p ¼ .004

RT 2168 1742 ± 557 t ¼ .709, p ¼ .255

CELEB test FRI 63.5a 90.8 ± 8.7 t ¼ 2.909, p ¼ .017

NAI 53.1a 87.3 ± 10.4 t ¼ 3.053, p ¼ .014

a Indicates impaired scores compared to matched normal controls (p < .05).

Table 3 e Number of electrical stimulations performed at
each stimulation site and type of task asked. The
corresponding number of stimulations that evoked a
transient impairment is indicated in brackets (aFG:
anterior fusiform gyrus; CoS: collateral sulcus; CS:
calcarine sulcus; IOG: inferior occipital gyrus; ITG: inferior
temporal gyrus; ITS: inferior temporal sulcus; OTS:
occipito-temporal sulcus; WM: white matter).

Stimulation site Cognitive tasks

Famous face
recognition

Object
recognition

Face/object
categorization

F1eF2 (CoS-aFG) 1 (0)

F3eF4 (aFG) 5 (5) 2 (0) 3 (0)

F4eF5 (aFG-OTS) 2 (2) 1 (0)

F5eF6 (OTS) 1 (1)

F7eF8 (ITS) 1 (0)

F8eF9 (ITG) 1 (0)

O1eO2 (CS) 1 (0)

O2eO3 (CS) 1 (0)

O3eO4 (CS) 1 (0)

O5eO6 (CS) 1 (0)

O6eO7 (CS) 1 (0)

O7eO8 (WM) 1 (0)

O9eO10 (IOG) 1 (0)
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Fig. 1 e Schematic representation of the stimulation procedure for the famous face recognition task and the recall task. A. In

the famous face recognition task, the patient CD had to recognize several photographs of famous faces before, during and

after the electrical stimulation of 2 contiguous electrode contacts (here located in the anterior FG). She was presentedmainly

with famous faces of French politicians, actors, singers, etc. but famous faces of internationally renowned celebrities are

showed here for illustration. B. When tested, after the stimulation procedure, CD was presented with the faces again as well

as faces not presented during the stimulation (face distractors) and she was asked to indicate the faces that were presented

before (recall task).

Table 4 e Details of electrical stimulation during famous face recognition: stimulation site, stimulation parameters
(intensity, duration), performance (before, during and after stimulation) and transcripts of the patient responses during
stimulation. The anatomical locations of the stimulation sites are indicated in Table 3.

Stimulation site Stimulation parameters Performance Patient responses during stimulation

F1eF2 1 mA, 5sec Before: 1/1

During: 1/1

Named the face

F3eF4 1 mA, 5sec During: 0/1 Remained silent

F3eF4 1 mA, 5sec During: 0/1 “Damn”

F3eF4 1 mA, 10sec Before: 3/3

During: 0/1

“Damn” (see Video S3)

F3eF4 1 mA, 10sec Before: 3/3

During: 0/1

After: 3/5

“Why am I blocked?” (see Video S2)

F3eF4 1 mA, 10sec During: 0/1 “It's a man, he is smiling”

F4eF5 1 mA, 5sec During: 0/1 “I'm blanking”

F4eF5 1 mA, 5sec Before: 3/3

During: 0/1

“Damn” (see Video S1)

F5eF6 1 mA, 5sec Before: 1/1

During: 0/1

After: 1/1

“Er”

F7eF8 1.2 mA, 5sec During: 1/1 Named the face

F8eF9 1.2 mA, 5sec During: 1/1 Named the face

O1eO2 1 mA, 5sec During: 2/2

After: 4/4

Named the 2 faces

O2eO3 .8 mA, 5sec During: 1/1 Named the face

O3eO4 .8 mA, 5sec Before: 2/2

During: 2/2

Named the 2 faces

O4eO5 .8 mA, 5sec Before: 1/1

During: 1/1

Named the face

O5eO6 .8 mA, 5sec Before: 2/2

During: 1/1

Named the face

O6eO7 .8 mA, 5sec Before: 1/1

During: 1/1

Named the face

O7eO8 .8 mA, 5sec Before: 2/2

During: 2/2

Named the 2 faces

O9eO10 1.2 mA, 5sec During: 1/1 Named the face

c o r t e x 7 2 ( 2 0 1 5 ) 1 4 0e1 5 5144

http://dx.doi.org/10.1016/j.cortex.2015.05.026
http://dx.doi.org/10.1016/j.cortex.2015.05.026


asked to tell whether the photograph represented a face or an

object. In total, she was presented with 23 stimuli (11 faces, 12

objects) with 17 of these stimuli presented during the time of

stimulation (9 faces, 8 objects) and 6 before or after stimula-

tion (3 faces, 3 objects).

2.5. Face-selectivity: intracerebral ERP and gamma
activity

2.5.1. Procedure
The material consisted of 60 grayscale pictures of faces and of

60 grayscale pictures of objects. All faces showed a frontal

view with a neutral background and neutral or mildly positive

expressions. The patient seated in a hospital bed facing a

computer screen placed 70 cm from her face. Stimuli were

presented on the center of the screen using Bq-Evoque v1.0.3

software (Micromed, Italy). Stimulus duration was 396 msec.

Interstimulus interval was filled by a black screen and varied

randomly between 2000 and 3000 msec. The task consisted of

determining whether the presented stimulus was a face or an

object (by pressing keyboard buttons). The patient performed

2 blocks of 120 trials (60 faces and 60 objects in each block,

randomized). The signal was recorded at a 512 kHz sampling

rate on a 128 channels amplifier (2 SD LTM 64 Headbox;

Micromed, Italy). The reference electrodewas an intracerebral

contact located in the white matter (left parietal lobe).

2.5.2. ERP analysis
Off-line processing of intracerebral EEG was computed

using Letswave 5 (http://nocions.webnode.com/letswave/)

and MATLAB v7.9 (The Mathworks, Inc.). Epochs were

created beginning 200 msec before stimulus onset and

lasting until 1000 msec post-stimulus. A baseline correction

was applied between �200 msec and 0 msec. Averaging was

computed separately for faces and objects stimuli. Ampli-

tude differences between faces and objects ERPs were

assessed with a two-tailed t-test (p < .01, 10 consecutive

milliseconds at least).

2.5.3. Gamma-ERSP analysis
Event-related spectral perturbations (ERSP) were computed

using Letswave 5 and MATLAB v7.9. Variation in signal

amplitude as a function of time and frequency was estimated

by a Morlet wavelet transform on each single trial from fre-

quencies of 1e160 Hz, in 160 steps. Analyses concentrated on

the high frequency broadband range (gamma: 30e160 Hz;

Lachaux et al., 2005; Parvizi et al., 2012; Sato et al., 2014; Vidal

et al., 2010). Broadband gamma activity increase has been

shown to be correlated with the local neuronal population

spiking activity (Manning, Jacobs, Fried, & Kahana, 2009). The

number of cycles (i.e., central frequency) of the wavelet was

adapted as a function of frequency from 2 cycles at the lowest

frequency to 10 cycles at the highest frequency. The wavelet

transform was computed on each time-sample and the

resulting amplitude envelopewas downsampled by a factor of

4 (i.e., to a 128 Hz sampling rate). Amplitude was normalized

across time and frequency to obtain the percentage of power

change generated by the stimulus onset relative to the mean

power in a pre-stimulus time-window (�700 msec to

�300 msec relative to stimulus onset).

Fig. 2 e Anatomical and functional location of the stimulation sites inducing transient prosopagnosia: these sites were

located in a face-selective region of the anterior FG. A. Anatomical location of electrode F (in red) and relevant contacts

inducing transient prosopagnosia (F3, F4, F5, and F6). These contacts are located in the anterior FG (the posterior

hippocampus, pHipp, is visible). B. Low- (ERP) and high-frequency (gamma: 30e160 Hz) electrophysiological responses to

faces and objects recorded on these contacts. These contacts were face-selective in ERP and/or in gamma-ERSP.

Abbreviations: aFG: anterior fusiform gyrus; OTS: occipito-temporal sulcus; CoS: collateral sulcus; pHipp: posterior

hippocampus. *face-selective responses (p < .01).
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The amplitude difference between the gamma-band signal

(30e160 Hz) generated by face and object stimuli was statis-

tically assessed by running a permutation test at each time-

sample of the response between �300 and 700 msec relative

to stimulus onset. In short, the single-trial amplitudes ob-

tained in the two conditions at a given time-point were

randomly assigned in two bins, the number of trials in each

bin being equal to the number of trials in each original con-

dition. Next, the difference between the means of the two

random bins was computed and stored. Because permutation

shuffles the assignment of the conditions, the difference be-

tween the means of the two new bins reflects the difference

between conditions under the null hypothesis. This process

was performed 5000 times to generate a distribution of dif-

ferences at a p < .01 (two-tailed) and values that reached this

threshold for at least 10 consecutive milliseconds were

considered as significant.

2.6. Face-selectivity: fMRI

The comprehensive methods (stimuli, stimulation pro-

cedures) used for this fMRI localizer study were the same as

those used in several previous studies (summarized in

Rossion et al., 2012).

2.6.1. Stimuli
Four categories of stimuli were used: photographs of faces (F),

cars (C), and their phase-scrambled versions: scrambled faces

(SF) and scrambled cars (SC). The face condition consisted of

43 pictures of faces (22 females) cropped so that no external

features (hair, etc.) were revealed. All faces were shown in

frontal view (for all stimulus information, see Rossion &

Caharel, 2011). They were inserted in a gray rectangle. Simi-

larly, the car condition consisted of 43 pictures of different

cars in a full-front view also embedded in a gray rectangle. The

scrambled stimuli were made using a Fourier phase

randomization procedure (FFT with phase replaced by phase

of a uniformnoise) that yields images preserving the low-level

properties of the original image (i.e., luminance, contrast,

spectral energy, etc.), while completely degrading any

category-related information. Pictures of faces/cars and the

phase scrambled face/car pictures subtended equal shape,

size and contrast against background.

2.6.2. Paradigm
The patient performed 3 runs of 11min duration each. In each

run, there were 6 blocks of 18 sec duration for each of the 4

types of stimuli. Blockswere separated by a baseline condition

(cross fixation) of 9 sec. In each block, 24 stimuli of the same

condition were presented (750 msec per stimuli, no ISI) on a

black background screen, with 2 or 3 consecutive repetitions

of the exact same stimulus in each block (target trials in the

one-back task). This gave a total amount of 144 stimuli per

category per run. The stimuli and the fixation cross were

presented centrally, but stimulus location varied randomly in

x (6%) and in y (8%) direction at each presentation. This change

in stimulus location wasmade so that specific elements of the

non-scrambled face and car stimuli (e.g., the eyes or head-

lights) do not appear at the same location at each trial, as it

would be the case for scrambled stimuli even without jittering

position. The patient performed a one-back identity task (2 or

3 targets per block).

2.6.3. Imaging acquisition parameters
Functional MR images of brain activity were collected using a

3T head scanner (Signa HDXT, GE Medical Systems, Milwau-

kee, WI) at the University Hospital of Nancy with repeated

single-shot echo-planar imaging: echo time (TE) ¼ 33 msec,

flip angle (FA) ¼ 77�, matrix size ¼ 64 � 64, field of view

(FOV) ¼ 192 mm, slice thickness ¼ 3 mm, repetition time

(TR) ¼ 2250 msec, 36 slices. A high-resolution anatomical

volume of the whole brain was acquired using a T1-weighted

sequence (resolution: 1 � 1 � 1 mm).

2.6.4. Data analysis
The fMRI signal in the different conditions was compared

using Brain Voyager QX (Version 2.8.0, Brain Innovation,

Maastricht, The Netherlands). Preprocessing consisted of a

linear trend removal for excluding scanner-related signal, a

temporal high-pass filtering applied to remove temporal fre-

quencies lower than three cycles per run, and a correction for

small interscan head movements by a rigid body algorithm

rotating and translating each functional volume in 3D space.

Functional data were smoothed in the spatial domain (FWHM

4 mm, all three directions), and spatially aligned with the

high-resolution anatomical volume which was previously

aligned to the AC-PC plane (automatic co-registration in Brain

Voyager QX, adjustedmanually). Subsequently, the functional

data were analyzed using one multiple regression model

[General Linear Model (GLM)] consisting of predictors, which

corresponded to the particular experimental conditions of

each experiment. The predictor time courses used were

computed on the basis of a linear model of the relation be-

tween neural activity and hemodynamic response, assuming

a rectangular neural response during phases of visual

stimulation.

The contrast of interest was the conjunction contrast [(F-C)

and (F-SF)]. This contrast was aimed at isolating the regions

responding more to faces than non-faces objects, and for

which this difference could not be accounted for by low-level

visual cues (Rossion et al., 2012). The statistical threshold was

set at p < .01 (uncorrected), corresponding to t-values above

2.58. A relatively liberal statistical thresholdwas used because

the goal of the fMRI examination was not to test the whole

brain but to assess whether the face-selective regions over-

lapped with the stimulated electrodes.

2.6.5. Intracerebral contact localization
The high-resolution T1 (aligned to the AC-PC plane) was

fused with the post-operative CT-scan. The electrode con-

tact coordinates were automatically extracted (MRI co-

ordinates in the individual anatomy centered on the AC-PC

plane). These electrode contact coordinates were then

rendered in Brain Voyager software. The anatomical loca-

tions of relevant fMRI activations and intracerebral contacts

were therefore assessed in the individual anatomy.

Anatomical and functional volumes were also spatially

normalized (Talairach & Tournoux, 1988) but only to deter-

mine Talairach coordinates of fMRI activations and intra-

cerebral contacts.
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3. Results

3.1. Electrical stimulation of the anterior FG elicits
transient prosopagnosia

Eight out of eight stimulations involving the right anterior FG

and adjacent OTS induced a transient inability to recognize

the face, i.e., transient prosopagnosia (stimulation of contacts

F3eF4, F4eF5, F5eF6, Talairach coordinates: x: 29 to 45, y: �30,

z: �18; see Fig. 2A for stimulation site location; see also Table

4). During the stimulation, the patient was unable to name or

identify the famous faces presented (i.e., name or provide any

semantic information about the person from his/her face).

The patient stated: “I didn't recognize him at first”, “I asked to

myself, who is this person?”, “I'm not able to tell who this person is”

(see Videos S1, S2 and S3). Importantly, these stimulations

never produced visual distortions of the face. When asked

explicitly if the face was distorted, the patient responded:

“distorted? No, not at all”, “the face was not distorted”. In most

trials, the prosopagnosia stopped upon the termination of the

stimulation (but see Video S2 for a persistent effect with 2

non-recognized faces just after the termination of the stimu-

lation). In total, the patient did not recognize the 8 faces pre-

sented during stimulation of the right anterior FG (1 face per

stimulation), and 2 faces presented immediately after 1

stimulation of contacts F3eF4 (performance during anterior

FG stimulation: 0/8, 0%, see Table 4). In contrast, she imme-

diately recognized and named the 41 remaining faces, either

presented during stimulation of contacts outside the anterior

FG (14 faces) or without stimulation (27 faces) (performance

beside anterior FG stimulation: 41/43, 95.3%; see Table 4; per-

formance during vs beside anterior FG stimulation: p ¼ .008,

Fisher's exact test). Stimulation of the right anterior FG did not

evoke object recognition impairment (the 6 objects presented

during the time of stimulation were correctly recognized,

Table 3). Moreover, stimulations of contacts F3eF4 (right

anterior FG) did not disrupt her face detection ability, since

she was 100% correct at the face/object categorization task (23

stimuli in total, 17 during stimulation).

Supplementary video related to this article can be found at

http://dx.doi.org/10.1016/j.cortex.2015.05.026.

When tested at the end of the stimulation procedure, CD

was unable to remember specifically the non-recognized faces

presented during the stimulation (3 stimulations of contacts

F3eF4 in the right anterior FG, see Video S2 and S3). Across the

3 stimulations performed to test this point specifically, CD did

not remember the 3 faces presented during stimulation (1 face

per stimulation), but she correctly remembered 3 faces pre-

sented outside the stimulation and she correctly detected the

4 distractor faces. Therefore, in total, her accuracy rate at this

task was 0% during stimulation (0/3) and 100% outside stim-

ulation (7/7).

Stimulation of the right anterior FG never produced after-

discharges, epileptic spikes or epileptic seizures. Note also

that the right anterior FG stimulation results were indepen-

dent from the patient epilepsy: (i) contacts F3, F4, F5 and F6

never recorded epileptic spikes; (ii) the epileptic focus was

found in the contralateral (left) hemisphere. Stimulation of

contacts outside the right anterior FG did not produce any

recognition impairment (contacts F1, F2, F7, F8, F9 of electrode

F, contacts of electrode O; Tables 3 and 4).

3.2. Stimulation sites in the right anterior FG are located
in a face-selective region

We tested the face-selectivity of each intracerebral contact by

comparing electrophysiological responses to unknown faces

and non-faces objects. Stimulated electrode contacts pro-

ducing transient prosopagnosia (F3, F4, F5, F6) recorded larger

responses to faces than non-face objects in ERP and/or in

gamma-ERSP (ERP and gamma-ERSP: F4; ERP only: F6; gamma-

ERSP only: F3 and F5, see Fig. 2B, see Engell & McCarthy, 2011

for a similar co-localization of these 3 types of responses in

the human ventral temporal cortex). This shows that these

contacts were located in a face-selective region of the anterior

FG. On contacts F4 and F6, we recorded a positive face-

selective ERP peaking at 200 msec after stimulus onset

(Fig. 2B). On contacts F3, F4 and F5, we recorded significantly

higher gamma band activity to faces compared to objects,

starting from 100msec and peaking at 200msec after stimulus

onset (Fig. 2B, see Supplementary Fig. S1 for time-frequency

analyses). Contact F4, whose stimulation systematically

evoked transient prosopagnosia (7 out of 7 stimulations) was

the only face-selective contact both in ERPs and gamma-ERSP.

Contacts of electrode F that were not associated with a face

recognition impairment did not record face-selective re-

sponses (i.e., medial contacts F1 and F2 recorded larger re-

sponses for objects than for faces in both ERP and gamma-

ERSP; lateral contacts F7, F8 and F9 did not record any visual

responses). Contacts located in the right inferior occipital

gyrus (O9, O10, O11) recorded face-selective ERPs but their

stimulation did not produce face recognition impairment.

However, this region was tested only once while presenting

faces (1 stimulation on contacts O9eO10). In the left hemi-

sphere, face-selective ERPs were observed in the FG (5 con-

tacts: F02, F03, L03, L05, L06) and in the inferior occipital gyrus (1

contact: O08). These left face-selective contacts were not

tested with faces during stimulation.

3.3. Stimulation sites are located anteriorly to the core
face-processing network defined in fMRI

In fMRI, the conjunction contrast [(F-C) and (F-SF)] revealed

typical face-selective activations of the core processing

network (Figs. 3 and 4, Table 5). In the right hemisphere, we

found the OFA in the inferior occipital gyrus, the pSTS the

posterior section of the superior temporal sulcus and the FFA

in the fusiform gyrus. Specifically, the right FFAwas located in

the posterior FG (posteriorly to the end of the hippocampus) in

its lateral section (lateral FG, laterally to the mid-fusiform

sulcus; Weiner & Grill-Spector, 2010; Weiner et al., 2014). We

also found a face-selective activation in the left hemisphere

(left FFA in the posterior FG). The left OFA was not found in

fMRI but a face-selective ERP was found in the left inferior

occipital gyrus. Taken together, all these left sided face-

selective responses (left FFA in fMRI and intracranial face-

selective ERPs in the left FG and left inferior occipital gyrus)
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suggest normal face processing functions in the left hemi-

sphere, despite the patient's left temporal epilepsy.

Importantly, the electrode contacts whose stimulation led

to transient prosopagnosia (F3, F4, F5 and F6) were located

anteriorly to the right FFA (Fig. 4). More precisely, these con-

tacts were located 8 mm forward of the anterior edge of the

right FFA and 12mm forward of the center of mass of the right

FFA (y axis, native space). Although these contacts were

located in a face-selective region, no face-selective activations

overlapped the location of these contacts contrast [contrast (F-

C) and (F-SF), p < .01 uncorrected, see Fig. 4]. No face-selective

activations were found in 2-mm-diameter ROIs centered on

Fig. 3 e Patient CD shows a typical core face-processing network as revealed with fMRI. A. Face-selective areas of the core

face-processing network on coronal slices [conjunction contrast (F-C) and (F-SF), p < .01 uncorrected]. B. BOLD time courses

(right OFA and FFA). C. Beta weights (right OFA and FFA). Abbreviations: FFA: fusiform face area; OFA: occipital face area;

pSTS: posterior superior temporal sulcus face-selective area. Vertical bars indicate standard errors.

Fig. 4 e The critical stimulation sites eliciting transient prosopagnosia are located anteriorly to the core face processing

network. A. Axial slice passing through electrode F contacts. B. Sagittal slice passing through contact F4.
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the location of each of the intracerebral contacts F3, F4, F5 and

F6 (p > .05 for all ROIs using a contrast F-C). Moreover, no

significant activation overlapped these contacts, even when

using an unspecific contrast [(F þ C)�(SF þ SC), p < .01

uncorrected].

It is well known that a strong MRI signal drop-out occurs in

the antero-inferior temporal cortex (Axelrod & Yovel, 2013;

Ojemann et al., 1997). This signal drop-out is caused by sus-

ceptibility artifacts related to the local anatomy (mainly the

ear canals). This may explain why we did not find any fMRI

face-selective activation in the right anterior FG. When dis-

playing fMRI face-selective activations and relevant contacts

on raw functional slices (e.g., Rajimehr et al., 2009; Tsao et al.,

2008), we observed indeed that the stimulation sites (contacts

F3, F4, F5 and F6) lie within a severe signal drop-out involving

the antero-inferior temporal cortex (Fig. 5A). For instance, the

MRI intensity was around 3000 (scanner units) in the right FFA

while it was around 300 in the vicinity of contact F4. This

signal drop-out specifically involved the anterior FG and

inferior temporal gyrus and spared more medial structures as

the parahippocampal gyrus and adjacent collateral sulcus

(Fig. 5B, see also Rajimehr et al., 2009).

4. Discussion

We report a case of transient inability to recognize faces

following electrical stimulation of a face-selective region in

the right anterior FG. This observation provides original evi-

dence that a face-selective region of the right ventral temporal

cortex anterior to the FFA is critical for face recognition.

4.1. Electrically stimulating the anterior FG induces
transient prosopagnosia

As mentioned in the introduction, in Humans, previous evi-

dence for a causal role of brain regions in face recognition

come from lesion studies, TMS and intracerebral electrical

stimulation. In right-handed individuals, this evidence sys-

tematically concerns the right hemisphere (see Bukowski,

Dricot, Hanseeuw, & Rossion, 2013 and Rossion, 2014 for dis-

cussion of this issue of lateralization). Although studies of

acquired prosopagnosic patients provide invaluable sources

of information regarding the neuro-functional aspects of face

recognition (Rossion, 2014), these patients usually have large

and variable lesions, preventing to draw firm conclusions

about the necessity of a specific region such as the anterior FG

for face recognition (Barton, 2008; Barton, Press, Keenan, &

O'Connor, 2002; Bouvier & Engel, 2006; Busigny et al., 2010;

Sergent & Signoret, 1992; Sorger, Goebel, Schiltz, & Rossion,

2007). Moreover, these lesion studies cannot determine if the

site of the lesion was face-selective prior to brain damage.

TMS cannot be applied to ventral occipito-temporal areas (e.g.,

in the FG), so that TMS-evoked impairments in face processing

have been found only following stimulation of the lateral oc-

cipital cortex (right OFA, e.g., Pitcher et al., 2007; Solomon-

Harris et al., 2013) or of the lateral temporal cortex (pSTS,

e.g., Dzhelyova, Ellison, & Atkinson, 2011). Moreover, these

significant TMS effects concern decreases of a few percent in

accuracy rates and/or increase in RTs in face discrimination

tasks, but no interruption of the ability to recognize faces.

Finally, in previous studies, electrical stimulation of the

cortical surface of the posterior and middle FG caused visual

distortion of real faces (Parvizi et al., 2012; Rangarajan et al.,

2014). However, these latter studies do not report face recog-

nition impairments. Thus, to our knowledge, prior to the

present study, the only instance of an impairment of face

recognition following electrical stimulation is the case of KV

reported by Jonas et al. (2012). When stimulating the right

OFA, KV was transiently unable to recognize famous faces

along with face distortions for some stimulations.

Here, stimulating the right anterior FG induced transient

prosopagnosia (i.e., inability to recognize faces) without any

face distortions (i.e., the patient denied any such distortions

when she was asked specifically, Video S1). Electrical stimu-

lation of the anterior FG affected face recognition without

affecting face/object categorization ability (i.e., face detection),

as also sometimes observed following electrical stimulation of

the FG (Chong et al., 2013). Moreover, here, the patient was

subsequentlyunable to remember thepresented faces that she

did not recognize, suggesting that these faces were not enco-

ded. This latest observation show that the impairment re-

ported here was related to visual encoding/recognition rather

than an impairment in faceename association as previously

reported (e.g., Allison et al., 1994). Taken together, these ob-

servations indicate thatwetransientlyevokedaprosopagnosia

as typically described in chronically brain damaged patients:

inability to recognize and encode faces, absence of conscious

distortion of the face percept, and, in most cases, intact face

detection ability (Barton, 2008; Busigny et al., 2010, 2014a;

Rossion, 2014; Rossion et al., 2003a; Sergent & Signoret, 1992).

Without electrical stimulation, CD was able to discrimi-

nate/match pictures of unfamiliar faces and showed a typical

face inversion effect. This shows that her face perception

ability was in the normal range. Admittedly, a potential limi-

tation of the present report is that CD's ability to recognize

famous faces as evaluated by neuropsychological tests was

below normal controls (CELEB test; Busigny et al., 2014b). This

is not surprising since patients with temporal lobe epilepsy

usually score below normal controls at famous face recogni-

tion and naming tests (Glosser et al., 2003). Unfortunately, face

perception/recognition ability (i.e., discrimination of unfa-

miliar faces, familiar face recognition) was not tested in

intracranial electrical stimulation studies that reported face

perceptual distortions (Parvizi et al., 2012; Rangarajan et al.,

2014; Vignal, Chauvel, & Halgren, 2000) or faceename associ-

ation impairments (Allison et al., 1994). Therefore, we argue

Table 5 e Talairach coordinates (center of mass), mean t
and p values of face-selective activations of the core
processing network identified in fMRI (conjunction
contrast F-C and F-SF, p < .01 uncorrected).

Talairach
coordinates

Cluster
size (number
of voxels)

Mean
t value

Mean
p value

x y z

Right OFA 37 �60 �23 322 3.67 .0019

Right pSTS 52 �47 8 2001 3.26 .0027

Right FFA 37 �39 �26 589 3.42 .0022

Left FFA �36 �37 �15 408 3.46 .0022
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that the stringent neuropsychological evaluation performed

here (as well as in Jonas et al., 2012) is a strength of the present

study, and that such evaluations should be routinely per-

formed in intracerebral stimulation studies. In this context,

there are at least two arguments suggesting that CD's diffi-

culties with face recognition outside of the stimulation cannot

account for the transient prosopagnosia observed during

intracerebral stimulation. First, the neuropsychological test

assessing famous face recognition performance (CELEB) was

quite difficult, using faces without external features and

limited presentation times. In contrast, the faces shown dur-

ing the stimulation had external features, and were presented

until response. Second, beside anterior FG stimulation, CD's
performance at recognizing famous faces with such pictures

was almost perfect (41 out of 43 famous faces, 95.3%), while

she was completely unable to recognize any of the famous

faces during anterior FG stimulation (0/8, 0%).

4.2. Specificity and nature of the functional impairment

Even though we did not test famous non-face objects (such as

famous places, Jonas et al., 2012), several considerations

suggest that CD's recognition impairment was specific to

faces. Firstly, the anatomical location of the stimulation sites

was relatively distant from medial temporal structures (hip-

pocampus, rhinal cortex), involved in recognition memory

and long-termmemory representations. Secondly, the patient

was not impaired at recognizing common non-face objects

when stimulating the anterior FG. Thirdly, the stimulation

sites were located in a face-selective cortical region, as shown

by the intracerebral face-selective responses in ERP and in the

gamma band recorded within this region. Moreover, as re-

sponses recorded in the gamma band typically reflect local

cortical activity (Crone, Miglioretti, Gordon, & Lesser, 1998;

Manning et al., 2009; Miller et al., 2007), this shows that face-

selective responses were generated by a local face-selective

region of the right anterior fusiform gyrus.

Given the reported absence of face distortion, it may be

tempting to interpret CD's deficit as a form of “associative

prosopagnosia”, namely an impairment of face recognition

despite an intact percept (Davies-Thompson, Pancaroglu, &

Barton, 2014; De Renzi, 1986; Gainotti & Marra, 2011; McNeil

& Warrington, 1991; Sergent & Signoret, 1992), and to

contrast it with the kind of “apperceptive prosopagnosia”

Fig. 5 e The critical stimulation sites are located in a MRI signal drop-out. A. Face-selective areas (rOFA and rFFA) and

intracerebral contacts F3, F4, F5 and F6 are shown on raw functional slices (axial and sagittal slices). The MRI signal

intensity shows a strong signal drop-out in the antero-inferior temporal cortex (in black), where these contacts are located.

The right OFA and FFA are spared by this drop-out. B. Superimposition of raw functional and anatomical images (axial and

coronal slices), showing that the signal drop-out specifically involved the anterior FG and the inferior temporal gyrus.
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evoked by stimulating the OFA (Jonas et al., 2012, 2014) and

FFA (Parvizi et al., 2012; Rangarajan et al., 2014). However, the

distinction between perception and memory impairments in

neuropsychological patients with (prosop)agnosia (or in

congenital/developmental forms of prosopagnosia) is not

clear-cut (Farah, 1990; Rossion, 2014). That is, so-called pure

associative cases of prosopagnosia usually perform below

normal range at matching different pictures of unfamiliar

faces or use extremely slow and painstaking strategies (e.g.,

Davidoff & Landis, 1990; Delvenne, Seron, Coyette, & Rossion,

2004; Farah, 1990; Levine & Calvanio, 1989), even when brain

damage is restricted to anterior regions (e.g., Busigny et al.,

2014a). Hence, given that CD was not tested with simulta-

neous matching of unfamiliar face pictures, there is no

objective evidence that her percept was intact, and thus one

should remain cautious in interpreting CD's transient

impairment as reflecting a form of associative prosopagnosia.

4.3. The anterior FG: an undefined face-selective region

The critical stimulation site in the anterior FG was located

anteriorly to the right FFA individually identified in CD's brain.
This right FFA was localized in the posterior and middle FG

(Talairach y axis: �39), a localization fully consistent with the

typical localization of the right FFA (Talairach y axis around

�40/�70; e.g., Fox, Iaria,& Barton, 2009; Kanwisher et al., 1997;

Rossion et al., 2012). Moreover, the stimulation site was

located anteriorly to the most anterior FFA cluster when the

FFA is separated into 2 clusters along the FG, as in some recent

studies (e.g., “mFus-faces/FFA-2”, Weiner & Grill-Spector,

2010; Weiner et al., 2014). Indeed, this most anterior FFA

cluster is located in the middle FG at the level of the mid-

fusiform sulcus (Weiner et al., 2014), whereas our stimula-

tion site was located in the anterior FG, where the mid-

fusiform sulcus is not visible (Fig. 3A). However, it is impor-

tant to note that the critical stimulation site was located

posteriorly to most anterior fMRI face-selective activations

found in the ventral temporal lobe, these activations being

generally found in the anterior segment of the collateral sul-

cus (Talairach y axis around 0/�10; Avidan et al., 2014; Axelrod

& Yovel, 2013; Nasr & Tootell, 2012; Pinsk et al., 2009; Pyles,

Verstynen, Schneider, & Tarr, 2013; Rajimehr et al., 2009;

Rossion et al., 2012; Tsao et al., 2008).

In sum, our critical stimulation site was located anteriorly

to the FFA but posteriorly to the most anterior face-selective

activations in the ventral temporal lobe. In fMRI, these “in-

termediate” ventral temporal face-selective activations have

been reported specifically in the anterior FG in a handful of

studies (Talairach y axis around �30; Axelrod & Yovel, 2013;

Nasr & Tootell, 2012; Pyles et al., 2013; Rossion et al., 2012).

However, anterior FG face-selective activations were rarely

reported and were not consistently found in individual sub-

jects in these studies due to a hemodynamic signal drop-out

created by magnetic susceptibility artifacts (Axelrod & Yovel,

2013; Ojemann et al., 1997; Rajimehr et al., 2009; Tsao et al.,

2008). Consistently with these observations, we were unable

to find fMRI face-selective activations overlapping the rele-

vant stimulation sites due to a severe signal drop-out affecting

specifically the anterior FG, even thoughwe recorded local ERP

and gamma face-selective responses showing the face-

selectivity of this region. This hemodynamic signal drop-out

in fMRI may also explain why little is known about the role

of anterior FG face-selective region in face processing (beyond

PET studies, see below). In this context, our study illustrates

the value of both intracerebral recordings, revealing highly

significant local ERPs and gamma band face-selective re-

sponses here in the anterior FG, and electrical stimulation for

better understanding face-selective regions anterior to the

FFA and thus the function of the whole cortical face network.

Although intracerebral electrical stimulations are focal

(thanks to low intensity stimulations of small contacts

directly embedded into the gray matter), the stimulation

signal may propagate to other connected face-selective areas

throughout white matter tracts (Gomez et al., 2015; Gschwind,

Pourtois, Schwartz, Van De Ville, & Vuilleumier, 2012; Pyles,

et al., 2013).1 In monkeys, microstimulation of face-selective

patches has been shown to produce activation in other face

patches (Moeller, Freiwald, & Tsao, 2008). However, the spe-

cific connectivity of the face-selective anterior FG region re-

mains unknown so that the propagation of the stimulation

signal is difficult to estimate (Gschwind et al., 2012; Pyles,

et al., 2013). One potential reason for this lack of knowledge

is that fMRI-tractography studies have so far failed to localize

this face-selective region in a sufficient number of partici-

pants. For instance, one study identified face-selective acti-

vations in the anterior FG in 2 subjects only, so that the

specific connectivity of this region was not examined further

(Pyles, et al., 2013).

4.4. What is the role of the right anterior FG in face
processing?

Using famous faces, we showed that the right anterior FG is

critical for familiar face recognition. This suggests that the

anterior FG plays a role in person identification and memory.

This hypothesis is consistent with fMRI and brain lesions

studies showing that anterior temporal lobemay play a role in

face individualization and semantic knowledge about people

(e.g., Busigny et al., 2014a; Joubert et al., 2006; Kriegeskorte,

Formisano, Sorger, & Goebel, 2007; Nestor, Plaut, &

Behrmann, 2011; Sergent et al., 1992; Von Der Heide,

Skipper, & Olson, 2013; for reviews see Collins & Olson, 2014;

Gainotti, 2007; Gobbini & Haxby, 2007; Olson, Plotzker, &

Ezzyat, 2007). However, these studies rarely investigated the

role of the anterior FG specifically. As discussed above, fMRI

studies rarely reported activation in this region since fMRI

signal is notoriously weak in the anterior FG. Brain lesions

studies have concentrated on anterior temporal lobe damaged

patients following stroke, trauma, neurodegenerative disorder

(such as fronto-temporal dementia) or cortical resection.

These lesionswere usually large or undefined, extending from

1 It is very unlikely that our stimulation effects were solely
related to the stimulation of white matter tracts connected with
more posterior face-selective areas, for several reasons: (i) the
stimulated contacts were located in the gray matter; (ii) stimu-
lation of adjacent contacts in the white matter did not evoke any
recognition impairment (e.g., contact F7); (iii) the stimulation
sites were located in a face-selective cortical area; (iv) only con-
tacts showing face-selective responses were associated with face
recognition impairment.
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the middle ventral temporal cortex to the temporal pole, and

thus not specific to the anterior FG.

Overall, our findings regarding the critical function of the

right anterior FG relate better to two independent, and rather

unusual, observations. First, two early studies using PET, in

which there is no issue of signal drop-out to consider in these

regions, identified the right anterior FG in a contrast between

familiar and unfamiliar faces (Rossion, Schiltz, Robaye,

Pirenne, & Crommelinck, 2001; Wiser et al., 2000). In the first

of these studies, the right anterior FG signaled a clear-cut (i.e.,

categorical) difference between familiar and unfamiliar faces

in an orthogonal task (Rossion et al., 2001). The localization of

the focus of activation strikingly corresponds to the site of

stimulation evoking prosopagnosia here (Fig. 6), and was

clearly distinct from the right FFA as defined independently in

the same group of subjects (Rossion, Schiltz, & Crommelinck,

2003b). Second, a study investigating the anatomical structure

of the fusiform gyrus in congenital prosopagnosic patients

reported specifically a volume reduction of the anterior FG in

these patients compared to normal controls (Behrmann, et al.,

2007). Moreover, this volumetric reduction of the anterior FG

was correlated with participants' behavioral decrement in

famous face recognition. Taken together, these studies and

the present original report point to the right anterior FG as a

critical node for distinguishing familiar and unfamiliar faces

and thus recognizing familiar faces.

5. Conclusion

To our knowledge, this is the first report of transient impair-

ment of familiar face recognition with no evidence of

perceptual face distortion, and following electrical stimula-

tion a face-selective region anterior to the middle fusiform

gyrus. These findings point to the causal role in face recogni-

tion of the right anterior fusiform gyrus andmore generally of

face-selective regions located beyond the OFA and FFA, i.e.,

anteriorly to the so-called “core” cortical network for face

processing in humans.

Acknowledgments

We thank the patient CD for taking part in the study. JJ and BR

are supported by the Belgian National Foundation for Scien-

tific Research (FNRS), and CJ is supported by the Belgian Fed-

eral Science Policy Office (BELSPO). This work was partly

Fig. 6 e The critical stimulation sites overlap the location of PET activations for familiar faces (Rossion et al., 2001).

Comparison of the locations of the stimulated region in the present study (A.) and the differential activation for familiar and

unfamiliar faces in the PET study of Rossion et al. (2001) (B.), in sagittal and coronal slices. The right anterior FG PET

activation displayed below (Talairach coordinates: x: 42, y: ¡28, z: ¡24) was anterior to the localized right FFA (x: 38, y: ¡44,

z: ¡28; Rossion et al., 2003b).

c o r t e x 7 2 ( 2 0 1 5 ) 1 4 0e1 5 5152

http://dx.doi.org/10.1016/j.cortex.2015.05.026
http://dx.doi.org/10.1016/j.cortex.2015.05.026


supported by an ERC grant (facessvep 284025) and a FRSM

3.4601.12 grant.

Supplementary data

Supplementary data related to this article can be found at

http://dx.doi.org/10.1016/j.cortex.2015.05.026.

r e f e r e n c e s

Allison, T., McCarthy, G., Nobre, A., Puce, A., & Belger, A. (1994).
Human extrastriate visual cortex and the perception of faces,
words, numbers, and colors. Cerebral Cortex, 4, 544e554.

Allison, T., Puce, A., Spencer, D. D., & McCarthy, G. (1999).
Electrophysiological studies of human face perception. I:
potentials generated in occipitotemporal cortex by face and
non-face stimuli. Cerebral Cortex, 9, 415e430.

Atkinson, A. P., & Adolphs, R. (2011). The neuropsychology of face
perception: beyond simple dissociations and functional
selectivity. Philosophical Transactions of the Royal Society of
London B: Biological Sciences, 366, 1726e1738.

Avidan, G., Tanzer, M., Hadj-Bouziane, F., Liu, N.,
Ungerleider, L. G., & Behrmann, M. (2014). Selective
dissociation between core and extended regions of the face
processing network in congenital prosopagnosia. Cerebral
Cortex, 24, 1565e1578.

Axelrod, V., & Yovel, G. (2013). The challenge of localizing the
anterior temporal face area: a possible solution. NeuroImage,
81, 371e380.

Barbeau, E. J., Taylor, M. J., Regis, J., Marquis, P., Chauvel, P., &
Li�egeois-Chauvel, C. (2008). Spatio temporal dynamics of face
recognition. Cerebral Cortex, 18, 997e1009.

Barton, J. J. (2008). Structure and function in acquired
prosopagnosia: lessons from a series of 10 patients with brain
damage. Journal of Neuropsychology, 2, 197e225.

Barton, J. J., Press, D. Z., Keenan, J. P., & O'Connor, M. (2002).
Lesions of the fusiform face area impair perception of facial
configuration in prosopagnosia. Neurology, 58, 71e78.

Behrmann, M., Avidan, G., Gao, F., & Black, S. (2007). Structural
imaging reveals anatomical alterations in inferotemporal
cortex in congenital prosopagnosia. Cerebral Cortex, 17,
2354e2363.

Benton, A. L., Sivan, A. B., Hamsher, K., Varney, N. R., & Spreen, O.
(1983). Benton facial recognition: Stimulus and multiple choice
pictures. Lutz: Psychological Assessment Resources Inc.

Bodamer, J. (1947). Die Prosop-Agnosie. Archiv für Psychiatrie und
Nervenkrankheiten, vereinigt mit Zeitschrift für die gesamte
Neurologie und Psychiatrie, 118, 6e53.

Bouvier, S. E., & Engel, S. A. (2006). Behavioral deficits and cortical
damage loci in cerebral achromatopsia. Cerebral Cortex, 16,
183e191.

Bukowski, H., Dricot, L., Hanseeuw, B., & Rossion, B. (2013).
Cerebral lateralization of face-sensitive areas in left-handers:
only the FFA does not get in right. Cortex, 49, 2853e2859.

Busigny, T., Joubert, S., Felician, O., Ceccaldi, M., & Rossion, B.
(2010). Holistic perception of the individual face is specific and
necessary: evidence from an extensive case study of acquired
prosopagnosia. Neuropsychologia, 48, 4057e4092.

Busigny, T., Prairial, C., Nootens, J., Kindt, V., Engels, S.,
Verplancke, S., et al. (2014b). CELEB : a neuropsychological tool
for famous face recognition and proper name production.
Revue de Neuropsychologie, 6, 69e81.

Busigny, T., Van Belle, G., Jemel, B., Hosein, A., Joubert, S., &
Rossion, B. (2014a). Face-specific impairment in holistic

perception following focal lesion of the right anterior temporal
lobe. Neuropsychologia, 56, 312e333.

Calder, A. J., & Young, A. W. (2005). Understanding the recognition
of facial identity and facial expression. Nature Reviews
Neuroscience, 6, 641e651.

Chong, S. C., Jo, S., Park, K. M., Joo, E. Y., Lee, M. J., Hong, S. C.,
et al. (2013). Interaction between the electrical stimulation of a
face-selective area and the perception of face stimuli.
NeuroImage, 77, 70e76.

Collins, J. A., & Olson, I. R. (2014). Beyond the FFA: the role of the
ventral anterior temporal lobes in face processing.
Neuropsychologia, 61, 65e79.

Crawford, J. R., & Garthwaite, P. H. (2005). Testing for suspected
impairments and dissociations in single-case studies in
neuropsychology: evaluation of alternatives using Monte
Carlo simulations and revised tests for dissociations.
Neuropsychology, 19, 318e331.

Crawford, J. R., & Howell, D. C. (1998). Comparing an individual's
test score against norms derived from small samples. The
Clinical Neuropsychologist, 12, 482e486.

Crone, N. E., Miglioretti, D. L., Gordon, B., & Lesser, R. P. (1998).
Functional mapping of human sensorimotor cortex with
electrocorticographic spectral analysis. II. Event-related
synchronization in the gamma band. Brain, 121, 2301e2315.

Davidoff, J., & Landis, T. (1990). Recognition of unfamiliar faces in
prosopagnosia. Neuropsychologia, 28, 1143e1161.

Davies-Thompson, J., Pancaroglu, R., & Barton, J. (2014). Acquired
prosopagnosia: structural basis and processing impairments.
Frontiers in Bioscience, 6, 159e174.

De Renzi, E. (1986). Current issues on prosopagnosia. In H. D. Ellis,
M. A. Jeeves, F. Newcombe, & A. Young (Eds.), Aspects of face
processing (pp. 243e252). Dordrecht, Netherlands: Martinus
Nijhoff.

Delvenne, J. F., Seron, X., Coyette, F., & Rossion, B. (2004).
Evidence for perceptual deficits in associative visual (prosop)
agnosia: a single-case study. Neuropsychologia, 42, 597e612.

Dzhelyova, M. P., Ellison, A., & Atkinson, A. P. (2011). Event-
related repetitive TMS reveals distinct, critical roles for right
OFA and bilateral posterior STS in judging the sex and
trustworthiness of faces. Journal of Cognitive Neuroscience, 23,
2782e2796.

Engell, A. D., & McCarthy, G. (2011). The relationship of g
oscillations and face-specific ERPs recorded subdurally from
occipitotemporal cortex. Cerebral Cortex, 21, 1213e1221.

Farah, M. J. (1990). Visual agnosia: Disorders of object recognition and
what they tell us about normal vision. Cambridge, MA: MIT Press.

Fox, C. J., Iaria, G., & Barton, J. J. (2009). Defining the face
processing network: optimization of the functional localizer in
fMRI. Human Brain Mapping, 30, 1637e1651.

Gainotti, G. (2007). Different patterns of famous people
recognition disorders in patients with right and left anterior
temporal lesions: a systematic review. Neuropsychologia, 45,
1591e1607.

Gainotti, G., & Marra, C. (2011). Differential contribution of right
and left temporo-occipital and anterior temporal lesions to
face recognition disorders. Frontiers in Human Neuroscience, 5,
55.

Gauthier, I., Tarr, M. J., Moylan, J., Skudlarski, P., Gore, J. C., &
Anderson, A. W. (2000). The fusiform “face area” is part of a
network that processes faces at the individual level. Journal of
Cognitive Neuroscience, 12, 495e504.

Glosser, G., Salvucci, A. E., & Chiaravalloti, N. D. (2003). Naming
and recognizing famous faces in temporal lobe epilepsy.
Neurology, 61, 81e86.

Gobbini, M. I., & Haxby, J. V. (2007). Neural systems for recognition
of familiar faces. Neuropsychologia, 45, 32e41.

Gomez, J., Pestilli, F., Witthoft, N., Golarai, G., Liberman, A.,
Poltoratski, S., et al. (2015). Functionally defined white matter

c o r t e x 7 2 ( 2 0 1 5 ) 1 4 0e1 5 5 153

http://dx.doi.org/10.1016/j.cortex.2015.05.026
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref1
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref1
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref1
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref1
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref2
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref2
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref2
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref2
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref2
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref3
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref3
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref3
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref3
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref3
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref4
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref4
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref4
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref4
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref4
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref4
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref5
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref5
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref5
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref5
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref6
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref6
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref6
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref6
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref6
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref7
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref7
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref7
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref7
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref8
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref8
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref8
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref8
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref9
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref9
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref9
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref9
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref9
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref10
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref10
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref10
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref11
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref11
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref11
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref11
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref12
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref12
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref12
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref12
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref13
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref13
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref13
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref13
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref14
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref14
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref14
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref14
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref14
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref15
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref15
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref15
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref15
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref15
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref16
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref16
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref16
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref16
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref16
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref17
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref17
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref17
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref17
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref18
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref18
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref18
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref18
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref18
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref19
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref19
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref19
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref19
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref20
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref20
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref20
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref20
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref20
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref20
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref21
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref21
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref21
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref21
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref22
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref22
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref22
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref22
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref22
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref23
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref23
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref23
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref24
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref24
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref24
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref24
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref25
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref25
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref25
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref25
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref25
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref26
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref26
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref26
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref26
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref27
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref27
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref27
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref27
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref27
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref27
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref28
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref28
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref28
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref28
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref29
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref29
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref30
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref30
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref30
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref30
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref31
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref31
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref31
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref31
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref31
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref32
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref32
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref32
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref32
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref33
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref33
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref33
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref33
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref33
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref34
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref34
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref34
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref34
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref35
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref35
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref35
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref36
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref36
http://dx.doi.org/10.1016/j.cortex.2015.05.026
http://dx.doi.org/10.1016/j.cortex.2015.05.026


reveals segregated pathways in human ventral temporal
cortex associated with category-specific processing. Neuron,
85, 216e227.

Gschwind, M., Pourtois, G., Schwartz, S., Van De Ville, D., &
Vuilleumier, P. (2012). White-matter connectivity between
face-responsive regions in the human brain. Cerebral Cortex,
22, 1564e1576.

Halgren, E., Baudena, P., Heit, G., Clarke, J. M., Marinkovic, K., &
Clarke, M. (1994). Spatio-temporal stages in face and word
processing. I. Depth-recorded potentials in the human
occipital, temporal and parietal lobes. Journal of Physiology e

Paris, 88, 1e50.
Haxby, J. V., Hoffman, E. A., & Gobbini, M. I. (2000). The distributed

human neural system for face perception. Trends in Cognitive
Science, 4, 223e233.

H�ecaen, H., & Angelergues, R. (1962). Agnosia for faces
(prosopagnosia). Archives of Neurology, 7, 92e100.

Ishai, A. (2008). Let's face it: it's a cortical network. NeuroImage, 40,
415e419.

Jonas, J., Descoins, M., Koessler, L., Colnat-Coulbois, S.,
Sauv�ee, M., Guye, M., et al. (2012). Focal electrical intracerebral
stimulation of a face-sensitive area causes transient
prosopagnosia. Neuroscience, 222, 281e288.

Jonas, J., Rossion, B., Krieg, J., Koessler, L., Colnat-Coulbois, S.,
Vespignani, H., et al. (2014). Intracerebral electrical
stimulation of a face-selective area in the right inferior
occipital cortex impairs individual face discrimination.
NeuroImage, 99, 487e497.

Joubert, S., Felician, O., Barbeau, E., Ranjeva, J. P.,
Christophe, M., Didic, M., et al. (2006). The right temporal
lobe variant of frontotemporal dementia: cognitive and
neuroanatomical profile of three patients. Journal of
Neurology, 253, 1447e1458.

Kanwisher, N., McDermott, J., & Chun, M. M. (1997). The fusiform
face area: a module in human extrastriate cortex specialized
for face perception. The Journal of Neuroscience, 17, 4302e4311.

Kriegeskorte, N., Formisano, E., Sorger, B., & Goebel, R. (2007).
Individual faces elicit distinct response patterns in human
anterior temporal cortex. Proceedings of the National Academy of
Sciences of the United States of America, 104, 20600e20605.

Lachaux, J. P., George, N., Tallon-Baudry, C., Martinerie, J.,
Hugueville, L., Minotti, L., et al. (2005). The many faces of the
gamma band response to complex visual stimuli. NeuroImage,
25, 491e501.

Levine, D. N., & Calvanio, R. (1989). Prosopagnosia: a defect in
visual configural processing. Brain and Cognition, 10, 149e170.

Manning, J. R., Jacobs, J., Fried, I., & Kahana, M. J. (2009).
Broadband shifts in local field potential power spectra are
correlated with single-neuron spiking in humans. The Journal
of Neuroscience, 29, 13613e13620.

McNeil, J. E., & Warrington, E. K. (1991). Prosopagnosia: a
reclassification. The Quarterly Journal of Experimental Psychology,
43, 267e287.

Meadows, J. C. (1974). The anatomical basis of prosopagnosia.
Journal of Neurology, Neurosurgery and Psychiatry, 37, 489e501.

Miller, K. J., Leuthardt, E. C., Schalk, G., Rao, R. P., Anderson, N. R.,
Moran, D. W., et al. (2007). Spectral changes in cortical surface
potentials during motor movement. The Journal of Neuroscience,
27, 2424e2432.

Moeller, S., Freiwald, W. A., & Tsao, D. Y. (2008). Patches with
links: a unified system for processing faces in the macaque
temporal lobe. Science, 320, 1355e1359.

Nasr, S., & Tootell, R. B. (2012). Role of fusiform and anterior
temporal cortical areas in facial recognition. NeuroImage, 63,
1743e1753.

Nestor, A., Plaut, D. C., & Behrmann, M. (2011). Unraveling the
distributed neural code of facial identity through
spatiotemporal pattern analysis. Proceedings of the National

Academy of Sciences of the United States of America, 108,
9998e10003.

Ojemann, J., Akbudak, E., Snyder, A., McKinstry, R., Raichle, M., &
Conturo, T. (1997). Anatomic localization and quantitative
analysis of gradient refocused echo-planar fMRI susceptibility
artifacts. NeuroImage, 6, 156e167.

Oldfield, R. C. (1971). The assessment and analysis of handedness:
the Edinburgh inventory. Neuropsychologia, 9, 97e113.

Olson, I. R., Plotzker, A., & Ezzyat, Y. (2007). The Enigmatic
temporal pole: a review of findings on social and emotional
processing. Brain, 130, 1718e1731.

Onitsuka, T., Shenton, M. E., Kasai, K., Nestor, P. G., Toner, S. K.,
Kikinis, R., et al. (2003). Fusiform gyrus volume reduction and
facial recognition in chronic schizophrenia. Archives of General
Psychiatry, 60, 349e355.

Parvizi, J., Jacques, C., Foster, B. L., Witthoft, N., Rangarajan, V.,
Weiner, K. S., et al. (2012). Electrical stimulation of human
fusiform face-selective regions distorts face perception. The
Journal of Neuroscience, 32, 14915e14920.

Pinsk, M. A., Arcaro, M., Weiner, K. S., Kalkus, J. F., Inati, S. J.,
Gross, C. G., et al. (2009). Neural representations of faces and
body parts in macaque and human cortex: a comparative
FMRI study. Journal of Neurophysiology, 101, 2581e2600.

Pitcher, D., Walsh, V., Yovel, G., & Duchaine, B. (2007). TMS
evidence for the involvement of the right occipital face area in
early face processing. Current Biology, 17, 1568e1573.

Puce, A., Allison, T., Gore, J. C., & McCarthy, G. (1995). Face-
sensitive regions in human extrastriate cortex studied by
functional MRI. Journal of Neurophysiology, 74, 1192e1199.

Pyles, J. A., Verstynen, T. D., Schneider, W., & Tarr, M. J. (2013).
Explicating the face perception network with white matter
connectivity. PLoS One, 8, e61611.

Rajimehr, R., Young, J. C., & Tootell, R. B. (2009). An anterior
temporal face patch in human cortex, predicted by macaque
maps. Proceedings of the National Academy of Sciences of the United
States of America, 106, 1995e2000.

Rangarajan, V., Hermes, D., Foster, B. L., Weiner, K. S., Jacques, C.,
Grill-Spector, K., et al. (2014). Electrical stimulation of the left
and right human fusiform gyrus causes different effects in
conscious face perception. The Journal of Neuroscience, 34,
12828e12836.

Rossion, B. (2008). Constraining the cortical face network by
neuroimaging studies of acquired prosopagnosia. NeuroImage,
40, 423e426.

Rossion, B. (2014). Understanding face perception by means of
prosopagnosia and neuroimaging. Frontiers in Bioscience, 6,
258e307.

Rossion, B., & Caharel, S. (2011). ERP evidence for the speed of face
categorization in the human brain: disentangling the
contribution of low-level visual cues from face perception.
Vision Research, 51, 1297e1311.

Rossion, B., Caldara, R., Seghier, M., Schuller, A. M., Lazeyras, F., &
Mayer, E. (2003a). A network of occipito-temporal face-
sensitive areas besides the right middle fusiform gyrus is
necessary for normal face processing. Brain, 126, 2381e2395.

Rossion, B., Hanseeuw, B., & Dricot, L. (2012). Defining face
perception areas in the human brain: a large-scale factorial
fMRI face localizer analysis. Brain and Cognition, 79, 138e157.

Rossion, B., Schiltz, C., & Crommelinck, M. (2003b). The
functionally defined right occipital and fusiform “face areas”
discriminate novel from visually familiar faces. NeuroImage,
19, 877e883.

Rossion, B., Schiltz, C., Robaye, L., Pirenne, D., & Crommelinck, M.
(2001). How does the brain discriminate familiar and
unfamiliar faces?: a PET study of face categorical perception.
Journal of Cognitive Neuroscience, 13, 1019e1034.

Sato, W., Kochiyama, T., Uono, S., Matsuda, K., Usui, K., Inoue, Y.,
et al. (2014). Rapid, high-frequency, and theta-coupled gamma

c o r t e x 7 2 ( 2 0 1 5 ) 1 4 0e1 5 5154

http://refhub.elsevier.com/S0010-9452(15)00185-9/sref36
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref36
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref36
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref36
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref37
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref37
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref37
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref37
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref37
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref38
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref38
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref38
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref38
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref38
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref38
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref39
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref39
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref39
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref39
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref40
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref40
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref40
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref40
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref41
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref41
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref41
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref42
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref42
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref42
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref42
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref42
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref42
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref43
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref43
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref43
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref43
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref43
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref43
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref44
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref44
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref44
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref44
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref44
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref44
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref45
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref45
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref45
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref45
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref46
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref46
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref46
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref46
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref46
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref47
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref47
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref47
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref47
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref47
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref48
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref48
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref48
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref49
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref49
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref49
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref49
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref49
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref50
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref50
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref50
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref50
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref51
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref51
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref51
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref52
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref52
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref52
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref52
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref52
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref53
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref53
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref53
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref53
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref54
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref54
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref54
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref54
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref55
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref55
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref55
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref55
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref55
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref55
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref56
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref56
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref56
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref56
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref56
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref57
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref57
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref57
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref58
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref58
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref58
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref58
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref59
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref59
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref59
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref59
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref59
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref60
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref60
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref60
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref60
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref60
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref61
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref61
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref61
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref61
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref61
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref62
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref62
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref62
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref62
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref63
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref63
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref63
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref63
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref64
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref64
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref64
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref65
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref65
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref65
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref65
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref65
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref66
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref66
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref66
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref66
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref66
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref66
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref67
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref67
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref67
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref67
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref68
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref68
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref68
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref68
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref69
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref69
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref69
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref69
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref69
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref70
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref70
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref70
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref70
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref70
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref71
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref71
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref71
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref71
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref72
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref72
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref72
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref72
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref72
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref73
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref73
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref73
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref73
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref73
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref74
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref74
http://dx.doi.org/10.1016/j.cortex.2015.05.026
http://dx.doi.org/10.1016/j.cortex.2015.05.026


oscillations in the inferior occipital gyrus during face
processing. Cortex, 60, 52e68.

Sergent, J., Ohta, S., & MacDonald, B. (1992). Functional
neuroanatomy of face and object processing. A positron
emission tomography study. Brain, 115, 15e36.

Sergent, J., & Signoret, J. L. (1992). Varieties of functional deficits
in prosopagnosia. Cerebral Cortex, 2, 375e388.

Solomon-Harris, L. M., Mullin, C. R., & Steeves, J. K. (2013). TMS to
the “occipital face area” affects recognition but not
categorization of faces. Brain and Cognition, 83, 245e251.

Sorger, B., Goebel, R., Schiltz, C., & Rossion, B. (2007).
Understanding the functional neuroanatomy of acquired
prosopagnosia. NeuroImage, 35, 836e852.

Talairach, J., & Bancaud, J. (1973). Stereotaxic approach to
epilepsy: methodology of anatomo-functional stereotactic
investigations. Progress in Neurological Surgery, 5, 297e354.

Talairach, J., & Tournoux, P. (1988). Coplanar stereotaxic atlas of the
human brain: 3-dimensional proportional system: An approach to
cerebral imaging. Stuttgart: Thieme.

Tsao, D. Y., Moeller, S., & Freiwald, W. A. (2008). Comparing face
patch systems in macaques and humans. Proceedings of the
National Academy of Sciences of the United States of America, 105,
19514e19519.

Vidal, J. R., Ossand�on, T., Jerbi, K., Dalal, S. S., Minotti, L.,
Ryvlin, P., et al. (2010). Category-specific visual responses: an
intracranial study comparing gamma, beta, alpha, and ERP
response selectivity. Frontiers in Human Neuroscience, 4, 195.

Vignal, J. P., Chauvel, P., & Halgren, E. (2000). Localised face
processing by the human prefrontal cortex: stimulation-
evoked hallucinations of faces. Cognitive Neuropsychology, 17,
281e291.

Von Der Heide, R. J., Skipper, L. M., & Olson, I. R. (2013). Anterior
temporal face patches: a meta-analysis and empirical study.
Frontiers in Human Neuroscience, 7, 17.

Weiner, K. S., Golarai, G., Caspers, J., Chuapoco, M. R.,
Mohlberg, H., Zilles, K., et al. (2014). The mid-fusiform sulcus:
a landmark identifying both cytoarchitectonic and functional
divisions of human ventral temporal cortex. NeuroImage, 84,
453e465.

Weiner, K. S., & Grill-Spector, K. (2010). Sparsely-distributed
organization of face and limb activations in human ventral
temporal cortex. NeuroImage, 52, 1559e1573.

Wiser, A. K., Andreasen, N., O'Leary, D. S., Crespo-Facorro, B.,
Boles-Ponto, L. L., Watkins, G. L., et al. (2000). Novel vs. well-
learned memory for faces: a positron emission tomography
study. Journal of Cognitive Neuroscience, 12, 255e266.

c o r t e x 7 2 ( 2 0 1 5 ) 1 4 0e1 5 5 155

http://refhub.elsevier.com/S0010-9452(15)00185-9/sref74
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref74
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref74
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref75
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref75
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref75
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref75
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref76
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref76
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref76
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref77
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref77
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref77
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref77
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref78
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref78
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref78
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref78
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref79
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref79
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref79
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref79
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref80
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref80
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref80
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref81
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref81
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref81
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref81
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref81
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref82
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref82
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref82
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref82
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref82
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref83
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref83
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref83
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref83
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref83
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref84
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref84
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref84
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref85
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref85
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref85
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref85
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref85
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref85
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref86
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref86
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref86
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref86
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref87
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref87
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref87
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref87
http://refhub.elsevier.com/S0010-9452(15)00185-9/sref87
http://dx.doi.org/10.1016/j.cortex.2015.05.026
http://dx.doi.org/10.1016/j.cortex.2015.05.026


Systems/Circuits

The Face-Processing Network Is Resilient to Focal Resection
of Human Visual Cortex
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Human face perception requires a network of brain regions distributed throughout the occipital and temporal lobes with a right hemi-
sphere advantage. Present theories consider this network as either a processing hierarchy beginning with the inferior occipital gyrus
(occipital face area; IOG-faces/OFA) or a multiple-route network with nonhierarchical components. The former predicts that removing
IOG-faces/OFA will detrimentally affect downstream stages, whereas the latter does not. We tested this prediction in a human patient
(Patient S.P.) requiring removal of the right inferior occipital cortex, including IOG-faces/OFA. We acquired multiple fMRI measure-
ments in Patient S.P. before and after a preplanned surgery and multiple measurements in typical controls, enabling both within-subject/
across-session comparisons (Patient S.P. before resection vs Patient S.P. after resection) and between-subject/across-session
comparisons (Patient S.P. vs controls). We found that the spatial topology and selectivity of downstream ipsilateral face-selective regions
were stable 1 and 8 month(s) after surgery. Additionally, the reliability of distributed patterns of face selectivity in Patient S.P. before
versus after resection was not different from across-session reliability in controls. Nevertheless, postoperatively, representations of
visual space were typical in dorsal face-selective regions but atypical in ventral face-selective regions and V1 of the resected hemisphere.
Diffusion weighted imaging in Patient S.P. and controls identifies white matter tracts connecting retinotopic areas to downstream
face-selective regions, which may contribute to the stable and plastic features of the face network in Patient S.P. after surgery. Together,
our results support a multiple-route network of face processing with nonhierarchical components and shed light on stable and plastic
features of high-level visual cortex following focal brain damage.

Key words: brain lesion; cortical plasticity; face perception; fusiform face area; hierarchical networks; occipital face area

Introduction
Visual recognition requires a series of processing stages along the
ventral visual pathway of the human brain ascending from pri-
mary visual cortex to occipitotemporal cortex (Ungerleider and
Mishkin, 1982; Felleman and Van Essen, 1991; Kravitz et al.,
2013). Understanding the structural-functional organization of

this pathway is a major neuroscientific goal. Human face percep-
tion is of unique interest to achieve this goal because faces are the
most socially meaningful stimuli in our environment; and as
such, face perception recruits a series of cortical regions respond-
ing more strongly to faces than nonfaces extending from lateral
occipital cortex to ventral aspects of the temporal lobe, with a

Significance Statement

Brain networks consist of interconnected functional regions commonly organized in processing hierarchies. Prevailing theories
predict that damage to the input of the hierarchy will detrimentally affect later stages. We tested this prediction with multiple brain
measurements in a rare human patient requiring surgical removal of the putative input to a network processing faces. Surpris-
ingly, the spatial topology and selectivity of downstream face-selective regions are stable after surgery. Nevertheless, representa-
tions of visual space were typical in dorsal face-selective regions but atypical in ventral face-selective regions and V1. White matter
connections from outside the face network may support these stable and plastic features. As processing hierarchies are ubiquitous
in biological and nonbiological systems, our results have pervasive implications for understanding the construction of resilient
networks.
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right hemisphere dominance (Sergent et al., 1992; Puce et al.,
1995; Haxby et al., 2000; Fox et al., 2008; Rossion, 2008; Pitcher et
al., 2011a; Zhen et al., 2013; Duchaine and Yovel, 2015). A subset
of these regions composes the “core” face network (Haxby et al.,
2000): the inferior occipital gyrus/occipital face area (IOG-faces/
OFA) (Gauthier et al., 2000; Weiner and Grill-Spector, 2010), the
fusiform gyrus (FG)/fusiform face area (FFA) (Kanwisher et al.,
1997), which can be divided into separate regions on the poste-
rior and mid-fusiform gyrus (Pinsk et al., 2009; Weiner and Grill-
Spector, 2010), and regions along the superior temporal sulcus
(STS) (Puce et al., 1998; Pinsk et al., 2009; Pitcher et al., 2011b).
The prevailing neurofunctional model of face perception (Haxby
et al., 2000; Fairhall and Ishai, 2007) proposes that this “core” face
network is organized hierarchically, which suggests that neural
computations in regions of the face network follow and depend
on computations performed by what is considered the input of
the entire network: IOG-faces/OFA.

However, the hierarchical model of the face network has been
questioned by studies showing face-selective responses within
the FG and STS, even in the absence of face-selective responses
in the IOG, both in participants with unilateral or bilateral lesions
to the IOG (Rossion et al., 2003; Steeves et al., 2006) and healthy
participants (Rossion et al., 2011; Pitcher et al., 2014). These
findings have inspired alternative nonhierarchical models of the
face network (Rossion, 2008; Atkinson and Adolphs, 2011;
Pitcher et al., 2011a; Duchaine and Yovel, 2015; Yang et al., 2016),
suggesting that information can reach more anterior regions of
the face network without the IOG. Although fMRI studies in
patients with long-term brain damage provide causal support for
these nonhierarchical proposals, functional measurements in
these patients are conducted years after the damage has occurred,
with no baseline measurement before the lesion. Consequently, a
putative normative state of the functional region or network of
interest before damage is assumed rather than known. Further, it
is impossible to know whether any reorganization has occurred
during the prolonged time interval between the damage and
eventual measurement. An appealing alternative to directly test
hierarchical and nonhierarchical models of the face network is a
functional neuroanatomical investigation of the face network be-
fore and after surgical removal of the right IOG. However, this
approach is largely impossible in humans due to the rarity of
fMRI measurements before a preplanned surgery (Gaillard et al.,
2006).

Here, we present a unique case in which a patient (Patient
S.P.) required focal resection of the right IOG, including IOG-
faces/OFA. We examined the functional organization of the cor-
tical face network before and after removal of the right IOG using
numerous methods: (1) multiple sessions of fMRI, (2) intracere-
bral electrophysiology (iEEG), (3) neuropsychological testing,
and (4) diffusion weighted imaging (DWI) with tractography.

This combinatorial approach directly examines how physically
removing the putative input to a cortical hierarchy in the living
human brain affects the neurofunctional organization of down-
stream regions compared with the original state of the network,
as well as presents a unique opportunity to causally test the hier-
archical and nonhierarchical models of the face network. The
former predicts a detrimental effect of resection on downstream
face-selective regions, whereas the latter predicts resiliency of
downstream face-selective responses despite the removal of right
IOG-faces/OFA.

Materials and Methods
Patient S.P.
Patient S.P. is a 36-year-old right-handed woman who had refractory
epilepsy related to a right benign dysembryoplastic neuroepithelial tu-
mor. The tumor involved the right occipital pole and extended to the
infracalcarine region. Patient S.P. is a high-functioning patient: (1) be-
fore resection, she had an IQ of 98, her visual field was normal, and her
scores on the Visual Object and Space Perception battery assessing basic
visual functions (Warrington and James, 1991) were maximal for all 8
subtests; (2) she works as a pharmacist and has a high level of education
(baccalauréat � 6 in France, totaling 18 years of studies since she was 6
years old); and (3) as far as we know, she has a typical social life, inter-
acting with her family, colleagues, and friends.

The iEEG delineated the seizure onset zone within the tissue related to
the tumor. The epileptic onset zone did not involve IOG-faces/OFA.
Anatomically, surgical resection involved the tumor zone and surround-
ing cortex, including the IOG, posterior FG, and portions of the lateral
occipitotemporal cortex (Fig. 1). Two years after the operation, the pa-
tient remains seizure-free. Written consent was obtained from Patient
S.P., and the procedures were approved by the local ethical committee of
the University Hospital of Nancy for clinical protocols.

fMRI
fMRI data acquisition
Exclusive to our case, we acquired multiple fMRI sessions before and
after resection to distinguish the effect of resection from session-to-
session variability. Patient S.P. participated in five fMRI sessions (S1, S2,
S3, S4, and S5) on different days. S1 and S2 were presurgical. S3, S4, and
S5 were postsurgical. S1 and S2 were 30 and 4 d before surgery, respec-
tively. S3, S4, and S5 were 30 d, 8 months, and 18 months after surgery,
respectively. In S1, S2, S3, and S4, Patient S.P. participated in multiple
runs of a block design experiment designed to measure responses to
different visual categories. In S1, Patient S.P. also participated in a stan-
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Figure 1. Reconstructing the resection. The resection (blue) included the IOG and surround-
ing cortex. After aligning the preoperative and postoperative anatomies, we projected the
resected tissue onto the presurgical anatomy. All analyses were done on the pre-resection
anatomy. Left, Axial slice of the post-resection T1. Middle, Reconstruction of the postoperative
cortical surface and resected tissue (blue). White dotted line indicates the zoomed portion in the
rightmost image. Right, Inflated preoperative cortical surface with the aligned resected cortex
shaded in blue. CoS, Collateral sulcus; MFS, mid-fusiform sulcus; OTS, occipitotemporal sulcus.
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dard retinotopic mapping experiment, as well as an event-related
experiment using images of faces, cars, and their phase-scrambled coun-
terparts. In S5, Patient S.P. participated in an experiment during which
images of faces, limbs, and houses appeared at fixation or 3° to the right
or left of fixation (3 position experiment).

All functional and anatomical imaging sessions were performed on the
same 3 Tesla GE scanner (Signa HDXT, GE Medical Systems) at the
University Hospital of Nancy (Nancy, France) using an 8-channel head
coil. In S1, we acquired 38 slices at a resolution of 3.75 � 3.75 � 3.5 mm
using a standard EPI sequence (FOV � 240 mm, TE � 35 ms, TR � 2000
ms, flip angle � 90°). In S2-S5, we acquired 36 slices at a resolution of 3 �
3 � 3 mm using a standard EPI sequence (FOV � 192 mm, TE � 33 ms,
TR � 2000 ms, flip angle � 77°). In S2-S5, inplane anatomicals were also
acquired with the same slice prescription as the functionals using a T1-
weighted SPGR pulse sequence (FOV � 192 mm, TE � minimum, flip
angle � 25°). In all sessions, high-resolution anatomical volumes of the
whole brain were acquired using a T1-weighted SPGR pulse sequence
(resolution: 1 � 1 � 1 mm), which was used to create reconstructions of
the cortical surface.

fMRI experiments
Localizer, block experiment. Patient S.P. participated in 3 runs of this
experiment in S1, 2 runs in S2, and 2 runs in two of the postsurgical
scanning sessions (S3, S4). During the fMRI scan, she viewed images
of faces, limbs, places, objects, and phase-scrambled images. Exem-
plars appeared in variable viewing conditions and were not repeated
across runs. Each run was 288 s long, consisted of randomized 12 s
blocks of each condition (3 per condition), and contained 8 blank
blocks. Each run began and ended with 12 s of blank. Patient S.P.
performed a 1-back task as in our prior experiments (Weiner and
Grill-Spector, 2010, 2011, 2013; Weiner et al., 2014).

Localizer, event-related experiment. Patient S.P. participated in 3
runs of this experiment in presurgical S1. Images of faces, cars, and
phase-scrambled images were presented for 2.25 s, followed by a
7.75–11.25 s blank interval. Each run lasted 504 s, during which 11
images of each type (44 in total) were presented. Images were not
repeated within or across runs.

Traveling wave retinotopy experiment. Patient S.P. participated in stan-
dard retinotopic mapping (Engel et al., 1997) in S1. While fixating, she
participated in 2 runs during which she viewed rotating black-and-white
checkerboard wedges or expanding checkerboard rings. Patient S.P. was
instructed to fixate on a central cross and respond by button press when
the fixation cross changed colors.

Three position experiment. During S5, Patient S.P. participated in an
experiment designed to measure fMRI responses to contralateral and
ipsilateral stimuli. During fMRI, images of faces, houses, and limbs
appeared in three positions: (1) at fixation, (2) 3° of visual angle to the
left of fixation, and (3) 3° of visual angle to the right of fixation.
Exemplars appeared in variable viewing conditions within 4 s blocks
for 3 runs. Each run was 200 s long, consisted of randomized blocks of
each condition (4 per condition), and contained 12 blank blocks.
Each run also began and ended with 4 s of a blank screen. Patient S.P.
was instructed to fixate on a central cross and respond by button press
when the fixation changed color.

fMRI data analysis
Data were analyzed with MATLAB (The MathWorks) using the mrVista
toolbox (http://white.stanford.edu/software). Presurgical and postsurgi-
cal T1 scans were aligned to the AC-PC plane. Automated (Dale et al.,
1999) (FreeSurfer: http://surfer.nmr.mgh.harvard.edu) and manual
(ITK-SNAP: http://www.itksnap.org/pmwiki/pmwiki.php) segmenta-
tion tools were used to segment gray and white matter, from which we
reconstructed the cortical surface (Wandell et al., 2000). For visualiza-
tion, data were projected to the presurgical anatomy after aligning pre-
surgical and postsurgical volumes and determining resection boundaries
from postsurgical scans (Fig. 1). Functional data of each session were
motion corrected and temporally high-pass filtered with 1/20 Hz cutoff
and converted to percentage signal change. Response amplitudes were
estimated using a GLM applied to the time-series of each voxel using as

predictors the experimental conditions convolved with the hemody-
namic impulse response function used in SPM. Data were not spatially
smoothed. A GLM was also used to generate t maps of selectivity showing
significantly higher responses to one condition versus others.

Definition of face-selective regions of interest (ROIs). Four face-selective
clusters were defined in the right hemisphere of Patient S.P. from the
localizer experiment from 1 run in S1 with a contrast of faces � limbs,
places, and objects (t �3, voxel level) as in our prior studies (Weiner and
Grill-Spector, 2010, 2013): (1) posterior fusiform (pFus)-faces/FFA-1,
(2) IOG-faces/OFA, (3) posterior superior temporal sulcus (pSTS)-faces,
and (4) mid superior temporal sulcus (mSTS)-faces. In the left hemi-
sphere, we were able to identify mFus-faces/FFA-2, pFus-faces/FFA-1,
and pSTS-faces in all sessions, but not the left IOG-faces/OFA in any
session. We compared the localization of these activations before and
after resection. Data from right hemisphere are presented in Figures 3–5,
and 7, and data from the left hemisphere in Figures 6 and 7.

We were able to identify two additional regions in the right hemi-
sphere in a subset of the sessions. Specifically, we were able to identify
mFus-faces/FFA-2 (Weiner and Grill-Spector, 2010) only in one of the
pre-resection sessions (Fig. 4). To test whether this was a measurability
problem due to the ear canal artifact, we measured the time course signal-
to-noise ratio (tSNR) in each run. A tSNR threshold of 35 is necessary to
measure a statistically meaningful result given our resolution, magnetic
strength, and scan duration (Murphy et al., 2007). However, in 3 of the 4
independent pre-resection runs in mFus-faces, tSNR was not signifi-
cantly higher than the required tSNR for measurability (all p values
�0.29). This is not specific to Patient S.P. as we have previously shown
that MR artifacts induced by the ear canal can affect the measurability
and tSNR of mFus-faces/FFA-2 (Weiner and Grill-Spector, 2013). Be-
cause mFus-faces/FFA-2 is unstable before resection, we do not include
this region in our subsequent analyses. It is also important to reiterate
that we can identify this region in Patient S.P. in the left hemisphere; this
is because MR artifacts are not subject-specific, but hemisphere-specific,
and can differentially affect the measurability of the same region across
hemispheres (Weiner and Grill-Spector, 2013). Indeed, in Patient S.P.,
whereas the tSNR is low in right mFus-faces/FFA-2 across sessions as
reported above, it is stable and �35 across sessions in left mFus-faces/
FFA-2 (pre-resection tSNR mean � SD: 102 � 59; post-resection tSNR:
105 � 28; these values are not significantly different, p � 0.93, paired t
test).

We were also able to identify an additional region on the inferior
occipital sulcus (IOS) in both pre-resection sessions (see Fig. 4). How-
ever, this region is typically not included in neurocognitive models of face
perception as it does not respond specifically to faces but responds to
animate stimuli more generally, as well as overlaps with nearby body-
selective regions (Weiner and Grill-Spector, 2013). Indeed, responses to
faces and bodies within the IOS were not significantly different in Patient
S.P. (before resection, p � 0.60) or in a group of typical controls (N � 10,
p � 0.70; see fMRI and diffusion weighted imaging in control subjects).

Mean response amplitudes and selectivity. Analyses of mean response
amplitudes and selectivity were conducted on data that were indepen-
dent from those used to define the ROIs. For the former, we first calcu-
lated mean response amplitudes estimated from GLM betas in each voxel
and then averaged these responses across voxels in each ROI. For the
latter, we first calculated face selectivity within each voxel as faces � other
stimuli and then calculated the mean selectivity across voxels of each ROI
within each run of the experimental session (see Figs. 3, 4, 6). Impor-
tantly, all analyses within right pFus-faces excluded resected portions to
assure that comparisons before and after resection included the same
voxels.

Reliability of face selectivity across voxels. To examine the reliability of
face selectivity across voxels, we calculated the distributed face selectivity
in each ROI for each run and then calculated the correlation (r) between
distributed face selectivity of the ROI across sessions. We calculated these
values three different ways in Patient S.P.: (1) between experimental runs
across pre-resection sessions (see Fig. 5, red); (2) between experimental
runs across post-resection sessions (see Fig. 5, black); and (3) between
experimental runs across pre-resection and post-resection sessions (see
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Fig. 5, blue). We calculated these reliability metrics for right pFus-faces,
pSTS-faces, and mSTS-faces.

Definition of retinotopic ROIs. We delineated retinotopic visual areas
V1-V7/IPS-0 from the traveling wave retinotopic experiment conducted
before resection in S1 (Fig. 2). Because of limitations of the scanner setup,
we could only map visual field representations within the central 5°. V1
was used for examining visual field representations in the three position
experiment, and to define ROIs for DWI tracking of white matter tracts
between early visual cortex to downstream face-selective regions. V7/
IPS-0 ROI was defined for white matter tracking of vertical tracts to the
fusiform. Additionally, we used cortex-based alignment techniques to
align templates of early visual regions V1-V3 (Benson et al., 2012, 2014)
to Patient S.P.’s cortical surface to delineate the entire eccentricity repre-
sentation of these regions (Fig. 2A).

Visual field preference (3 position experiment). Within V1, pFus-faces,
mSTS-faces, and pSTS-faces, we calculated the visual field preference in
response to stimuli presented in the right and left visual field in each
voxel by calculating the t value comparing responses to stimuli in the left
versus right visual field collapsed across categories. Negative numbers
indicate preference for the left visual field (expected for right hemisphere
ROIs), and positive numbers indicate preference for the right visual field
(expected for left hemisphere ROIs). We report the distribution of these
visual field preferences across all voxels of an ROI separately for the right,
resected hemisphere and the left, nonresected hemisphere. We assessed
differences in visual field preferences in the left versus right ROIs using a
Kolmogorov–Smirnov test.

DWI
Data acquisition. We acquired DWI in S1, S3, and S4 using a diffusion-
weighted, single-shot echo-planar imaging sequence: presurgery/post-
surgery S1 and S3 parameters: 25 diffusion directions, b � 1000 s/mm 2,
resolution of 2 � 2 � 2 mm; postsurgery S4 parameters: 64 diffusion
directions, b � 2000 s/mm 2, resolution 2 � 2 � 2.6 mm.

Data analysis. Eddy-current distortions and subject motion were cor-
rected and removed using a constrained 14-parameter nonlinear coreg-
istration method according to the eddy-current distortions created by
the specific phase-encoded direction of the acquired data. Diffusion-
weighted images were registered to the non– diffusion-weighted (b0)
image using a two-stage coarse-to-fine approach to maximize mutual
information. The b0 image was aligned to the T1 image with a rigid body
algorithm. All processing was performed using Stanford University’s
open-source mrDiffusion package (http://white.stanford.edu/software).

We performed whole-brain white matter tractography using MRtrix
software (Tournier et al., 2007, 2012). Each white matter voxel was used
as a seed of origin for fiber tracking, and a constrained-spherical decon-

volution (as in Gomez et al., 2015) model of diffusion was fit at every
voxel within white matter. Fibers were traced within a white matter mask
using the probabilistic tractography implementation within MRtrix us-
ing 600,000 seedpoints and a maximum harmonic envelope of 4 was used
to model crossing fibers.

Candidate white matter bundles were extracted by intersecting the
optimized connectome with volume ROIs. ROIs were constructed by
dilating each functional ROI in each subject’s native brain space, with a
3-voxel smoothing kernel to encompass the neighboring white matter
voxels. Candidate pathways interconnecting two ROIs were extracted
from the whole brain connectome through Boolean ‘AND’ operations.

Examining white matter tracts between early visual areas and face-
selective regions. Recent results show that face-selective regions on the
IOG and STS are structurally connected to the calcarine sulcus via lon-
gitudinal white matter tracts (Gschwind et al., 2012). However, it is likely
that these tracts originate separately from the foveal and peripheral rep-
resentations of early visual areas. Indeed, nonhuman primates have an-
atomical connections from the periphery of V1/V2 to the periphery of
MT (Desimone and Ungerleider, 1986). It is feasible that STS face-
selective regions may be structurally connected to the periphery of early
visual areas as these regions are adjacent to the periphery of MT in hu-
mans (Weiner and Grill-Spector, 2013). Thus, we examined both sets of
longitudinal white matter tracts connecting (1) an ROI within the central
5° of V1 (Fig. 2A) and ventral face-selective regions (IOG-faces and pFus-
faces, respectively) and (2) an ROI overlapping eccentricities �20° of
early visual areas (Fig. 2A) and STS face-selective regions (pSTS-faces and
mSTS-faces). For tracking, we refer to these ROIs as V1/V2 because
growing these ROIs as spheres into white matter likely encroached into
portions of V2.

Recent results also show that the posterior fusiform is connected to
dorsal retinotopic regions via vertical white matter tracts (Kim et al.,
2006; Takemura et al., 2016). As the latter study revealed that these tracts
are part of the vertical occipital fasciculus (VOF) (Yeatman et al., 2014;
Takemura et al., 2016; Weiner et al., 2016) and connect hV4 ventrally to
retinotopic maps dorsally extending to V7/IPS-0, we also examined
whether portions of the VOF connect V7/IPS-0 (Fig. 2B) to pFus-faces.
The VOF was defined by including all fibers terminating in posterior
aspects of ventral occipitotemporal cortex with a vertical to horizontal
length ratio of �1.3 (Yeatman et al., 2014).

Mapping fiber endpoints to the resected volume. It is difficult to acquire
DWI data following stroke or cortical damage due to artifacts in the
diffusion signal as a result of increased diffusivity surrounding the dam-
age (Pasternak et al., 2009). Consistent with these prior reports, the re-
sected tissue generated significant artifacts in and around the resection,
which prevented us from being able to accurately track longitudinal fiber
tracts to the FG in post-resection scans S3 and S4. Despite these difficul-
ties, to gain clarity regarding how connectivity of the face network is
affected by the loss of connections associated with IOG-faces/OFA, we
mapped the pre-resection cortical endpoints of the tracts from early
visual cortex to either IOG-faces/OFA or pFus-faces/FFA-1 to the post-
resection volume (see Fig. 8). In contrast to the artifacts affecting ventral
longitudinal tracts, the resection did not affect DWI signals in dorsal
longitudinal tracts or vertical tracts in Patient S.P. (see Figs. 9, 10).

iEEG
IEEG recording was performed to identify the epileptogenic zone,
using intracerebral electrodes (stereo-EEG) (Bancaud and Talairach,
1973). The iEEG was performed once, 6 months before resection.
Electrode implantation sites were chosen according to noninvasive
data collected during the earlier phase of the investigation to localize
and delineate the zone of epileptic seizure onset and early propaga-
tion. Nine electrodes were placed in the right hemisphere targeting
the hippocampus, the rhinal cortex, the ventral occipitotemporal
cortex (lingual gyrus, collateral sulcus, fusiform gyrus, and occipito-
temporal sulcus), the occipital pole, the calcarine sulcus, and the
occipitoparietal junction. One electrode was placed in the left hemi-
sphere, in the middle ventral temporal region. Postimplant CT images
were aligned to the preoperative MRI anatomical brain volume
(Hermes et al., 2010). Electrodes were visualized on the subject’s own

Figure 2. Retinotopic ROIs. A, The polar angle map of V1 on the medial inflated cortical
surface of Patient S.P. before resection. Our fMRI scanning setup allowed us to map eccentrici-
ties out to 5°. Representations of the far periphery (�20°) were defined from the cortical sheet
using recently published tools (Benson et al., 2014). We defined two ROIs for white matter
tracking: the central 5° of V1 (white circle) and eccentricities outside the postsurgery scotoma
(beyond 20°, black circle). B, Polar angle maps from V2d to V7/IPS-0 on the lateral inflated
cortical surface of Patient S.P. before resection. V7/IPS-0 (dashed line) was used for identifying
potential vertical white matter tracts reaching pFus-faces.
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brain volume and reconstructed 3D cortical surface allowing for ac-
curate anatomical localization of electrodes (Fig. 3).

Category iEEG experiment. Patient S.P. viewed 50 black-and-white pic-
tures of faces, body parts, places, and phase-scrambled faces in the hos-
pital room at a distance of 70 cm from a computer monitor. In each trial,
a stimulus was displayed at the center of the monitor for 300 ms, followed
by an average intertrial interval of 1750 ms (1450 –2050 ms). The patient
fixated on a central cross and pressed a key when a face image was pre-
sented upside-down (9% of trials). Patient S.P. performed 4 blocks of 77
trials with conditions randomized within each block.

Data acquisition and analysis. The iEEG signal was recorded at 512 kHz
using a 128-channel amplifier (2 SD LTM 64 Headbox; Micromed) rel-
ative to a prefrontal scalp reference electrode. Continuous EEG data were
notch-filtered to remove line noise (50 Hz and harmonics) and seg-
mented in �1.8 to 1.8 s epochs centered on the onset of each trial. Noisy
trials in which signal amplitude in a �0.6 to 0.4 s time-window was �3.3
or �3.3 times the across-trial SD were discarded. The signal at each
electrode was then rereferenced to the average of all intracranial elec-
trodes. Variations in signal amplitude as a function of time and frequency
were estimated using a Morlet wavelet approach as in prior studies
(Jacques et al., 2016). Face selectivity was tested by comparing the re-
sponse amplitude in the high-frequency broadband range (40 –100 Hz)

elicited by face images compared with place and body part images. Sta-
tistical significance was calculated using permutation tests at each time
sample of the response between �0.1 and 0.8 s relative to stimulus onset.
This process was performed 10,000 times to generate a distribution. Dif-
ferences at a p � 0.01 (two-tailed) that lasted for at least 4 consecutive
time samples were considered significant.

Neuropsychological assessment
We conducted a stringent battery of behavioral tests on subject Patient
S.P. before (11 months) and after (1 month) cortical resection to assess
her general cognitive function, basic visual perception, as well as face and
object perception and recognition. These tests included full-scale IQ test-
ing (WAIS-IV), basic visual perception testing (Visual Object and Space
Perception battery), and visual field tests. We also implemented a face/no
face categorization test with Mooney faces during which participants
categorized upright or inverted two-toned black-and-white face profiles
as a face or not a face (Busigny et al., 2010). Finally, we implemented five
tests of face individuation as follows: (1) The classical neuropsychologi-
cal Benton Face Recognition Test. Subjects were required to match a face
among distractor faces varying in viewpoint and lighting (in this test, all
faces are shown simultaneously) (Benton et al., 1983). (2) An old/new
face recognition test (Busigny et al., 2010). Subjects viewed a series of face

Figure 3. The face network is typical before surgery. A, Regions illustrating face-selective responses (t � 3) before surgery. Blue represents intracerebral electrode within pFus-faces/FFA-1.
Dotted lines indicate location of the two coronal slices shown on the right two panels. 1, pFus-faces/FFA-1; 2, IOG-faces/OFA. Blue outline indicates resected tissue on post-resection anatomy in
similar position as slice at left. B, fMRI response under electrode and from IOG-faces/OFA from an independent experiment. Error bars indicate SEM across runs. C, Time-frequency responses of
pFus-faces/FFA-1 electrode. Signal amplitude (% change from baseline) is averaged across trials and category. Black line indicates stimulus ON window (300 ms). High-frequency broadband
responses showed significantly higher ( p � 0.005) power to faces compared with limbs or places 150 ms after stimulus onset. D, Mean face selectivity in controls (gray) and Patient S.P. (red) in the
IOG (N � 10), pFus (N � 10), pSTS (N � 8), and mSTS (N � 10). Error bars for controls indicate mean and SD between runs averaged across subjects. Error bars for Patient S.P. indicate SD across
4 independent pre-resection runs. E, Mean and SD of face selectivity in individual controls (gray) and Patient S.P. (red) in the IOG (N � 10), pFus (N � 10), pSTS (N � 8), and mSTS (N � 10). Each
bar indicates data from one participant. The x-axis is ranked in a descending order to indicate where Patient S.P. falls in the distribution of typical participants. Error bars indicate SD between runs.
Solid black line indicates the statistical threshold (t � 3) used to define each region from independent data.
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images during a study phase; and then during a test phase, they were
presented with new and old images and were asked to respond whether
each image was old or new. (3) The Cambridge Face Memory Test (Du-
chaine and Nakayama, 2006). Subjects first studied 6 faces. Then, in 72
trials, subjects were asked to identify which of three faces was one that
they had previously studied. Throughout the experiment, trials became
increasingly harder as faces were shown in new views, illuminations, and
with added noise. (4) Face matching across viewpoints (Busigny et al.,
2010). Subjects were shown a frontal face on the top of the screen and two
three-quarter views of faces below. They were then asked to indicate
which of the two three-quarter probes on the bottom were the same as the
frontal view on top. (5) Delayed face matching of upright and inverted
faces (Busigny et al., 2010).

It should be noted that, when asked specifically about her face recog-
nition abilities a few months before the operation (at the time of the
SEEG implantation), Patient S.P. acknowledged that she “had never been
very good at recognizing people from their face.” We should, however,
remain cautious with such statements, given that there is little relation-
ship between subjective reports of face recognition abilities and behav-
ioral measures of face matching and face memory, such as the Cambridge
Face Memory Test (Palermo et al., 2016). Five control female partici-
pants (age, sex, and education level matched) also participated in two
behavioral sessions taken 12 months apart to assess any variations in
test-retest performance on these behavioral tests. The modified t test of
Crawford-Howell for single-case studies (Crawford and Howell, 1998)
was used to compare the results of Patient S.P. and controls. Five
typical control female subjects 31– 40 years of age (mean age 35 � 4.6
years) participated in behavioral testing S1. Four of these subjects
(mean age 36 � 5.5 years) participated in a second behavioral testing
session a year later.

fMRI and DWI in control subjects
Subjects. Ten adults (19 – 45 years old; 3 females; all right-handed) were
recruited to serve as controls for the selectivity and reliability analyses. All
participants were scanned at Stanford University and gave their written
informed consent. Procedures were approved by the Stanford Internal
Review Board on Human Subjects Research.

Scanning. Subjects were scanned on a 3T GE scanner at the Center for
Neurobiological Imaging at Stanford University.

Anatomical brain volumes. A high-resolution anatomical volume of
the whole brain was acquired with a T1-weighted BRAVO pulse sequence
(TR � 450 ms, flip angle � 12°, 1 NEX, FOV � 240 mm, resolution: 1.0
mm isotropic).

fMRI. Because the comparisons of Patient S.P.’s brain responses were
conducted across sessions, all individuals participated in two fMRI scan-
ning sessions. Participants were scanned using a T2* sequence (TE � 30
ms, TR � 2000 ms, flip angle � 77°, bandwidth � 128 kHz, resolution:
2.4 mm isotropic voxels, 34 slices, FOV � 192 mm).

Functional localizer. Participants viewed a block design experiment
consisting of images of faces and nonface categories presented at 1 Hz.
The nonface categories were as follows: places (houses/corridors), bod-
ies, limbs, characters (pseudowords/numbers), and objects (cars/gui-
tars). Participants were instructed to respond by button press when a
phase-scrambled image appeared (Stigliani et al., 2015). Subjects partic-
ipated in 2 runs in S1 and 2 runs in S2 using different stimuli.

fMRI data analysis. Data were analyzed with the same pipeline as de-
scribed for Patient S.P.

ROI definition and mean selectivity measurements. IOG-faces (10 of 10
participants), pFus-faces (10 of 10 participants), pSTS-faces (8 of 10 partic-
ipants), and mSTS-faces (10 of 10 participants) were defined as in Patient
S.P. (threshold of t � 3, voxel level) and in our prior experiments (Weiner et
al., 2010; Stigliani et al., 2015) using both anatomical and functional criteria
for the mean selectivity analyses. Each ROI was defined in S1, and mean
selectivity was calculated for runs 1 and 2 in S2 (Fig. 3E; error bars indicate
SDs between runs 1 and 2). It is important to underscore that only the
categories overlapping with Patient S.P.’s experiment (faces, limbs, objects,
and houses) were used to calculate selectivity.

ROI definition and reliability measurements. Because we only had 4
runs for each control subject (2 runs in S1 and 2 runs in S2), and to ensure

that all data were independent, we defined ROIs from run 1 in S1 and
calculated the reliability of face selectivity between run 2 in S1 and (1) run
1 in S2 and (2) run 2 in S2. This resulted in two measurements per
subject. Because ROIs were now defined with only 1 run of data, mSTS-
faces were only identifiable in 8 of 10 subjects. Reliability was calculated
in the same way as in Patient S.P. as described above.

DWI. Because we identify a new pathway connecting V7/IPS-0 to
pFus-faces/FFA-1 in Patient S.P., we sought to validate this pathway in
control participants. Five (24 – 45 years old; 2 female; all right-handed) of
our typical controls participated in 2 runs of a diffusion-weighted dual-
spin echo sequence (60 slices, TE � 96.8 ms, TR � 8000 ms, 96 diffusion
directions, b � 2000 s/mm 2, voxel size � 2 � 2 � 2 mm). Ten non–
diffusion-weighted images were collected at the beginning of each scan.

DWI data analysis. Preprocessing was done as described above, and
MRtrix probabilistic tractography was run using a harmonic envelope of
8 on the first diffusion dataset (as in Gomez et al., 2015). We statistically
validated these new fibers connecting V7/IPS-0 and pFus-faces using
LiFE (Pestilli et al., 2014). d	 values �4 indicate statistically significant
tracts, and the average of these tracts across subjects was 31.52 � 4.13 (SD
across subjects; see Fig. 10).

Results
Before surgery, Patient S.P.’s face network is not significantly
different than control participants
Preoperatively, Patient S.P.’s face-selective regions are located on
the IOG (IOG-faces/OFA), lateral FG (pFus-faces/FFA-1 and
mFus-faces/FFA-2), as well as the posterior and main branches of
the STS (pSTS-faces and, mSTS-faces, respectively; Figs. 3, 4),
which is consistent with measurements of the face network in
typical subjects (Weiner and Grill-Spector, 2013; Weiner et al.,
2014). Independent measurements with event-related fMRI (Fig.
3B) and iEEG (Fig. 3C) show that the selectivity of these regions is
also characteristic, manifesting as higher responses to faces than
nonfaces (p � 0.01). IEEG recordings in pFus-faces/FFA-1 fur-
ther showed characteristic latencies of this selectivity emerging at

150 ms after stimulus onset (Allison et al., 1994; Parvizi et al.,
2012).

To examine the typicality of Patient S.P.’s face network before
resection with respect to face selectivity, we compared Patient
S.P.’s face-selective regions with those of 10 healthy control par-
ticipants. Independent analyses of mean selectivity in right hemi-
sphere face-selective regions show that selectivity of Patient S.P.’s
face network was not different from the mean selectivity in con-
trols (modified t test of Crawford-Howell for single-case studies:
all t values �1.9; all p values �0.10; Fig. 3D) or from selectivity in
individual subjects (Fig. 3E). Additionally, comparison of the
variability in measurements of selectivity across runs was also not
different across Patient S.P. and controls in any of the face-
selective regions (modified t test of Crawford-Howell for single-
case studies comparing the differences between runs 1 and 2 in
Patient S.P. and controls: all t values �0.72; all p values �0.50;
Fig. 3E). It is important to underscore that, because of indepen-
dent analyses, selectivity can be below the threshold used to de-
fine the voxels of the ROI (Fig. 3E, dotted line). This occurs in
both Patient S.P. and controls, indicating that fluctuations of
selectivity across runs occur whether the individual is a patient or
not. Together, these pre-resection measurements validate that, at
least as far as category selectivity is concerned, the cortical layout,
response characteristics, selectivity, and run-to-run variability of
Patient S.P.’s face network before resection are not significantly
different from healthy controls.

Behavioral performance is stable before and after surgery
Behaviorally, before surgery, Patient S.P. was in the normal range
for categorizing two-tone images as either faces or nonfaces
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(Mooney faces, Patient S.P.: 86.3%; age- and gender-matched
controls: 90.3 � 5%, no significant difference, t � 0.677, p �
0.54). Patient S.P. was also in the normal range on the old/new
face recognition test (Patient S.P.: 90%; controls: 94 � 3%, t �
1.299, p � 0.132). Although she performed well above chance
level, she was impaired relative to controls on behavioral tasks
requiring unfamiliar face individuation (Table 1). However, as
illustrated in case studies in patients with long-term brain dam-
age (Schiltz et al., 2006; Steeves et al., 2009), behavioral impair-
ments in face individuation do not impede the ability to measure
face-selective responses (i.e., faces � nonfaces) in high-level vi-
sual cortex. Thus, before surgery, Patient S.P. displayed an intact

face network and abilities within the normal range for both re-
membering faces and categorizing faces from other stimuli.

After resection, Patient S.P. remained in the normal perfor-
mance range for categorizing two-tone images as either faces or
nonfaces (Mooney faces, Patient S.P.: 84.4%, no significant dif-
ference from age- and gender-matched controls: 92.8 � 5%, t �
1.439, p � 0.123; Table 1). It is important to highlight that this is
a difficult task and subjects cannot rely on local, low-level features
to perform well. For example, a visual agnosic patient, such as
Patient D.F., is at chance at this task, even when she can discern a
face from an object in other formats (Steeves et al., 2006). Finally,
Patient S.P. was not our worst subject, as one of our typical con-

Figure 4. The face network is stable after resection. A, The face network before and after resection on the inflated cortical reconstruction of the right hemisphere of Patient S.P. before resection.
1, IOG-faces/OFA; 2, pFus-faces/FFA-1; 3, mFus-faces/FFA-2; 4, pSTS-faces; 5, mSTS-faces. IOG-faces/OFA (1) and the posterior portion of pFus-faces/FFA-1 (2) have been resected. Blue shading
represents resected cortex. Black represents superior and inferior extent of pSTS-faces in S1. Green represents posterior and anterior extent of mSTS-faces in S1. The unnumbered region on the lateral
surface overlapping the IOS was also partially resected, but this region is not typically included in models of the face network because it exhibits comparable selectivity with other animate stimuli
(see Materials and Methods). B, Mean fMRI response amplitude (% change) as a function of category in face-selective regions before (red) and after (black) resection. Error bars indicate SDs across
runs in each session. S1, S3, Solid. S2, S4, Dotted. f, Faces; l, limbs; p, places; o, objects; s, scrambled. Conditions are ordered by rank. C, Face selectivity as a function of session. Error bars indicate mean
selectivity across voxels of independently defined ROIs for run 1 and run 2 in each session. Error bars indicate SDs across runs in each session. Dotted line indicates the statistical threshold (t � 3) used
to define each region from independent data. CoS, Collateral sulcus; IOS, inferior occipital sulcus; IPS, intraparietal sulcus; MFS, mid-fusiform sulcus; OTS, occipitotemporal sulcus; ptCoS, posterior
transverse collateral sulcus.
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trols scored less than Patient S.P. in this task. Given the present
tests before and after resection, we believe an accurate interpre-
tation of these results is that Patient S.P.’s ability to categorize a
face as a face is intact.

Additionally, Patient S.P.’s IQ remained in the normal range
(score: 101), and her score at all 8 tests of the Visual Object and
Space Perception battery remained at ceiling. Patient S.P.’s ability
to individuate faces was still below controls in several tasks but
did not worsen following surgery, and her performance on the
old/new face recognition memory task remained in the typical
range (Patient S.P.: 93.3%; controls: 95 � 4%, no significant
difference, t � 0.353, p � 0.374; Table 1). Together, Patient S.P.’s
behavioral performance in all of the face tasks was stable after
compared with before surgery despite having a left hemianopic
central scotoma after surgery.

The cortical layout of the face network is stable after resection
of IOG-faces/OFA and the posterior portion of
pFus-faces/FFA-1
The resection included the right IOG and portions of surround-
ing gyri, sulci, and white matter (Figs. 1, 3, 4). We aligned data
from all fMRI sessions to the presurgical anatomy after defining
the locus of the resected tissue (Figs. 1, 4). This approach revealed
that all of IOG-faces and the posterior 23.3% of pFus-faces were
surgically removed.

Surprisingly, after resection, the cortical topology and extent
of pFus-faces in ventral temporal cortex (VTC) remained stable.
Even the posterior portion of pFus-faces, which abutted the re-
section, was similar to its presurgery location. Regions along the
STS displayed more variability after resection than regions in
VTC (Fig. 4A, bottom). For example, 1 month after surgery,
pSTS-faces and mSTS-faces were less activated than before sur-
gery. However, 8 months after surgery, both regions were acti-
vated to a similar extent before surgery.

In contrast to the general stability of pFus-faces, pSTS-faces,
and mSTS-faces in the resected hemisphere, we observed insta-
bilities in the localization of mFus-faces/FFA-2 before resection
and in a region on the IOS after resection. The instability of
mFus-faces across sessions is likely driven by low tSNR from the
ear canal artifact and not by the surgery, as the tSNR in mFus-
faces before resection was lower than the minimum for reliable
measurements (see Materials and Methods). Before resection, the
IOS responded similarly to faces and bodies (no significant dif-
ference, p � 0.60) and was significantly modulated by visual stim-
uli (variance of the time-series explained by the GLM is 59.1 �
8.9%). The surgery resected 26.9% of the IOS. Consequently, the
variance of the IOS time-series explained by the GLM dropped
close to zero (5.4 � 2.0%) after resection, which was significantly
(p � 0.008) lower than before surgery. This indicates that, after
the resection, this region is not significantly modulated by visual
stimuli modeled by the GLM. However, because the IOS is not
included in traditional neurocognitive models of face perception
and is also not strictly face-selective in either Patient S.P. or con-
trols (see Materials and Methods), we focus the remainder of our
analyses on pFus-faces, pSTS-faces, and mSTS-faces.

In addition to qualitatively examining the cortical topology of
right pFus-faces, pSTS-faces, and mSTS-faces, we also quantita-
tively compared the mean response amplitudes and face selectiv-
ity within each region before and after resection. These analyses
revealed that the resection differentially affected the mean BOLD
response across face-selective regions. In pFus-faces, overall re-
sponse amplitudes were lower after than before resection,
whereas in mSTS-faces, the opposite was true; meanwhile in
pSTS-faces, there was no substantial change in the overall signal
level (Fig. 4B). Indeed, a three-way ANOVA with factors region
(right pFus-faces/mSTS-faces/pSTS-faces), category, and resec-
tion (before resection/after resection) yielded a region � resec-
tion interaction (F(2,90) � 34.3, p � 10�3). Importantly, the

Figure 5. The reliability of distributed patterns of face selectivity in Patient S.P. is not significantly different than controls. Each bar represents data from a single subject and reflects the correlation
between the distributed face selectivity in individual voxels across runs from two different sessions. Gray represents controls. Red represents Patient S.P. before resection. Black represents Patient
S.P. after resection. Blue represents correlation between pre-resection and post-resection distributed face selectivity in Patient S.P. The x-axis is ranked in a descending order to indicate where
Patient S.P. falls in the distribution of typical participants.

Table 1. Behavioral performance of Patient S.P. and age- and gender-matched control participants

Before operation
After operation
(1 month) Control participants

Control participants
(1 year after)

Categorize upright/inverted Mooney faces 86.3% 84.4% 90.3% (�5.4) 92.8% (�5.2)
Old/new face memory test 90% 93.3% 94% (�2.8) 95% (�4.3)
Benton Face Recognition Test 35/54** 40/54** 44.6/54 (�3.6) 47.2/54 (�3.3)
Cambridge Face Memory Test 41/72** 40/72** 59.2/72 (�8.6) 59.2/72 (�10.4)
Face matching across viewpoints 65%* 64%* 82.2% (�7.0) 87% (�6.2)
Face matching

Upright 80.6%* 80.6%* 95.5% (�1.5) 96.5% (�4.2)
Inverted 75% 77.8% 80.5% (�10.4) 75% (�8.2)

Age (yr) 36 36 35 � 5 36 � 5

*Impaired scores compared with normal controls ( p � 0.05).

**Impaired scores according to Benton Face Recognition Test and Cambridge Face Memory Test scales.
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resection only affected the overall magnitude of the signal but did
not change the profile of response within each region (no re-
gion � category � resection interaction: F(8,90) � 0.27, p � 0.98).
Specifically, each ROI showed the same ranking of responses
across categories of stimuli before compared with after resection.

Likewise, we find that all face-selective regions maintain signifi-
cant face selectivity after the resection despite fluctuations in the
magnitude of selectivity (Fig. 4C). A two-way ANOVA with factors
region (right pFus-faces/pSTS-faces/mSTS-faces) and session (1/2/
3/4) revealed a main effect of session (F(3,12) � 3.77, p � 0.04).
However, there were no significant differences in the level of selec-
tivity after compared with before the resection (two-way ANOVA
with factors of region (pFus-faces/pSTS-faces/mSTS-faces) and re-
section (before/after), no effect of resection, F(1,18) � .01, p � 0.9).
Importantly, after resection, both the mean selectivity (all t values
�1.96; all p values �0.08) of each face-selective region in Patient S.P.
and the fluctuations in selectivity between runs within each session
(all t values �1.18; all p values �0.27) were not different than con-
trols. These results indicate that, although there are fluctuations in

the selectivity value across sessions (Fig. 4C), these fluctuations are
comparable before and after resection, are comparable with controls
(Fig. 3E), and are not due to a general increase or decrease in selec-
tivity after surgery.

The present analyses underscore the importance of acquiring
multiple functional measurements before and after resection. For
example, in pSTS-faces and mSTS-faces, S1 (pre) and S3 (post)
have comparable selectivity values, as do S2 (pre) and S4 (post;
Fig. 4C). However, if we had only acquired a single session before
and a single session after surgery, we would have arrived at dif-
ferent conclusions based on the particular combination of the
subset of sessions we may have obtained. For instance, had we
only acquired S1 and S4, we would have concluded that the re-
section increases selectivity. In contrast, had we only acquired S2
and S3, we would have arrived at an opposite conclusion: that the
resection decreases selectivity. However, both of these conclu-
sions are inaccurate. Instead, our data show that there are fluctu-
ations in selectivity across sessions regardless of the resection.

Figure 6. Weak face selectivity in the left hemisphere of Patient S.P. A, Face-selective network in VTC (top) and LOTC (bottom) before resection and after resection projected to the inflated cortical
reconstruction of the left hemisphere of Patient S.P. 2, pFus-faces/FFA-1; 3, mFus-faces/FFA-2; 4, pSTS-faces; 5, mSTS-faces. Left IOG-faces/OFA (1) could not be identified in any session, whereas
left mSTS-faces (5) could only be identified in S2. CoS, Collateral sulcus; MFS, mid-fusiform sulcus; OTS, occipitotemporal sulcus. B, C, Same layout as Figure 4, but for face-selective regions in the left
hemisphere. Red represents before surgery. Black represents after surgery. S1, S3, Solid. S2, S4, Dotted. f, Faces; l, limbs; p, places; o, objects; s, scrambled. Regions in the left hemisphere have lower
face selectivity than the right hemisphere (Fig. 4).
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The resection differentially affects the distributed pattern of
face selectivity within regions of the face network surviving
the resection
To complement our mean signal and mean selectivity analyses
and to further quantify the stable and plastic features of pFus-
faces, pSTS-faces, and mSTS-faces, we calculated the between-
session reliability of distributed face selectivity across voxels
within each face-selective region (see Materials and Methods).
Before resection, the distributed patterns of face selectivity within
right pFus (r � 0.65 � 0.06), pSTS (r � 0.42 � 0.19), and mSTS
(r � 0.51 � 0.15) were positively correlated between each pair of
experimental runs taken between pre-resection sessions (all p
values �10�4; Fig. 5, red). After resection, the reliability of dis-
tributed face selectivity across voxels was also positively corre-
lated across experimental runs between sessions in pFus (r �
0.45 � 0.11, p � 0.04) and mSTS (r � 0.70 � 0.09, p � 0.006), but
not in pSTS (r � 0.14 � 0.05, p � 0.08; Fig. 5, black). A two-way
ANOVA with region and resection as factors revealed a main
effect of region (F(2,18) � 17.1, p � 10�4), a borderline effect of
resection (F(1,18) � 4.2, p � 0.06), and a significant region �
resection interaction (F(2,18) � 8.6, p � 0.002). Thus, the resec-
tion differentially affected the distributed pattern of face selectiv-
ity within regions of the face network surviving the surgery.

While these analyses separately assess the stability of distrib-
uted face selectivity patterns before versus after resection, they do
not directly quantify the relationship between face selectivity pat-
terns before resection to after resection. To do so, we calculated
the correlation among distributed patterns of face selectivity be-
fore resection compared with after resection. This analysis re-
vealed two main findings. First, the distributed patterns of face
selectivity were positively correlated between pre-resection and
post-resection sessions in pFus (r � 0.48 � 0.14) and mSTS (r �
0.68 � 0.10; all p values �10�4; Fig. 5, blue). In contrast, only 5 of
16 pre-resection and post-resection pairs had a positively corre-
lated relationship in pSTS, and the average (r � 0.03 � 0.15) was

not significantly different from zero (t(15) � 0.2, p � 0.85). This
decorrelated relationship can be interpreted as a change in the
distributed pattern of face selectivity across voxels within pSTS-
faces preoperatively and postoperatively. Second, the correla-
tions between distributed face selectivity patterns pre-resection
and post-resection sessions in Patient S.P. (Fig. 5, blue) were not
significantly different from controls (Fig. 5, light gray) in pFus
(all t values � 0.57, all p values �0.58), and mSTS (all t values
�1.5; all p values �0.17). Even in pSTS, where we find a decor-
related relationship in distributed face selectivity between pre-
resection and post-resection experimental runs, this difference
was not significant compared with controls, as two of our con-
trols also had nonreproducible distributed face selectivity across
sessions (all t values �1.7, all p values �0.13).

These findings emphasize the value of pre-resection and post-
resection assessments within the same patient in combination
with benchmarks relative to controls. For example, if we only had
post-resection measurements in Patient S.P., as is common in
cases with patients that have long-term brain damage, we would
have concluded that the reliability of face selectivity within pSTS-
faces is within the range of controls. Although that is accurate, the
incorporation of pre-resection measurements enable us to con-
clude that the distributed pattern of face selectivity in Patient S.P.
is different after compared with before surgery within pSTS-
faces, but not in other regions of the face network. These conclu-
sions would not be possible without (1) multiple pre-resection
and post-resection measurements in Patient S.P., (2) multiple
scales of analysis (e.g., analyses of mean selectivity as well as dis-
tributed patterns across voxels), and (3) analogous measure-
ments in multiple sessions in typical controls.

Examining the role of the left hemisphere in the
post-resection stability of the face network
Our neuroimaging data indicate that the cortical layout and se-
lectivity of the right hemispheric face network remained largely

Figure 7. Typical contralateral bias in the superior temporal sulcus, but atypical ipsilateral bias in the fusiform gyrus and V1, after removal of IOG-faces/OFA. Histograms represent the proportion
of voxels biased to the right visual field (positive t value) or the left visual field (negative t value) for functional ROIs in the right (black) and left (red) hemispheres. pSTS-faces and mSTS-faces in the
resected hemisphere have the typical contralateral bias displayed by visual areas, whereas pFus-faces and V1 in the resected hemisphere have an unexpected ipsilateral bias. A, pSTS-faces. B,
mSTS-faces. C, pFus-faces. D, V1. LH, Left hemisphere; LVF, left visual field; RH, right hemisphere; RVF, right visual field. Light gray shading represents SE across voxels.
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stable following removal of the right IOG. Although this finding
is consistent with predictions from a multiple route network with
nonhierarchical components, it is also possible that this resiliency
may be achieved via inputs from face-selective regions in the
intact, left hemisphere. However, several pieces of evidence sug-
gest that the resiliency of the right hemispheric face network is
not driven by inputs from the left face network. First, it is unlikely
that inputs from left IOG-faces support the stability of right
pFus-faces because we were unable to identify IOG-faces in the
left hemisphere in any session (Fig. 6A) and left IOG-faces is also
not always detected in typical individuals (Zhen et al., 2015).
Second, face selectivity in the left hemisphere (Fig. 6C) is consis-
tently weaker than in the right hemisphere both before and after
resection (three-way ANOVA with factors region, hemisphere,
and resection yielded a main effect of hemisphere: F(1,24) � 19.9,
p � 10�3, and no interactions: all F values �1.8; all p values
�0.19). These findings are consistent with the literature showing
a larger spatial extent, selectivity, and response amplitude to faces
in the right compared with the left hemisphere (Sergent et al.,
1992; Kanwisher et al., 1997; Rossion et al., 2012; Zhen et al.,
2015).

To directly examine the role of the left hemisphere, we con-
ducted an experiment in which the position of visual images from
different categories was presented at the center, right, or left of
fixation (see Materials and Methods). A characteristic feature of
visual areas, including high-level visual regions (Hemond et al.,
2007; Kay et al., 2015), is a contralateral preference for visual
stimuli: that is, stronger neural responses to stimuli presented in

the right visual field compared with stim-
uli presented in the left visual field in the
left hemisphere and vice versa in the right
hemisphere; this experiment directly tests
the role of the left hemisphere in support-
ing the stability of the right hemispheric
face-selective regions after resection.
Based on prior evidence (Felleman and
Van Essen, 1991), a contralateral prefer-
ence in face-selective regions within the
resected hemisphere likely reflects signals
propagated through within-hemisphere
connections. On the contrary, an ipsilat-
eral preference would suggest that inputs
from the left hemisphere affect responses
in the resected hemisphere.

As expected, in the unresected, left
hemisphere, face-selective regions showed a
contralateral preference for stimuli in the
right visual field. In the resected, right
hemisphere, pSTS-faces and mSTS-faces
also showed the characteristic contralat-
eral preference for stimuli in the left visual
field (Fig. 7A,B). However, even though
the visual field preference in right pFus-
faces is significantly different from left
pFus-faces (p � 10�3), it exhibited an ip-
silateral, not a contralateral, preference
(Fig. 7C). Although this suggests that in-
puts from the left hemisphere contribute
to the stability of right pFus-faces, this re-
duced contralateral preference is already
present in the central 5° of right V1 (Fig.
7D). Thus, the ipsilateral bias in pFus-
faces in the right hemisphere likely origi-

nates in the central 5° of V1 of the right hemisphere (consistent
with the postoperative central hemianopic scotoma), which then
communicates signals downstream to right pFus-faces.

Together, these results show that: (1) the resiliency of the right
hemispheric face network is likely not driven by inputs from the
left face network; (2) the left hemisphere may play a role for the
stability of right pFus-faces, but these signals may be communi-
cated directly from right V1 to downstream right pFus-faces; and
(3) the contributions of the left hemisphere cannot explain the
entire resiliency of the face network because the face-selective
regions of the STS maintain a contralateral bias after resection.

Longitudinal and vertical white matter tracts provide an
anatomical infrastructure connecting early visual areas to FG
and STS face-selective regions independent of IOG-faces/OFA
If the post-resection resiliency of the right hemisphere is largely not
driven by inputs from the left hemisphere, are there white matter
connections in the right hemisphere that enable signals to reach
downstream face-selective regions? Prior studies have identified
white matter tracts connecting early visual areas to downstream face-
selective regions. For example, Gschwind et al. (2012) have identified
separate longitudinal tracts from the calcarine sulcus to face-
selective regions on the FG and STS, respectively. Additionally, Kim
et al. (2006) have identified vertical tracts connecting dorsal retino-
topic areas to face-selective regions on the FG. Thus, it seems plau-
sible that these white matter tracts from outside the face network
could provide an anatomical infrastructure supporting both the sta-
ble (e.g., face selectivity) and plastic (e.g., representation of visual

Figure 8. White matter tracts connecting early visual cortex to IOG-faces, but not pFus-faces, were likely resected. A, Pre-
resection measurement of white matter tracts connecting the central 5° of V1/V2 and pFus-faces/FFA-1 (blue) and IOG-faces/OFA
(red), respectively, projected to the post-resection T1. White matter tracts connecting IOG-faces/OFA and pFus-faces/FFA-1 (green)
are also depicted. B, Axial slice illustrating endpoints of fascicles from the central 5° of V1/V2 to pFus-faces/FFA-1 (blue) and
IOG-faces/OFA (red) projected onto the post-resection T1. The former largely run a more medial route, whereas the latter terminate
directly into the resection.

Figure 9. White matter fascicles extending from the periphery of early visual cortex likely contribute to the stability of STS
face-selective regions postoperatively. White matter tracts (gold) connecting the far periphery (�20°) of V1/V2 and pSTS and
mSTS face-selective regions, respectively, in the resected hemisphere. A, Before surgery. B, After surgery. To display the tracts
clearly, functional regions are not shown.
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space in right pFus-faces) features of the face
network following resection of IOG-faces/
OFA. To test this hypothesis, we used DWI
and tractography in Patient S.P. before and
after resection (see Materials and Methods).
DWI after resection enables testing whether
these tracts are preserved postoperatively.

Supporting this hypothesis of bypass
routes, we find evidence for both longitudi-
nal and vertical tracts connecting early vi-
sual areas to downstream face-selective
regions independent of IOG-faces. Before
resection, we identified separate longitudi-
nal white matter tracts connecting the cen-
tral 5° of V1/V2 to IOG-faces/OFA (Fig. 8A,
red) and to pFus-faces-FFA-1 (Fig. 8A, blue)
in Patient S.P., which are consistent with
prior research in typical subjects (Gschwind
et al., 2012; Pyles et al., 2013). However, after
resection, we could not measure these ven-
tral longitudinal tracts in Patient S.P. due to diffusivity artifacts pro-
duced by the resection (see Materials and Methods). Nevertheless, to
gain insight into what pathways might exist after resection, we pro-
jected the cortical endpoints of these pre-resection white matter
tracts to the post-resection anatomy. This approach reveals that the
tracts between early visual cortex and IOG-faces/OFA (red) termi-
nate in the resected tissue and are likely to have been included in the
resection. Comparatively, a majority of the tracts from early visual
cortex to pFus-faces/FFA-1 (blue) terminate medially in the poste-
rior FG largely outside the resected tissue (Fig. 8B). Thus, it is likely
that these tracts exist after resection and contribute to the resiliency
of pFus-faces/FFA-1 after resection.

To test whether there are white matter connections from early
visual cortex to STS regions, we seeded an ROI in the far periph-
ery (�20°) of V1/V2, which is outside the scotoma, and examined
whether there are connections to STS regions. This analysis iden-
tified a set of longitudinal white matter tracts connecting the
periphery of early visual cortex and STS face-selective regions
both before and after resection (Fig. 9). These tracts may contrib-
ute to the preserved contralateral bias in STS regions after resec-
tion, as contralateral information originating in the periphery of
early visual areas may be communicated through these preserved
tracts to STS regions. Identifying white matter tracts connecting
the periphery of V1/V2 to STS regions is consistent with evidence
of anatomical connections from the periphery of V1/V2 to the
periphery of MT in nonhuman primates (Desimone and Unger-
leider, 1986). These connections have been postulated to convey
signals about dynamic facial motion to the pSTS (O’Toole et al.,
2002; Pitcher et al., 2014; Bernstein and Yovel, 2015), as pSTS
abuts the peripheral representation of MT in humans (Amano et
al., 2009; Weiner and Grill-Spector, 2013).

It is also possible that additional pathways within the right
hemisphere provide inputs to STS face-selective regions via
MT. These tracts may include within-hemisphere connections
from mid-brain structures to MT bypassing V1, such as white
matter tracts connecting the lateral geniculate nucleus (Ajina
et al., 2015) and the superior colliculus (Ajina et al., 2015) to
MT, as well as tracts connecting the pulvinar and MT (Warner
et al., 2010). However, due to the artifacts in the postsurgical
diffusion scan, we were unable to measure these tracts in Pa-
tient S.P.’s brain.

In addition to longitudinal tracts, we were also able to iden-
tify vertical tracts connecting dorsal retinotopic areas to ven-

tral face-selective regions. Specifically, the VOF is a recently
rediscovered major white matter pathway connecting dorsal
and ventral components of the occipital lobe (Yeatman et al.,
2014; Takemura et al., 2016; Weiner et al., 2016). We first
identified the VOF in Patient S.P. and controls (Fig. 10; see
Materials and Methods). Importantly, a subcomponent of the
VOF connects V7/IPS-0 dorsally to pFus-faces/FFA-1 ven-
trally in Patient S.P. and controls (Fig. 10, cyan). This subcom-
ponent of the VOF is identifiable in Patient S.P. both before
resection (Fig. 10, cyan) and after resection (Fig. 10, purple).

These longitudinal and vertical tracts that are intact in Patient
S.P. after surgery provide an anatomical infrastructure for signals
to reach downstream face-selective regions on the FG and STS
independent of IOG-faces/OFA. Although these tracts provide
alternate routes of information flow to downstream face-selective
regions, the face network may not always use bypass routes for
normative function, which is a hypothesis that can be tested in
future research.

Discussion
We examined the structure and function of the face network in a
rare patient before and after removal of right IOG-faces/OFA,
which is considered the critical input of the face network accord-
ing to prevailing models of neural face processing. We found that
downstream face-selective regions surviving the resection are
largely resilient after surgery, which is consistent with proposals
of a multiple route face network with nonhierarchical compo-
nents (Rossion, 2008; Atkinson and Adolphs, 2011; Pitcher et al.,
2011a; Duchaine and Yovel, 2015).

Non strict hierarchical components of the face network
enable efficiency and resiliency
Our results indicate that face-selective neural responses in down-
stream regions are preserved in patient Patient S.P. as early as 1
month following the removal of right IOG-faces/OFA. These re-
sults specify that, even though regions within the face network are
functionally (Fairhall and Ishai, 2007; Turk-Browne et al., 2010;
Zhu et al., 2011; Lohse et al., 2016) and structurally intercon-
nected (Fairhall and Ishai, 2007; Turk-Browne et al., 2010; Zhu et
al., 2011; Gschwind et al., 2012; Pyles et al., 2013; Tavor et al.,
2014), the network itself is not arranged in a strict hierarchy
where information is always systematically transmitted in a serial
manner from IOG-faces/OFA to subsequent processing stages.

Figure 10. A subcomponent of the VOF connects pFus-faces ventrally to V7/IPS-0 dorsally. VOF fibers (yellow) interconnect
pFus-faces (red) and retinotopic area V7/IPS-0 (dark blue). Fibers of the VOF terminating in both pFus-faces and V7/IPS-0 are
colored in cyan (presurgery data in Patient S.P.) and in controls (S1–S5). In Patient S.P., vertical fibers observed after surgery
interconnecting V7/IPS-0 and pFus-faces are shown in purple.
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These findings serve as causal evidence that a multiple route net-
work with nonhierarchical components supports face processing
(Rossion, 2008; Atkinson and Adolphs, 2011; Pitcher et al.,
2011a; Duchaine and Yovel, 2015). Additionally, our DWI mea-
surements show that there are multiple white matter connections
from retinotopic regions to the face network (Figs. 8 –10), which
not only validate recent models (Rossion, 2008; Atkinson and
Adolphs, 2011; Pitcher et al., 2011a; Duchaine and Yovel, 2015),
but also provide evidence explaining how within hemisphere
connections may provide inputs to downstream face-selective
regions in the absence of IOG-faces/OFA.

We propose that these additional routes may serve two func-
tions. First, they may increase the efficiency of typically function-
ing networks by allowing nonserial processing. For example, they
may serve as reentrant connections enabling coarse-to-fine pro-
cessing (Rossion et al., 2003; Rossion, 2008; Goffaux et al., 2011;
Jiang et al., 2011), reverse hierarchical processing (Mumford,
1992; Bullier, 2001; Ahissar and Hochstein, 2004), or recurrent
processing (Kravitz et al., 2013). Second, they may provide resil-
iency to the face network by preserving global network function-
ality following focal network damage. While these white matter
tracts verify multiple routes of information from retinotopic ar-
eas to downstream face-selective regions, future studies are nec-
essary to clarify their role for normative face processing in typical
participants. For example, longitudinal connections may serve to
segregate dynamic and static face processing in the lateral and
ventral streams, respectively, whereas vertical connections may
serve to integrate these two types of information. Further, our
findings do not imply that face processing is always nonserial or
that there are no hierarchical components in the face network
(Kay et al., 2015). Future studies in typical subjects and patients
will shed further light on functional processes that are hierarchi-
cal and those that are not.

Methodological advancements: the necessity for multiple
sessions and metrics
A unique aspect of our study is that we acquired multiple functional
measurements before and after focal resection of human visual cor-
tex. The importance of this approach is that it allows distinguishing
meaningful functional changes due to reorganization after surgery
from changes that occur due to session-to-session variability. Be-
cause pre-resection and post-resection measurements quantify
changes between sessions, it is important for future cases to quantify
the stability of functional measurements (1) with multiple metrics
(mean and voxel level), (2) relative to typical subjects, and (3) across
sessions. This suggested approach is not only relevant for cases in-
volving cortical resection or lobectomies, but also any studies that
track brain function across an intervention (Op de Beeck et al., 2006)
or longitudinal development (Golarai et al., 2007; Scherf et al., 2007)
as the session to session variability may outweigh the manipulation
itself.

Multiple factors likely contribute to cortical resiliency
Cortical systems illustrate both stable and plastic features follow-
ing damage or surgery (Wandell and Smirnakis, 2009). If and
how cortex recovers from damage or surgery is linked to the
extent of the damage itself. Indeed, research in nonhuman pri-
mates reveals that neural responses in inferotemporal cortex can
be stable following focal resection but detrimentally affected
when extensive amounts of early and intermediate ventral visual
areas are removed (Bertini et al., 2004; Buffalo et al., 2005; Kravitz
et al., 2013). As such, the extent of the damage directly influences
resiliency (or lack thereof) of cortical networks, as well as behav-

ior. For example, it may seem surprising that removal of IOG-
faces/OFA and the posterior portion of pFus-faces/FFA-1 did not
further impair Patient S.P.’s behavioral performance on face in-
dividualization tasks as predicted by prior research in humans
(Rossion et al., 2003; Bouvier and Engel, 2006; Pitcher et al., 2007;
Jonas et al., 2012). However, the present results of stability are less
surprising in the context of prior studies in nonhuman primates
showing small performance decrements, after (1) removing an
entire face patch (little to no impairment) (Heywood and Cowey,
1992), (2) focally deactivating face patches (2%–5%) (Afraz et al.,
2015), or (3) removing entire gyri (
10%–15%) (Weiskrantz
and Saunders, 1984; Buckley et al., 1997). We speculate that the
combination of being seizure-free and the striking stability of
the rest of the face network after resection likely contributed to
the fact that Patient S.P.’s behavioral performance did not worsen
after removal of IOG-faces/OFA and posterior portion of
pFus-faces/FFA-1.

Nevertheless, we cannot rule out the possibility that other,
more difficult, face tasks may have revealed a further impairment
in Patient S.P. after resection or that additional neural changes
may have occurred within smaller temporal or spatial scales than
those presently measured. At least two alternatives are possible:
(1) short-term changes may occur immediately (e.g., seconds to
hours) following resection after which the organization recovers
within days or weeks; or (2) brain changes may occur at the
submillimeter level, and cannot be detected with fMRI measure-
ments at the millimeter and centimeter scale. Future studies will
test these alternatives and further uncover the different spatial
and temporal scales of cortical resiliency following focal damage.

Confronting limitations in neuroimaging case studies
We acknowledge that our case has two main limitations. Before
surgery, Patient S.P. had (1) chronic seizures, and (2) aspects of
her individual face discrimination were below normal, but above
chance. These two limitations raise the question whether Patient
S.P.’s brain was impaired before surgery. To address these limi-
tations, we compared her face network before surgery with
healthy controls. Our data show that the presurgery localization,
selectivity, and variability of her face network and, the IOG in
particular, were not different from these control participants.
Nonetheless, it is possible that our experimental manipulations
and metrics were not sensitive enough and that more sensitive
manipulations, such as fMRI adaptation (Grill-Spector and Mal-
ach, 2001; Schiltz et al., 2006; Fox et al., 2013), may have identi-
fied subtle changes in her face network. An alternative possibility
is that her behavioral impairment is due to brain changes outside
the “core” face network as has been observed in developmental/
congenital prosopagnosics (Behrmann et al., 2007; Avidan and
Behrmann, 2009; Garrido et al., 2009). Critically, we prioritized
test-retest reliability across sessions before surgery rather than
conducting additional measurements to establish a between-
session baseline relative to which we could determine the effects
of surgery on cortical responses.

Despite these limitations, we believe that our case provides
important causal evidence for a multiple route face network with
nonhierarchical components. As there is only one other docu-
mented case with pre-resection and post-resection neuroimaging
measurements (Gaillard et al., 2006), the present gold standard of
causal tests in the field is neuropsychological case studies of pa-
tients with long-term brain damage. While these cases provide
invaluable insights into the causal effects of cortical damage to
perception, there are also limitations to these studies. For exam-
ple, the brain damage in tested patients is often large and nonspe-
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cific and can encompass both hemispheres, the timescale from
damage to measurement is long (on the order of years), and
finally, each case only has a functional measurement after, but
not before, damage has occurred. Because of these limitations, it
is unknown exactly which aspects of the brain and behavior were
typical before the damage (Marotta et al., 2001; Rossion et al.,
2003; Schiltz et al., 2006; Steeves et al., 2006; Sorger et al., 2007;
Rossion, 2008; Fox et al., 2011, 2013; Konen et al., 2011; Yang et
al., 2016). Nevertheless, despite the different approaches between
the present case and these prior cases in patients with long-term
brain damage, it is reassuring that the results converge toward
consistent conclusions of a multiple route hierarchy of cortical
face processing supporting face perception.

In conclusion, our unique data provide causal insight into the
construction of functional networks in the human brain and
provide empirical support for recent neurocognitive models pro-
posing a multiple route cortical network with nonhierarchical
components underlying face processing.
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Human neuroimaging studies have identified a network of distinct
face-selective regions in the ventral occipito-temporal cortex (VOTC),
with a right hemispheric dominance. To date, there is no evidence for
this hemispheric and regional specialization with direct measures of
brain activity. To address this gap in knowledge, we recorded local
neurophysiological activity from 1,678 contact electrodes implanted
in the VOTC of a large group of epileptic patients (n= 28). They were
presented with natural images of objects at a rapid fixed rate (six
images per second: 6 Hz), with faces interleaved as every fifth stim-
ulus (i.e., 1.2 Hz). High signal-to-noise ratio face-selective responses
were objectively (i.e., exactly at the face stimulation frequency) iden-
tified and quantified throughout the whole VOTC. Face-selective re-
sponses were widely distributed across the whole VOTC, but also
spatially clustered in specific regions. Among these regions, the lat-
eral section of the right middle fusiform gyrus showed the largest
face-selective response by far, offering, to our knowledge, the first
supporting evidence of two decades of neuroimaging observations
with direct neural measures. In addition, three distinct regions with a
high proportion of face-selective responses were disclosed in the
right ventral anterior temporal lobe, a region that is undersampled
in neuroimaging because of magnetic susceptibility artifacts. A high
proportion of contacts responding only to faces (i.e., “face-exclusive”
responses) were found in these regions, suggesting that they contain
populations of neurons involved in dedicated face-processing func-
tions. Overall, these observations provide a comprehensive mapping
of visual category selectivity in the whole human VOTC with direct
neural measures.

face perception | intracerebral recordings | fast periodic visual
stimulation | face selectivity | fusiform gyrus

Abrief glance at a face provides a wealth of information about
a person’s identity, emotional state, sex, age, attractiveness,

and other important cues for social communication. Hence, being
able to identify a face as a face and distinguish it from multiple
variable nonface objects (i.e., face categorization) is a prerequisite
for understanding all face-perception functions. The functional
definition of brain regions supporting face categorization in hu-
mans has been investigated extensively as a primary research goal,
and these findings may serve as a rich model for understanding
perceptual categorization and brain organization in general.
Postmortem brain autopsies and structural imaging of indi-

viduals with face-recognition impairment after brain damage
(i.e., prosopagnosia) (1, 2) point to a large territory of the human
ventral occipito-temporal cortex (VOTC), from the occipital pole to
the temporal pole, with a right hemispheric advantage, as the neural
basis of face categorization (refs. 3–7; for recent reviews, see refs. 8
and 9). In the normal human brain, functional neuroimaging has
been the primary method for investigating the neural basis of face
categorization, first with positron emission tomography (PET)
(10) and then with functional MRI (fMRI) (11, 12). Collectively,
these studies have reported larger brain responses to face images
than other visual objects in clusters, patches, or functional regions

of a few cubic millimeters within the human VOTC (e.g., refs. 10–
16). The clusters consistently reported across studies are localized
in the lateral part of the middle/posterior fusiform gyrus [fusiform
face area (FFA)] (12) and in the lateral part of the inferior oc-
cipital gyrus [occipital face area (OFA)] (17), as well as in the
posterior superior temporal sulcus, a region that may be involved
in more general and dynamic social communication functions
(18). In right-handed individuals at least, these face-selective re-
gions are typically larger in the right than the left hemisphere (14,
19). More recently, some fMRI studies have defined two face-
selective regions in the lateral part of the middle/posterior fusiform
gyrus (FFA1 and FFA2) (15) and one in the anterior temporal lobe
(fATL) (14, 20–23).
Each of these regions is thought to have a definite function, or

computational role, as a node in a vast network of face-selective
areas (8, 13). However, fMRI provides only a hemodynamic (i.e.,
indirect) measure of neural activity, suffering from wide variations
in signal-to-noise ratio (SNR) across brain regions, which has
important consequences. For instance, the heterogeneous mag-
netic susceptibility of the local anatomy causes a strong signal
dropout in the anterior VOTC (22, 24) so that fMRI studies may
fail to report genuine face-selective responses in this region (25),
and category selectivity in general is often limited to the pos-
terior section of the VOTC (15). Moreover, smaller, scattered,
face-selective responses in the VOTC may be entirely missed by
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responses to faces are distributed in the whole ventral occipito-
temporal cortex, with a right hemispheric and regional speciali-
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fMRI studies that identify only sufficiently large clusters of ac-
tivation near blood vessels. More generally, these variations in
SNR make it impossible for neuroimaging studies to identify,
quantify, and thus compare face-selective responses across the
whole human VOTC.
To date, the only alternative approach to clarify this issue is

afforded by field potentials recorded in awake patients implanted
with intracranial electrodes along the ventral and lateral occipito-
temporal cortex (26, 27). These relatively rare (i.e., compared with
neuroimaging) intracranial electroencephalographic (iEEG) re-
cordings offer a unique opportunity to measure direct local neural
activity with a very high SNR. iEEG studies comparing faces and
nonface objects have recorded face-selective responses in widely
distributed regions of the VOTC and made a number of important
observations for understanding the neural basis of face categori-
zation (26–34). However, even when large samples of participants
are tested, face-selective responses are broadly distributed in the
VOTC, without evidence of a clustered organization as found in
fMRI (27, 30, 34). Thus, even though a good correlation between
fMRI and iEEG face-selective responses has been shown in spe-
cific cortical regions of a few participants (35–39), the dominant
role of the posterior fusiform gyrus (FG) and inferior occipital
gyrus (IOG), and of the right hemisphere, in face categorization,
has never been validated by direct measures of neural activity.
More generally, although iEEG recordings do not suffer from
regional variations in SNR, direct neural face-selective responses
have not been localized, quantified, and compared across ana-
tomical regions of the human VOTC.
Up to now, beyond the intrinsic difficulty of such studies and

the limited availability of implanted patients, the major obstacle
against a cartography of face selectivity at a large anatomical
field of view in the VOTC has been the lack of objectivity in the
definition of iEEG face-selective responses. For instance, in-
creases of neural activity to faces compared with nonface objects
can be found at various time scales, both in low-frequency re-
sponses time-locked and phase-locked to the stimulus [i.e., event-
related potentials (ERPs), such as the N200/N170 component (27,
31, 36, 40)] and in non-phase-locked high-frequency electrophys-
iological activity [high-frequency broadband, i.e., gamma activity
(29, 30, 33–35, 40)]. In the latter case, relevant frequency bands
vary substantially across recording sites, individual brains, and
time windows, making it virtually impossible to objectively define,
quantify, and compare face-selective responses across different
brain regions.
A potential powerful approach to overcome this problem is to

stimulate the human brain at a fast fixed frequency rate for a
prolonged time, a rather old stimulation method (41) best known
for the type of electrophysiological responses that it generates,
the “steady-state visual evoked potentials”, on the scalp (42).
The main advantages of this approach are its extremely high
SNR, providing significant responses in a few minutes of stimu-
lation or less, and its objectivity: The neural response of interest
concentrates in the EEG exactly and exclusively at the known
frequency rate of stimulation and its harmonics (42, 43). To our
knowledge, the application of this approach in intracerebral re-
cordings is rare (37, 44) and has not been used to address the issue
of category selectivity.
Here, we use this fast periodic visual stimulation (FPVS) ap-

proach to report a comprehensive definition and quantification
of face-selective responses across the VOTC in a large group of
participants (n = 28) implanted with intracerebral electrodes.
Using a paradigm recently validated in human adults (45) and
infants (46), participants were shown sequences (70 s) of widely
variable natural images of multiple object categories presented
at a rapid periodic rate of six images per second (6 Hz). Images
of faces were presented as every fifth image (Fig. 1 A and B). In
this design, the common neural response to faces and nonface
objects projects to the 6-Hz base rate. However, if faces elicit a

differential neural response compared with all other categories,
it will appear exactly at the experimentally defined frequency (i.e.,
6 Hz/5 = 1.2 Hz). Thus, irrespective of the presence and magni-
tude of a 6-Hz response, a response at 1.2 Hz indicates category
selectivity for faces, or face selectivity. This face-selective response
can be objectively defined (i.e., at a known stimulation frequency)
without subtraction across conditions (45) and quantified within
anatomical regions throughout the whole VOTC, providing a car-
tography of category (face) selectivity in the human brain.

Results
A total of 192 electrode arrays, each containing 5–18 contiguous
recording contacts, were implanted in the VOTC of 28 partici-
pants (44 individual hemispheres). These electrodes contained
1,678 individual recording contacts in the gray matter (left
hemisphere, 988; right hemisphere, 690) (see Fig. 1C for typical
electrode trajectories). In the frequency domain, responses oc-
curring at 6 Hz and harmonics reflect the common response to
faces and nonface stimuli (i.e., general visual response) whereas
responses at 1.2 Hz and harmonics (2.4 Hz, 3.6 Hz, etc.) reflect
face-selective responses (Fig. 1A) (45). A contact was considered
as face-selective if a significant response was found at one or more
of the first four face stimulation frequency harmonics.
Despite the brief recording time (two or four sequences of 70 s),

high SNR face-selective responses were recorded in the VOTC
exactly at 1.2 Hz and harmonics (see Fig. 2A for an example of

Fig. 1. FPVS and SEEG methods. (A) The FPVS paradigm. Images of objects
were presented by sinusoidal contrast modulation at a rate of six stimuli per
second (6 Hz). In the periodic condition shown here, a different face imagewas
presented every five stimuli (i.e., appearing at the frequency of 6/5 = 1.2 Hz).
(B) Representative examples of natural face images used in the study (actual
images not shown for copyright reasons). Faces were embedded in their nat-
ural backgrounds and varied in size, viewpoint, and lighting conditions (50
face exemplars were used in total). (C) Schematic representation of the typical
trajectories of depth electrodes (SEEG) implanted in the right VOTC. In-
tracerebral electrodes consist of 8–15 contiguous recording contacts spread
along the electrode length, along the medio-lateral axis. Typical trajectories of
electrodes are represented as arrays of red rectangles on schematic coronal
slices (with Talairach y coordinates indicated below slices). Electrodes pene-
trate both gyral and sulcal cortical tissues. a, anterior; CS, calcarine sulcus; lat,
lateral; LG, lingual gyrus; med, medial; PHG, parahippocampal gyrus.
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recording in the right FG). In a nonperiodic condition (where the
exact same stimuli were shown in random order, with no face peri-
odicity), there were no contacts with significant responses at 1.2 Hz
and harmonics (Fig. 2B), even though the 6-Hz general visual re-
sponse was comparable to that observed in the periodic condition.

Spatial Distribution of Face-Selective Responses in the VOTC. Across
the VOTC, we found a high proportion of face-selective contacts
(33.1%; 555 of 1,678), with no difference between the left and
right hemispheres (left: 313 of 988, 31.7%; right: 242 of 690,
35.1%; P = 0.146, Pearson’s χ2 test). These contacts were found in
many regions of the occipital and temporal lobes and were widely
distributed along the VOTC (Fig. 3A; see also Fig. S1A for the
spatial relationship with contacts showing only a significant general
visual response). The anatomical location of each face-selective
contact was determined in the individual anatomy by using a to-
pographic parcellation of the VOTC based on predefined well-
established anatomical landmarks [Fig. S2; see also Fig. S1B for the
spatial distribution of face-selective contacts in the Montreal
Neurological Institute (MNI) space labeled according to their lo-
cation in the individual anatomy]. Then, contacts were grouped by
anatomical region of interest across all participants (Fig. 4). Table
1 shows the number of contacts in each of these regions (individual
brains were not normalized, but see Table S1 for the coordinates of
these regions in the MNI and Talairach spaces).
Fig. 4 displays the averaged iEEG frequency spectra in each

region of the right hemisphere (see Fig. S3 for the left hemi-
sphere). In the occipital lobe (OCC), face-selective responses

were recorded in the IOG and in a large portion of the ventral and
medial occipital cortex. Responses in the ventro-medial occipital
cortex were distributed over multiple anatomical regions and were
generally small relative to large general visual responses. There-
fore, for sake of simplicity, these responses were grouped into the
same region of interest [ventromedial occipital (VMO), comprising
the occipital part of the CoS, the lingual gyrus, the calcarine sulcus,
the cuneus, and the occipital pole].
In the posterior temporal lobe (PTL), face-selective responses

were mainly recorded in the middle FG. The middle FG is di-
vided longitudinally by the midfusiform sulcus in its medial and
lateral sections (15). We recorded face-selective responses in the
medial FG and adjacent CoS (medFG) and in the lateral FG and
adjacent occipito-temporal sulcus (latFG). Face-selective responses

Fig. 2. Objective and high-SNR intracerebral responses in the VOTC. iEEG
frequency-domain responses recorded at an individual recording contact (raw
FFT amplitude) located in the right latFG (participant 14) are shown. The lo-
cation of the recording contact (indicated by a red arrow) is shown using a
postoperative CT coregistered to a preoperative MRI. (A) In the periodic con-
dition, significant face-selective responses exactly at the face-selective fre-
quency (1.2 Hz) and harmonics (up to 10.8 Hz) were observed. Note the high
SNR of these responses (i.e., high amplitude at the specific frequency com-
pared with the neighboring frequency bins), despite the brief recording time
(two sequences of 70 s here). (B) In the nonperiodic condition, no face-selective
responses were observed. In both conditions, general visual responses occur-
ring exactly at the base frequency (6 Hz) and harmonics were recorded, with
comparable amplitudes and SNR across conditions. *z > 3.1; P < 0.001.

Fig. 3. Spatial distribution of face-selective contacts in the MNI space (ventral
view). (A) Map of all 1,678 VOTC recording contacts across the 28 individual
brains displayed in the MNI space using a transparent reconstructed cortical
surface of the Colin27 brain. Each circle represents a single contact. Colored
circles correspond to face-selective contacts color-coded according to their
face-selective response amplitude. White-filled circles correspond to contacts
that are not face-selective. For visualization purposes, individual contacts are
displayed larger than their actual size (2 mm in length). (B) Examples of four
individual participant hemispheres. Anatomical labels of the face-selective
clusters in each participant are derived from the individual native anatomy.
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were also recorded more laterally in the inferior temporal gyri
(ITG) and middle temporal gyri (MTG).
In the anterior temporal lobe (ATL), face-selective responses

were mainly recorded in the ventral ATL in three distinct regions:
(i) along the anterior segment of the collateral sulcus (antCoS);
(ii) along the anterior segment of the occipito-temporal sulcus
[antOTS; located laterally to the CoS (47)]; and (iii) in the ante-
rior FG [antFG; located between the antCoS and the antOTS,
anteriorly to the posterior tip of the hippocampus (HIP) (25, 48)].
Fig. 5 displays typical recordings from the ventral ATL, as well as
their precise anatomical locations in a single participant (P16).
Face-selective responses were also recorded more laterally in the
anterior part of the MTG and ITG (antMTG/ITG).
In summary, we recorded high-SNR face-selective responses in

many regions of the VOTC, extending from the occipital pole to
the ATL. These face-selective responses were particularly large in
the latFG and IOG (Fig. 4). The general visual responses at 6 Hz
were predominant in the OCC, medFG, and antFG.

Quantification of Face-Selective Response Amplitudes. To quantify
and compare response amplitudes across regions, we summed the
baseline-subtracted amplitudes over harmonics for each face-selective
contact, separately for the face-selective responses (sum of the 12 first
face-selective frequency harmonics, excluding the 5th and 10th har-
monics that coincided with the base frequency) and for the general
visual responses (sum over the first four base frequency harmonics).
We averaged across contacts to obtain the mean response amplitude
for each type of response and region.
Across all regions, the largest face-selective response, by far,

was recorded in the right latFG (Fig. 6). This right latFG re-
sponse was significantly larger than in all other regions taken
independently (P < 0.05, two-tailed permutation test) (SI Text),
except for the right antFG, which had the second largest re-
sponse together with the right IOG (Fig. 6 and Table S2).
Strikingly, the mean Talairach coordinates of the face-selective
responses found in the right latFG (x = 41, y = −45, z = −16)

(Table 2) and in the right IOG (x = 43, y = −71, z = −7) match
the coordinates of face-selective clusters found with fMRI in
these regions [right FFA and right OFA, respectively; e.g., ref.
14; right FFA average Talairach coordinates in a study with a
large sample of participants: x = 38, y = −43, and z = −17 (14)].
The largest general visual responses were recorded in the OCC
(VMO and IOG), in the medFG and in the antFG, whereas the
smallest responses were recorded in the MTG/ITG and in the
ATL (antCoS, antOTS, and antMTG/ITG) (Fig. 6). Note that
the results of the quantification analysis were independent of the
number of harmonics included in the analysis (Fig. S4A).
Although the proportion of face-selective contacts did not differ

between right and left latFG (left: 30 of 36, 83.3%; right: 33 of 35,
94.3%; P = 0.144, Pearson’s χ2 test), there was a significantly

Fig. 4. Face-selective responses in distinct anatomical VOTC regions. iEEG SNR frequency spectra in each region of the right hemisphere averaged across all
face-selective contacts located in the same region. SNR is computed by comparing amplitude at the frequency bin of interest to amplitude at neighboring bins
(i.e., SNR = 1, no signal above noise level). The schematic locations of each region are shown on a reconstructed cortical surface of the Colin27 brain. For
simplicity, regions are depicted over the cortical surface although responses were recorded within the cortex. Note the particularly large (i.e., high SNR) face-
selective response recorded in the latFG and to a lesser extent in the IOG compared with other regions. Although face-selective contacts were found in the
right antMTG/ITG (Fig. 8A), no clear responses were visible on the averaged spectrum, which is therefore not shown. Note that we did not record in the most
posterior (in the OCC) and anterior parts of the FG.

Table 1. Number of contacts showing face-selective responses
in each anatomical region

Regions Left hemisphere Right hemisphere Total

VMO 89 (7) 50 (5) 139 (11)
IOG 26 (6) 36 (6) 62 (11)
Subtotal OCC 115 (7) 86 (6) 201 (12)
medFG 40 (11) 30 (8) 70 (17)
latFG 30 (11) 33 (8) 63 (17)
MTG/ITG 30 (7) 25 (8) 55 (13)
Subtotal PTL 109 (13) 96 (11) 188 (21)
antCoS 33 (11) 23 (9) 56 (18)
antFG 10 (4) 11 (4) 21 (7)
antOTS 35 (12) 17 (5) 52 (15)
antMTG/ITG 20 (7) 17 (8) 37 (12)
Subtotal ATL 107 (16) 79 (15) 166 (23)
Total 313 (21) 242 (17) 555 (28)

The corresponding number of participants in which these face-selective
contacts were found is indicated in parentheses.
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larger face-selective response in the right latFG (mean difference:
26.03 μV) (Fig. 6; see Table 2 for results of the permutation tests).
However, the general visual response did not differ between these
two regions (Fig. 6 and Table 2). The IOG also showed a non-
significant trend toward a larger face-selective response in the right
hemisphere (Fig. 6 and Table 2).
In the ventral ATL, the face-selective response was larger in

the antFG than in its adjacent sulci (antOTS and antCoS) in the
right hemisphere only (P < 0.05). The general visual response was
also larger in the antFG than in the antOTS and antCoS in both
hemispheres (P < 0.05).
Because of the very high frequency resolution, the analysis used

here is highly resistant to (intracerebral) artifacts (mainly epileptic
spikes), which are more broadly distributed across the frequency
spectrum than the specific frequencies of visual stimulation (37,
42). Nevertheless, to test for the robustness of the results, we
performed the same quantification analysis after artifact rejection
(SI Text). This complementary analysis yielded virtually identical
results to those without artifact rejection (Fig. S5).

Clustered Spatial Organization of Face Selectivity in VOTC. Face-selective
responses were widely distributed across the VOTC, with the largest
responses found in specific anatomical regions of the right hemi-
sphere. Because of the high spatial resolution of the SEEG approach
(in the present study, the intercontact center-to-center spacing is
3.5 mm, whereas it is 5–10 mm in recent electrocorticography or
ECoG studies) (e.g., refs. 35 and 49), we were also able to explore

the spatial organization of face-selective responses at a finer scale
within the different face-selective regions.
To do so, we first visualized face selectivity at single contacts

within individual brains (see Fig. 3B for examples of four individual
brains). We observed that face-selective contacts along an elec-
trode (i.e., array of recording contacts mainly in the medio-lateral
axis) tend to be spatially contiguous. This finding was reflected in
the mean number of contiguous face-selective contacts (OCC, 4.3 ±
3.6 contacts; PTL, 4.9 ± 3.5; ATL, 2.6 ± 1.9; both hemispheres
grouped) and in the mean distances between face-selective
contacts (OCC, 5.1 ± 3.2 mm; PTL, 4.1 ± 0.9; ATL, 5.5 ± 4.2)
which were significantly different from when randomly shuffling
the contact location (P < 0.01 for all comparisons) (SI Text).
We also observed that, among face-selective contacts, the con-

tacts with the largest face-selective amplitude tended to be spa-
tially contiguous. This finding is exemplified in Fig. 3B, where the
largest face-selective responses were grouped in specific regions
(latFG, antOTS, and IOG). Highly face-selective contacts were
defined for each electrode separately as contacts with a distinc-
tively high amplitude (i.e., amplitude >3 SDs from the amplitude
of the lowest contacts) (SI Text). The proportion of electrodes
containing highly face-selective contacts was maximal in the ant-
CoS, antFG, antOTS, medFG, latFG, and IOG, while being
smaller in the VMO or equal to zero in the remaining regions
(Fig. 7A; both hemispheres grouped). Among these electrodes, the
mean distance between these contacts was significantly smaller
than when randomly shuffling their positions on the electrodes
(Fig. 7B and SI Text), showing that highly face-selective contacts
tended to spatially cluster.
To further visualize and examine the spatial clustering of highly

face-selective responses in each anatomical region, we quantified
the spatial variation of face-selective response amplitude across
the length of each electrode (SI Text). The profiles displayed in

Fig. 5. Example of face-selective responses in three distinct anatomical re-
gions of ventral ATL. (A) Face-selective responses recorded from the right
antCoS, antOTS, and antFG in a single brain (participant 16). Note that in the
antCoS and antOTS, no general visual responses were recorded at 6 Hz
and harmonics (face-exclusive responses; see also Fig. 8A). *z > 3.1; P < 0.001.
(B) Anatomical locations of corresponding recording contacts on MRI slices.
Contacts are shown as red dots on axial (Left) and coronal (Right) slices.
Electrode contacts 1, 2, and 3 are respectively located in the antCoS, antOTS,
and antFG. The antFG is located between the antCoS and antOTS, at a level
where the HIP is visible on a coronal slice.

Fig. 6. Quantification of the response amplitudes in each region. Face-selective
(Upper) and general visual (Lower) responses were quantified in each region as
the average of the response amplitudes across contacts. The average across
contacts for each region is shown separately for the left and right hemispheres.
Error bars represent the SEM across contacts.
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Fig. 7C represent the mean variation of face-selective response
amplitude as a function of the distance from the maximum am-
plitude in each region (averaging both sides around the maximum
and pooling across hemispheres to increase the number of data
points). In most regions (except in MTG/ITG and antMTG/ITG),
the second or third largest responses were contiguous to the
maximum and significantly above the amplitude expected by
chance if the contacts were randomly located (i.e., 95% confident
interval) (Fig. 7C, gray area). This finding indicates that the largest
face-selective responses tend to cluster in specific regions.

Face-Exclusive Responses. Strikingly, some individual recording con-
tacts in the VOTC exhibited exclusive responses to faces—i.e.,
significant face-selective responses without any general visual re-
sponse (for examples, see Fig. 8A). There were few face-exclusive
responses in the occipital cortex (15, mainly in the IOG), 38 in the
PTL (mainly in the MTG/ITG and in the latFG), and 58 in the ATL
(mainly in the antOTS, antCoS, and antMTG/ITG). The proportion
of face-exclusive contacts (with respect to all face-selective contacts)
increased from posterior to anterior regions (Fig. 8B) and was
maximal in the right ATL (30 of 68; 44.1%). In the ATL only, the
proportion of face-exclusive contacts was significantly higher in
the right than in the left hemisphere (44.1% vs. 28.6% respectively;
P = 0.039, Pearson’s χ2 test).
To rule out the possibility that the higher proportion of face-

exclusive responses in the ATL was merely due to this region’s
inability to generate responses at a fast rate (i.e., 6-Hz base rate),
11 of the participants performed a control experiment in which
the exact same stimuli were presented at a slower base frequency
rate (1.5 Hz) (SI Text). The reduction of general visual responses
from posterior to anterior regions was similar whether we used
1.5 or 6 Hz as the base stimulation frequency (Fig. S4B). More-
over, the disappearance of the general visual responses on some
contacts was not due to a global amplitude reduction, which would
have affected first the general visual response because it is lower
than face-selective response to begin with (“floor effect”). Indeed,
we observed a similar reduction of general visual responses
from posterior to anterior regions when general responses were
extracted from groups of contacts with similar mean face-selective
response amplitudes across regions (Fig. S4C).

Summary. In quantifying face selectivity across the whole human
VOTC with intracerebral recordings and a high-sensitivity stimu-
lation approach in a large group of individual brains, we made a
number of key observations regarding the neural basis of face cat-
egorization. First, in line with human intracranial recording studies,
we reported face-selective responses across all of the VOTC. Sec-
ond, we validated two decades of functional neuroimaging
findings with a direct measure of neural activity: Among all VOTC

regions, the right latFG, corresponding to the right FFA, shows the
largest face-selective response, followed by the right IOG (OFA).
Third, we found different spatial organizations of face-selective
responses across regions, with the key regions (i.e., IOG, latFG,
and ATL regions) showing a clustered organization of highly face-
selective responses. Fourth, we identified three regions exhibiting
face-selective responses in the ventral ATL, specifically the
antCoS, the antFG, and the antOTS. Finally, we report a
number of face-exclusive responses at the population level, with
these responses increasing along a posterior to anterior axis in the
VOTC to reach almost 50% in the right ATL.

Discussion
Wide Distribution of Face-Selective Responses Across the VOTC. Be-
sides the dominant latFG and IOG, face-selective responses were
found in regions that are not, or are rarely, identified as face-
selective in fMRI: the VMO, the medFG, the MTG/ITG, and in a
large portion of the ventral ATL. These results are in line with

Table 2. Statistical comparisons between right and left
hemisphere homologous regions using a permutation test

Regions

Face-selective response General visual response

Mean difference
R-L (μV) P value

Mean difference
R-L (μV) P value

VMO −0.93 0.526 −1.71 0.542
IOG 4.49 0.112 −1.56 0.657
medFG −4.68* 0.020 −0.43 0.840
latFG 26.03* 0.001 −0.53 0.723
MTG/ITG 3.41 0.205 −1.83 0.187
antCoS −4.93 0.165 −1.96 0.097
antFG 6.15 0.219 2.34 0.628
antOTS −3.90 0.400 −1.49 0.165
antMTG/ITG 0.12 0.904 −0.05 0.914

See SI Text for details. L, left; R, right. *P < 0.05.

Fig. 7. Clustered organization of face selectivity within each region. (A) Pro-
portion of electrodes showing highly face-selective contacts in each region.
(B) Mean distance between highly face-selective contacts in electrodes highlighted
in A. Error bars represent the SEM. These distances were significantly smaller than
when randomly shuffling the locations of contacts on the electrodes (95% lower
confidence interval indicated by horizontal lines). (C) Spatial variation of face-
selective response amplitude in each region. All electrodes containing at least one
face-selective contact were identified and pooled across hemispheres. The num-
ber of electrodes included in the analysis for each region is indicated in paren-
theses. Next, electrodes were spatially centered with respect to the contact
recording the largest face-selective response. Each electrode was then folded
around the maximum by averaging responses from equidistant contacts on both
sides of the maximum. Face-selective responses measured at corresponding con-
tacts across electrodes were then averaged by region. The resulting profiles rep-
resent the mean variation of face-selective response amplitude as a function of
the distance from the maximum (maximum located at 0 mm). To statistically as-
sess the clustering of highly face-selective responses in each region, these profiles
were compared with a random distribution of profiles generated by repeatedly
performing the exact same analysis after randomly shuffling the location of
contacts in each electrode (i.e., both original and random profiles were spatially
centered on the largest face-selective response). Shaded gray areas and thin gray
lines, respectively, represent the 95% confidence interval and the mean of these
random distributions. Face-selective responses above or equal to the 95% confi-
dence interval are shown as larger filled markers.
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previous iEEG observations of widely distributed face-selective
responses in the VOTC (27, 30, 33–35, 50). However, face-selective
responses are even more extensively distributed here than pre-
viously observed, in particular compared with the seminal study of
Allison et al. (27), using grids of electrodes on the cortical surface
(ECoG). Moreover, our proportion of VOTC face-selective re-
sponses is larger than in previous studies. For example, whereas
Allison et al. (27) reported 121 face-selective responses in 98
participants (N200: 82 responses, P350: 39 responses), we dis-
closed 555 face-selective responses in 28 participants.
Importantly, our wide distribution and high proportion of face-

selective responses cannot reflect low-level visual differences be-
tween faces and nonface objects, not only because all images were
equalized for mean pixel luminance and contrast. Most critically,
the numerous natural images of face and object vary widely in
lighting, contrast, size, viewpoint, etc. Thus, low-level cues do not
vary systematically at the specific periodic rate of faces (1.2 Hz),
eliminating the putative contribution of these cues to the mea-
sured face-selective response (45). Hence, face-selective responses
in this stimulation mode disappear when images are phase-
scrambled, preserving low-level visual cues (i.e., power spectrum;
refs. 45 and 46). Moreover, with this approach, both generaliza-
tion (across widely variable face exemplars) and discrimination
(from widely variable nonface objects) are mandatory to elicit face-
selective responses. Generalization is necessary because categoriz-
ing only a subset of the face stimuli as faces would break the 1.2-Hz
periodicity. Discrimination of faces from each of the other object
categories, not only from an average of their response as in a
standard fMRI localizer (e.g., refs. 12, 16, and 51), is also nec-
essary here. Indeed, if one of the nonface categories elicits the
same response as faces, the 1.2-Hz periodicity will be disrupted.
Finally, high selectivity to faces is ensured by using 14 nonface
categories, a larger number than in previous studies, with a majority
of studies comparing faces to a single nonface category (houses or
cars typically; e.g., ref. 14; see also ref. 27 for 4–6 nonface categories
in iEEG). Despite this control, and even though there is no other
visual category than faces eliciting such a large specific response at

the population level with such a right hemisphere advantage in the
human brain, we cannot formally exclude the possibility that yet
another visual category would also elicit category-specific 1.2-Hz
responses in the VOTC if presented every fifth stimuli in our rapid
visual stimulation sequence. Such a comparison of different category-
selective response maps could be directly performed in future
studies with the present FPVS approach.
Here we argue that two key aspects of the present study may

account for the particularly large proportion and wide spatial
distribution of face-selective responses identified. First, unlike
ECoG (27), stereotactic electroencephalography (SEEG) re-
cords within cortical sulci, in which a substantial proportion of
face-selective responses were found (i.e., CoS and OTS in the
PTL and antCoS and antOTS in the ventral ATL). Second, we
used a FPVS approach providing: (i) an objective criterion to
identify even small neural responses above noise level in the
frequency domain and (ii) an extremely high SNR compared
with standard stimulation approaches (42, 43, 45). In summary,
our results support the view that neural populations widely dis-
tributed across the human VOTC, rather than a few localized
functional regions only as found in neuroimaging studies, gen-
erate robust selective responses to faces.

Regional Peaks of Face Selectivity. Although the right latFG shows
the largest and most consistent face-selective response in human
neuroimaging (e.g., refs. 8 and 12–14), previous iEEG studies did
not identify this region as showing the largest face-selective re-
sponse in the VOTC, because face-selective responses were not
compared across regions (30, 34), the issue of FG lateralization
was not addressed (35), or face-selective responses in the FG were
not lateralized [ERPs (27); broadband gamma activity (40)]. Here,
of all anatomically defined VOTC regions, the largest face-selective
iEEG response was found in the lateral section of the right middle
FG (latFG; Talairach coordinates: x = 41, y = −45, z = −16), which
corresponds to the right FFA (10, 12). This observation therefore
validates with a direct measure of neural activity the predomi-
nant face-selective activation in the right latFG found in human
neuroimaging (i.e., the FFA) (12).
The larger face-selective response in the right than in the left

latFG may be at least partly due to the spatial organization of face-
selective neuronal populations. To record large face-selective re-
sponses on some contacts in the right latFG as here, a large
number of face-selective neurons should be densely grouped
nearby the recording contacts. Although we were not able to
compare right and left latFG with our clustering analysis because
of a low statistical power (6 and 3 electrodes peaking in right and
left latFG, respectively), this hypothesis is supported by the
dense clustered organization of highly face-selective responses
found in the latFG when both hemispheres were grouped. In
addition, although face-selective responses were also recorded in
the medFG here, they were substantially smaller in amplitude
than in the latFG. This observation supports the recently dis-
covered cytoarchitectonic and fMRI-based functional medio-
lateral division of the FG (52).
The right hemispheric dominance of our electrophysiological

measures is in line with the well-established dominance of this
hemisphere in face perception as evidenced by divided visual field
presentation (53), neuroimaging (e.g., refs. 10, 12, and 14) and
scalp EEG (54), including studies performed with the same par-
adigm as used here (45, 46). Most importantly, our results agree
with the localization of brain damage in patients with acquired
prosopagnosia, whose lesions are either bilateral or localized
unilaterally in the right hemisphere (refs. 2–7, except in a few left-
handed patients: for review, see ref. 9), as well as with the right
dominance of the lateral section of the middle FG in producing
conscious distortions of a perceived face (38, 40).
Importantly, prosopagnosia can also be due to lesions of the

right IOG (refs. 4 and 51; see also ref. 55 for face-processing

Fig. 8. Face-exclusive responses. (A) Examples of recordings in single par-
ticipants in right and left ATL regions. *z > 3.1; P < 0.001. (B) Proportion of
face-exclusive contacts. The proportion of face-exclusive contacts (with re-
spect to all face-selective contacts) is displayed for the three main regions
(OCC, PTL, and ATL). *P < 0.05 (Pearson’s χ2 test).
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impairment due to transcranial magnetic stimulation over this
region), as well as of the right ATL (56). In line with evidence
from these lesion studies, here, the second largest face-selective
responses were found in the right IOG and antFG, two regions in
which highly face-selective responses were also clustered. The
right IOG corresponds to the cortical territory where the OFA is
typically located (16, 17, 51), so that our observations again
validate the findings of neuroimaging studies of face perception.
The right antFG is part of the ventral ATL, whose role in face
perception is currently the focus of intense research (ref. 25; for
review, see ref. 57) and which will be discussed next.

A Set of Face-Selective Regions in the ATL. Although the fMRI
signal in the ventral ATL is absent or very weak, previous iEEG
studies have found widely distributed face-selective responses in
this region, yet without providing precise anatomical information
(i.e., ref. 32). Here, we took advantage of the high spatial reso-
lution of depth electrodes and their specific recordings of both
gyri and sulci to clarify the locations of face-selective responses
in the ventral ATL. We found a wide distribution of face-selective
responses in the ventral ATL (antCoS, antFG, and antOTS) in
specific and reproducible anatomical locations across individual
participants. In these regions, we also found clusters of highly face-
selective responses, even if their mean amplitude was not among
the largest (except in the right antFG). This result is probably
because our anatomical regions of interest were larger in size than
the corresponding clusters.
Face selectivity in the antCoS is in line with the finding of face-

selective responses in the anterior segment of the CoS bilaterally in
a few relatively recent fMRI studies (14, 20–23, 58). Moreover, we
found face-selective responses in the antOTS, which is a major
VOTC sulcus, located laterally to the antCoS (47). Although the
antOTS was never explicitly mentioned as a face-selective area in
fMRI, visual analysis of individual data from these studies suggests
that some anterior face-selective activations fall into the antOTS,
and not into the antCoS as described (20, 22, 23). Our finding is
also in agreement with ECoG studies reporting face-selective re-
sponses close to the antCoS and antOTS (27, 50). Given that antCoS
and antOTS correspond to different cytoarchitectonic structures
[perirhinal cortex and temporal isocortex, respectively (59)], these
two regions may be functionally distinct and may support different
face-selective neural processes.
The antFG is located anteriorly to the posterior FG and the

typical location of the FFA (25, 48, 60). Unfortunately, because of
magnetic susceptibility artifacts, fMRI signal recorded from this
antFG region is absent or very weak (20–25). As a result, only a
handful of fMRI studies reported face-selective activations in the
antFG, and little is known about the role of this region in face
processing (refs. 21, 23, and 58; but see ref. 61 for categorical
differences between unfamiliar and familiar faces in the right
antFG using PET). A recent iEEG study using depth electrodes
recorded electrophysiological face-selective responses directly
from the right antFG in a single participant (25). Electrically stim-
ulating these intracerebral sites evoked transient prosopagnosia,
pointing to a causal role of the right antFG in face recognition.
Identifying clear iEEG face-selective responses specifically in this
region in several individual brains here further supports its prominent
role in human face recognition.
Accumulating data with the present approach over very large

samples of individual brains, as well as refined anatomical definitions
of the regions of interest (for example, based on cyto- or receptor-
architectonics) (e.g., ref. 52) should progressively clarify the relative
functional importance of these ATL regions in face categorization.

Face-Exclusive Responses Predominant in the Right ATL. Previous
human iEEG studies recorded large responses to faces with weak
responses to nonface stimuli over the VOTC (27, 50). Here,
thanks to a clear definition of signal and noise provided by the

fast periodic stimulation and the frequency domain analysis (43),
we were able to objectively assess the absence of response (i.e.,
no signal above noise) to nonface objects at face-selective con-
tacts. We found numerous face-selective responses in the absence
of a general visual response. Such EEG spectra have not been
found on the human scalp (45). Because intracerebral contacts
pool the activity of hundreds of thousands of neurons, this finding
reveals the presence of exclusive responses to faces at a macro-
scopic level of cortical organization (i.e., cell population level).
Exclusive responses to the category of faces have been found in
single neurons in the monkey superior temporal sulcus (62, 63),
and there is evidence that these neurons are grouped in cortical
columns or larger clusters (64) so that face-selective areas iden-
tified in fMRI in monkeys contain an extremely large proportion
of neurons responding exclusively to faces (64). Here, to our
knowledge, we report the first evidence of face-exclusive responses
at a cell-population level in humans.
The right ATL recorded the highest proportion of face-exclusive

responses, suggesting that it is involved in the highest stages of
face processing. Compared with face processes that require in-
formation about the context (e.g., face detection among visual
scenes or other objects), processing faces independently from
the context (i.e., nonface categories) may be particularly useful
for processes that are known to be specific to faces (e.g., encoding
and retrieval of information specific to an individual face, holistic
processing of individual exemplars, sex, age, expression, social
judgments, etc.). This suggestion is consistent with fMRI and
brain lesions studies showing that right ATL may play a role in
face individualization and semantic knowledge about people (10,
56, 65, 66).

Conclusions
Thanks to intracerebral recordings performed in a large human
population and a fast periodic presentation of objects and faces,
objective face-selective responses were defined and quantified by
anatomical regions along the whole VOTC. Our findings rec-
oncile two main views of the large-scale functional organization
of face selectivity in the VOTC: on the one hand, the partial and
clustered organization identified by fMRI studies and, on the
other hand, the widely distributed, scattered face-selective re-
sponses found by iEEG studies. Although face-selective pop-
ulations of neurons are present across the whole VOTC, they are
more densely distributed in specific regions, such as the right
latFG, which are typically identified in fMRI and may be the
most critical regions for this function. Even though the fre-
quency-tagging approach used here essentially concentrated on
quantitative differences between regions, it also revealed a
qualitative difference at a finer-scale level, with an increasing
proportion of electrode contacts showing exclusive response to
faces as one progresses from posterior to anterior VOTC re-
gions, particularly in the right hemisphere. Taking advantage of
this objective and sensitive approach, future studies with higher
recording samples in each region may be able to extract signifi-
cant information from the patterns of face-selective harmonic
responses in amplitude and phase (i.e., the shape of the output
function) in various VOTC regions, and make further progress in
our understanding of the spatiotemporal dynamics of face cate-
gorization in the human brain.

Materials and Methods
Participants. The study included 28 right-handed participants (15 females,
mean age: 30.5 ±4.4 y) undergoing clinical intracerebral evaluation with
depth electrodes [SEEG (67)] for refractory partial epilepsy. Participants were
studied in the Epilepsy Unit of the University Hospital of Nancy between
December 2012 and March 2015. Participants were included in the study if
they had at least one intracerebral electrode implanted in the temporal or
occipital lobe and if they were right-handed (as assessed by the Edinburgh
Handedness Inventory). They all gave written consent to participate to the
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study, which was part of a protocol approved by the human investigation
committee of the University Hospital of Nancy. All but two participants
performed the Benton Face Recognition Test (68) before the SEEG explo-
ration, with an average score of 41.8 ± 4.4 (20 participants above a score of
39 of 54, indicating normal performances in matching individual faces, and 6
participants below 39 of 54, indicating mild impairment).

Intracerebral Electrode Implantation and Recording. Intracerebral electrodes
were stereotactically implanted within the participants’ brains to delineate
their seizure onset zone. Each intracerebral electrode consisted of a cylinder
of 0.8 mm diameter and contained 8–15 independent recording contacts of
2 mm in length separated by 1.5 mm from edge to edge and by 3.5 mm
center-to-center (for details about the electrode implantation procedure,
see ref. 25). Typical trajectories of depth electrodes implanted in the tem-
poral and occipital lobes are shown in Fig. 1C. Intracerebral EEG was recor-
ded at a 512-Hz sampling rate with a 256-channel amplifier with either a
midline prefrontal scalp electrode (FPz, in 21 participants) or an intracerebral
contact in the white matter serving as reference electrode (in 7 participants).

FPVS Paradigm.
Stimuli. A total of 200 grayscale natural images of various nonface objects
(from 14 nonface categories: cats, dogs, horses, birds, flowers, fruits, vege-
tables, houseplants, phones, chairs, cameras, dishes, guitars, and lamps) and
50 grayscale natural images of faces were used, and were the same as in a
recent study (45) [see Fig. 1B for examples of various face exemplars (stimuli
available at dx.doi.org/10.5061/dryad.5f9v7) and Fig. S6 for mean images for
each category]. Each image contained an unsegmented object or face near
the center that differed in terms of size, viewpoint, lighting conditions, and
background. Images were equalized for mean pixel luminance and contrast.
Procedure. Participants viewed continuous sequences with highly variable nat-
ural images of objects presented at a rate of 6 Hz through sinusoidal contrast
modulation (Fig. 1A). A sequence lasted 70 s, including 66 s of stimulation at
full contrast flanked by 2 s of fade-in and fade-out, where contrast gradually
increased or decreased, respectively. The long sequence duration produces a
high-frequency resolution (sequences of 63 s long were taken into account in
the analysis, yielding a frequency resolution of 1/63 = 0.016 Hz) that allows
isolating the response of interest into a narrow frequency bin, which greatly
enhanced its SNR (42, 43). The experiment consisted of two types of sequences:
(i) periodic and (ii) nonperiodic. In the main condition (i.e., periodic), highly
variable natural images of faces were presented periodically as every fifth
image (i.e., at 1.2 Hz = 6/5 Hz), with all images being randomly selected from
their respective categories (Fig. 1A; see also Movie S1 for an example of visual
stimulation in the periodic condition). In the control condition (i.e., non-
periodic), the exact same stimuli were shown in random order so that there
was no face periodic input at 1.2 Hz. Participants were unaware of the peri-
odicity of the faces in the periodic condition. Each participant was presented
with at least two sequences of the periodic condition and one sequence of the
nonperiodic condition, in pseudorandom order (∼5 min of experiment, in-
cluding short breaks). The experiment was repeated a second time for 12 of 28
participants. No participant had seizures in the 2 h preceding FPVS recordings.
During the sequences, participants were instructed to fixate on a small black
cross which was presented continuously at the center of the stimuli and to
detect brief (500 ms) color changes (black to red) of this fixation cross.

Intracerebral EEG Analysis.
Frequency domain processing. Segments of iEEG corresponding to stimulation
sequences were extracted (74-s segments, −2 to +72 s). In our main analyses,
no artifact rejection was performed because intracerebral artifacts (mainly
epileptic spikes, but also electro-oculographic and electro-myographic ac-
tivity because we used a prefrontal scalp electrode as reference electrode for
most of the participants) are more broadly distributed across the frequency
spectrum than the frequencies of interest (i.e., 1.2 and 6 Hz and their re-
spective harmonics). The 74-s data segments were cropped to contain an
integer number of 1.2-Hz cycles beginning 2 s after the onset of the se-
quence (right at the end of the fade-in period) until ∼65 s, before stimulus
fade-out (75 face cycles ∼ 63 s). Sequences were averaged in the time do-

main, separately for each condition and each participant. Subsequently, a
fast Fourier transform (FFT) was applied to these averaged segments, and
amplitude spectra were extracted for all contacts.
Face-selective responses. The FPVS approach used here allows for identifying
and separating two distinct types of responses (45): (i) a general visual re-
sponse occurring at the base stimulation frequency (6 Hz) and its harmonics,
as well as (ii) a face-selective response at 1.2 Hz and its harmonics. Face-
selective responses significantly above noise level at the face stimulation
frequency (1.2 Hz) and its harmonics (2.4, 3.6 Hz, etc.) were determined by
transforming the frequency spectra to z scores (45, 69). The z scores were
computed as the difference between amplitude at each frequency bin and
the mean amplitude of the corresponding 48 surrounding bins (25 bins on
each side, i.e., 50 bins, but excluding the 2 bins directly adjacent to the bin of
interest, i.e., 48 bins) divided by the SD of amplitudes in the corresponding
48 surrounding bins. A contact was considered as face-selective if a z score
was >3.1 (i.e., P < 0.001, one-tailed: signal > noise) for at least one of the
first four face-selective frequency harmonics in the periodic condition (1.2,
2.4, 3.6, or 4.8 Hz; we considered it unlikely that face-selective responses
would manifest only at harmonics above the 6-Hz base frequency).
Quantification of responses amplitude. Baseline-corrected amplitudes were com-
puted as the difference between the amplitude at each frequency bin and the
average of 48 corresponding surrounding bins (25 bins on each side, i.e., 50 bins,
but excluding the 2 bins directly adjacent to the bin of interest, i.e., 48 bins) (e.g.,
ref. 70). The face-selective and general visual responses were then quantified at
each face-selective contact as the sum of the baseline-subtracted amplitude
across harmonics (70, 71). The range over which face and base frequency har-
monics were summed was constrained by the highest significant harmonic
across participants (z score > 3.1; P < 0.001). Across all participants, no signifi-
cant face-selective response was found above the 14th harmonic (i.e., 16.8 Hz),
and no significant base frequency responses was found above the 4th harmonic
(i.e., 24 Hz). Face-selective responses were therefore quantified as the sum of
the baseline-subtracted amplitudes at the face-selective frequency harmonics
from the 1st until the 14th (1.2 until 16.8 Hz), excluding the 5th and 10th
harmonics (6 and 12 Hz) that coincided with the base frequency. General visual
responses were similarly quantified by summing the amplitudes from the 1st
until the 4th base frequency harmonics (6 until 24 Hz). Thus, for each face-se-
lective contact, we obtained two amplitude values that respectively repre-
sented the overall face-selective response and the overall general visual
response. SNR spectra were also calculated as the ratio between the amplitude
at each frequency bin and the average of the corresponding 48 surrounding
bins for display purposes and comparison across studies.

Contact Localization in the Individual Anatomy. Rather than normalizing in-
dividual brains by linear transformation, which blurs the individuality of
functional organization, we subdivided individual brains in anatomical re-
gions of interest using individual anatomical landmarks (i.e., gyri and sulci)
(Fig. S2). Individual face-selective contacts were then localized according to
this anatomical subdivision and grouped by anatomical location across all
participants. We used a topographic parcellation of the VOTC close to that
proposed by Kim et al. (48). Major VOTC sulci served as medio-lateral
landmarks (CoS and OTS), and coronal reference planes containing given
landmarks served as postero-anterior landmarks (Fig. S2). A coronal plane
including the anterior tip of the parieto-occipital sulcus served as the border
of the occipital and temporal lobes. A coronal plane including the posterior
tip of the HIP served as the border of PTL and ATL. In a separate analysis,
anatomical MRIs were also spatially normalized to determine Talairach and
MNI coordinates of intracerebral contacts.
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Statistical Comparison Between Regions.Amplitudes of general visual
and face-selective responses were statistically compared across pairs
of regions containing groups of face-selective contacts by using a
permutation test. Specifically, the signal amplitudes measured at all
recording contacts in two given regions were randomly assigned in
two bins, with the number of contacts in each bin being equal to the
number of contacts in each region. Next, the difference between the
means of the two random bins was computed and stored. Because
permutation shuffles the region label of each contact, the difference
between the means of the two new bins reflects the difference
between regions under the null hypothesis (i.e., that the contacts in
the two regions are drawn from the same population). This process
was repeated 20,000 times to obtain a distribution of differences
across regions expected under the null hypothesis. A two-tailed
P value was computed as the fraction of the permutation distri-
bution that was either smaller or larger than the observed mean
difference between compared regions (depending on the sign of
this difference). The minimal attainable P value was constrained by
the number of permutations performed (i.e., here, minimal P value =
2/20,000 = 0.0001).

Complementary Analysis with Artifact Rejection. In addition to the
analyses reported in the main text, an amplitude quantification
analysis after a step of SEEG artifact rejection was performed.
For each patient’s data, the following steps were performed: the 63-s
sequences were segmented in epochs of duration of one cycle of
1.2 Hz (i.e., 833 ms); epochs from separate sequences were pooled
together; epochs in which signal amplitude at any time point
was above or below 4.5 times the across-epoch SD were rejected
(the mean percentage of rejected epochs across participants was
28.8% ± 12.5%); remaining epochs were averaged together; and a
FFT was performed on these averaged epochs (frequency resolu-
tion of 1.2 Hz). The face-selective and general visual responses at
the face-selective contacts identified by our main analysis were
quantified by using the same methodology.

Clustered Spatial Organization in Face-Selective Regions. The spatial
organization of face-selective responses was explored at a finer
scale within the different face-selective regions.
Clustering of face-selective contacts. The tendency of face-selective
contacts to be spatially contiguous with each other was determined
by measuring for each main region (i) the mean distance between
face-selective contacts and (ii) the mean number of face-selective
contacts spatially grouped together (i.e., immediately adjacent to
each other). Given that recording contacts are regularly spaced
apart on electrodes (i.e., arrays of 8–15 recording contacts), this
analysis was performed at the level of individual electrodes in each
participant’s native anatomy. For each participant, we first selected
all VOTC electrodes that contained at least one face-selective
contact. Each selected electrode was labeled according to the main
region where it was located (OCC, PTL, or ATL). Next, the fol-
lowing steps were performed: (i) in each electrode, the number of
face-selective contacts contiguously located and the distance be-
tween adjacent face-selective contacts were computed and stored;
and (ii) these values were averaged across participants/electrodes
for each main region. The spatial contiguity and mean distances
across face-selective contacts were statistically tested by running
a randomization test. Specifically, distributions of contiguity and
mean distances expected by chance were built by repeating steps
(i) and (ii) 2,000 times after randomly shuffling the location of all
contacts from each electrode at each iteration. The significance of

the original contiguity and distances were determined by comparing
them to the random distribution.
Clustering of highly face-selective contacts. The tendency of the contacts
showing the largest face-selective amplitude to be spatially contig-
uous was also tested. Highly face-selective contacts were defined at
the level of single electrodes, as contacts with a distinctively high
amplitude relative to the distribution of amplitudes in the electrode.
Highly face-selective contacts were identified as contacts with an
amplitude >3 SDs from the mean amplitude of the 75% of the
contacts with the lowest amplitude. Each electrode was labeled
according to the anatomical location of its most face-selective
contact (i.e., contact showing the largest face-selective response
amplitude). The clustering of highly face-selective contacts in each
anatomical region was examined by first determining the proportion
of electrodes containing highly face-selective contacts. Among these
electrodes, the mean distances between highly face-selective con-
tacts were measured and statistically tested by using a randomiza-
tion test similar to that described above.
The spatial clustering of face selectivity was further examined in

each anatomical region. To do so, the spatial variation of face-
selective response amplitude across the length of each electrode
(an electrode is an array of recording contacts) was quantified in
the following way: (i) All VOTC electrodes with at least one
face-selective recording contact were selected; (ii) the amplitude
of the face-selective response at all contacts (face selective or
not) of the selected electrodes (i.e., 8–15 contacts separated by
3.5 mm center-to-center, per electrode) was measured; (iii) each
electrode was labeled according to the anatomical location of its
most face-selective contact; (iv) all electrodes were spatially
aligned with respect to the location of the contact with maximal
face-selective response amplitude; (v) electrodes were pooled by
regions across the left and right hemispheres (to increase the
number of data points); (vi) each electrode was “folded” around
the maximum by averaging amplitude values from equidistant
contacts on both sides of the maximum; and (vii) the resulting
face-selective profiles for each region were averaged. The aver-
aged profiles represent the mean variation of face-selective re-
sponse amplitude as a function of the distance from the maximum.
To statistically assess the clustering of highly face-selective re-
sponses in each region, a randomization analysis was used. Specif-
ically, the original averaged face-selectivity profiles was compared
with a random distribution of profiles generated by repeating steps
(iv) to (vii) 2,000 times, randomly shuffling the location of contacts
separately in each electrode, at each iteration. This process allowed
generating for each region a confidence interval for the average
profile expected by chance if the contacts were randomly located.
Because we centered each electrode relative to the maximum face-
selective amplitude both for the original and the random contact
locations, both types of profiles exhibit a maximum of equal am-
plitude. However, if the largest face-selective responses tend to
spatially cluster in a given region (and therefore tend to be con-
tiguous to the maximum), the responses around the maximum
should be significantly above the profiles computed after randomly
shuffling contacts location.

Control Experiment at 1.5-Hz Stimulation Rate. To ensure that the
pattern of variation of the general visual responses across regions
was independent from the stimulation rate (6 Hz), the amplitude
of general visual responses was measured in an additional control
experiment performed in 11 of our participants. They performed
the exact same experiment but with a lower base frequency rate
(base frequency, 1.5 Hz; face-selective frequency, 1.5/5 = 0.3 Hz;
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three to six sequences of 70 s per participant). General visual
responses at 1.5 Hz were quantified at each face-selective con-
tact (defined using the 6-Hz experiment) as the sum of the

baseline-corrected amplitude across harmonics (up to the high-
est significant harmonic across patients, i.e., 24 Hz for the 6-Hz
experiment and up to 13.5 Hz for the 1.5-Hz experiment).

Fig. S1. Spatial distribution of face-selective, visually responsive, and nonresponsive contacts in the MNI space (ventral view). (A) Map of all 1,678 VOTC
recording contacts across the group of 28 participants displayed in the MNI space using a transparent reconstructed cortical surface of the Colin27 brain. Each
circle represents a single contact. Face-selective contacts (red) are represented along with contacts visually responsive to the base frequency but not face-selective
(blue) and nonresponsive contacts (white, no face-selective or general visual responses recorded). The number of recorded contacts was higher in the left than in
the right hemisphere (988 vs. 690). (B) Face-selective contacts in the MNI space colored according to their anatomical label in the individual anatomy.

Fig. S2. Schematic representation of the parcellation scheme used to determine the anatomical label of each face-selective contact. Anatomical regions were
defined in each individual hemisphere according to major anatomical landmarks. The ventral temporal sulci [CoS, OTS, and midfusiform sulcus (MFS)] serve as
medial/lateral borders of regions, whereas two coronal reference planes containing anatomical landmarks [posterior tip of the HIP and anterior tip of the
parieto-occipital sulcus (POS)] serve as an anterior/posterior boundary for each region. The anatomical location of each face-selective contact was determined
in the individual brain according to this anatomical subdivision and contacts were grouped by anatomical location across all participants. The schematic lo-
cations of these anatomical structures are shown on a reconstructed cortical surface of the Colin27 brain.
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Fig. S3. Averaged iEEG frequency spectra in each region of the left hemisphere. IEEG frequency spectra in each region of the left hemisphere averaged across
all face-selective contacts located in the same region are shown.
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Fig. S4. Control analyses and experiments. (A) The pattern of response amplitudes is independent from the number of harmonics included in the quanti-
fication. Although the number of harmonics included to quantify the responses was objectively defined (from the first until the highest significant harmonic
across participants), the pattern of results is stable whatever the number of harmonics included in the analyses. Here face-selective responses (Upper) and
general visual responses (Lower) are quantified as a function of the number of harmonics included in the analyses. Data are represented as the mean across
contacts for each VOTC region (SEMs across contacts are represented as error bars). Differences between regions already emerge from the first harmonics and
remain stable regardless of the number of face or base frequency harmonics used in the analyses. (B) The decrease of the general visual response in anterior
regions does not result from an inability of these anterior regions to generate a response at 6 Hz. The figure compares the mean baseline-subtracted amplitude
of general visual responses in the 1.5-Hz experiment (control experiment) to the general visual responses in the 6-Hz experiment (main experiment) in the 11
patients who performed both experiments. The same pattern of response amplitude in the 6- and 1.5-Hz base rate experiments are found, with a decrease of
amplitudes from posterior to anterior regions. (C) The decrease of the general visual response in anterior regions is not due to a global response amplitude
reduction. The mean baseline-subtracted amplitude of the general visual responses is compared across regions for groups of contacts showing similar mean
face-selective response amplitudes. To do so, the following analysis was performed: (i) contacts from left and right regions were grouped together; (ii) in each
region, contacts for which the face-selective response amplitude was located between 0 and 15 μV were selected (based on the range of the response of the
least responsive region: antMTG/ITG): the minimum number of contacts within this amplitude range across regions was 7 in antFG; (iii) for each region a
combination of 7 contacts (by randomly sampling from the pool of contacts in the range of 0–15 μV) for which the mean amplitude was the closest to the mean
amplitude of the region with the least number of contacts (i.e., antFG: 7 contacts) was searched for; and (iv) the mean general visual response amplitude at
corresponding contacts was extracted. A similar reduction of general visual responses from posterior to anterior regions as for the main analysis with all of the
contacts was observed.
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Fig. S5. Quantification of mean face-selective and general visual responses in each region after artifact rejection. The average across contacts for each region
is shown separately for the left and right hemispheres. Error bars represent the SEM across contacts. For the artifact rejection procedure, see SI Text.
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Fig. S6. Average across images in each category (faces and 14 categories including cats, dogs, horses, birds, flowers, fruits, vegetables, houseplants, phones,
chairs, cameras, dishes, guitars, and lamps). n indicates the number of images for each category in our set of stimuli.
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Table S1. Talairach and MNI coordinates of each region

Regions

Left Right

x y z x y z

Talairach
VMO −16 ± 9 −80 ± 12 3 ± 13 18 ± 7 −75 ± 12 1 ± 7
IOG −37 ± 6 −74 ± 6 −8 ± 6 43 ± 9 −71 ± 8 −7 ±10
medFG −24 ± 4 −44 ± 6 −11 ± 4 28 ± 5 −46 ± 6 −10 ± 6
latFG −38 ± 6 −46 ± 5 −12 ± 4 41 ± 6 −45 ± 7 −16 ± 6
MTG/ITG −48 ± 6 −50 ± 7 −9 ± 8 55 ± 7 −48 ± 4 −9 ± 9
antCoS −29 ± 5 −23 ± 10 −17 ± 6 32 ± 6 −23 ± 9 −15 ± 7
antFG −28 ± 3 −31 ± 5 −18 ± 1 35 ± 6 −24 ± 8 −23 ± 4
antOTS −38 ± 3 −23 ± 11 −20 ± 5 40 ± 4 −21 ± 9 −20 ± 7
antMTG/ITG −55 ± 9 −26 ± 12 −15 ± 5 55 ± 5 −16 ± 11 −16 ± 4

MNI
VMO −15 ± 8 −80 ± 12 2 ± 12 17 ± 7 −77 ± 13 1 ± 7
IOG −36 ± 6 −75 ± 6 −7 ± 6 42 ± 9 −75 ± 9 −7 ± 9
medFG −24 ± 4 −46 ± 6 −11 ± 4 26 ± 5 −49 ± 7 −9 ± 5
latFG −36 ± 5 −48 ± 5 −12 ± 3 41 ± 6 −49 ± 9 −16 ± 5
MTG/ITG −48 ± 7 −53 ± 6 −9 ± 7 53 ± 7 −52 ± 5 −9 ± 9
antCoS −28 ± 4 −25 ± 10 −16 ± 6 31 ± 5 −27 ± 10 −15 ± 6
antFG −28 ± 4 −36 ± 3 −17 ± 1 35 ± 5 −29 ± 9 −21 ± 4
antOTS −37 ± 3 −25 ± 11 −20 ± 5 40 ± 3 −26 ± 9 −20 ± 6
antMTG/ITG −52 ± 8 −27 ± 11 −14 ± 5 52 ± 6 −19 ± 13 −16 ± 4

Values are mean coordinates of face-selective contacts ± SD.

Table S2. Regions of interest ranked from the highest to the
lowest face-selective response amplitude, and the corresponding
general visual response amplitude

Regions Hemisphere
Mean face-selective

response (μV)
Mean general

visual response (μV)

LFG Right 45.47 ± 8.0 7.02 ± 0.9
IOG Right 25.11 ± 1.6 12.03 ± 1.9
antFG Right 22.28 ± 3.3 9.99 ± 4.3
IOG Left 20.62 ± 2.3 13.59 ± 3.1
antOTS Left 19.80 ± 2.9 3.93 ± 0.6
latFG Left 19.44 ± 3.0 7.55 ± 1.2
medFG Left 18.30 ± 1.5 11.69 ± 1.6
antFG Left 16.13 ± 3.4 7.65 ± 1.4
antOTS Right 15.90 ± 3.0 2.44 ± 0.8
antCoS Left 13.97 ± 2.6 4.19 ± 0.9
medFG Right 13.63 ± 1.1 11.26 ± 1.8
VMO Left 13.27 ± 1.0 17.58 ± 1.8
MTG/ITG Right 12.62 ± 2.5 2.16 ± 1.1
VMO Right 12.34 ± 0.8 15.86 ± 2.0
MTG/ITG Left 9.20 ± 1.2 3.99 ± 0.8
antCoS Right 9.04 ± 1.6 2.23 ± 0.3
antMTG/ITG Right 5.74 ± 0.8 0.94 ± 0.2
antMTG/ITG Left 5.62 ± 0.6 0.99 ± 0.4

Values are means ± SE.

Jonas et al. www.pnas.org/cgi/content/short/1522033113 7 of 8

www.pnas.org/cgi/content/short/1522033113


Movie S1. Sample movie of the fast periodic sequence.

Movie S1
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A B S T R A C T

While object naming is traditionally considered as a left hemisphere function, neuroimaging studies have re-
ported activations related to naming in the ventral temporal cortex (VTC) bilaterally. Our aim was to use in-
tracerebral electrical stimulation to specifically compare left and right VTC in naming. In twenty-three epileptic
patients tested for visual object naming during stimulation, the proportion of naming impairments was sig-
nificantly higher in the left than in the right VTC (31.3% vs 13.6%). The highest proportions of positive naming
sites were found in the left fusiform gyrus and occipito-temporal sulcus (47.5% and 31.8%). For 17 positive left
naming sites, an additional semantic picture matching was carried out, always successfully performed. Our
results showed the enhanced role of the left compared to the right VTC in naming and suggest that it may be
involved in lexical retrieval rather than in semantic processing.

1. Introduction

The ability to name surrounding visual objects is a complex lan-
guage function depending on a series of stages of mental processing.
Naming visual objects requires the recognition of the visual stimulus,
the access to the meaning of the object in the semantic system, the
retrieval of the lexical representation, the access to its phonological
word form in the lexical system and finally the planning of the motor
programs that drive articulation (Caramazza, 1997; Dell, Schwartz,
Martin, Saffran, & Gagnon, 1997; Levelt, Roelofs, &Meyer, 1999).

The identification of cortical regions dedicated to specific language
functions has a long and well documented history (Broca, 1861). A
number of previous studies of object naming in neurological patients
have provided key insights into the neural basis involved in naming
(Baldo, Arevalo, Patterson, & Dronkers, 2013; Brambati et al., 2006;
Damasio, Grabowski, Tranel, Hichwa, & Damasio, 1996; Davies et al.,
1998; DeLeon et al., 2007; Drane et al., 2008; Hamamé, Alario, Llorens,
Liégeois-Chauvel, & Trébuchon-Da Fonseca, 2014; Hillis et al., 2006;
Llorens et al., 2016; Trébuchon-Da Fonseca et al., 2009). They have
reported the implications of various brain regions in the left hemi-
sphere, in the temporal lobe (lateral, anterior and basal temporal

cortices, hippocampus), in the frontal lobe (Broca’s area) and in the
parietal lobe (inferior parietal lobule). Neuroimaging studies (PET and
fMRI) performed in normal subjects have contrasted object naming to
various baseline tasks to highlight object naming related areas (Price,
Devlin, Moore, Morton, & Laird, 2005). They have found activations in
similar regions, that is in the anterior temporal lobe, ventral temporal
cortex, lateral occipito-temporal cortex, hippocampus, inferior frontal
gyrus and angular gyrus (Bookheimer et al., 1997; Damasio et al., 1996;
De Zubicaray, Fraser, Ramajoo, &McMahon, 2017; Hamberger,
Habeck, Pantazatos, Williams, & Hirsch, 2014; Hocking,
McMahon, & de Zubicaray, 2009; Kiyosawa et al., 1996; Martin, Wiggs,
Ungerleider, & Haxby, 1996; Moore & Price, 1999; Murtha, Chertkow,
Beauregard, & Evans, 1999; Price et al., 2005; Tomaszewki Farias,
Harrington, Broomand, & Seyal, 2005; Van Turennout,
Ellmore, &Martin, 2000).

Direct electrical brain stimulation studies performed in epileptic
patients have shown the critical role in naming of the above mentioned
regions (for a review, see Hamberger, 2007). Electrical stimulation of
these regions evoked naming deficits (anomia or paraphasia). Im-
portantly, electrical stimulation studies have highlighted the critical
role of the left ventral temporal cortex in object naming. Indeed,
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electrical cortical stimulation of the left ventral temporal cortex (VTC,
comprising the inferior temporal gyrus, fusiform gyrus and para-
hippocampal gyrus) has consistently elicited visual naming impair-
ments, along with deficits in other language functions in the visual
(reading, reading comprehension) and auditory realms (auditory com-
prehension, repetition, and naming). (Bookheimer et al., 1997;
Burnstine et al., 1990; Krauss et al., 1996; Lüders et al., 1991; Malow
et al., 1996; Mani et al., 2008). This region has been named the Basal
Temporal Language Area (BTLA, Lüders et al., 1991).

Although naming is generally considered as a left hemisphere
function, the respective roles of the left and right VTC in naming remain
unclear. Numerous neuroimaging studies have reported similar acti-
vations in terms of size, size effect and location in both left and right
VTC (Garn, Allen, & Larsen, 2009; Hamberger et al., 2014; Kemeny
et al., 2006; Kiyosawa et al., 1996; Martin et al., 1996; Murtha et al.,
1999; Tomaszewki Farias et al., 2005; Van Turennout et al., 2000).
Based on a meta-analysis of 18 object naming neuroimaging studies,
Price et al. (2005) found bilateral VTC activations. Therefore, a critical
question remains to be addressed: what is the functional relevance of
the right VTC in naming?

Electrical brain stimulation studies offer the advantage of identi-
fying critical regions for a function and appear to be well suited to
disentangle the respective critical role of the left and right VTC cortex
in naming. However, previous electrical brain stimulation studies fo-
cused only on the role of the left VTC (they only stimulated the left
VTC) and therefore have not addressed this issue of hemispheric la-
teralization (Bookheimer et al., 1997; Burnstine et al., 1990; Krauss
et al., 1996; Malow et al., 1996; Mani et al., 2008).

The aim of this study was to use intracerebral electrical stimulation
to compare the critical role of left and right VTC in naming.
Importantly, while previous electrical stimulation studies have relied
on subdural electrodes applied on the cortical surface, our approach
relies on intracerebral recordings with depth electrodes (Stereo-electro-
encephalography: SEEG). In contrast to subdural electrodes, SEEG offer
several advantages (Jonas et al., 2014): the specific stimulation of sulci,
the focal effect of intra-cerebral stimulation and most importantly bi-
lateral explorations providing the evaluation of the respective roles of
left and right VTC in individual patients.

2. Materials and methods

2.1. Patients

Τhe study included 23 consecutive patients undergoing in-
tracerebral evaluation (SEEG) for refractory partial epilepsy in the
Department of Neurology at the University Hospital of Nancy between
2007 and 2013 (Supplementary Table 1). The inclusion criteria were
the presence of intracerebral electrodes in the VTC. The patients were
13 women and 10 men (mean age: 33 years ± 10). Eighteen were
right-handed and 5 were left-handed, as assessed by Edinburgh Hand-
edness Inventory. Six had right hemispheric epilepsy, 16 had left
hemispheric epilepsy and 1 had bilateral epilepsy. To lateralize lan-
guage functions, we analyzed the presence or absence of language
disturbance during the ictal and post-ictal periods, and during electrical
stimulation of the VTC (Supplementary Table 1). Twenty patients
showed a left dominance for language and 1 patient a right dominance.
The lateralization of language functions remained ambiguous for 2
patients. All patients gave their informed and written consent to par-
ticipate to the study which was a part of their routine pre-surgical SEEG
investigations.

2.2. Stereotactic placement of intracerebral electrodes

Intracerebral electrodes (Dixi Medical, Besançon, France) were
stereotactically implanted in the patients’ temporal regions in order to
localize the epileptogenic zone and to determine the post-surgical

neuropsychological outcome (Talairach & Bancaud, 1973). Each in-
tracerebral electrode consisted of a cylinder of 0.8 mm diameter and
contained 8–15 independent recording contacts of 2 mm in length se-
parated by 1.5 mm from edge to edge (for details about the electrode
implantation procedure, see Jonas et al., 2015). The anatomical loca-
tion of each electrode contact was determined in the individual
anatomy by co-registering the pre-operative structural MRI with CT
images collected after the electrode implantation. A total of 860 in-
tracerebral contacts were implanted in the VTC across the 23 patients
(390 in the right hemisphere and 470 in the left).

2.3. Intracerebral stimulations and visual object naming task

Bipolar stimulations were applied between 2 contiguous contacts to
localize the epileptogenic zone and to map functionally relevant areas
(50 Hz, 5–10 s, 0.5–2 mA, according to clinical criteria). Functional
mapping of language functions was assessed using a visual object
naming task. Patients were shown sets of drawing pictures (black and
white) representing living or manufactured objects presented one by
one in a random order. The patients had to name each image. For each
set, the patient had to name approximately 10 images, before, during
and after the stimulation. One to 4 consecutive images were shown
during the stimulation (depending on the stimulation duration and the
delay of answer of the patient). A positive naming site was defined as
two contiguous contacts whose electrical stimulation elicited a naming
impairment (anomia or paraphasia, that is verbal output but with in-
ability to name the displayed object accurately). Sites were considered
to be positive if a clear naming impairment was elicited during stimu-
lation relative to patient’s baseline performance (Koubeissi et al.,
2012), that is relative to the performance for images presented just
before and after the stimulation. All stimulations were performed at
least two hours after the last seizure to exclude any potential bias re-
lated to enduring post-ictal aphasia. None of the analyzed stimulations
elicited a seizure.

2.4. Intracerebral stimulations and semantic task

For some positive naming sites, an additional semantic picture
matching task that did not require naming was performed during
electrical stimulation (picture version of the Pyramids and Palm Trees
Test, PPTT, Howard & Patterson, 1992). Patients were asked to match a
target image with one of 2 other images presented at the same time
(one semantically-related image and one distractor). They were asked
to point the semantically-related image with their fingers. For each
individual stimulation site, we used the same stimulation parameters
(duration, intensity) for the object naming and semantic tasks.

2.5. Contact localization in the individual anatomy and in Talairach space

We localized each stimulated contact in the individual anatomy
(i.e., individual gyri and sulci) based on the co-registered pre-im-
plantation cerebral MRI and post-implantation CT scan. Therefore, each
contact was assigned one of the following basal temporal structures of
the individual anatomy: parahippocampal gyrus (PHG), fusiform gyrus
(FG), occipito-temporal sulcus (OTS) and inferior temporal gyrus (ITG).
For each structure, we computed the percentage of positive naming
positive sites that is the number of positive naming sites divided by the
total number of stimulated sites, multiplied by 100 (Jonas et al., 2014).

3. Results

Among 290 stimulated sites in 23 patients, we found 83 positive
naming sites in 21 patients. Seventy-seven were found in the left
hemisphere in 19 patients and 6 in the right hemisphere in 2 patients
(Fig. 1A, Table 1, see Supplementary Table 1 for individual results).
Among the 83 positive naming sites, 75 elicited complete anomia
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(90.4%) and 8 elicited paraphasias (9.6%, replacement of one word by
another phonologically-related word or by a non-related word). No
semantic paraphasias were observed. Naming impairments were
evoked when stimulating left VTC structures (PHG, OTS, FG, ITG) but
also when stimulating the same regions in the right hemisphere
(Table 1). In the left hemisphere, the positive naming sites were widely
distributed over the VTC, from the ventral occipito-temporal junction to
the anterior VTC (Fig. 1A).

The proportion of naming sites was higher in the left than in the
right hemisphere (Table 1, 31.3% vs 13.6%, Chi2 test, p = 0.017). The
intensity of stimulations did not account for this result because mean
intensity of stimulations was higher in the right than in the left hemi-
sphere (all stimulations: 1.31 mA±0.2 vs. 1.18 mA±0.24, t = 3.44,
p < 0.001; positive stimulations only: 1.47 mA±0.04 vs.
1.15 mA±0.2, t = 3.83, p < 0.001). The highest and the second
highest proportion of naming sites were found in the left FG and OTS,
respectively (47.5% and 31.8%, Table 1, Fig. 2). A direct statistical

comparison between left and right proportions in each anatomical
structure was not possible given the low number of stimulation sites in
each right structure (Table 1).

Stimulation sites were unilateral in 15 patients (13 in the left and 2
in the right) and bilateral in 8 (Supplementary Table 1). In these pa-
tients with bilateral stimulations, positive naming sites were only
evoked in one hemisphere, showing a strictly unilateral representation
of naming functions in the VTC. Critical regions for naming in the VTC
were strictly left lateralized in 7 (7/8) and right lateralized in 1 patient
(1/8). It is important to note that this latter patient (patient 5) mostly
accounted for the right positive naming sites reported here. Five out of
the 6 right positive naming sites reported in this study were found in
this patient. In this same patient, none of the 25 left stimulation sites
were positive and no ictal and post-ictal aphasia was observed during
her left temporal seizures, strongly supporting a right lateralization of
language functions (Supplementary Table 1).

For 17 positive left naming sites in 7 patients (16 anomia sites and 1

Fig. 1. Spatial distribution of the stimulated sites in the Talairach
space (sagittal and axial views). Each square represents a single in-
tracerebral contact. (A) Spatial distribution of negative and positive
sites for the naming task (eliciting anomias or paraphasias). (B)
Spatial distribution of tested and non-tested naming sites for the se-
mantic task (the semantic task was always successfully performed).
AC: anterior commissure; PC: posterior commissure.

Table 1
Number of stimulated sites, number and percentage of positive naming sites for the visual object naming task (and the corresponding number of anomias and paraphasias) in each
anatomical structure. The number of sites tested with the semantic task is also indicated (task only performed in the left hemisphere). The corresponding number of subjects is indicated in
parentheses (PHG: parahippocampal gyrus, FG: fusiform gyrus, OTS: occipito-temporal sulcus, ITG: inferior temporal gyrus).

Left hemisphere Right hemisphere

Nb. of
stimulated
sites

Nb. of
positive
sites

Proportion Nb. of
anomias

Nb. of
paraphasias

Nb. of sites tested
with the semantic
task

Nb. of
stimulated
sites

Nb. of
positive
sites

Proportion Nb. of
anomias

Nb. of
paraphasias

PHG 53 (18) 11 (5) 20.7% 11 (5) 0 0 17 (7) 3 (1) 17.6% 3 (1) 0
FG 80 (18) 38 (18) 47.5% 36 (17) 2 (2) 11 (5) 17 (8) 1 (1) 5.9% 1 (1) 0
OTS 22 (12) 7 (5) 31.8% 5 (4) 2 (2) 2 (1) 4 (3) 1 (1) 25% 0 1 (1)
ITG 91 (15) 21 (12) 23.1% 18 (9) 3 (3) 4 (3) 6 (4) 1 (1) 16.7% 1 (1) 0
Total 246 (21) 77 (19) 31.3% 70 (19) 7 (6) 17 (7) 44 (10) 6 (2) 13.6% 5 (2) 1 (1)
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paraphasia site), an additional semantic picture matching task that did
not require naming was performed during electrical stimulation.
Patients were asked to match a target image with one of 2 other images
presented at the same time (one semantically-related image and one
distractor). The same intensity was used for both naming and semantic
matching tasks at a given stimulation site. This task was always suc-
cessfully performed (no semantic impairment elicited at positive
naming sites) even in the left anterior VTC, i.e. the ventral part of the
anterior temporal lobe (see the spatial distribution of the tested sites in
Fig. 1B).

4. Discussion

In this intracerebral study, we electrically stimulated both the right
and left VTC during visual object naming and found a significantly
higher proportion of critical naming sites in the left than in the right
VTC. All the patients with bilateral stimulations showed a strict later-
alization of naming functions: left in 7 out of 8 and right in the re-
maining case. We found some naming sites in the right VTC and with a
high proportion for some regions (e.g., right OTS). However, this ob-
servation should be taken with caution because it was mostly accounted
by one patient with a right lateralization of language functions.
Accordingly, these results showed: (1) at an individual level, that cri-
tical regions for naming in the VTC are strictly left lateralized in most
patients of this sample and (2) at a broader level, the enhanced role of
the left compared to the right VTC in naming. Our results therefore
suggest that naming functions in the VTC are strictly lateralized to one
single hemisphere (mostly the left) and that the right VTC may not play
a critical role in naming unless naming functions are fully shifted to the
right VTC in some healthy subjects or degraded following damage to
the left hemisphere (compensatory role; Riès, Dronkers, & Knight,
2016).

These findings contrast with the strong and bilateral VTC activa-
tions for naming in neuroimaging studies. Activations observed in
functional imaging may highlight both critical (left) and non-critical
(right) regions whereas electrical stimulations only highlight critical
(left) regions. An alternative hypothesis is that, while there is strong
evidence that processes directly related to language are left lateralized,
processes related to object recognition and semantic processing may be
more bilateral (e.g., Lambon Ralph, Pobric, & Jefferies, 2009; Maillard
et al., 2011; Nobre, Allison, &McCarthy, 1994; Sharp, Scott, &Wise,
2004). Object recognition and semantic processing related to naming
may evoke bilateral VTC activations in neuroimaging studies, over-
lapping left lateralized language activations like lexical retrieval and
phonological processes.

Picture naming is a complex cognitive process resulting from mul-
tiple steps including object recognition, semantic processing, lexical
retrieval, and finally word articulation (Caramazza, 1997; Dell et al.,

1997; Levelt et al., 1999). Theoretically, transient naming impairments
observed during electrical stimulation could result from the disturbance
of any of these processes. However, the pattern of elicited paraphasias
(phonetically related words and non-related words, but no semantic
paraphasias), and the fact that when tested, we did not evoke any se-
mantic impairment, even when stimulating the left anterior VTC, in-
dicate that semantic processing was not impaired (Caramazza &Hillis,
1990). This is consistent with previous VTC stimulation studies which
reported the so called “tip-of-the-tongue” states during object naming
(Lüders et al., 1991). Patients were not able to name objects but were
still able to define its function or to imitate the action related to the
object, showing that object recognition and conceptual knowledge of
the objects were preserved. This is also consistent with neurological
studies showing that pure anomia, defined as a lack of word retrieval
despite preserved semantic processing, is observed in patients with le-
sions or dysfunction of the left fusiform gyrus (Cloutman et al., 2009;
DeLeon et al., 2007; Raymer et al., 1997; Trébuchon-Da Fonseca et al.,
2009). Taken all together, these observations strongly suggest that the
observed naming impairments during electrical stimulation of the left
basal temporal cortex more likely concern subsequent processes as the
lexical retrieval, the access to the phonological form or the phonolo-
gical buffer.

The BTLA was firstly delineated in the left fusiform gyrus (Lüders
et al., 1991) and was subsequently extended to the left inferior tem-
poral gyrus and the left parahippocampal gyrus (Burnstine et al., 1990;
Schäffler, Lüders, Morris, &Wyllie, 1994; Schäffler, Lüders, & Beck,
1996). Based on the proportion of naming sites per structure, we found
in the left hemisphere that the FG was the most critical region for visual
object naming, followed by the OTS, lateral to the FG (the opposite
pattern was found in the right VTC, however the small number of sti-
mulations in the right hemisphere prevented us from drawing any
conclusions about this result). The importance of the OTS extends the
conclusions of previous electrical stimulation studies that all used
subdural electrodes placed over the cortical surface (Bookheimer et al.,
1997; Burnstine et al., 1990; Krauss et al., 1996; Lüders et al., 1991;
Malow et al., 1996; Mani et al., 2008; Schäffler, Lüders, & Beck, 1996).
Cytoarchitectonic studies have shown that the FG and part of the OTS
belong to the same cytoarchitectonic area (Lorenz et al., 2017). Taken
together, these results suggest that the left FG and OTS are located in
the same functional area involved in naming, as it is the case for visual
face processing in the right VTC (the Fusiform Face Area encompasses
both FG and OTS, Jonas et al., 2016; Weiner & Grill-Spector, 2010).
More generally, the functional and anatomical relationships between
naming and visual processes in the VTC are little understood. On one
hand, the FG and the OTS are the most important structures of the
BTLA, a modality-independent area (visual and auditory) involved in
naming (Lüders et al., 1991; Mani et al., 2008; Schäffler et al., 1994;
Schäffler et al., 1996). On the other hand, the FG and the OTS are

Fig. 2. Percentage of positive naming sites in each
left and right anatomical structure (PHG: para-
hippocampal gyrus, FG: fusiform gyrus, OTS: oc-
cipito-temporal sulcus, ITG: inferior temporal
gyrus).
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critical structures of the visual ventral pathway involved in object ca-
tegorization and identification specifically in the visual modality (Grill-
Spector &Weiner, 2014). This proximity with an object identification
system (the visual ventral pathway) is specific to the BTLA in com-
parison to other brain regions involved in naming. Future studies are
needed to determine the relationship between these two processes and
this may help to better understand the role of the VTC and its sub-
regions in naming.

Statement of significance to the neurobiology of language

The article addresses the question of a hemispheric lateralization of
naming and aims to identify the critical regions in the ventral temporal
cortex involved in this important language function. The results high-
light the importance of the left ventral temporal cortex, and suggest
that it may be critical for lexical retrieval rather than for semantic
processing.
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We report a comprehensive cartography of selective responses to
visual letters and words in the human ventral occipito-temporal
cortex (VOTC) with direct neural recordings, clarifying key aspects
of the neural basis of reading. Intracerebral recordings were
performed in a large group of patients (n = 37) presented with visual
words inserted periodically in rapid sequences of pseudofonts, non-
words, or pseudowords, enabling classification of responses at three
levels of word processing: letter, prelexical, and lexical. While letter-
selective responses are found in much of the VOTC, with a higher
proportion in left posterior regions, prelexical/lexical responses are
confined to the middle and anterior sections of the left fusiform
gyrus. This region overlaps with and extends more anteriorly than
the visual word form area typically identified with functional mag-
netic resonance imaging. In this region, prelexical responses provide
evidence for populations of neurons sensitive to the statistical regu-
larity of letter combinations independently of lexical responses to
familiar words. Despite extensive sampling in anterior ventral tempo-
ral regions, there is no hierarchical organization between prelexical
and lexical responses in the left fusiform gyrus. Overall, distinct word
processing levels depend on neural populations that are spatially
intermingled rather than organized according to a strict postero-
anterior hierarchy in the left VOTC.

word reading | lexical representation | intracerebral recordings | SEEG |
fusiform gyrus

The ability to read relies on the rapid mapping of perceived
visual letters and their combinations (i.e., visual word forms)

to phonology and meaning. The central role of the left ventral
occipito-temporal cortex (VOTC) in processing letter strings,
initially suggested by pure alexia in lesion studies (1–3), is now
widely accepted (4–6). However, within this region, the precise
organization for processing letters and their combination re-
mains largely unknown. Here, we report a comprehensive func-
tional mapping of the VOTC for selective responses to visual
letter strings and words with intracerebral recordings in a large
population of individual human brains. Objective identification
and quantification of VOTC activity during rapid discrimination
of words from pseudofonts, nonwords, or pseudowords (Fig. 1)
shed light on key issues regarding the neural basis of visual letter
and word processing.
A first outstanding issue is whether there is a hierarchy of

increasingly complex linguistic processes along the postero-
anterior axis in VOTC (7). According to this view, bilateral
early visual cortices, V1 to V4, or even MT (8), extract oriented
bars, local letter features, and case-specific letter shapes (9), which
are then recombined into increasingly abstract letter string rep-
resentations up to the middle section of the left lateral fusiform
gyrus [the visual word form area (VWFA)] (3, 7). This view is
supported by functional magnetic resonance imaging (fMRI)
evidence: in posterior VOTC, the fMRI signal does not differ for

various categories of wordlike stimuli (pseudofonts, consonant
strings, pseudowords), while in the (more anterior) VWFA, the
fMRI signal is larger for words and pseudowords than for less
wordlike stimuli (10). However, opposite results have been
reported, with larger fMRI activity for less wordlike stimuli in the
VWFA (11, 12). Moreover, the location of the brain region
showing greater selectivity for letter strings as opposed to non-
letters varies from the VWFA site (y ’ −54 in Talairach coordi-
nates) to more anterior VOTC regions (y ’ −42) (13, 14) (for a
recent metaanalysis, see ref. 15), depending on the contrasted
material (checkerboards, pseudofonts, or symbols), the task, as
well as the stimulus presentation time.
In general, whether the functional organization of the VOTC

obeys a hierarchy of increasingly complex representations from
individual letters to words (10), and if so up to which region, has
proved difficult to resolve not only due to methodological dif-
ferences between studies but moreover because the fMRI signal-
to-noise ratio (SNR) is not equivalent across the VOTC, with
large magnetic susceptibility artifacts in its anterior portion (4).
In this context, a complementary approach to increase un-
derstanding of the function of the VOTC in reading, which is not
affected by such artifacts, is to record electrical field potentials in
awake patients implanted with intracranial electrodes. While
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The left ventral occipito-temporal cortex (VOTC) is a critical part of
the reading circuitry. We made measurements with intracerebral
electrodes in 37 participants to understand whether this region
contains functionally separated brain loci for processing letters
and words. Letter-selective responses are found in much of VOTC.
Responses to word forms are absent in posterior VOTC but are
present and intermingled with letter-specific responses in left
anterior VOTC. The results are inconsistent with a hierarchical
model in which posterior regions uniquely perform letter identi-
fication functions and increasingly anterior regions perform in-
creasingly complex linguistic functions.
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fMRI measurements typically reflect a general elevation of
neural activity only partly due to stimulus-locked responses, in-
tracranial recordings may isolate stimulus-locked responses (16).
A seminal study using subdural grids of electrodes [electro-
corticography (ECoG)] reported that various letter strings
(words, pseudowords, or nonwords) generate an equivalent in-
tracranial response (N200) over the posterior fusiform gyrus,
while selectivity to words interpreted in terms of semantic pro-
cessing was found only in more anterior sections of the VOTC
(17). More recently, letter-selective responses (consonant
strings > pseudofonts) were found in a more posterior region of
the left fusiform gyrus than word-selective responses (words >
consonant strings) (18). These observations support a hierarchy
of word form processing in the VOTC. However, these recent
recordings were performed in targeted VOTC subregions, such
that a comprehensive mapping and quantification across the
whole VOTC for selective responses to letter strings and words
aiming at thoroughly evaluating its hierarchical organization, is
currently lacking. Moreover, in these studies, the use of ECoG,
which is restricted to the gyral surface, may have underestimated
responses arising from sulci. The success of a comprehensive
mapping for letter and word processing may thus be enhanced by

evenly measuring responses from both gyri and sulci with depth
intracerebral electrodes, and by a relatively large recording
sample (see ref. 19).
A second outstanding issue regarding the neural basis of letter

and word processing is whether the VOTC, in particular the
VWFA, is sensitive to whole-word form (i.e., lexical) represen-
tations of written strings or is only tuned to prelexical factors
characterizing letter strings (e.g., orthographic structure, such as
frequently co-occurring letters in a given orthography). This is-
sue is usually operationalized by testing for differential repre-
sentation of visual real words (lexical items) and pseudowords
(orthographically and phonologically plausible sequences of letters)
in the VWFA. Here again, previous studies yielded conflicting
findings. On the one hand, most fMRI studies did not report dif-
ferential responses to words vs. pseudowords in this region (10, 20,
21), supporting a prelexical representation level in the VWFA (3, 7,
22). On the other hand, larger responses have been found in this
region for pseudowords vs. words (23–26), and for nonfrequent vs.
frequent words (27); these observations being interpreted in terms
of neural sensitivity to whole-word forms, thus lexical representa-
tion. fMR-adaptation paradigms have also shown that the decrease
of the response due to pseudoword repetition depends on the
number of repeated letters, with a single letter identity change in
words resulting in full release from adaptation (24, 25), hence
supporting whole-word form coding. Finally, recent intracranial
electrophysiology findings suggest that words and pseudowords re-
cruit identical populations of neurons in the VWFA but at different
timescales (28). However, the stimuli compared in that study dif-
fered only by prelexical factors (number of common letters or
bigram frequency). Moreover, since depth recording in three indi-
vidual brains was limited to the left VWFA only, whether differ-
ential responses to words and pseudowords extend to other
VOTC regions remains unknown.
Here, we clarify these issues by providing a comprehensive

functional mapping of the VOTC for selective responses to visual
letter strings at the level of letter recognition, prelexical, or lexical
processing. We report data of 37 patients (60 hemispheres)
implanted in the VOTC with multiple intracerebral electrodes, each
comprising 8–15 recording contacts (2,172 recording contacts in the
gray matter) during stereoencephalography (SEEG) (Fig. 1C). In
our paradigm, validated in scalp EEG studies (29, 30), visual words
appear periodically among different stimuli presented at 10 Hz and
varying in wordlikeness (Fig. 1 A and B): (i) pseudofonts (PF;
Movie S1), (ii) letter strings that form orthographically implausible
words [nonwords (NW; Movie S2)], or (iii) letter strings that form
orthographically plausible words [pseudowords (PW; Movie S3)].
We classified each intracerebral recording contact based on

the pattern of present (+) or absent (−) significant responses in
these three conditions. Three response patterns have a clear
theoretical interpretation, reflecting increasingly complex lin-
guistic processing levels. First, contacts with a significant re-
sponse only to words among PF but not among NW or PW
(+PFw, −NWw, −PWw) reflect a letter-selective neural re-
sponse. Second, discrimination of words from PF and NW but
not from PW (+PFw, +NWw, −PWw) reflects a prelexical level
of processing. Finally, discrimination of words in all three con-
ditions (+PFw, +NWw, +PWw) reflects a lexical processing
level. We focus on these three response patterns and refer to
these responses as “word discrimination responses” in the
manuscript. Importantly, wordlike stimuli (PF, NW, PW) are
presented at a rapid rate of 10 Hz in different 70-s streams, with
words inserted every five items (i.e., every 500 ms or 2 Hz; Fig. 1
A and B; Movies S1–S3). In these conditions, briefly presented
words (100-ms stimulus onset asynchrony) are forward- and
backward-masked by wordlike stimuli, and word discrimination
neural responses can be objectively identified and quantified in
the intracerebral EEG spectrum at 2 Hz and harmonics (see refs.
19 and 31 for this frequency-tagging approach in intracerebral
SEEG mapping). Moreover, the rapid presentation rates and low
attentional-demand tasks reduce the involvement of higher level
(semantic) processes (10).

Fig. 1. Fast periodic visual stimulation (FPVS) and SEEG methods. (A) Ex-
perimental conditions and example stimuli. Words (w) are inserted within
three different types of base stimuli (B), that is, in three conditions: words in
pseudofonts (PFw), in nonwords (NWw), and in pseudowords (PWw).
(B) FPVS paradigm. Sequences of PW, NW, and PF are presented at a rate of
10 Hz through sinusoidal contrast modulation with words inserted every
fifth item, at 2 Hz, that is, 10 Hz/5 (the PFw condition is represented here).
(C) Schematic coronal representation of the typical trajectories of depth elec-
trodes implanted in the VOTC. Electrodes consist of 8–15 contiguous recording
contacts (red rectangles) spread along the electrode length, along the medio-
lateral axis. Acronyms: ant, anterior; ATL, anterior temporal lobe; CoS, collateral
sulcus; CS, calcarine sulcus; FG, fusiform gyrus; IOG, inferior occipital gyrus; ITG,
inferior temporal gyrus; lat, lateral; LG, lingual gyrus; med, medial; MTG, middle
temporal gyrus; OCC, occipital lobe; OTS, occipito-temporal sulcus; PHG, para-
hippocampal gyrus; PTL, posterior temporal lobe.
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A strict hierarchical view of letter string representation in the
VOTC predicts a posterior-to-anterior hierarchy of responsive
contacts following the three levels of word discrimination tested.
Moreover, if the VWFA responds only to statistical mappings of
recurring letters and not to whole-word forms (3, 10), words
should not be discriminated from PW in this region but rather in
the ventral anterior temporal lobe, extensively sampled here.
However, if the VWFA is tuned to whole-word forms (25),
contacts reflecting lexical discrimination should be found in this
region, with a potential intraregion hierarchical organization
(i.e., prelexical posterior to lexical anterior contacts).

Results
Despite the brief recording time (two to six sequences of 70 s per
condition), high SNR word discrimination responses were iden-
tified in the VOTC exactly at the word presentation frequency
(2 Hz) and its harmonics following fast Fourier transform (FFT)
(Fig. 2A) of SEEG data. Significant word discrimination re-
sponses were determined based on a combination of the first
four harmonics (i.e., 2, 4, 6, and 8 Hz; Fig. 2B) and a z-score
transform (z > 3.1, P < 0.001; Fig. 2C).

Broad Distribution of Word Discrimination Responses Along the Left
VOTC. Across the VOTC, we found 212 significant word dis-
crimination contacts in 27 participants, that is, 9.8% of all
recorded contacts. Note that word discrimination contacts can be
letter selective (+PF, −NW, −PW), prelexical (+PF, +NW, −PW),
or lexical (+PF, +NW, +PW). Every word discrimination contact
was labeled according to the individual anatomy (Table 1 and Fig.
3A), using a topographic parcellation of the VOTC (SI Appendix,
Fig. S1; see ref. 32). Word discrimination contacts were distributed
broadly across the VOTC with two prominent features: (i) these
contacts were much more numerous in the left hemisphere; and
(ii) their density was highest around the left fusiform region (Fig.
3A and SI Appendix, Fig. S1). In addition, anterior temporal lobe
(ATL) word discrimination contacts were mostly restricted to its
posterior part, close to the junction with the posterior temporal
lobe (PTL) (Fig. 3A).
Overall, the proportion of word discrimination contacts relative to

all recorded contacts (i.e., responsive and unresponsive) was much
higher in the left than in the right hemisphere (left: 169/1,326,
12.7%; right: 43/846, 5.1%; two-tailed permutation test, p < 0.0001).
To estimate and visualize the prominence of word discrimination
contacts at a more local level over the group of participants, we
computed maps of the proportion of word discrimination contacts
relative to all recorded contacts (Fig. 3B). In the left hemisphere, the
proportion of word discrimination contacts was significantly above
zero (P < 0.01) in the ventro-medial occipital cortex (VMO) and all
along the left fusiform gyrus and adjacent sulci (from the posterior
fusiform gyrus close to the occipital lobe to the anterior fusiform
gyrus). We found a similar pattern of results when considering the
local proportions of individual brains showing word discrimination
contacts (SI Appendix, Fig. S2). In the right hemisphere, the pro-
portion of contacts was also significantly above zero along the fusi-
form gyrus with a maximum in the posterior lateral fusiform gyrus
(latFG) (Fig. 3B). Nevertheless, the proportion of word discrimina-
tion contacts was significantly higher in the left hemisphere in part of
the VMO and along the fusiform gyrus (Fig. 3C).

Spatial Dissociation Between Letter and Word Processing Levels. Fig.
4 illustrates the classification of letter-selective (+PFw, −NWw,
−PWw), prelexical (+PFw, +NWw, −PWw), and lexical (+PFw,
+NWw, +PWw) word discrimination contacts with the data of a
few individual participants (SI Appendix, Fig. S3). The respective
number of contacts at each level of discrimination is shown in
Table 2. The other classes of response patterns, that is, signifi-
cant responses in at least one condition but without an un-
ambiguous a priori theoretical interpretation (e.g., −PFw,
+NWw, +PWw, exhibiting a discrimination response for words
presented among the most but not the least wordlike conditions;
SI Appendix, Table S1), were not considered in the main analysis.

This led to the exclusion of 16.2% of the contacts. Although in-
terpretation of these responses is not straightforward, these contacts
may reflect subtle lexical and prelexical processes (Discussion).
Therefore, we performed the same analyses as presented here,
including these contacts, yielding virtually identical findings (SI Ap-
pendix, Fig. S4).
The spatial organization of the three types of word discrimi-

nation contacts across all individual brains is displayed in Fig. 5A.
Letter-selective contacts were the most frequent and were widely
distributed across all individually defined anatomical VOTC
regions [VMO, inferior occipital gyrus (IOG), medial fusiform

Fig. 2. Objective and high-SNR intracerebral word discrimination responses
recorded in the VOTC. (A) SEEG frequency-domain responses recorded at an
individual recording contact in the PFw condition. The displayed contact was
the 10th best of this type, with an average response amplitude of 21 μV,
while the best contact had a response amplitude of 86.8 μV. The anatomical
location of the contact (in the left latFG, white arrow) is shown in a coronal
MRI slice. Word discrimination responses are observed at the exact word
stimulation frequency and harmonics (mainly at 2 and 4 Hz). (B) Significant
word discrimination responses were determined by first segmenting the FFT
spectrum into four segments centered at the frequency of word stimulation
and its harmonics up to 8 Hz (i.e., 2, 4, 6, and 8 Hz). Individual FFT segments
are shown in gray (see horizontal gray bars on the X axis in A, representing
the length of each FFT segment). The four segments, containing both the
signal and the surrounding noise, were then summed (green line). The
0 mark corresponds to the word stimulation frequency. (C) Z-score trans-
formation of the summed FFT spectrum for statistical purpose. The Z score at
the word stimulation frequency exceeds 3.1 (P < 0.001), indicating that this
contact shows a significant word discrimination response.

Lochy et al. PNAS Latest Articles | 3 of 10

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718987115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718987115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718987115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718987115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718987115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718987115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718987115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718987115/-/DCSupplemental


gyrus (medFG), latFG, middle temporal gyrus and inferior
temporal gyrus (MTG/ITG), anterior collateral sulcus (antCoS),
anterior fusiform gyrus (antFG), anterior occipito-temporal
sulcus (antOTS), antMTG/ITG, bilaterally]. Despite this wide
distribution, the proportion of letter-selective contacts was
maximal in posterior regions (occipital lobe and posterior part of
the fusiform gyrus; Fig. 6A) and progressively decreased along
the anterior axis of the VOTC (Fig. 6B).

We found fewer contacts supporting the existence of prelexical
(+PFw, +NWw, −PWw) and lexical (+PFw, +NWw, +PWw)
visual word representations in the VOTC. Strikingly, these
contacts were almost all located along the left fusiform gyrus and
adjacent sulci (medFG, latFG, antCoS, antFG, and antOTS; Fig.
5A for group visualization). Hence, the proportion of prelexical
and lexical contacts was above zero in a restricted middle and
anterior area of the left fusiform gyrus and adjacent sulci, de-
fined as midFG (Fig. 6A). This proportion was maximal at a
postero-anterior location where the proportion of letter contacts
was reduced by half compared with its maximum in the posterior
region (Fig. 6B). The same observation was made considering
the proportion of participants showing word discrimination
contacts (SI Appendix, Fig. S2).
The spatial distribution of the different types of contacts there-

fore reveals a spatial dissociation between letter-selective and pre-
lexical/lexical processing levels (Fig. 5A) in the left hemisphere:
while letter-selective contacts are distributed from posterior to an-
terior VOTC, with a peak in posterior VOTC, prelexical and lexical
contacts are confined to the middle and anterior left fusiform gyrus.
This observation is also valid in individual participants (Fig. 5B) and
does not depend on statistical thresholds used to classify word
discrimination contacts (SI Appendix, Fig. S5).

Lexical Responses in the Left Fusiform Gyrus. A major finding here
is the recording of lexical responses in the VOTC, that is, words
discriminated even from the most wordlike stimuli, that is, PW
(see Fig. 4 and SI Appendix, Fig. S3 for individual participants’
lexical responses). In total, we found 18 left hemisphere lexical
contacts in nine participants, specifically located along the fusiform

Table 1. Number of contacts and corresponding number of
participants (in parentheses) showing word discrimination
responses in each anatomical region

Regions Left Right Both hemispheres

VMO 21 (4) 1 (1) 22 (4)
IOG 13 (4) 6 (2) 19 (6)

Total OCC 34 (5) 7 (3) 41 (9)
MedFG 21 (12) 2 (1) 23 (13)
LatFG 34 (10) 8 (3) 42 (12)
MTG/ITG 19 (7) 1 (1) 20 (8)

Total PTL 74 (14) 11 (4) 85 (17)
AntCOS 23 (12) 8 (4) 31 (13)
AntFG 10 (6) 2 (2) 12 (8)
AntOTS 25 (11) 7 (3) 32 (14)
AntMTG/ITG 3 (1) 8 (4) 11 (5)

Total ATL 61 (17) 25 (8) 86 (20)
Total VOTC 169 (17) 43 (11) 212 (27)

Fig. 3. Spatial distribution of word discrimination contacts in the MNI space (ventral view). (A) Map of all 2,156 VOTC recording contacts across the 37 in-
dividual brains displayed in the MNI space using a transparent reconstructed cortical surface of the Colin27 brain. Each circle represents a single contact. Color-
filled circles correspond to word discrimination contacts colored according to their anatomical location in the original individual anatomy. White-filled circles
correspond to contacts on which no word discrimination responses were recorded. For visualization purposes, individual contacts are displayed larger than
their actual size (2 mm in length). Acronyms: antCoS, anterior collateral sulcus; antFG, anterior fusiform gyrus (located between the antCoS and the antOTS);
antMTG/ITG, anterior middle and inferior temporal gyri; antOTS, anterior occipito-temporal sulcus; ATL, ventral anterior temporal lobe; IOG, inferior occipital
gyrus; latFG, lateral fusiform gyrus and occipito-temporal sulcus; medFG, medial fusiform gyrus and collateral sulcus; MTG/ITG, the inferior and middle
temporal gyri; OCC, occipital lobe; PTL, posterior temporal lobe; VMO, ventro-medial occipital cortex. (B) Map of the local proportion of word discrimination
contacts relative to recorded contacts across VOTC, displayed on the cortical surface. Local proportions were computed in 15 × 15 voxels (for X and Y di-
mensions, respectively) using contacts collapsed over the Z dimension (superior–inferior) for better visualization. For the sake of replicability, only voxels
containing significant responses from at least two individual brains were considered. Black contours outline proportions significantly above zero. (C) Sta-
tistical comparison of local proportions of word discrimination contacts across hemispheres. Proportions (as displayed in B) at corresponding voxels in the left
and right hemisphere were statistically compared using permutation tests. P values associated with a significantly (P < 0.05) larger proportion in the left/right
hemisphere are displayed using warm/cool colors over the left/right hemisphere.
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gyrus and adjacent sulci (i.e., left midFG), plus a single contact in
the right hemisphere in a 10th participant (Table 2). In the left
midFG, the proportion of participants with electrodes implanted in
this region who showed lexical responses reached up to 50% (SI
Appendix, Fig. S2). Fig. 7 displays SEEG frequency spectra averaged
across the 18 left lexical contacts for each condition. High SNR
word discrimination responses are visible in each condition, even in
the most wordlike (PWw), in both original and summed-
harmonic spectra.
Next, we tested whether lexical responses truly reflect a

qualitatively unique level of word discrimination, or if SEEG
responses at these contacts is generally larger. To test this, we
quantified the response amplitude for each condition and each
type of contact (Fig. 8A) and compared conditions across pre-
lexical and lexical contacts types. If the difference between
prelexical and lexical contacts reflects a general amplitude in-
crease, there should be a significant difference in amplitude in all
conditions between these types of contacts (note that the am-
plitude increase in the PWw condition between prelexical and
lexical contacts is expected and noninformative, given that sig-
nificance of response in this condition served to differentiate
prelexical and lexical contacts). We found a highly significant
interaction between Condition (PFw, NWw; i.e., excluding the
PWw condition) and Contact Type [prelexical, lexical; two-way
mixed-model ANOVA: F(1,40) = 8.14, P = 0.007]. For the PFw
condition, response amplitude was significantly larger in lexical
(15.4 ± 8 μV) compared with prelexical (10.0 ± 4.3 μV) contacts
(P < 0.005, permutation test), but this was not the case for NWw
condition (lexical, 6.7 ± 2.8 μV; prelexical, 6.6 ± 3.1 μV; P =
0.89). Both the interaction and the lack of amplitude increase in

the NWw condition indicate that the difference between pre-
lexical and lexical contacts does not merely result from a general
amplitude increase in all conditions. Rather, prelexical and lex-
ical contacts appear to reflect functionally different word
discrimination processes.
This conclusion is further supported by evaluating the relation-

ship between the amplitudes in the PWw and the NWw conditions,
separately for prelexical and lexical contacts (Fig. 8B). While there
is a strong common source of variability in amplitude for both types
of contacts (Pearson’s r = 0.52; Fig. 8B), there is an additional
source of variability separating lexical from prelexical contacts (i.e.,
the regression lines fitted to the two groups of contacts are separate
and parallel). Hence, principal-component analysis reveals that
lexical and prelexical contacts are significantly different along the
second principal component (P = 0.001), which aligns well with
the PWw axis of amplitude variation (i.e., roughly orthogonal to the
regression lines in Fig. 8B).
Finally, given that NW and PW differ on a number of prelexical

variables (bigram frequency, syllabic and consonant–vowel struc-
ture, etc.), the observation that in lexical contacts the response
amplitude in the NWw condition is not significantly larger than in
PWw (0.78-μV difference; 6.7 ± 2.8 vs. 5.9 ± 2.2 μV for NWw and
PWw, respectively; P < 0.07, permutation test) implies that pre-
lexical processes mostly do not contribute to the responses recorded
in the PWw condition on lexical contacts.

No Hierarchical Organization Between Prelexical and Lexical Contacts.
Prelexical and lexical responses appear intermingled in the same
region in the left fusiform gyrus, at coordinates encompassing
the VWFA as identified in fMRI, but also more anteriorly (up to
y = −25; Fig. 6B). There was no statistical difference in the
anterior–posterior axis of group average Talairach coordinates
between prelexical and lexical contacts (mean ± SD: y = −37.1 ±
14.8 vs. −40.8 ± 11.2; two-tailed permutation test: P = 0.37,
uncorrected), going against a hierarchical organization at this
level. Moreover, no differences were found in the other spatial
dimensions (x = −34.7 ± 7 vs. −31.9 ± 5.1, P = 0.18; z = −13.7 ±
5.5 vs. −14.9 ± 5.5, P = 0.45). In an additional control analysis,
we selected only participants who had both prelexical and lexical
contacts in the left hemisphere (n = 5) and compared the mean
coordinates of prelexical contacts to the mean coordinates of lexical
contacts within participant. We found no significant difference
along any dimensions (x: prelexical minus lexical = −3.5 ± 5.4, P =
0.25; y: 11.2 ± 21.5, P = 0.38; z: −3.5 ± 8.6, P = 0.94). As in previous
analyses, this spatial organization was independent of the exact
definition of conditions (SI Appendix, Fig. S4) and statistical
threshold (SI Appendix, Fig. S5).

Discussion
By coupling a fast periodic visual stimulation paradigm identi-
fying selective responses objectively (i.e., at a predefined fre-
quency) with intracerebral recordings in a large number of
individual brains, our study provides original evidence regarding
the functional organization of the human VOTC for reading.
Word discrimination responses were measured between words
(w) and three types of stimuli: (i) pseudofonts (PFw); (ii) letter
strings that form implausible words, referred to as nonwords
(NWw); and (iii) letter strings that are plausible words, referred
to as pseudowords (PWw). We classified the response from each
contact based on the presence (+) or absence (−) of a significant

Fig. 4. Classification of word discrimination contacts in three processing levels:
example in individual participants (P21, P3, and P4). Example of summed seg-
mented FFT spectra for the three conditions recorded in three contacts (shown
on coronal MRI slices). The three rows illustrate how hierarchical word processing
levels are defined in each contact by the pattern of responses across conditions.
Top row: a letter-selective contact significant only in the PFw condition; middle
row: a prelexical contact significant in PFw and NWw conditions; bottom row: a
lexical contact significant in all three conditions. The asterisk (*) indicates sta-
tistically significant responses (Z > 3.1, P < 0.001).

Table 2. Number of contacts and corresponding number
of participants (in parentheses) as a function of word
discrimination level

Word discrimination
level Left Right Total

Letter 127 (20) 31 (10) 158 (24)
Prelexical 24 (12) 11 (4) 35 (16)
Lexical 18 (9) 1 (1) 19 (10)
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response to these three types of contrasts: letter-selective
(+PFw, −NWw, −PWw), prelexical (+PFw, +NWw, −PWw),
and lexical (+PFw, +NWw, +PWw). We found a wide spatial
distribution of letter-selective contacts over the VOTC in the left
hemisphere. The left midFG, corresponding roughly to the VWFA,
emerged from this analysis by the presence of intermingled signif-
icant prelexical and lexical contacts, which were found only in the
anterior VOTC region. These findings have important impli-
cations for understanding the neural basis of reading.

Left Posterior Selectivity to Letters.The large coverage of the bilateral
VOTC with intracerebral electrodes reveals widely distributed se-
lective responses to letter strings in the left hemisphere (Figs. 3, 5,

and 6). However, the proportion of letter-selective responses with
respect to the number of recorded contacts clearly indicates the
dominance of a left posterior region, the inferior occipital gyrus, in
selective letter representation (Fig. 6). This finding contrasts with
studies in which pseudofonts generate as much activation as letter
strings in these posterior regions (e.g., ref. 10). In the RH, there
were only few, scattered, responses in the midFG, with no response
in posterior regions. Although sampling was limited in the right
posterior cortex, these observations suggest an early (i.e., in terms of
visual hierarchy) left-lateralized selective tuning to letters in the oc-
cipital cortex (18) rather than a posterior bilateral representation (7).
In the left hemisphere, there was a postero-anterior hierarchy

between letter-selective and (pre)lexical responses. This is congru-
ent with fMRI measures, in which posterior regions selective to
letter shapes (i.e., words among pseudofonts) do not respond to
words among alphabetic characters (7, 10). The maximal local
proportion of letter-selective responses has been shown in the left
IOG, in a region corresponding to a previously located “letter area”
(18). In that study, participants had to perform a semantic task
potentially triggering a shallower processing of nonmeaningful
pseudofonts compared with letter strings. In contrast, in our study,
there was no explicit reading task to extract the meaning of the
presented strings. Hence, we provide original evidence that letter
selectivity is triggered automatically in this left posterior region,
even when letters appear for a brief time—less than 100 ms—
among pseudofonts.
Our finding of a letter-selective brain region indicates that

letters are processed specifically, independently of words, in the

Fig. 6. Spatial dissociation between word processing levels. (A) VOTC maps
of the local proportion of significant contacts over recorded contacts shown
in MNI space for each word processing level. The color scale was adjusted for
each map (see scaling values between brackets below each map). Black contours
outline proportions significantly above zero. Note that, for letter contacts, the
proportion is smaller in the midFG region than in posterior VOTC regions due to
the far greater number of recorded (nonsignificant) contacts in the midFG.
(B) The proportion of significant contacts relative to the number of recorded
contacts (normalized between 0 and 1) is shown for each word processing level
as a function of the position along the Y (posterior–anterior) dimension in the
left hemisphere. See also SI Appendix, Fig. S2.

Fig. 5. Spatial organization across the three processing levels. (A) Map of all
VOTC recording contacts across the 37 patients displayed in the MNI space.
Each circle represents a single contact. White-filled circles correspond to con-
tacts at which no word discrimination responses were recorded. Each color-
filled circle corresponds to a word discrimination contact colored according to
its level of processing. (B) Recorded contacts and word discrimination contacts
in the left hemisphere of four example individual participants, displayed in
MNI space over the Colin27 brain. For visualization purposes in both A and B,
individual contacts are displayed larger than their actual size (2 mm in length).
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cortical hierarchy of reading. During reading acquisition, letters
are first learned in isolation, that is, as single symbols repre-
senting specific phonemes, leading to an early left hemispheric
lateralization in their cortical representation (30). Letters may be
combined into syllables, morphemes, and words, and new com-
binations of letters may be encountered throughout the lifetime
as new words. The independent representation of letters from
words is supported by neuropsychological case studies of pure
alexia, where patients cannot read words “at a glance” but can
still recognize and name letters one by one (33, 34).
Another finding of the current study is that letter-selective re-

sponses were found up to the middle and even anterior FG, with a
progressive decrease in proportion, not magnitude, of responses
along the posterior–anterior axis (Fig. 6). This suggests that, while
letters are selectively coded in the left posterior VOTC, this process
extends in a distributed network of regions and overlaps with
higher-level processes in anterior VOTC. This is consistent with the
greater selectivity for words vs. pseudofonts even in anterior ventro-
temporal regions in fMRI (e.g., refs. 10 and 13). Such larger re-
sponses to words (vs. pseudofonts) in these anterior regions have
been interpreted as showing higher selectivity for increasingly large
segments of letter strings (7, 10), or as reflecting phonological or
semantic feedback (32, 35). Here, our data reveal letter selectivity
even in anterior regions of the VOTC: on the very same contacts,
words may not be distinguished from other alphabetic strings.

Identification of the Visual Word Form Area in Intracerebral
Recordings. In our cartography of the VOTC, the left midFG
showed the largest letter-selective response in amplitude across
all significant contacts (SI Appendix, Table S2) and, most im-
portantly, showed significant responses to words among other al-
phabetic strings (nonwords or pseudowords). This region
corresponds relatively well to the VWFA as found in fMRI. While

previous intracranial studies did not identify this region (17), or
targeted directly and solely the midFG (28), it emerges here from
our sampling of the whole VOTC with direct intracerebral re-
cordings. While the range of coordinates of the region found here
overlaps with the VWFA, the average coordinate is slightly anterior
(y’ −40) to the VWFA as typically defined in fMRI (e.g., y’ −54
in ref. 3), with individual electrode contacts up to y = −25 here
(Fig. 6B). As presented in the Introduction, this difference may be
due to difficulties in recording the anterior section of the VOTC in
fMRI due to large magnetic susceptibility artifacts (4). This
observation further illustrates the additive value of human
brain mapping with intracerebral recordings, in particular with a
large sample of participants, a wide spatial coverage, and objective
quantification of significant responses as afforded by EEG fre-
quency tagging (31).

Fig. 8. Amplitude quantification across conditions and processing levels. (A)
Response amplitudes were quantified as the average of the amplitudes
across recording contacts, separately for each processing level (letter, pre-
lexical, and lexical) and each condition (PFw, NWw, and PWw). The addi-
tional data point over the left-most column represents the averaged
response amplitude over contacts located in the same anatomical regions as
the prelexical and lexical contacts (latFG, medFG, antFG, antOTS, and ant-
CoS). (B) Relationship between the amplitude in the PWw and the NWw
conditions, separately for the prelexical and the lexical recording contacts.
Each white-filled point is a single contact, and the mean across contacts is
shown as filled markers. Lines represent the least-square linear fit computed
separately for prelexical and lexical contacts. Error bars are the SEM.

Fig. 7. SEEG lexical responses over the left hemisphere. (A) SNR frequency
spectra recorded over the 18 lexical contacts in the left hemisphere for the
PFw (top row), NWw (middle row), and PWw (bottom row) conditions. Raw
FFT spectra were first averaged across the 18 lexical contacts separately for
each condition and then transformed to SNR (as the ratio of the amplitude
at the frequency bin of interest to the averaged amplitudes at neighboring
bins). (B) Data from A replotted as summed-harmonic segmented FFT spectra
(summed FFT spectra were averaged across the 18 lexical contacts separately
for each condition and then transformed to SNR).
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An Objective Lexical Representation in the Left midFG. First, we
found strong evidence for neuronal populations in the left midFG
sensitive to familiar, known words, supporting visual lexical
representations of written words. Whether the VWFA, and the
VOTC in general, hold visual lexical representations is the
matter of a long-standing debate in the scientific reading com-
munity. On the one hand, the VWFA is thought to compute abstract
but prelexical representations (3, 7); on the other hand, it is thought
to be tuned for whole-word forms and to discriminate words dif-
fering only by one letter (24, 25, 28). The present observations
provide original and direct evidence supporting the latter view.
Second, despite a wide sampling of the VOTC, including the most
anterior ventral temporal regions, significant lexical responses were
found almost exclusively in the left midFG (i.e., including the lo-
cation of the VWFA), highlighting the fundamental role of this
local region in reading. Note that this conclusion also holds even
when lowering the statistic threshold (SI Appendix, Fig. S5) and
when including response patterns that do not obey our strict crite-
rion of significance for the three contrasts (SI Appendix, Fig. S4).
Indeed, a number of additional contacts show responses to words
only when presented among letter strings but not among pseudo-
fonts (SI Appendix, Table S1). These contacts could potentially re-
flect more subtle processes, for example, selectivity to word forms
only in the context of letters, that is, when a baseline level of activity
is sufficiently high.
Both the large number of highly variable word and pseudo-

word stimuli used in the present study, and the strict control of
stimuli in which pseudowords shared the same letters as words in
a rearranged order (Materials and Methods and ref. 29) rule out
an account of lexical responses in the midFG in terms of mere
physical differences between words and pseudowords. This is
supported by the lack of lexical responses in posterior visual
regions sampled in this study. Moreover, although words and
pseudowords differed in bigram frequency (Materials and Meth-
ods), and this factor can modulate VWFA activity in fMRI (36),
lexical responses in this paradigm are unlikely to be related to
this, for several reasons. First, in scalp EEG, the robust selective
response over the left occipito-temporal cortex for words inser-
ted in pseudowords is not reduced when bigram frequency is
equated (29). Moreover, directly contrasting pseudowords dif-
fering significantly in bigram frequency does not lead to any
EEG activity (29). Obviously, this does not completely rule out
putative effects of bigram frequency inside the brain that would
not be captured on the scalp. In this context, however, there is
evidence that lexical contacts in the present intracerebral study
do not show a modulation of the response according to bigram
frequency. Specifically, while the difference in bigram frequency
with words is much higher for NW (7,387 ± 3,291) than PW
(2979 ± 4014), NWw responses are not significantly larger than
PWw responses in lexical contacts (Fig. 8A). Finally, a comple-
mentary analysis (SI Appendix, Fig. S6) shows that the modula-
tion of bigram frequency in different PWw sequences does not
correlate with the response amplitude in these sequences.
Given the high stimulus presentation rate (10 Hz) as well as

the forward and backward masking provided by the stimuli in the
sequence (Fig. 1), we would like to argue that word selectivity
effects found here likely reflect neural coding for visual word
forms rather than integration of an abstract visual form with
higher-order factors stemming from putative feedback from an-
terior language areas (32, 37). Supporting this view, we found no
evidence of representations of letters and words anteriorly to the
midFG in the left VOTC, contrary to intracranial findings with a
slower stimulus presentation rate, revealing late semantic effects
(17). Future studies could examine this issue further by defining
the timing of lexical effects in the VOTC. This investigation is
possible with the approach used here (e.g., see ref. 38) but re-
quires inserting more stimuli between word items, reducing SNR
as word repetition decreases in a given sequence length.
Interestingly, the contacts classified as lexical discriminate words

from nonwords and pseudowords with a similar range of response
amplitudes (Fig. 8). This result argues against additive processing

stages (i.e., prelexical then lexical) at different time points, or
parametrically modulated sensitivity to orthographic structure. In-
deed, both of these modes of processing would have generated
larger responses to words in the NWw than in the PWw condition in
lexical contacts. Rather, in these left midFG populations of neurons
classified as lexical, whole-word recognition is relatively independent
of the letter strings’ plausibility context.
Since responses to words among nonwords (NWw) are not larger

in lexical than prelexical contacts, these contacts do not differ only
quantitatively, that is, by a generally larger response in lexical
contacts. However, the larger response to words among pseudofonts
on these lexical contacts suggests that neuronal populations tuned
to lexical representations could be less activated by nonletters.
These representations could therefore reflect a recognition pattern
within an orthographic memory system (26) or a storage of whole-
word forms, that is, a lexicon (24, 25, 39). Such a unique visual
coding of individual words, allowing fast recognition processes, is
necessary for fluent reading. This is consistent with neuro-
psychological studies showing that lesions in the left midFG cause
deficits in word reading, leading to slow and effortful letter-by-letter
reading (2, 34, 40, 41).

Nonhierarchical Spatial Prelexical and Lexical Representations. Fi-
nally, a crucial finding of our intracerebral recording study is that
different levels of word processing appear intermingled in the
same region of the midFG: besides the lexical responses identified,
some contacts responded to words among orthographically im-
plausible nonwords (i.e., prelexical response) and not to words
among pseudowords, without a clear spatial hierarchy between the
two types of contacts (Fig. 5). This finding—which also holds when
lowering the statistic threshold (SI Appendix, Fig. S5) and when
including contacts that do not conform to the three strict combi-
nations of conditions to define the three processing levels (SI Ap-
pendix, Fig. S4)—does not support the proposal of strict successive
stages for the coding of letters, bigrams, and quadrigrams at specific
positions along the y axis [y = −64, −56, and −48 respectively; LCD
model (7)]. Indeed, according to this view, lexical contacts should
have been located, on average, more anteriorly than prelexical
contacts. Also, many contacts with the largest responses in the
NWw condition did not discriminate words among pseudowords,
ruling out a simple explanation in terms of magnitude of response
(Fig. 8). Rather, responses to words at a prelexical level only may be
considered as indirect evidence for responses to pseudowords:
populations of neurons that are sensitive to the plausibility or sta-
tistical regularity of letter combinations rather than to letter strings
previously encountered, that is, whole-word forms.
Both the spatial organization of prelexical and lexical contacts

and the absence of additivity of responses in lexical contacts strongly
suggest that prelexical processes and lexical processes are func-
tionally separated (Fig. 8B) rather than constituting ordered addi-
tive, spatially hierarchical, stages in visual word recognition. Hence,
within the midFG region, distinct neuronal populations compute
different levels of representation of words: a letter-selective repre-
sentation coding for abstract letters; a coarse word representation
sensitive to visual characteristics such as plausibility of letter com-
binations; and a precise, fine-grained representation where neurons
have become tuned to previously encountered words. This finding
was afforded by our approach of intracerebral recordings where
each electrode contact records electrophysiological responses from
a limited neuronal population, compared with commonly used
fMRI analyses where spatial smoothing and region-of-interest ap-
proach average responses originating potentially from different
neuronal populations.
In summary, our large-scale intracerebral recording study with

fast periodic visual stimulation clarifies the neural basis of
reading by revealing (i) a spatial dissociation in the left VOTC
between a posterior IOG/FG letter-selective representation, and
a representation for words, at prelexical and lexical levels, confined
to the middle and anterior section of the left fusiform gyrus; (ii) true
lexical responses, that is, fine-tuning to real words, in a region
extending more anteriorly than the visual word form area typically
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identified with fMRI; (iii) prelexical responses suggesting sensitivity
to the statistical regularity of letter combinations only; and (iv) a
lack of spatial organization between qualitatively distinct prelexical
and lexical responses in the left fusiform gyrus.

Materials and Methods
Participants. The study included 37 native French-speaker participants
(20 females; mean age, 33 ± 8.4 y; 35 right-handed) undergoing clinical in-
tracerebral evaluation with depth electrodes (SEEG) (42) for refractory par-
tial epilepsy, studied in the Epilepsy Unit of the University Hospital of Nancy
between September 2013 and June 2016. Participants with at least one in-
tracerebral electrode implanted in the VOTC were included in the study (Fig.
1C). They gave written consent to participate to the study, which was ap-
proved by the Ethics Committee of the University Hospital of Nancy.

Intracerebral Electrode Implantation and Recording. Intracerebral electrodes
were stereotactically implanted within the participants’ brains for clinical
purposes, that is, to delineate their seizure onset zones (43). Each 0.8-mm
diameter intracerebral electrode contains 8–15 independent recording
contacts of 2 mm in length separated by 1.5 mm from edge to edge (for
details about the electrode implantation procedure, see ref. 44). In-
tracerebral EEG was sampled at a 512 Hz and referenced to either a midline
prefrontal scalp electrode (FPz, in 32 participants) or an intracerebral contact
in the white matter (in five participants).

Fast Periodic Visual Stimulation Paradigm. The paradigm was previously val-
idated in a scalp EEG study (29).
Stimuli. Stimuli were words, pseudowords, nonwords, and pseudofonts (30 of
each type), all composed of five elements (letters or pseudofonts) (Fig. 1A).
French words were selected from the Lexique 3.55 database (45) with the
following criteria: they were frequent common nouns (84.99 per million) in
singular form, with limited orthographic neighbors (average, 1.9; range from
0 to 4), no foreign language origin, and no accents. PW and NWwere built on an
item-by-item basis by rearranging the letters of the words [e.g., from the word
“avril” (“April”) were built the PW “vrali” and the NW “rvlia”]. PF items were
also built on an item-by-item basis: letters from words were vertically flipped,
segmented, and segments were rearranged into five pseudoletters with the same
overall size as the original word. Each word thus had a corresponding PW, NW,
and PF containing the exact same amount of black-on-white contrast, so that all
conditions were similar in terms of lower-level visual properties. Bigram frequen-
cies were calculated with Wordgen (46) and are reported as summated type
bigram frequencies (from the French CELEX database). As in Lochy et al. (29),
bigram frequencies differed between words (mean ± SD: 12,038 ± 3,715) and
nonwords [4,650 ± 2,803; t(29) = 10.665, P < 0.0001] as well as between words and
pseudowords [9,059 ± 4,293; t(29) = 4.485, P < 0.0001]. This was done intentionally
to respect natural differences in bigram frequencies. Importantly, however, dif-
ferences in bigram frequency alone do not contribute to selective responses to
words recorded in this paradigm since (i) these responses are also found for words
among pseudowords equated in bigram frequency and (ii) no response emerges
when two sets of PWs differing in bigram frequency are contrasted [experiment 2;
Lochy et al. (29)]. Stimuli were presented in Verdana font, with the size ranging
from 4.8 to 7.7 (width) and 1.15 to 2 (height) degrees of visual angle.
Procedure. Participants viewed continuous sequences of visual stimuli (PW,
NW, or PF) presented periodically at a rate of 10 Hz through sinusoidal
contrast modulation (from 0 to 100% in 50ms, then back to 0% in 50ms) with
words inserted as every fifth item, so that the word presentation frequency
was 2 Hz (10 Hz/5) (Fig. 1B and Movies S1–S3). A sequence started by a fix-
ation cross displayed for 2–5 s, followed by 70 s of visual stimulation: 66 s of
stimulation at full contrast flanked by 2 s of fade-in and fade-out, wherein
contrast gradually increased or decreased, respectively. Randomly selected
words were inserted in three different sequences of base stimuli (PF, NW, or
PW) resulting in three conditions (Fig. 1A): words embedded in PW (PWw;
Movie S3), in NW (NWw; Movie S2), and in PF (PFw; Movie S1). Each condi-
tion was repeated two times, resulting in six sequences for a total of ∼10 min
of testing time, including short breaks. The experiment was repeated a
second time for 13 participants and a third time for 3 participants,
depending on their availability. Participants were not informed about the
periodicity of the words and were unaware of the objectives of the study.
No participant had seizures in the 2 h preceding the recordings. During the
sequences, participants were instructed to fixate a small blue cross (15 pix)
presented continuously at the center of the stimuli, and to detect and re-
spond to (by key press) brief (200-ms) nonperiodic color changes (blue to red,
six times per sequence) of this fixation cross.

Intracerebral EEG Analysis. Intracerebral EEG analysis largely followed a
procedure of a recently reported group study on the neural basis of selective
face perception (31).
Frequency domain processing. Segments of SEEG corresponding to stimulation
sequences were extracted, starting 2 s after the onset of the sequence (i.e., after
the fade-in period) until ∼68 s (before stimulus fade-out) so as to contain an
integer number of 2-Hz cycles (∼66 s). No artifact rejection was performed
because intracerebral artifacts (mainly epileptic spikes, but also electro-
oculographic and electro-myographic activity, since we used a prefrontal
scalp electrode as reference electrode for most of the participants) are
more broadly distributed across the frequency spectrum than the fre-
quencies of interest (i.e., 2 Hz, 10 Hz, and their respective harmonics). Sequences
were averaged in the time domain separately for each condition and each
participant, and amplitude spectrum was computed for each contact using FFT.
Word discrimination responses. Word discrimination responses significantly above
noise level at the word stimulation frequency (2 Hz) and its harmonics were
determined in each condition as follows: (i) the FFT spectrum was cut into seg-
ments centered at the word response frequency and the four first harmonics,
that is, 2, 4, 6, and 8 Hz (10 Hz corresponds to the base visual stimulation fre-
quency and was not included in the analyses; no word discrimination responses
were found above 10 Hz), and surrounded by 25 neighboring bins on each side
(Fig. 2A); (ii) the amplitude values of these four FFT segments were summed (Fig.
2B); (iii) the summed FFT spectrum was transformed into a Z score (Fig. 2C). Z
scores were computed as the difference between the amplitude at the word
frequency bin and the mean amplitude of 48 surrounding bins (25 bins on each
side, excluding the 2 bins directly adjacent to the bin of interest, i.e., 48 bins)
divided by the SD of amplitudes in the corresponding 48 surrounding bins. A
contact was considered as showing a word discrimination response in a given
condition if the Z score at the frequency bin of word stimulation exceeded 3.1
(i.e., P < 0.001, one-tailed: signal > noise).
Levels of word discrimination contacts. Based on the pattern of word discrimi-
nation responses across the three conditions (i.e., significant or not), we labeled
each contact according to three hierarchical levels of word discrimination: (i)
contacts showing a significant word discrimination response only when pre-
sented among pseudofonts, that is, not in the NWw and PWw conditions, were
defined as letter selective (+PFw, −NWw, and −PWw); (ii) contacts showing
significant responses in the PFw and NWw conditions but not in the PWw
condition were defined as prelexical (+PFw, +NWw, and −PWw); and (iii) con-
tacts showing significant responses in the three conditions (PFw, NWw, and
PWw) were defined as lexical (+PFw, +NWw, and +PWw). These three types of
contacts are referred to as word discrimination contacts. Contacts that displayed
a significant response in at least one condition but that did not conform to any
of these three combinations of conditions (e.g., exhibiting a significant response
in PWw and NWw conditions but not in more basic PFw condition) were ex-
cluded from the main analyses (SI Appendix, Fig. S4 and Table S1). Note that the
three word processing levels result from combining an increasing number of
significant conditions (1–3), resulting in a stricter statistical criterion (thus a dif-
ferent likelihood of false positives) across the three levels. Because these condi-
tions are not statistically independent, one cannot solve this issue by simply
adapting the statistical threshold according to the number of tests performed.
This issue is not present when including all contacts responding to at least one
condition and labeling these contacts according to a single test (SI Appendix,
Supplemental Analysis and Fig. S4).
Quantification of response amplitude. Baseline-corrected amplitudes were com-
puted as the difference between the amplitude at each frequency bin and the
average of 48 surrounding bins (i.e., 50 bins, excluding the 2 bins directly adjacent
to the bin of interest, i.e., 48 bins).Word discrimination responseswere quantified
as the sumof the baseline-subtracted amplitudes at theword frequency from the
first until the fourth harmonic (2 Hz until 8 Hz) (38), and averaged for each
condition and contact type. We removed a single outlier lexical contact in which
the response amplitude in each condition was more than 3 SDs away from the
mean. SNR spectra were also calculated as the ratio between the amplitude at
each frequency bin and the average of the corresponding 48 surrounding bins
for display purposes and comparison across studies.

Contact Localization in the Individual Anatomy. The exact position of each
contact in the individual anatomy was determined by fusing the post-
operative CT scan with a T1-weighted MRI. Contacts inside the gray matter
were anatomically labeled in the individual anatomy using the same topo-
graphic VOTC parcellation as in ref. 32 (SI Appendix, Fig. S1), based on an-
atomical landmarks. Major VOTC sulci (collateral sulcus and occipito-temporal
sulcus) served as medio-lateral divisions. Postero-anterior divisions were the
anterior tip of the parieto-occipital sulcus for the border between occipital and
temporal lobes, and the posterior tip of the hippocampus for the border be-
tween PTL and ATL.
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Group Visualization and Proportion Analyses in MNI Space. In a separate
analysis, anatomical MRIs were spatially normalized to determine Talairach
and MNI coordinates of intracerebral contacts. MNI coordinates of the in-
tracerebral contacts were used to perform group analyses and visualization.
Using MNI transformed coordinates, we computed the local proportion of
word discrimination intracerebral contacts across the VOTC. Local proportion
of contacts was computed in volumes (i.e., “voxels”) of size 15 × 15 × 100 mm
(for the X, left–right; Y, posterior–anterior; and Z, inferior–superior dimen-
sions, respectively) by steps of 3 × 3 × 100 mm over the whole VOTC. A large
voxel size in the Z dimension was used as a way to collapse across contacts
along the inferior–superior dimension.

For each voxel, we extracted the following information across all partic-
ipants in our sample: (i) the number of recorded contacts located within the
voxel; (ii) the number of contacts showing a significant response for each
level of word discrimination; (iii) the number of participants having at least
one contact recorded in the voxel; and (iv) the number of participants
having at least one contact showing a significant word discrimination
response. From these values, for each voxel and each level of word dis-
crimination, we computed the proportion of significant contacts/participants
over recorded contacts/participants (proportions are crucial here since
sampling differs across regions). To ensure reliability and reproducibility,
we only considered voxels in which at least two participants showed
significant responses. Then, for each voxel, we determined whether the

proportion of significant contacts was significantly above zero using a
bootstrap procedure in the following way: (i ) sampling contacts from the
voxel (the same number as the number of recorded contacts in the voxel)
with replacement; (ii ) determining the proportion of significant contacts
for this bootstrap sample and storing this value; (iii ) repeating steps i and
ii 5,000 times to generate a distribution of bootstrap proportions and to
estimate the P value as the fraction of bootstrap proportions equal to
zero. In addition, we also statistically compared proportions of word
discrimination contacts across corresponding voxels of the left vs. right
hemisphere using permutation tests with 20,000 permutations.

We also visualized the variations in the proportions of contacts in each
word processing level as a function of the posterior–anterior axis (Y di-
mension) in the left hemisphere. Proportions were computed along the Y
dimension (MNI coordinates) using a running average procedure (in seg-
ments of 15 mm by steps of 3 mm) by collapsing contacts across the X (lat-
eral–medial) and Z (inferior–superior) dimensions. The resulting proportion
profiles were normalized between 0 and 1.
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a b s t r a c t

We report the case of a patient (MB, young female human subject) who systematically

experienced confusion between perceived facial identities specifically when electrically

stimulated inside the lateral section of the right fusiform gyrus. In the presence of a face

stimulus (an experimenter or a photograph), intracerebral electrical stimulation in this re-

gion generated a perceptual hallucination of an individual facial part integrated within the

whole perceived face, i.e., facial palinopsia. In the presence of a distracting stimulus (visual

scene or object picture), the patient also experienced an individual face percept super-

imposed on the non-face stimulus. The stimulation site evoking this category-selective

transient palinopsia was localized in a region showing highly selective responses to faces

both with functional magnetic resonance imaging (“Fusiform Face Area”, “FFA”) and intra-

cerebral electrophysiological recordings during fast periodic visual stimulation (FPVS).

Importantly, the largest electrophysiological response to fast periodic changes of facial

identity was also found at this location. Altogether, these observations suggest that the face-

selective right lateral fusiform gyrus plays a role in generating vivid percepts of individual

faces, supporting the active role of this region in individual face representation.
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1. Introduction

Individual face recognition plays a critical role in human so-

cial interactions. Studies of patients showing individual

face recognition impairment after brain damage (i.e., proso-

pagnosia, following Bodamer, 1947; see Della Sala & Young,

2003 for an early report by Quaglino and Borelli in 1867)

have long suggested that this brain function is supported by a

large territory of the human ventral occipito-temporal cortex

(VOTC), from the occipital pole to the temporal pole, with a

right hemispheric advantage (Barton, 2008; H�ecaen &

Angelergues, 1962; Meadows, 1974; Rossion, 2014; Sergent &

Signoret, 1992).

Within this cortical territory, the lateral section of the

right posterior/middle fusiform gyrus (latFG) may be partic-

ularly important, as this region shows the largest selective

response to faces both in neuroimaging (“Fusiform Face

Area”, “FFA”, e.g., fMRI: Puce, Allison, Gore, &McCarthy, 1995;

Kanwisher, McDermott, & Chun, 1997; Kanwisher, 2017; PET:

Sergent, Ohta, & MacDonald, 1992; Rossion et al., 2000) and

intracerebral recordings (Jonas et al., 2016). Recent studies

have shown that electrical intracranial stimulation over the

right e but not the left e latFG may elicit transient impair-

ment in face perception, with patients reporting a selective

distortion of the visual face input (i.e., distortion of people's
faces in the room: “prosopometamorphopsia”, Parvizi et al.,

2012; Rangarajan et al., 2014). However, patients with proso-

pometamorphopsia, often a transient phenomenon observed

shortly after brain damage (e.g., Bodamer, 1947: case 3/pa-

tient B), do not present with major difficulties in individual

face recognition, in spite of their perceptual distortions

(Bodamer, 1947; Hwang et al., 2012; H�ecaen & Angelergues,

1962; Nass, Sinha, & Solomon, 1985; Trojano, Conson,

Salzano, Manzo, & Grossi, 2009). Although stimulation of

the right latFG inducing prosopometamorphopsia offers

a causal link between face perception and this area,

impairment in individual face recognition, which character-

izes patients with prosopagnosia (H�ecaen & Angelergues,

1962; Rossion, 2014; Sergent & Signoret, 1992), has so far

not been observed following electrical stimulation of this

region.

Here, we report a rare case of confusion of facial identity

following focal electrical stimulation directly in the grey

matter of the right latFG, without any face distortion. When

stimulated only in this region, the patient (MB) systematically

reported visual hallucinations characterized by the recur-

rence of individual facial parts (facial palinopsia, Critchley,

1951) integrated within the whole perceived face (a person

in the room, or a photograph). Importantly, the electrode

contact evoking this category-selective transient palinopsia

was localized in a region showing highly selective responses

to faces both with functional magnetic resonance imaging

and with intracerebral recordings, as well as sensitivity to

individual face discrimination with intracerebral recordings.

These observations show that a local face-selective region of

the right latFG can generate a vivid hallucination of an indi-

vidual face, highlighting the active role of this region in in-

dividual face representation.

2. Materials and methods

2.1. Case description and neuropsychological
assessment

The subject is a 30-year-old woman (MB) with refractory focal

epilepsy. Intracerebral stereo-electroencephalography (SEEG)

delineated her epileptogenic zone in the right lateral occipito-

parietal junction (posterior parietal cortex and superior oc-

cipital gyrus). The patient was right-handed as attested by the

Edinburgh Handedness Inventory (Oldfield, 1971). At the time

of the SEEG exploration, her treatment included eslicarbaze-

pine acetate and lacosamide. She was never treated with

topiramate, which has been found to be related to generate

palinopsia in some cases (Gersztenkorn & Lee, 2015). The fMRI

experiment and the FPVS recordings were approved by the

local ethical committee, for which she gave a written consent.

She also gave a specific and written consent for using the

video material.

MB showed a general intelligence level in the normal range

(full-scale IQ of 97). Neuropsychological evaluations revealed

normal performance on memory (Taylor Complex Figure,

Selective Reminding Test), language (DO80 naming test) and

basic visual perception (Visual Object and Space Perception

battery, VOSP) functions. The patient never complained of

individual face recognition difficulties in everyday life, nor

during or after epileptic seizures. Before intracerebral im-

plantation, we conducted an extensive series of behavioral

tests to assess MB's face/object perception and memory. Ten

control participants (age-, sex- and education level-matched

controls) performed the same tests. To compare the results

of MB to the control participants, we used the modified t-test

of CrawfordeHowell for single-case studies (Crawford &

Howell, 1998) with a p value of <.05 considered as statisti-

cally significant. These tests included: (1) face/no face cate-

gorization test (Mooney faces, experiment 16 in Busigny,

Joubert, Felician, Ceccaldi, & Rossion, 2010); (2) tests of face

individuation including the Benton Face Recognition Test

(BFRT, Benton, Sivan, Hamsher, Varney, & Spreen, 1983), the

Cambridge Face Memory Test (CFMT, Duchaine & Nakayama,

2006), an individual face- and car-matching at upright and

inverted orientations (experiment 4 in Busigny & Rossion,

2010), as well as an individual matching task of faces pre-

sented in different viewpoints (experiment 22 in Busigny et al.,

2010); (3) tests of visual memory including an old/new face

task (encoding phase followed by an old/new forced choice

decision with faces, experiment 3 in Busigny et al., 2010) and

an old/new bird task (same task with bird pictures, using the

same parameters as for faces); (4) a famous face recognition

test (CELEB test, Busigny et al., 2014).

The results of these tests are shown in Table 1. MB per-

formed in the normal range compared to matched normal

controls for nearly all tests, either in accuracy or in response

times, except that she was significantly slower at a visual

memory test with faces and birds (old/new face and old/new

bird tests, see Table 1), a slowing down that is often found in

epileptic patients under medication. Her decrease of perfor-

mance for inverted compared to upright faces was also in the
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normal range in accuracy and response times (t ¼ .68, p ¼ .51

and t ¼ .73, p ¼ .48 respectively, revised standardized differ-

ence test, Crawford&Garthwaite, 2005). Taken together, these

results show thatMB has normal face perception andmemory

abilities.

2.2. Stereotactic placement of intracerebral electrodes

Intracerebral electrodes (Dixi Medical, Besançon, France) were

stereotactically implanted in the patient's brain in order to

delineate the seizure onset zone (SEEG, Talairach & Bancaud,

1973; Cardinale et al., 2013; Salado et al., 2018). The sites of

electrode implantation were determined based on non-

invasive data collected during an earlier phase of the investi-

gation. Each intracerebral electrode consists of a cylinder of

.8 mm diameter and contains 8e15 contiguous contacts of

2 mm in length separated by 1.5 mm from edge to edge. A few

days before surgery, a non-stereotactic T1 weighted MRI with

gadolinium was carried out and imported into a computer-

assisted software (Iplanstereotaxy, Brainlab, Germany). Each

electrode trajectory was then determined according to the

investigation planning with careful avoidance of vascular

structures. The day of surgery, after induction of general

anesthesia, the stereotactic frame (Leksell G-frame, Elekta,

Sweden) was positioned on the patient's head. A stereotactic

CT-scan was then carried out and fused to the pre-operative

non stereotactic MRI. Stereotactic coordinates were then

calculated for each trajectory. A post-operative non-stereo-

tactic CT-scan was carried out and fused with a T1-weighted

MRI to determine the exact position of each electrode.

The SEEG exploration took place in April 2014. Anatomical

locations of intracerebral electrodes were determined to

target the most potential epileptogenic zone (right parietal

cortex), to monitor the extent of epileptic seizures and to map

functional regions next to the epileptic network (i.e., not all

electrodes are implanted in regions that are thought to be the

source of the seizures). Eleven electrodes were implanted in

the right hemisphere targeting the occipito-parieto-temporal

cortex and the hippocampus (Fig. 1A). In total, these elec-

trodes contained 138 individual recording contacts. Electrode

F (containing 10 contacts, F1 to F10) was located in the right

ventral temporal cortex, targeting specifically the latFG, the

occipito-temporal sulcus and the inferior temporal gyrus

(Fig. 1B). No electrodes were placed in the left hemisphere.

The SEEG signalwas recorded at a 512 kHz sampling rate on

a 256-channel amplifier (4 SD LTM 64 Headbox, Micromed,

Italy). The reference electrode during data acquisition was a

midline prefrontal scalp electrode (FPz).

2.3. Intracerebral electrical stimulations

2.3.1. General procedure
Electrical intracerebral stimulation of the right occipito-pari-

eto-temporal cortex and hippocampus was carried out while

the patient performed active recognition or passive viewing of

visual objects (photographs of famous faces, famous scenes,

common objects, unknown faces or real faces, Table 2). These

stimulations were applied between two contiguous contacts

on the same electrode and performed at 50Hz during 5 s at low

intensities ranging from 1 to 1.6 mA (i.e., usual stimulation

settings in SEEG). MB was not aware of the stimulation onset

and termination, the stimulation site and the nature of the

effects that could be potentially elicited. In total, 59 electrical

stimulations were performed (Table 2). Authors JJ, JPV, LM and

BR were present during electrical stimulations, which were

video recorded.

Table 1 e Performance of patient MB and 10 control participants in neuropsychological tests of face/object perception and
memory.

Subject MB Controls (n ¼ 10) t-test (CrawfordeHowell)

Mooney faces Acc 97.5% 92.1 ± 3.2 t ¼ 1.61, p ¼ .07

RT 1708 1243 ± 635 t ¼ .7, p ¼ .25

BFRT Acc 44/54 44.9 ± 2.5 t ¼ �.34, p ¼ .37

RT 456 315 ± 158 t ¼ .85, p ¼ .21

CFMT Acc 52/72 53.6 ± 7.6 t ¼ �.2, p ¼ .42

Face matching (different viewpoints) Acc 86% 81.90 ± 8.16 t ¼ .48, p ¼ .32

RT 4518 2761 ± 975 t ¼ 1.72, p ¼ .6

Face matching (upright and inverted) Acc upright 97.2% 93 ± 4.9 t ¼ .81, p ¼ .22

inverted 77.8% 79.4 ± 7.8 t ¼ �.2, p ¼ .42

RT upright 1791 1712 ± 658 t ¼ .11, p ¼ .46

inverted 2334 1979 ± 624 t ¼ .39, p ¼ .35

Car matching (upright and inverted) Acc upright 100% 96.7 ± 9.6 t ¼ .33, p ¼ .37

inverted 100% 94.2 ± 11.1 t ¼ .5, p ¼ .31

RT upright 1485 1712 ± 658 t ¼ �.33, p ¼ .37

inverted 1601 1979 ± 624 t ¼ �.58, p ¼ .29

Old/New face Acc 96.7% 94 ± 3.1 t ¼ .83, p ¼ .21

RT 3859* 1959 ± 820 t ¼ 2.21, p ¼ .03

Old/New bird Acc 83.3 84 ± 7.3 t ¼ �.09, p ¼ .46

RT 4279* 2227 ± 900 t ¼ 2.17, p ¼ .03

CELEB test FRI 82 86.9 ± 13 t ¼ �.36, p ¼ .36

NAI 95.1 90.7 ± 12 t ¼ .35, p ¼ .37

Acc: accuracy; RT: reaction time in ms; BFRT: Benton Face Recognition Test; CFMT: Cambridge Face Memory Test; FRI: Face Recognition Index;

NAI: Name Access Index.

*Indicates lower performance compared to matched normal controls (p < .05).
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2.3.2. Active recognition
Thirty stimulations were carried out during the recognition of

sets of photographs of the same category presented one by

one (famous faces without external features, common objects

or famous scenes). MB had to name each photograph in turn.

For each set, the stimulation was triggered randomly during

the presentation of 1 or 2 successive photographs. We only

used photographs that were easily recognized by MB before

the stimulation procedure.

2.3.3. Passive viewing
Twenty-nine stimulations were carried out while MB was

asked to passively watch photographs of unknown faces,

common objects, or real faces of people in the room. MB was

instructed to describe any perceptual changes she experi-

enced. For each stimulation, only a single visual object image

was shown, and the stimulation was triggered manually

several seconds after the patient started to look at the

stimulus.

2.4. Face-selectivity: fMRI

The comprehensive methods (stimuli, stimulation proced-

ures) used for this fMRI study were the same as those used in

several previous studies (combined in a large-scale analysis in

Rossion, Hanseeuw,&Dricot, 2012). The fMRI experiment took

place in September 2014 that is 5 months later than the SEEG

exploration.

2.4.1. Stimuli
Four categories of stimuli were used: photographs of faces (F),

cars (C), and their phase-scrambled versions: scrambled faces

Fig. 1 e Locations of intracerebral electrodes implanted in subject MB's brain. Each electrode is an array of individual

recording contacts. Here, each contact is represented by a red cross. A. Locations of all electrodes on a sagittal slice. Since

electrodes are usually implanted perpendicularly to the skull, only one contact per electrode is visible on a sagittal slice. B.

Location of electrode F in the ventral temporal cortex on axial and coronal slices. CoS: collateral sulcus; ITG: inferior

temporal gyrus; latFG: lateral fusiform gyrus; OTS: occipito-temporal sulcus.
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(SF) and scrambled cars (SC). The face condition consisted of

43 pictures of faces (22 females) cropped so that no external

features (hair, etc.) were revealed. All faces were shown in

frontal view (for all stimulus information, see Rossion &

Caharel, 2011). They were inserted in a grey rectangular

background. Similarly, the car condition consisted of 43 pic-

tures of different cars in a full-front view also embedded in a

gray background. The scrambled stimuli were made using a

Fourier phase randomization procedure (FFT with phase

replaced by the phase of a uniform noise) that yields images

preserving the low-level properties of the original image (i.e.,

luminance, contrast, spectral energy, etc.), while completely

degrading any category-related information. Pictures of faces/

cars and the phase scrambled face/car pictures subtended

equal shape, size and contrast against the background.

2.4.2. Paradigm
MB performed 4 runs of 11 min duration each. In each run,

there were 6 blocks of 18 sec duration for each of the 4 types of

stimuli. Blocks were separated by a baseline condition (cross

fixation) of 9 sec. In each block, 24 stimuli of the same con-

dition were presented (750 ms per stimuli, no ISI) on a black

background screen, with 2 or 3 consecutive repetitions of the

exact same stimulus in each block (target trials in the one-

back task). This gave a total amount of 144 stimuli per cate-

gory per run. The stimuli and the fixation cross were pre-

sented centrally, but stimulus location varied randomly in x

(6%) and in y (8%) directions at each presentation. This change

in stimulus location wasmade so that specific elements of the

non-scrambled face and car stimuli (e.g., the eyes or head-

lights) do not appear at the same location at each trial, as it

would be the case for scrambled stimuli even without jittering

position. The patient performed a one-back identity task (2 or

3 targets per block).

2.4.3. Imaging acquisition parameters
Functional MR images of brain activity were collected using a

3T head scanner (SignaHDxt, GEMedical Systems,Milwaukee,

WI) at the University Hospital of Nancy with repeated single-

shot echo-planar imaging: echo time (TE) ¼ 33 ms, flip angle

(FA) ¼ 77�, matrix size ¼ 64 � 64, field of view (FOV) ¼ 192 mm,

slice thickness ¼ 3 mm, repetition time (TR) ¼ 2250 ms, 36

slices. A high-resolution anatomical volume of the whole

brain was acquired using a T1-weighted sequence (resolution:

1 � 1 � 1 mm).

2.4.4. Data analysis
The fMRI signal in thedifferent conditionswas compared using

BrainVoyager QX (Version 2.8.0, Brain Innovation, Maastricht,

The Netherlands). Preprocessing consisted of a linear trend

removal for excluding scanner-related signal, a temporal high-

pass filtering applied to remove temporal frequencies lower

than three cycles per run, and a correction for small interscan

head movements by a rigid body algorithm rotating and

translating each functional volume in 3D space. Functional

data (unsmoothed) were spatially aligned with the high-

resolution anatomical volume which was previously aligned

to the AC-PC plane (automatic co-registration in BrainVoyager

QX, adjusted manually). Subsequently, the functional data

were analyzed using a multiple regression model (General

Linear Model; GLM) consisting of predictors, which corre-

sponded to the particular experimental conditions of each

experiment. The predictor time courses used were computed

on the basis of a linear model of the relation between neural

activity and hemodynamic response, assuming a rectangular

neural response during phases of visual stimulation.

The contrast of interest was the conjunction contrast [(F-C)

and (F-SF)]. This contrast was aimed at isolating the regions

responding more to faces than non-faces objects, and for

which this difference could not be accounted for by low-level

visual cues (Rossion et al., 2012). A conservative statistical

threshold (Bonferroni-corrected, p < .05) was used to define

face-sensitive areas corresponding to t-values above 4.93.

2.4.5. Intracerebral contact localization
The high-resolution T1 (aligned to the AC-PC plane) was fused

with the post-operative CT-scan. The electrode contact co-

ordinates were automatically extracted (MRI coordinates in

the individual anatomy centered on the AC-PC plane). These

electrode contact coordinates were then rendered in Brain

Voyager software. The anatomical locations of relevant fMRI

activations and intracerebral contacts were therefore

assessed in the individual anatomy. Anatomical and func-

tional volumeswere also spatially normalized in the Talairach

space, but only to determine Talairach coordinates of fMRI

activations and intracerebral contacts.

Table 2 e Number of electrical stimulations performed and type of task required.

Active recognition Passive viewing

Famous
faces

Famous
scenes

Common
objects

Unknown
faces

Common
objects

Real faces

Contacts F1eF2 (latFG, OTS) 3 1 1 1 1 2

Ventral temporal cortex except contacts F1eF2 (OTS, CoS) 3 1 2

Lateral temporal cortex (ITG, MTG, STG) 4 2 1 2

Occipital cortex (IOG, lateral occipital cortex, cuneus, LG) 3 1 4 3

Parietal cortex (lateral parietal cortex, precuneus) 4 2 3 2 11

Hippocampus 2

Total 17 4 9 1 8 20

CoS: collateral sulcus; IOG: inferior occipital gyrus; ITG: inferior temporal gyrus; latFG: lateral fusiform gyrus; LG: lingual gyrus; MTG: middle

temporal gyrus; OTS: occipito-temporal sulcus; STG: superior temporal gyrus.
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2.5. Face-selectivity: intracerebral responses

We used a “frequency-tagging” or fast periodic visual stimu-

lation (FPVS) approach with natural images to identify and to

quantify intracerebral face-selective responses. This para-

digm has been validated in several studies (Retter & Rossion,

2016; Rossion, Torfs, Jacques, & Liu-Shuang, 2015; de Heering

& Rossion, 2015) and consists of presenting widely variable

face stimuli at regular intervals, here, as every 5 stimuli, in a

fast periodic train of variable non-face object images (usually

6 Hz) (Fig. 2). Frequency domain representation of the EEG

recorded during stimulation separates common responses to

faces and objects at 6 Hz and its harmonics from face-

selective responses occurring at 6 Hz/5, 1.2 Hz and its har-

monics. The technique is highly sensitive and largely free of

low-level visual confounds (Rossion et al., 2015), making it

ideal for intracerebral recordings. The comprehensive

methods used here (stimuli, stimulation procedures) were the

same as in a recently reported intracerebral group study

(Jonas et al., 2016).

2.5.1. Stimuli
Two hundred grayscale natural images of various non-face

objects (from 14 non-face categories: cats, dogs, horses,

birds, flowers, fruits, vegetables, houseplants, phones, chairs,

cameras, dishes, guitars, lamps) and 50 grayscale natural

images of faces were used (see Fig. 2A for examples of stimuli,

which are available here: http://face-categorization-lab.

webnode.com/resources/natural-face-stimuli/). Each image

contained an unsegmented object or face near the center

which differed in terms of size, viewpoint, lighting conditions

and background. Images were equalized for mean pixel

luminance and contrast.

2.5.2. Experimental procedure
MB viewed 2 continuous sequences with highly variable natu-

ral images of objects presented at a fast rate of 6 Hz, with faces

presented periodically as every 5th image (i.e., at 1.2 Hz¼ 6 Hz/

5, see Fig. 2A, see also Video 1 for an example of visual stimu-

lation). All images were randomly selected from their respec-

tive categories. A sequence lasted 70 sec: 66 sec of stimulation

at full-contrast flanked by 2 sec of fade-in and fade-out, where

contrast gradually increased or decreased, respectively (total

duration of the experiment: 2 � 70 sec ¼ 2 min 20 sec). During

the sequences, MB was instructed to fixate a small black cross

which was presented continuously at the center of the stimuli

and to detect brief (500 ms) color-changes (black to red) of this

fixation-cross.

Supplementary video related to this article can be found at

https://doi.org/10.1016/j.cortex.2017.11.022.

2.5.3. Frequency domain processing
Segments of SEEG corresponding to stimulation sequences

were extracted (74-s segments, �2 sec to þ72 sec). The 74 sec

data segments were cropped to contain an integer number of

1.2 Hz cycles beginning 2 sec after the onset of the sequence

(right at the end of the fade-in period) until approximately

65 sec, before stimulus fade-out (75 face cyclesz 63 sec). The 2

sequences were averaged in the time domain. Subsequently, a

Fast Fourier Transform (FFT) was applied to these averaged

segments and amplitude spectra were extracted for all

contacts.

2.5.4. Face-selective responses
The FPVS approach used here allows identification and sepa-

ration of two distinct types of responses (Jonas et al., 2016;

Rossion et al., 2015): (1) a general visual response occurring at

the base stimulation frequency (6 Hz) and its harmonics, as

well as (2) a face-selective response at 1.2 Hz and its harmonics.

Face-selective responses significantly above noise level at the

face stimulation frequency (1.2 Hz) and its harmonics (2.4,

3.6 Hz, etc.) were determined by transforming the frequency

spectra to Z-scores. The Z-scores were computed as the dif-

ference between amplitude at each frequency bin and the

mean amplitude of the corresponding 48 surrounding bins (up

to 25 bins on each side, i.e., 50 bins, but excluding the 2 bins

directly adjacent to the bin of interest, i.e., 48 bins) divided by

the standard deviation of amplitudes in the corresponding 48

surrounding bins. A contact was considered to be face-

selective if a Z-score exceeded 3.1 (i.e., p < .001 one-tailed:

signal > noise) for at least one of the first 4 face-selective

frequency harmonics (1.2, 2.4, 3.6 or 4.8 Hz; Jonas et al., 2016).

2.5.5. Quantification of responses amplitude
Baseline-corrected amplitudes were computed as the differ-

ence between the amplitude at each frequency bin and the

average of 48 corresponding surrounding bins (up to 25 bins on

each side, i.e., 50 bins, but excluding the 2 bins directly adja-

cent to the bin of interest, i.e., 48 bins). The face-selective re-

sponses were then quantified at each face-selective contact as

the sum of the baseline-subtracted amplitude across har-

monics (Retter & Rossion, 2016). The range over which face

and base frequency harmonics were summed was con-

strained by the highest significant harmonic (Z-score>3.1,
p < .001). InMB study, as in a previous intracerebral study of 28

subjects (Jonas et al., 2016), no significant face-selective re-

sponses were found above the 14th harmonic (i.e., 16.8 Hz).

Face-selective responses were therefore quantified as the sum

of the baseline-subtracted amplitudes at the face-selective

frequency harmonics from the 1st until the 14th (1.2 Hz until

16.8 Hz), excluding the 5th and 10th harmonics (6 Hz and

12 Hz) that coincided with the base frequency. Signal-to-noise

ratio (SNR) spectra were also calculated as the ratio between

the amplitude at each frequency bin and the average of the

corresponding 48 surrounding bins for display purposes and

comparison across studies.

2.6. Visual discrimination of individual faces:
intracerebral responses

Wealso testedMBwith a FPVS experiment providing high SNR

and behavior-free measures of the brain's discriminative

response to individual faces (Liu-Shuang, Norcia, & Rossion,

2014; Liu-Shuang, Torfs, & Rossion, 2016). MB viewed se-

quences with a randomly selected face identity presented at a

fast rate of 6 Hz, with changes of stimulus size at every cycle

and, critically, different face identities inserted every 5th
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image (identity change frequency ¼ 1.2 Hz, i.e., 6 Hz/5). In the

frequency domain, responses at 1.2 Hz and harmonics (2.4 Hz,

3.6 Hz, etc.) reflect high-level individual face discrimination

responses (i.e., abolished by inversion and contrast reversal of

faces, Liu-Shuang et al., 2014; and in acquired prosopagnosia;

Liu-Shuang et al., 2016). The stimuli and experimental pro-

cedures are almost identical to the use of this paradigm on the

scalp in these latter studies but the methods are also detailed

here for the first report of its application inside the brain.

2.6.1. Stimuli
Full-front colored photographs of 25 male and 25 female

faces with a neutral expression, taken under standardized

conditions with respect to lighting, background, and distance

from the camera were used (Fig. 2B for examples of faces).

External features such as hair and ears were cropped out and

the isolated faces were put against a neutral grey background.

Final images were resized to a height of 250 pixels (width:

186 ± 11 pixels).

2.6.2. Experimental procedure
MB viewed 2 continuous sequences of faces presented at a

rate of 6 Hz (1 sequence with male faces and 1 with female

faces). A sequence lasted 65 sec: 60 sec of stimulation at full-

contrast ending with 5 sec of fade-out, where contrast

gradually decreased (total duration of the experiment:

2� 65 sec¼ 2min 10 sec). In every sequence, the base facewas

a randomly selected face identity (within the 25 faces of one

gender set) repeating throughout the sequence (e.g., identity 1,

ID1). At fixed intervals of every 5th base face, a different facial

identity (selected from the 25 remaining faces) was presented

(ID2, ID3, ID4, etc.). Thus, a trial sequence contained face

changes at a frequency of 6 Hz/5, i.e, 1.2 Hz (ID1�ID1-ID1-ID1-

ID2-ID1-ID1-ID1-ID1-ID3-ID1-ID1-ID1-ID1-ID4, etc., see Fig. 2B,

see also Video 2). As a result, EEG amplitude at this frequency

(1.2 Hz) and its harmonics (2.4 Hz, 3.6 Hz, etc.) was used as an

index of the visual system's discrimination of individual faces.

To avoid confounding changes in face identity with changes

with local pixel intensity changes (e.g., blue eyes vs. brown

eyes), face size varied randomly between 74% and 120% in 2%

steps at every 6 Hz stimulation cycle so that the low-level

features of the faces did not overlap (see Dzhelyova &

Rossion, 2014). During the sequences, MB fixated a small

black cross presented continuously at the center of the stimuli

and had to detect brief (500 ms) color-changes of this fixation-

cross (black to red).

Supplementary video related to this article can be found at

https://doi.org/10.1016/j.cortex.2017.11.022.

2.6.3. Frequency domain processing
Segments of SEEG corresponding to stimulation sequences

were extracted (69-s segments, �2 sec to þ67 sec). The 69 sec

data segments were cropped to contain an integer number of

1.2 Hz cycles beginning 2 s after the onset of the sequence

until approximately 60 s, before stimulus fade-out (69 identity

Fig. 2 e FPVS paradigms. A. Paradigm used to define face-selective neural activity (from Rossion et al., 2015). Natural object

images are presented by sinusoidal contrast modulation at a rate of 6 stimuli per second (6 Hz). A different face image

appears every 5 stimuli (i.e., 6 Hz/5 ¼ 1.2 Hz). In these conditions, a significant electrophysiological response at 1.2 Hz and

harmonics reflects a differential, i.e., selective, periodic response to faces (Jonas et al., 2016; Rossion et al., 2015; de Heering

& Rossion, 2015). B. Paradigmmeasuring sensitivity to individual faces (from Liu-Shuang et al., 2014). Images of a randomly

selected face identity are presented by sinusoidal contrast modulation at a rate of 6 Hz (ID1). Different face identities (ID2,

ID3, etc.) appear every 5th stimulus. Hence, face identity changes occurred at a rate of 6Hz/5 ¼ 1.2Hz. Responses at this

frequency and harmonics reflect individual face discrimination responses (Liu-Shuang et al., 2014, 2016).
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change cyclesz 58 sec). The 2 sequenceswere averaged in the

time domain. Subsequently, FFT was applied to these aver-

aged segments and amplitude spectra were extracted for all

contacts.

2.6.4. Individual face discrimination responses
The FPVS approach used here allows identifying and sepa-

rating two distinct types of responses: (1) a base response

occurring at the base stimulation frequency (6 Hz) and its

harmonics, as well as (2) an individual face discrimination

response at 1.2 Hz and its harmonics. Individual face discrim-

ination responses significantly above noise level at the face

identity change frequency (1.2 Hz) and its harmonics (2.4,

3.6 Hz, etc.) were determined by transforming the frequency

spectrums to Z-scores (difference between amplitude at each

frequency bin and the mean amplitude of the corresponding

48 surrounding bins). Similarly to the FPVS paradigm with

faces inserted among objects, a contact was considered as

showing individual face discrimination responses if a Z-score

exceeded 3.1 (i.e., p< .001 one-tailed: signal> noise) for at least

one of the first 4 identity change frequency harmonics (1.2, 2.4,

3.6 or 4.8 Hz).

2.6.5. Quantification of response amplitude
We quantified the individual face discrimination responses

the same way as for the face-selective responses, except that

we summed across the first 4 harmonics (in subject MB's
brain, no significant responses were found above the 4th

harmonic, i.e., 4.8 Hz). Individual face discrimination re-

sponses were therefore quantified as the sum of the baseline-

corrected amplitudes at the identity change frequency har-

monics from the 1st until the 4th (1.2 Hz until 4.8 Hz) (Liu-

Shuang et al., 2016).

3. Results

3.1. Two intracerebral contacts within the face-selective
right latFG

The fMRI face-localizer experiment identified typical face-

selective activations of the “core” face network (right and

left OFA, FFA, and posterior STS) and of the “extended” face

network (right anterior temporal lobe) (Fig. 3, Table 3). Con-

tacts F1eF2 implanted in the latFG and in the adjacent

occipito-temporal sulcus (Talairach coordinates: x: 34 to 37, y:

�40, z: �17) were located within the right FFA (Figs. 3 and 4A).

FMRI activity in a 2-mm-radius ROI centered on the location of

contacts was face-selective specifically for contacts F1 and F2

but not for adjacent contacts F3 and F4 (Fig. 4B).

On contacts F1 and F2 in the right FFA, we recorded large

face-selective responses occurring exactly at 1.2 Hz and har-

monics (Fig. 4C). Significant face-selective responseswere also

found on 14 other contacts: contacts F3 and F4 located in the

right occipito-temporal sulcus (Fig. 4A), 2 contacts in the right

middle temporal gyrus (lateral contacts of electrodes F), 4

contacts in the right inferior occipital gyrus (lateral contacts of

electrode D), 2 contacts in the right anterior part of the

collateral sulcus (electrode C) and 4 contacts in the ventral and

medial part of the right occipital cortex (electrodes D and Q).

We quantified the overall face-selective response ampli-

tude on each contact (138 contacts in total) by summing the

baseline-subtracted amplitudes over face-selective har-

monics (sum of the 12 first face-selective frequency har-

monics). Strikingly, contact F1 in the right FFA recorded the

largest face-selective response amplitude among the 138

recording contacts implanted in MB's brain (Fig. 5A), followed

by a series of contacts located adjacent to the FFA (F3), within

the FFA (F2) and in the right inferior occipital gyrus (D9, D10,

D11 and D12).

Taken together, fMRI and intracerebral responses recorded

during FPVS showed that 2 contacts (F1 and F2) were located

within a face-selective region in the right latFG, and that of all

contacts, F1 showed the largest face-selective response

amplitude.

3.2. Stimulating the right latFG induces individual facial
hallucinations (palinopsia) without distortions

Low intensity stimulations (1.2 mA) involving contacts F1eF2

located in the right latFG (Fig. 4A) evoked hallucinations of

individual face parts. In the famous face recognition task in

which 2 faces were successively presented during the time of

the stimulation, MB reported seeing facial elements of the first

famous face appropriately incorporated into the second

famous face (stimulations 1 and 2). MB stated for stimulation

1: “the photograph of Sarkozy [former French president, first

presented face during stimulation]was transposed onto the other

face [second presented face during stimulation]”. Similarly, MB

reported for stimulation 2: “I saw these eyes [indicating the first

presented face during stimulation]with this mouth and this mole

[indicating the second face during stimulation]” (see Video 3).

Supplementary video related to this article can be found at

https://doi.org/10.1016/j.cortex.2017.11.022.

During stimulation of the same F1eF2 contacts, when MB

was asked to passively look at a single face (a real face or a

photograph of an unknown face), she reported hallucinations

of individual facial elements incorporated appropriately into

the face being perceived (stimulations 3, 4, 5 and 6). When MB

was looking at the doctor's face, she stated: “I saw you with eyes

and ears which were not yours”, “the ears were not yours, they were

those of somebody else” (stimulation 3, see Video 4). Stimulating

these contacts when MB looked at a photograph of an un-

known face, she stated: “the eyes changed, the pupil took another

form that is familiar to me” (stimulation 6). MB reported that

these facial parts were familiar to her but without being able

to retrieve where and when she had already seen these fea-

tures. She stated for example: “they were not your eyes, they were

the eyes of someone I had already seen, maybe coming from the

images you showed me earlier” (stimulation 3, see Video 4), “It is

something familiar but I can't put a name on it; it is like when you

meet someone you have already seen but without being able to

retrieve his name” (stimulation 6). Although MB was unable to

remember whose face these features belonged to, these facial

elements were always linked to individual familiar identities.

Interestingly, the change in the percept concerned only part of

the face, with some facial elements remaining intact. When

asked if the nose changed, MB answered: “no” (stimulation 3);

when asked if the eyes, the ears, the mouth, the hair changed,
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she answered: “no, only the nose” (stimulation 5). MB also

spontaneously stated: “only the eyes changed, the rest of the face

did not change” (stimulation 6).

Supplementary video related to this article can be found at

https://doi.org/10.1016/j.cortex.2017.11.022.

Importantly, MB never reported any facial distortions and

reproducibly stated that the facial structure was preserved (“it

was a normal face” she said; when asked if the face was dis-

torted, MB answered without hesitation: “no”). Once MB said

“your face was distorted”, but it was a way to explain that the

face changed because of the hallucinatory facial elements

(stimulation 3, Video 4). Moreover, MB was always able to

recognize the faces during the stimulation.

For the stimulations with non-face stimuli (active recog-

nition of famous scenes and passive viewing of common

objects), MB also reported individual face hallucinations

(stimulations 7 and 8). During stimulation 7, MB was pre-

sented with famous scenes and asked to recognize them. MB

reported seeing a pair of eyes looking at her, superimposed on

the scene (Mont Saint-Michel in France, see Video 5). She

stated: “I saw the eyes that I saw earlier”, “they were not in place of

something, they were superimposed on the scene”. When asked

where these eyes came from, she said: “I don't know which face

but it was a face that I saw recently”. During stimulation 8, MB

was presented with a photograph of a car and was asked to

passively look at it. She reported seeing a whole face in the

rear-view mirror. She stated: “A face put itself in the rear-view

mirror”, “It was something familiar”. A third stimulation with

active recognition of common object did not evoke any visual

effect (stimulation 9). MB never reported palinopsia of face

hallucinations during her epileptic seizures and the

Fig. 3 e Two contacts F1 and F2 are located within the face-selective right latFG (“FFA”) defined in fMRI. FMRI revealed typical

face-selective activations (conjunction contrast F-C and F-SF, p < .05 Bonferroni-corrected): bilateral FFA, bilateral pSTS-

faces, right ATL-faces and bilateral OFA (not shown here but see Table 3). Two contacts of electrode F (F1 and F2) were

located within the right latFG-faces. Acronyms: ATL: anterior temporal lobe; FFA: fusiform face area; pSTS: posterior

superior temporal sulcus.

Table 3 e Talairach coordinates (center of mass), size, mean t and p values of face-selective areas identified in fMRI
(Conjunction contrast F-C and F-SF, p < .05 Bonferroni-corrected).

Talairach coordinates Cluster size
(number of voxels)

Mean t value Mean p value

x y z

Right ATL-faces 32 �19 �22 90 5.82 <10�6

Right FFA 28 �46 �23 688 8.04 <10�7

Left FFA �42 �53 �23 687 8.88 <10�7

Right OFA 50 �61 0 636 8.14 <10�7

Left OFA �46 �64 5 588 6.85 <10�7

Right pSTS 51 �44 6 652 7.22 <10�7

Left pSTS �61 �43 0 214 5.68 <10�6

ATL: anterior temporal lobe; FFA: fusiform face area; OFA: occipital face area; pSTS: posterior superior temporal sulcus.
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stimulations of the right latFG never produced epileptic sei-

zures. None of the stimulations performed outside the face-

selective right latFG (50 stimulations in total) evoked similar

effects or visual recognition impairments.

Supplementary video related to this article can be found at

https://doi.org/10.1016/j.cortex.2017.11.022.

3.3. The stimulated region is sensitive to individual face
identity

With FPVS, we recorded large individual face discrimination

responses occurring exactly at 1.2 Hz and harmonics at con-

tact F1 (Fig. 4D). We also recorded clear, albeit smaller, re-

sponses on contact F2. Ten contacts also recorded individual

discrimination responses,mainly in the right inferior occipital

gyrus (D7, D8, D9, D10 and D11). We quantified the individual

face discrimination responses on each contact by summing

the baseline-subtracted amplitudes over harmonics (sum of

the 4 first harmonics). Contact F1 recorded, by far, the largest

response amplitude (Fig. 5B), followed by contact F2 and

contacts in the right inferior occipital gyrus (D7, D8, D9, D10

and D11).

4. Discussion

We report a case of individual facial hallucination following

the stimulation of the face-selective cortex of the right latFG.

Two main characteristics make the reported hallucinations

particularly original: (1) hallucinated face parts were linked to

individual identities (i.e., to famous faces during the recogni-

tion task and to personally familiar faces during the passive

face viewing task); (2) in the presence of a face stimulus,

Fig. 4 e FMRI and electrophysiological measurements on contacts within and outside the right FFA. A. Locations of contacts

F1, F2, F3 and F4. F1 and F2 were located within the right FFA while F3 and F4 were located just next to the FFA in the right

OTS. Electrical stimulation of contacts F1 and F2 elicited individual face hallucinations. B. BOLD time courses recorded

during the face-localizer fMRI experiment and extracted from a 2-mm-radius ROI centered on the location of contacts F1, F2,

F3 and F4. C. Intracerebral responses recorded during the FPVS paradigm measuring face-selective activity. Significant face-

selective responses occurring exactly at the face stimulation frequency (1.2 Hz and harmonics: 2.4, 3.6 and 4.8 Hz) were

recorded on these 4 contacts with a maximum amplitude on contact F1 (see Fig. 5A). D. Intracerebral responses recorded

during the individual face discrimination paradigm. Significant individual face discrimination responses exactly at the

identity change frequency rate (1.2 Hz and harmonics) were recorded with a maximum amplitude at contact F1 (see Fig. 5B).

*Indicates statistically significant responses (Z > 3.1, p < .001).
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hallucinated face parts were appropriately integrated within

the perceived face. Thus, MB experienced confusion of facial

identity perception by mixing different face parts coming

from different identities in a coherent whole face. Moreover,

these hallucinations were specific to the category of faces, as

only face hallucinations were reported (regardless of the

presence of face or non-face stimuli). Thanks to fast periodic

visual stimulation, we also observed clear face-selective and

individual face discrimination neural responses in the regions

explored with intracerebral electrodes, with a peak of activa-

tion for both functions corresponding exactly to the electrode

contact leading to the perceptual hallucination (Fig. 5).

Puce, Allison, and McCarthy (1999) reported facial halluci-

nations by stimulating the face-selective cortex of the VOTC

(isolated eyes, single ormultiple faces). However, therewas no

report that these hallucinations belonged to particular in-

dividuals and patients were not looking at faces during stim-

ulation. Moreover, these hallucinations followed stimulation

of distributed sites along the posteroeanterior axis of the

VOTC. In contrast, MB hallucinations here followed the

stimulation of a specific region, not only highly selective to

faces as defined in fMRI and SEEG, but also coding for differ-

ences between individual faces.

In two studies (Parvizi et al., 2012; Rangarajan et al., 2014),

patients looking at faces during stimulation of the face-

selective cortex in the right latFG reported “prosopometa-

morphopsia” (Bodamer, 1947; Brust & Behrens, 1977; Ebata,

Ogawa, Tanaka, Mizuno, & Yoshida, 1991; Hwang et al., 2012;

H�ecaen & Angelergues, 1962; Miwa & Kondo, 2007; Mooney,

Carey, Ryan, & Bofin, 1965; Trojano et al., 2009). Specifically,

patients self-reported distortions of the perceived faces,

involving the whole face or face parts (e.g., subject statements

in Parvizi et al., 2012: “Your face metamorphosed … your nose got

saggy and went to the left”; in Rangarajan et al. (2014)’s study,

subject S3: “Her nose looked different, larger”; subject S4: “Chin

looks a little droopy”; subject S5: “It was almost like you were a

cat”). These reports are typical of prosopometamorphopsia, a

condition in which faces may appear distorted, torn, warped,

disfigured, or cartoonized, with, for example, face parts

bulging, shrinking, dropping or floating. However, there is no

hallucination or confusion between individual faces in such

cases. The patient tested in Parvizi et al. (2012) stated that “You

almost look like somebody I've seen before, but somebody different”,

however, he also described severe distortions of the face (“your

nose got saggy andwent to the left”, “it's almost like the shape of your

face, your features drooped”), making unlikely that this

Fig. 5 e Quantification of the intracerebral response amplitude obtained with FPVS. A. Face-localizer FPVS paradigm. Among

the 16 significant face-selective contacts, F1 located in the right FFA recorded the largest face-selective response amplitude.

B. Face identity FPVS paradigm. Among the 12 significant individual face discrimination contacts, F1 located in the right FFA

recorded the largest response amplitude. FFA: fusiform face area; IOG: inferior occipital gyrus.
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transformed face corresponds to an existing individual.

Moreover, subsequent observations described in Rangarajan

et al. (2014) only mentioned prosopometamorphopsia. In

contrast, the present case MB never reported face distortions,

and clearly stated that these hallucinations formed “a normal

face”. In addition, brain-damaged patients experiencing pro-

sopometamorphopsia are usually still able to recognize indi-

vidual faces (Bodamer, 1947; H�ecaen & Angelergues, 1962),

which is in line with patients' reports during stimulation

(Parvizi et al., 2012; Rangarajan et al., 2014). Finally, here, we

were able for the first time to link an hallucination of confu-

sion between individual faces with a face-selective electro-

physiological marker of individual face discrimination, in a

patient who is unimpaired at this function as established with

neuropsychological tests (see below).

Apotential reason for the lack of individual face recognition

impairment or hallucination following intracranial electrical

stimulation of the right latFG in previous studies may be the

size of the cortical region concerned. That is, electrical stim-

ulation of the right latFG generating transient prosopometa-

morphopsia has been applied in previous studies through

subdural electrodes posed on the cortical surface (“Electro-

corticography”, ECoG), which are relatively large in size and

distant fromoneanother (i.e., electrodesof 2.3mmindiameter

with 5e10mm inter-electrode spacing) and using high current

intensities (2e8 mA). This approach may interfere with face

perception in a non-specific manner (i.e., global distortion of

the face) and contrasts with focal and low intensity electrical

stimulation directly in the grey matter, as applied here with

depth electrodes (SEEG)withwhich specific processes could be

disturbed (i.e., face identity). Interestingly, in previous SEEG

studies, focal intracerebral stimulation applied to other face-

selective regions such as the right inferior occipital gyrus or

the right anterior fusiform gyrus has sometimes elicited a

transient impairment in individual face recognition (as

observed in famous face recognition or face identity matching

tasks), most often without face distortion (Jonas et al., 2012,

2014, 2015). However, we should make it clear from our expe-

rience that the observation of such phenomena following focal

intracerebral stimulation within the latFG remains rare. A

major limiting factor is obviously the positioning of the elec-

trodes inside the brain, which follows strict clinical guidelines,

and will often fall partly or completely outside of the critical

cortical nodes for face perception. Hence, here the patient

experienced recurrent face hallucinations following stimula-

tion of a single electrode contact, while neighboring electrode

contacts failed to elicit any effect (see also Jonas et al., 2012 for

electrical stimulationat the edgeof the right latFG/FFAwithout

any effect on face perception).

MB‘s visual experience corresponds to “palinopsia”, a con-

dition in which there is persistence or recurrence of a visual

image after the exciting object stimulus has been removed

(Bender, Feldman, & Sobin, 1968; Critchley, 1951; Gersztenkorn

& Lee, 2015). Some types of palinopsia share a few character-

istics with MB's reports: recurrence of face images (“facial

palinopsia”, all stimulations), recurrence appropriately inte-

grated into the scene being perceived (all stimulations except

number 7), recurrence of an object superimposed into com-

parable objects (“categorical incorporation”, e.g., eyes into a

face, all stimulations with a face stimulus), recurrence after a

short interval after exposure (“immediate form”, stimulations

1 and 2) and recurrence associated with a sense of familiarity,

without being able to recall where or when the object has been

seen before (stimulations 3 to 8) (Critchley, 1951; Kinsbourne &

Warrington, 1963; Bender et al., 1968; Jacobs, Feldman, &

Bender, 1972; Meadows & Munro, 1977; for a review see;

Gersztenkorn & Lee, 2015). For example, Meadows and Munro

(1977) reported the famous case of a woman who, following a

stroke of the right lingual and fusiform gyri, noticed that a

Santa Claus beard became superimposed appropriately upon

the faces of people at a Christmas party. Michel and Troost

(1980) described two patients, who after a stroke of the right

occipital lobe, reported that each person they saw had the face

of someone they just had seen on television. Palinopsia

including face hallucinations is usually reported following

various lesions of the right occipito-temporo-parietal cortex

and is usually associated with the recurrence of other object

categories (Bender et al., 1968; Kupersmith, Berenstein, Nelson,

ApSimon, & Setton, 1999; Maillot, Belin, Perrier, & Larmande,

1993; Meadows & Munro, 1977; Michel & Troost, 1980). Our

study shows that palinopsia restricted to faces can be evoked

by stimulating a specific face-selective region of the right

temporal lobe. The physiopathology of this type of palinopsia

(i.e., hallucinatory palinopsia) is assumed to be related to an

activation of images encoded in visual memory (Gersztenkorn

& Lee, 2015). Stimulation of the right face-selective latFG may

have released visual representations of individual faces enco-

ded in this region.

Here electrophysiological face-selective responses were

recorded using a fast periodic visual stimulation approach

providing objective, high SNR and quantifiable responses (e.g.,

Retter & Rossion, 2016; Rossion et al., 2015) which are partic-

ularly relevant for intracerebral recordings (e.g., Jonas et al.,

2016). Among all the brain regions explored with intracere-

bral electrodes, the largest face-selective response was found

at the eloquent stimulation site. Moreover, we were also able

to obtain intracerebral individual face discrimination re-

sponseswith a sensitive FPVS paradigm validated in scalp EEG

studies (Liu-Shuang et al., 2014, 2016) and again, the largest

individual face discrimination response was observed at the

eloquent stimulation site (Fig. 5). To our knowledge, this is the

first evidence of a high-level (i.e., not image-based) individual

face discrimination response obtained inside key category-

selective regions of the human right cortical face network

with direct recordings of neural activity.

Altogether, the generation of vivid hallucinations of indi-

vidual faces with electrical stimulation and the recording of

large individual face discrimination responses with FPVS

point to the face-selective region in the right latFG as playing

an active role in individual face representation. Note that

despite the effect being only observed on a single focal elec-

trode contact, we cannot rule out a spread of the stimulation

current to other connected face-selective regions, so that the

facial palinopsia reported here may in fact be related to a co-

activation of multiple areas of the cortical face network.

However, even in this case, the present observations suggest

at least that the face-selective right latFG is a necessary node

within this network to generate a vivid percept of an indi-

vidual face. This conclusion, obviously, rests on the ability of

the patient to individualize faces, which was ensured here
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through stringent neuropsychological evaluation before the

SEEG recoding and stimulation. Moreover, the patient's
epileptogenic zone was located in the right lateral occipito-

parietal junction (posterior parietal cortex and superior oc-

cipital gyrus), i.e., outside of the cortical face network

including the eloquent site of perceptual hallucination. The

observation of sensitivity to individual faces in the right latFG,

including causal evidence through intracerebral stimulation,

is largely in agreement with findings of fMRI-adaptation

studies, which have reported decreases to individual (unfa-

miliar) face repetition particularly in the face-selective cortex

of the fusiform gyrus (e.g., Davies-Thompson, Gouws, &

Andrews, 2009; Ewbank, Henson, Rowe, Stoyanova, & Calder,

2013; Gauthier et al., 2000; Hermann et al., 2017; Schiltz

et al., 2006; Xu & Biederman, 2010), with some studies

showing a right hemispheric predominance of this effect (e.g.,

Gilaie-Dotan &Malach, 2007; Mazard, Schiltz, & Rossion, 2006;

Winston, Henson, Fine-Goulden, & Dolan, 2004). In addition,

the disturbance reported by the patient here may be tenta-

tively associated with a holistic/configural process defined as

the integration of multiple facial elements into a single rep-

resentation of the whole face (e.g., Rossion, 2013; Tanaka &

Farah, 1993). Indeed, hallucinated facial elements were

appropriately incorporated within the face being perceived

into a coherent face whole. Therefore, and although this is

based on a subjective report of a single case, our observations

suggest a role of the right latFG in holistic/configural percep-

tion, a fundamental process for individual face recognition

(Rossion, 2013; Schiltz & Rossion, 2006) according to which

there is no decomposition of the face representation in iso-

lated parts in the cortical face network. Moreover, our obser-

vations point to a large overlap between regions involved in

categorization of a face as a face and individualization of that

face (Figs. 4 and 5). Altogether, these observations are

compatible with accumulation of evidence in the same

cortical face network, with an initially coarse representation

allowing generic face categorization (i.e., faces vs. objects)

being progressively refined, again without part decomposi-

tion, into a detailed representation supporting the individu-

alization of the face percept (Rossion, 2014).

The co-localization between fMRI and intracranial elec-

trophysiological responses is essential for electrical brain

stimulation studies since it provides converging evidence of

the functional specificity of the stimulated region. A spatial

overlap between fMRI and electrophysiological face-selective

responses has been shown in the latFG using transient stim-

uli (Jacques et al., 2016; Parvizi et al., 2012; Puce, Allison,

Spencer, Spencer, & McCarthy, 1997). Thanks to the FPVS

approach here, we were not only able to show this co-

localization, but also to quantify intracerebral responses and

to rank brain regions according to their level of face-

selectivity, this following a very short experiment time (e.g.,

2 min here). One major problem in human electrical brain

stimulation studies is the time constraint due to the clinical

settings. In this context, FPVS appears to provide quick and

reliable detection of the most important brain regions for a

function, in order to primarily target them with electrical

stimulation. This makes FPVS a tool of choice for subsequent

electrical brain studies.

5. Conclusion

By stimulating the right latFG face-selective cortex in subject

MB, we evoked vivid percepts of individual faces. Along with

intracerebral electrophysiological recordings during FPVS

showing that this region is highly sensitive to individual faces,

these results point to the active role of this region in individual

face representation.
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The neural basis of face categorization has been widely investigated with functional magnetic resonance imaging
(fMRI), identifying a set of face-selective local regions in the ventral occipitotemporal cortex (VOTC). However,
indirect recording of neural activity with fMRI is associated with large fluctuations of signal across regions, often
underestimating face-selective responses in the anterior VOTC. While direct recording of neural activity with subdu-
ral grids of electrodes (electrocorticography, ECoG) or depth electrodes (stereotactic electroencephalography, SEEG)
offers a unique opportunity to fill this gap in knowledge, these studies rather reveal widely distributed face-selective
responses. Moreover, intracranial recordings are complicated by interindividual variability in neuroanatomy, ambi-
guity in definition, and quantification of responses of interest, as well as limited access to sulci with ECoG. Here, we
propose to combine SEEG in large samples of individuals with fast periodic visual stimulation to objectively define,
quantify, and characterize face categorization across the whole VOTC. This approach reconciles the wide distribution
of neural face categorization responses with their (right) hemispheric and regional specialization, and reveals several
face-selective regions in anterior VOTC sulci. We outline the challenges of this research program to understand the
neural basis of face categorization and high-level visual recognition in general.

Keywords: face categorization; human brain; intracerebral; SEEG; fast periodic visual stimulation

Introduction

Recognizing individual people by their face and
decoding, for example, their emotional expression
and gender from facial signals is critical for social
interactions. These functions rely first and foremost
on the brain’s ability to categorize faces as faces, that
is, to discriminate faces from other visual signals
such as nonface objects in the environment and to
generalize this discrimination across widely variable
exemplars of faces. The neural basis of face pro-
cessing has been intensively investigated for three
decades with functional neuroimaging, first with
positron emission tomography1 and then with func-
tional magnetic resonance imaging (fMRI2). FMRI

studies, in particular, have defined a set of regions in
the ventral occipitotemporal cortex (VOTC) of the
typical human adult brain responding significantly
more to pictures of faces than nonface objects even
when no explicit categorization task is required.
These face-selective regions are thought to form
the core of the human cortical network to pro-
cess faces.3–6 While fMRI has been the dominant
player to map face-selective regions, other neurosci-
entific methodologies have been used. For instance,
constraints from lesion studies, that is, neurolog-
ical patients suffering from the loss of ability to
recognize individual faces (prosopagnosia7), have
helped better understand the functional organiza-
tion of this VOTC network.3,8

doi: 10.1111/nyas.13596
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Among the various methods available to probe
the human cortical face network, the recording of
direct neural activity from intracranial electrodes
implanted in epileptic patients is a long-standing
technique,9,10 which has been increasingly used in
recent years. Here, we provide a critical and con-
structive review of the contribution of this approach
to our understanding of the categorization of faces
in the human VOTC. We begin by outlining the
limitations of fMRI to derive a comprehensive face-
selective map of the VOTC, calling for complemen-
tary direct measurements of neural activity in this
region. Next, we remind the reader of the two dif-
ferent types of intracranial approaches and briefly
summarize the findings of the studies using these
approaches to understand the neural basis of face
categorization. We then outline some difficulties
encountered by these studies, which make their find-
ings sometimes inconsistent with each other and
with fMRI findings. Finally, on the basis of a recent
large-scale intracranial study, we outline a research
program to map face categorization processes in the
whole VOTC on the basis of the following princi-
ples: (1) test large samples of patients in intracranial
electroencephalography (iEEG) while (2) preserv-
ing individual anatomy information, and (3) rely
on fast periodic visual stimulation (FPVS) to (4)
objectively (i.e., a priori) define and quantify highly
sensitive responses in a frequency-domain represen-
tation with minimal computational procedures.

Local fluctuations in fMRI signal strength
and the lack of anterior VOTC activation

FMRI provides a sluggish and indirect (i.e.,
hemodynamic) measure of neural activity. For this
reason, researchers often emphasize its low tempo-
ral resolution as a weakness, since fMRI provides
little information about the temporal unfolding of
face processes in different regions of the cortical face
network. Nevertheless, time-resolved fMRI may
provide information about the relative timing of
face-selective activation in the VOTC,11–14 support-
ing findings from lesion studies15–17 and diffusion
tensor imaging17 for a nonhierarchical organization
of this network.8 In fact, at the current state of
knowledge, we view the main limitation of an
indirect measure of brain activity with fMRI for our
object of study as being elsewhere: although reliable
and meaningful fMRI measurements are made in
parts of the brain that can be measured, the signal-

to-noise ratio (SNR) of the neural activity recorded
(i.e., the hemodynamic blood oxygenation-level
dependent, BOLD, contrast) suffers from local
signal variations caused by heterogeneous magnetic
susceptibility of the local anatomy.18 For this reason,
the relative magnitude of the face-selective neural
response cannot be fairly compared across various
VOTC regions, and some of these regions (e.g., the
fusiform face area, “FFA”19,20) may be attributed a
dominant role possibly because they are relatively
well spared from magnetic susceptibility artifacts.

Most importantly for our purpose, the anterior
section of the VOTC is affected by a large suscep-
tibility artifact arising from the ear canals.18,21,22

Therefore, with conventional fMRI sequences,
reliable BOLD activation is difficult to measure in
this region. Several fMRI studies have located this
artifact, which primarily affects the anterior half of
the VOTC, between the anterior tip of the middle
fusiform gyrus and the temporal pole23–26 (Fig. 1).
Consequently, fMRI studies may fail to disclose,
or may underestimate, genuine face-selective
responses in the anterior half of the VOTC. Most
notably, face-selective activations anterior to the
lateral section of the middle fusiform gyrus (i.e.,
the localization of the FFA) are rarely reported
(Fig. 1A). Since most fMRI studies of face percep-
tion only report measures of face-selectivity in the
posterior half of the VOTC, where the occipital
face area (OFA) and FFA lie, the map that emerges
from this research is often limited anteriorly to the
middle fusiform gyrus (Fig. 1B). Hence, between
1990 and 2016, this map might have evolved from a
“big blob to sharp and crisp spots” thanks to fMRI,
as noted in a recent review,20 but it did not extend
anteriorly (Fig. 1C; see also Ref. 4).

Importantly, while there is growing evidence
for anterior VOTC fMRI face-selective activations,
in particular when using coronal slices22 or opti-
mized sequences for anterior temporal lobe (ATL)
coverage,27,28 these activations remain inconsistent
across studies, relatively small in volume and found
only in a fraction of individual brains tested (e.g.,
half of the subjects in Refs. 23 and 29). Most impor-
tantly, they are mostly found very anteriorly, that
is, close to the temporal pole.22,23,29–33 Thus, despite
the optimization of scanning parameters, there is a
gap in fMRI maps between the FFA and anterior
face-selective activations close to or in the temporal
pole (see the gap in Fig. 1A; see also Ref. 34 for a
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Figure 1. Magnetic susceptibility artifact due to the ear canal (or anterior VOTC signal dropout) in fMRI and its consequences
on the current picture of fMRI neural basis of face categorization. (A) These examples show the BOLD signal level on ventral views
of the inflated cortical surface. The anterior VOTC signal dropout is indicated by a white arrow (gray or black zone in Rajimehr
et al.23 and Wandell;24 red zone in Lafer-Sousa et al.26). In these regions, BOLD measurements are not reliable. In Lafer-Sousa
et al.,26 the face-selective activations are indicated by purple outlines: note that face-selective activations are found all along the
VOTC except in the region of the signal dropout. (B) Topological organization of the face-selective activations in the VOTC (in red)
in one of the most recent reviews on the functional architecture of face perception in the VOTC.4 Note that there are no activations
anteriorly to the middle fusiform gyrus (FFA, spot indicated by “2” in the figure). (C) Schematic representation (from Ref. 20) of the
progress made in the understanding of functional architecture of the VOTC between 1990 (birth of fMRI) and 2016. Although the
posterior VOTC is refined, little or no progress appears to have been made in mapping and understanding anterior VOTC regions.
(D) Genuine face-selective responses in the right anterior fusiform gyrus as found by intracranial recordings (top row: electrodes
F3, F4, and F5) are not observed in fMRI because of the signal dropout caused by the ear canal (bottom row: fMRI face-selective
areas and intracranial electrodes are shown on raw axial (left) and sagittal (right) functional slices; from Ref. 25). *Face-selective
responses (P < 0.01). Note that this region, in the heart of the artifact, was not covered in an fMRI study using coronal slices to
improve signal detection of face-selective activations in the anterior VOTC.22
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Figure 2. Intracranial (iEEG) recording techniques: ECoG and
SEEG. Above, pictures of the surgical procedure involved in
placing the intracranial electrodes. In ECoG, part of the skull
is removed to apply electrodes onto the cortical surface (here,
grids of electrodes). In SEEG, small holes are drilled in the skull
to implant thin depth electrodes. Below, schematic coronal rep-
resentation of intracranial electrodes in contact with the middle
fusiform gyrus. The electrodes are represented in red.

meta-analysis and empirical study of anterior tem-
poral face patches, figs. 2 and 3 of that paper).

Evidence for face-selective responses with
intracranial EEG recordings

To date, the only alternative approach to provide
a more comprehensive map of face-selectivity
in humans is afforded by electrophysiological
recordings in awake patients implanted with
intracranial electrodes along the VOTC as part of
their presurgical evaluation for drug-resistant focal
epilepsy. These relatively rare—compared with
neuroimaging—iEEG recordings allow millisecond
resolution measurements of electrical fields directly
associated with local neural activity. Crucially, these
measurements have a high and stable SNR across
VOTC regions, from the occipital pole to the tempo-
ral pole. In practice, there are two possible surgical
techniques for intracranial electrode placement
(Fig. 2). On the one hand, electrocorticography
(ECoG35) consists of applying electrodes onto the
cortical surface after removing part of the skull

(i.e., subdural electrodes). Subdural electrodes have
a circular shape and are spatially arranged as grids
or strips with typically 5–10 mm interelectrode
spacing. On the other hand, stereotactic electroen-
cephalography (SEEG36) consists of inserting depth
electrodes within the brain, from the cortical surface
to the medial cortex (i.e., intracerebral electrodes).
The intracerebral electrodes are thin cylinders (e.g.,
0.8 mm diameter37) typically containing 8–15
contiguous individual recording sites (or contacts)
separated by an insulating material. From the point
of view of fundamental research, both techniques
have their own advantages. For example, while
ECoG has the advantage of offering an extensive
superficial spatial coverage, SEEG provides record-
ings directly inside the gray matter, allowing the
specific exploration of cortical sulci and medial
structures (e.g., amygdala and hippocampus).
It is important to note that in both techniques,
electrodes target the putative epileptogenic zone
but also the surrounding normal cortex in order to
assess the limits of surgical resection.

The first recordings of face-evoked potentials in
the human VOTC were reported in the 1990s by
Allison and colleagues9 at Yale using ECoG and
Halgren and colleagues10 working in Paris and
Rennes with SEEG. Allison et al.9 recorded a
negative potential larger for pictures of faces
than objects, the N200, over the posterior and
anterior sections of the fusiform gyrus, and the
inferior occipital gyrus (IOG). This work provided
the impetus for the subsequent recording of the
face-selective N170 over the human scalp of typical
individuals with the same paradigm and stimuli.38

Subsequently, the Yale research team published
three seminal papers, reporting ECoG recordings
performed in 98 patients over the ventral and lateral
occipitotemporal cortex.39–41 Face-selective N200s
were recorded over the fusiform gyrus (as in Allison
et al.,9 Fig. 3A) and a later additional face-selective
potential (AP350) located anteriorly to the N200
in the ATL (Fig. 3A). More precisely, this AP350
potential was located over the anterior fusiform
gyrus, the anterior inferior temporal gyrus, and the
temporal pole, with a right hemispheric dominance.

Using SEEG, Halgren et al.10 recorded a com-
plex triphasic potential (N130-P180-N240) evoked
by faces in the fusiform gyrus (the P180 poten-
tially being the positive counterpart of the N200
inside the brain). They also recorded various types of
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Figure 3. Spatial distribution of face-selective responses in the
VOTC with iEEG. (A) Face-selective ERPs (N200 and AP350)
reported in Allison et al.39 (B) Face-selective responses found in
Vidal et al.,46 plotted in the Talairach space. Each dot represents
a face-selective electrode. Electrodes are colored according to
the frequency band where face-selective responses were found
(GBR: gamma; ABR: alpha/beta; and iERP: event-related poten-
tials). Note that some contacts shown here are in fact located in
frontal and parietal lobes, and not in the VOTC (sagittal views
not shown). (C) Face-selective responses found in Engell and
McCarthy,60 plotted in the MNI (Montreal Neurological Insti-
tute) system. Face-selective electrodes are colored according to
the frequency band where face-selective responses were found.

potentials evoked by faces (varying in latency and
polarity) in widespread regions of the temporal lobe
(lingual gyrus, superior and middle temporal gyri,
temporal pole, hippocampus, and amygdala). How-
ever, this SEEG study did not measure face-selective
responses by comparing evoked responses to faces
and meaningful nonface object stimuli (see also
Ref. 42).

More recent studies of groups of patients of vari-
ous sizes have made several important contributions
for the understanding of the spatial functional orga-
nization of face-selectivity. These studies showed
the predominance of face-selective responses in the

lateral over the medial fusiform gyrus,43,44 clarified
the spatial relationship between face-selective and
nonface category-selective responses in VOTC,43–46

investigated the temporal dynamics of face-selective
responses,47,48 explored face-selectivity in specific
VOTC regions (IOG,49 fusiform gyrus,50 and ventral
ATL51), simultaneously recorded and functionally
related face-selective intracranial and scalp event-
related potentials (ERPs) (i.e., N200s and N170s45),
showed the complementarity of ERPs and high-
frequency broadband (HFB) activity in decoding
face versus house responses,52 or yet showed a cor-
respondence between local iEEG and fMRI face-
selective responses in posterior VOTC.43,53,54

The challenge of VOTC mapping with
intracranial EEG recordings

Despite their interest, it is fair to say that human
iEEG studies identifying face-selective cortical res-
ponses, or using face stimuli in general, have so far
failed to provide a coherent map of the VOTC at a
large spatial scale. Moreover, they have been largely
unable to offer consistent and complementary infor-
mation to fMRI studies regarding exact localization
and spatial organization of face-selective responses
in the VOTC. As a result, they have had little
impact so far on neurofunctional models of face
processing.3,5 Let us provide three examples to sup-
port these claims.

First, larger face-selective responses are usually
found in the right as compared with the left fusiform
gyrus in neuroimaging1,19,33,55 in line with brain
lesion studies that have long showed a clear right
hemispheric predominance of the posterior VOTC
for individual face recognition (i.e., in causing
prosopagnosia8,56–58). However, surprisingly, iEEG
studies have been unable to show this right hemi-
spheric predominance in terms of signal amplitude
in the posterior VOTC, either with ERPs39,45 or in
HFB.59

Second, since the early work of Allison et al.39

(Fig. 3A), very few iEEG studies have reported
face-selective responses in the anterior VOTC.51

This could be partly due to the dominant use
of ECoG, which may be less sensitive to detect
anterior VOTC face-selective responses located
primarily in sulci. Perhaps for this reason, and
despite good coverage of anterior VOTC regions in
temporal epilepsy investigations (anterior temporal
epilepsy is the most frequently investigated epilepsy
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in epilepsy surgery), most iEEG studies focus on
posterior VOTC43,44,50 activity. This is unfortunate
since the anterior VOTC lies precisely in the heart of
the fMRI magnetic susceptibility artifact as shown
earlier (Fig. 1). A recent iEEG case study showed
that the anterior VOTC, in particular in between the
middle fusiform gyrus and the temporal pole, may
contain critical face-selective responses25 (Fig. 1).

Third and more generally, apart from the local
correspondence between iEEG and fMRI face-
selective responses in the posterior VOTC,43,53 the
large-scale clustered organization of face-selective
activity depicted in fMRI studies is difficult to rec-
oncile with the mosaic distribution of face-selective
responses as found with iEEG (i.e., contrast Figs. 1B
and 3). Are these differences merely due to the com-
parison of individual maps in fMRI to group maps
in iEEG, or to other trivial differences in data visu-
alization such as comparing maps averaged across
subjects in fMRI (e.g., Ref. 33) versus maps showing
the superposition of all significant electrodes across
subjects in iEEG (e.g., Ref. 39)? Is there truly a clus-
tered organization of face-selective neural responses
in the VOTC or are those clusters emerging in fMRI
maps because they are based on a lower SNR mea-
surement with a conservative statistical threshold?
And, if clusters or peaks of activity can be found in
iEEG across the whole VOTC, do they correspond
to the typical locations found in fMRI (i.e., denser
concentration of face-selective responses in the lat-
eral section of the middle fusiform gyrus, FFA, or
the lateral IOG, OFA)? The difficulty in address-
ing these issues with current sources of evidence
appears to be due to a number of factors.

First, there is undoubtedly an issue of spatial sam-
pling, with iEEG recordings remaining relatively
rare despite a growing interest in the scientific com-
munity, and the localization of electrodes being
determined by clinical purposes. Unlike the sem-
inal studies cited above,9,10,39 most studies rely on
relatively small samples (e.g., N < 10) of individual
brains and often target specific regions48–51,59 rather
than the whole VOTC.

Second, most studies with a large sample of par-
ticipants (e.g., >10) combine data at the group level
by normalizing individual brains into a common
space (MNI or Talairach space), known to blur
the individuality of functional organization (e.g.,
Refs. 46, 50, and 60; Fig. 3B and C). Few studies
take advantage of the high anatomical resolution of

iEEG studies to locate electrodes in the individual
anatomy in order to group electrodes across patients
(e.g., Refs. 42–44 and 47). The seminal studies of
Allison and colleagues39–41 used a combination of
these approaches. Electrode locations were deter-
mined and plotted in Talairach space for the antero-
posterior (y) axis and according to their gyri and
sulci position as determined in individual anatomy
for the mediolateral (x) and inferosuperior (y) axes.

The importance of the individual anatomy has
been illustrated by fMRI studies showing that,
despite the anatomical interindividual variability,
some anatomical landmarks in the visual cor-
tex can predict the location of functional visual
areas (e.g., the mid-fusiform sulcus predicts the
location of the face-selective activations in the
fusiform gyrus;61 the posterior transverse collat-
eral sulcus predicts the VO1/hV4 boundary;62 and
the posterior inferior temporal sulcus predicts the
location of hMT+63). However, grouping electrodes
according to their location in individual anatomical
structures across patients and across a large corti-
cal surface (e.g., the whole VOTC) involves solving
many issues such as the interindividual variability of
anatomical structures, the variable ways to anatom-
ically subdivide the brain, and the scale at which to
perform this subdivision.

A third factor relates to the intracranial recording
method (Fig. 2). On the one hand, ECoG allows
covering an extended cortical territory but elec-
trodes are restricted (and therefore most sensitive)
to the gyral surface, further away from (and there-
fore less sensitive to) sulcal activity. On the other
hand, SEEG covers less space on the external and
gyral cortical surface but offers the opportunity to
penetrate sulci and explore medial structures. In
addition, ECoG and SEEG recording units have dif-
ferent positions relative to the cortex, which can
affect the type and origin of electrophysiological
signal measured.64 Specifically, ECoG electrodes are
always over the most superficial layer of the cortex,
while SEEG electrodes are mostly located within the
cortical sheet or at the surface of the gray/white
boundary.

Fourth, the iEEG electrophysiological signal is
multidimensional, varying both in time and fre-
quency. With respect to the temporal dimen-
sion, face-selectivity can be complex to appre-
hend and describe, as it varies across time both
within and across VOTC subregions. For instance, as
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indicated above, face-selective responses are mea-
sured before 200 ms in the posterior VOTC,39,43,47,48

and after 300 ms in anterior VOTC.39,51 With respect
to the frequency dimension, iEEG studies report
increased neural activity to pictures of faces com-
pared with nonface objects mainly in two distinct
types of neural activity: (1) low-frequency responses
time-locked and phase-locked to the stimulus (i.e.,
ERPs, such as the N200/N170 component)9,39,45–47

and (2) high-frequency electrophysiological activ-
ity (HFB) which is often nonphase locked
to the stimulus.43,44,46,49,51,59,60,65,66 Both high-
and low-frequency face-selective responses have
been mainly measured in the posterior VOTC
(Fig. 3). However, iEEG studies comparing these
types of responses reported distinct, although
overlapping spatial maps of face-selectivity46,60

(Fig. 3B and C) and further discrepancies are found
when activities in an “intermediate” frequency band
are considered46 (alpha/beta activity, from 8 to
24 Hz; see Fig. 3B). Altogether, these observa-
tions have led some authors to suggest that face-
selective responses occurring in different frequency
bands reflect separate, perhaps complementary pro-
cesses of the face processing system,52,60 in line
with observations indicating that different frequen-
cies reflect partly independent neural processes.67–71

Yet, discrepancies between the spatial distributions
of face-selectivity across frequency bands may also
be partly due to methodological parameters. For
instance, face-selective ERPs and HFB signals have
sometimes been measured using different time-
windows (e.g., amplitude of N200 component in
ERPs versus area under the curve in a 200–600 ms
time-window for HFB60), showing that more objec-
tive criteria for defining and quantifying face-
selective responses would be welcome.

Finally, the control stimuli/categories used to
define face-selective responses vary enormously
across studies. In many studies, responses to faces
are compared with responses to one or a few object
categories without ensuring that the discrimina-
tion response is not related to confounding stim-
ulus properties, such as differences in amplitude
spectrum.72 Most studies use 1–4 control cate-
gories, which may be too few to ensure that the
face-selective response (or absence of) is generali-
zable.43,45,49,51 In addition, the nonface stimuli com-
pared with pictures of faces may be meaningless,42

presented against a different background compared

wtih faces (e.g., uniform versus cluttered back-
ground, segmented versus embedded in a visual
scene;39 difference in background luminance48), or
have other systematic low-level differences com-
pared with face images (e.g., face versus houses
in Ref. 45). As an example of potential stim-
ulus confound, in the studies of Allison and
colleagues,9,39 the control stimuli (cars especially)
did not elicit any N200 deflection at many electrode
sites, which therefore appeared as producing face-
exclusive responses at the population level. How-
ever, the exact same stimuli did not evoke N170
responses on the scalp either,38 despite the fact that
the scalp N170 is typically evoked by pictures of
nonface objects (in particular for cars).73,74

In the next section, we describe a research pro-
gram that addresses these challenges specifically,
in order to build an extensive cartography of the
human VOTC with iEEG recordings.

A research program combining FPVS and
individual anatomical localization in SEEG

Two approaches are combined in this research pro-
gram. First, iEEG recordings are performed during
FPVS. Second, SEEG electrodes implanted across
large groups of patients are localized in individual
brains using an anatomical framework across the
whole VOTC. For the sake of simplicity, we will refer
to this combination as the FPVS-SEEG approach.

Fast periodic visual stimulation to define
face-selectivity
Face-selective neural responses are measured by pre-
senting natural images of objects at a fast rate of six
images by second (Fig. 4A, movie 1; from Ref. 75).
The stimulation runs continuously for about 1 min,
and the subject does not explicitly categorize the
images, simply maintaining fixation on a central
cross and detecting its 6–8 times random changes
of color. A Fourier transform of the whole minute
of (S)EEG recording reveals peaks of neural activity
in the amplitude spectrum, exactly at the stimula-
tion frequency F, that is, 6 Hz, and its harmonics
(2F = 12 Hz, etc.; Fig. 4B). With this paradigm,
such frequency-tagged responses are readily (i.e.,
with minimal computational steps) identified both
on the scalp75–77 and inside the human brain.78

The property of the human brain to synchro-
nize its activity to a flickering light is a fairly old
observation in scalp EEG79 (see Ref. 80 for an early
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Figure 4. Experimental FPVS paradigm and example of a face-selective response recorded on a single electrode contact in the
fusiform gyrus (from Ref. 78). (A) The FPVS paradigm. Images of objects are presented by sinusoidal contrast modulation at a
rate of six stimuli per second (6 Hz), with a different face image presented every five stimuli (i.e., appearing at the frequency of
6 Hz/5 = 1.2 Hz). (B) Objective and high SNR intracerebral responses in the VOTC of a single individual brain. IEEG frequency-
domain responses recorded at an individual recording contact (raw FFT amplitude) located in the right latFG are shown. The
location of the recording contact (indicated by a red arrow) is shown using a postoperative CT coregistered to a preoperative MRI.
Significant face-selective responses exactly at the face-selective frequency (1.2 Hz) and harmonics (up to 10.8 Hz) are observed.
*Statistically significant responses (Z > 3.1, P < 0.001).

use of the approach in intracranial recordings).
Regan81 used a Fourier analyzer to show that EEG
responses recorded in these conditions at various
frequency rates could be expressed in the frequency
domain as narrow peaks of activity exactly at the fre-
quency of stimulation with extremely high SNR (see
Refs. 82 and 83 for reviews). Here, the original and
critical aspect of the approach is to present variable
complex stimuli at each stimulation cycle. More-
over, a second frequency of interest is generated
by inserting pictures of faces—also widely variable
and nonsegmented from their natural background
(Fig. 4A)—every five stimuli. Hence, an EEG
response at 6 Hz/5, that is, 1.2 Hz, reflects a selective
(i.e., differential) response to faces, which trans-

lates as a 1.2 Hz peak of activity in the frequency
spectrum, with corresponding harmonics (2.4 Hz,
etc.; Fig. 4B). Crucially, a population of neurons
responding identically to faces and nonface objects
will be reflected in the common 6 Hz response, and
not in the 1.2 Hz response. Hence, a response at
1.2 Hz and its harmonics (excluding 6 Hz) does not
only reflect a face-evoked response, but also directly
a face-selective response.75,84

This relatively simple approach has many
strengths, making it a unique tool for understanding
face categorization in the human brain, particularly
with iEEG.

First, it is associated with an extremely high SNR,
providing significant responses even on the scalp
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within a few minutes of recording.45,76,84 This high
SNR is mainly due to the very high frequency reso-
lution obtained by analyzing a single long sequence
of stimulation (e.g., 0.016 Hz, i.e., 1/60 s). Thanks
to this high frequency resolution, while the SEEG
noise is distributed across many frequency bins, the
signal of interest projects to a single tiny bin (i.e.,
of 0.016 Hz) associated with very little noise.82 This
offers considerable advantages over other stimula-
tion approaches using slow rate transient nonperi-
odic events. In particular for iEEG, this approach
can be highly resistant to epileptic spikes, which
are very large deflections (several hundreds of �V),
sometimes occurring repeatedly throughout the
recordings.85 These spikes increase the general noise
level, and in the case of a transient stimulation
paradigm can lead to the rejection of a large num-
ber of trials containing epileptic spikes, therefore
resulting in a reduced amount of reliable data or in
the increase in the experiment duration. In a group
study detailed below,78 it can be shown that the
results are virtually identical with or without an arti-
fact rejection step (i.e., epileptic spikes rejection).
Obviously, this high SNR affords short recording
sessions, which is particularly important in iEEG
studies with epileptic patients in a clinical setting.

Second, this paradigm provides a valid measure of
face categorization. That is, instead of measuring the
response to one type of stimulus and another type of
stimulus separately, it aims at measuring the process
of face categorization, which involves direct discrim-
ination (between faces and nonface objects), and
generalization of this discrimination across widely
variable images. Indeed, a significant face-selective
response in this paradigm emerges only if there is a
response at most face stimuli, thus ensuring gener-
alization across a widely variable set of images. For
instance, a population of neurons responding only
to full front faces would respond only once in the
short example of 2 s illustrated in Figure 4A, and
thus not contribute to a 1.2 Hz response. Moreover,
faces need to elicit a differential brain response to the
various object categories presented in the sequence,
and not just one type of object. For instance, a pop-
ulation of neurons responding selectively to living
things will fire four times over 2 s as shown in the
example provided in Figure 2, breaking the period-
icity. Hence, the paradigm does not merely mea-
sure an average response to faces as compared with
an average response across the nonface object cate-

gories. Thanks to the same periodicity constraints,
the face-selective response is not contaminated by
low-level visual cues that would have to be systemat-
ically, that is, periodically, associated with faces and
never or rarely associated with nonfaces to generate
a low-level 1.2 Hz response. Therefore, the approach
provides control by variability rather than by elim-
ination/homogenization. This has been shown in
scalp EEG studies, showing that phase-scrambling
of the stimuli eliminates face-selective occipito-
temporal responses.75 Of course, this is only true if
a wide variety of images belonging to different cat-
egories are used (see fig. 1 in Rossion et al.75 and
stimuli available here: http://face-categorization-
lab.webnode.com/resources/natural-face-stimuli/).

Finally, the response of interest can be identi-
fied in the frequency domain objectively, that is,
exactly at the frequency of stimulation determined
a priori by the experimenter.82 Quantification is
performed by summing the harmonics related to
the frequency of interest, corrected for noise level
by subtracting the activity in the neighboring fre-
quency bins.84 This leads to a relatively straight-
forward and replicable data analysis procedure that
provides a common systematic metric to estimate
face-selectivity across brain regions, studies, and
methodologies (i.e., ECoG and SEEG). Note that
with this frequency-domain representation, face-
selectivity here is not restricted to a larger response
to faces than objects but to a systematically dis-
tinct neural response to faces. Indeed, a popula-
tion of neurons responding significantly less to faces
than to all other object categories, hence providing
a strong signal to the brain that a face is present
in the visual environment, will lead to a 1.2 Hz
face-selective response in this paradigm. Moreover,
a population of neurons responding with the same
magnitude overall to faces and objects, but system-
atically earlier or later, or with a different shape of
response, to faces than all other images should also
lead to a 1.2 Hz response in this paradigm. Hence,
the frequency-domain representation captures a full
selective response to faces, making no assumption
as to the form and properties of the face-selective
response.

SEEG and electrode location in the individual
anatomy
The problem of spatial localization of responses
is addressed by labeling each individual recording
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Figure 5. Individual anatomical localization of SEEG elec-
trodes. (A) Example of a VOTC parcellation used in Jonas et al.78

Major VOTC sulci served as mediolateral landmarks (CoS and
OTS), and coronal reference planes containing given landmarks
served as posteroanterior landmarks. A coronal plane includ-
ing the anterior tip of the parieto-occipital sulcus served as
the border of the occipital and temporal lobes. A coronal plane
including the posterior tip of the hippocampus served as the bor-
der between PTL and ATL, and between posterior and anterior
VOTC. (B) Anatomical regions that were found face selective
in Jonas et al.78 are highlighted in color. (C) Schematic repre-
sentation of the typical trajectories of depth electrodes (SEEG)
implanted in the right VOTC. Typical trajectories of electrodes
are represented as arrays of red rectangles on schematic coro-
nal slices (with Talairach y coordinates indicated below slices).
ATL, anterior temporal lobe; PTL, posterior temporal lobe;
OCC, occipital lobe; CoS, collateral sulcus; CS, calcarine sulcus;
FG, fusiform gyrus; HIP, hippocampus; IOG, inferior occipital
gyrus; ITG, inferior temporal gyrus; MFS, mid-fusiform sul-
cus; MTG, middle temporal gyrus; OTS, occipitotemporal sul-
cus; VMO, ventromedial occipital cortex; a, anterior; lat, lateral;
med, medial.

site (contact) in the individual brain anatomy, as in
previous studies.42–44,47 The whole VOTC is subdi-
vided in a relatively fine grid pattern,86 with each
anatomical subdivision defined by medio-lateral
and posteroanterior landmarks (Fig. 5A). Using a
fine anatomical subdivision allows to apprehend

anatomy at multiple spatial scales by grouping
anatomical partitions that show similar response
properties. Importantly, the anatomical subdivision
should be as much as possible independent from the
interindividual variability in brain anatomy and in
expertise of the experimenters in analyzing a brain
MRI. Therefore, major anatomical landmarks that
can be easily identified in each individual brain and
by each experimenter are used. Note that an auto-
mated anatomical parcellation procedure87 (e.g., see
Refs. 44, 47, and 88) is not used, for two reasons:
first, the anatomical scale at which current auto-
matic parcellation is performed is too coarse, par-
ticularly in the anteroposterior axis; second, even
when performing automated parcellation, careful
verification of the parcellation is needed to avoid
labeling errors.

A comprehensive definition of
face-selective activity in the human VOTC

Using this approach, a first definition and quantifi-
cation of face-selective responses across the whole
VOTC was reported in a large group of partici-
pants (N = 28) implanted with SEEG.78 Patients
were selected on the basis of the presence of at least
one implanted electrode in the VOTC (Fig. 5C). In
the context of the present review, we summarize and
illustrate the methodology and the main observa-
tions of that study, before discussing its implications
in the context of a general research program.

A wide distribution of responses
Despite a brief recording time (2–4 sequences of
70 s) for each individual, face-selective responses
are found in the VOTC exactly at 1.2 Hz and har-
monics (see Fig. 4B for an example of recording
on a face-selective contact). From a total of 1678
individual recording contacts in the gray matter of
the VOTC across 28 individual brains, there were a
large number of face-selective contacts (555 con-
tacts, or 33%). These contacts were widely dis-
tributed over the VOTC, from the occipital lobe
(OCC) to the ATL (see Figs. 5B, 6A, and B in the
individual anatomy and Fig. 7A in the MNI space).
Thus, the spatial analysis reveals a wide distribu-
tion of face-selective responses across the VOTC, in
line with previous iEEG studies.39,46 In the OCC,
face-selective responses were recorded in the IOG
and in a large portion of the ventral and medial
occipital cortex (Figs. 5B and 7A, middle panel). In
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Figure 6. Face-selective responses grouped according to the individual anatomy (from Ref. 78). (A) IEEG frequency spectra in
selected regions of the right VOTC averaged across all face-selective contacts located in the same region. (B) Quantification of the
face-selective response amplitude in the individual anatomy. Face-selective contacts were grouped by anatomical region-of-interest
across all participants and the face-selective amplitude was averaged across contacts to obtain the mean response amplitude for each
region separately for the left and right hemisphere (note that this result was independent from the number of harmonics taken into
account). The schematic locations of each region are shown in Figure 5B. (C) Signal-to-noise ratio (SNR) of face-selective responses
in each anatomical region. Open circles display SNR for individual recording contacts and filled diamonds show the average SNR
across contacts (see exact value on the right of each diamond). SNR was quantified over the first four harmonics of the face-selective
frequency as follows: for each contact (1) the FFT spectrum was cut into segments centered at the face frequency (1.2 Hz) and the
first four harmonics (1.2 to 4.8 Hz) and surrounded by 25 neighboring bins on each side; (2) the amplitude values of the four FFT
segments were summed; and (3) the summed FFT spectrum was transformed into SNR. SNRs were computed as the ratio of the
amplitude at the face frequency bin to the mean amplitude of 48 surrounding bins (25 bins on each side, excluding the two bins
directly adjacent to the bin of interest).

the posterior temporal lobe, face-selective responses
were recorded in the posterior fusiform gyrus, in its
medial (medFG) and lateral (latFG) sections. In the
ATL, face-selective responses were mainly recorded
in the ventral ATL in three distinct regions: (1)
along the anterior segment of the collateral sulcus

or rhinal sulcus (antCoS), (2) along the anterior
segment of the occipitotemporal sulcus (antOTS,
located laterally to the CoS), and (3) in the anterior
fusiform gyrus (antFG, located between the antCoS
and antOTS, anteriorly to the posterior tip of the
hippocampus). In all these regions, the mean SNR
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Figure 7. Spatial distribution of face-selective response across participants and in individual brains (from Ref. 78). (A) Maps of
recording contacts across the group of 28 participants displayed in the MNI space using a transparent reconstructed cortical surface
of the Colin27 brain. Each circle represents a single contact. Left panel: spatial distribution of face-selective, visually responsive
(responsive to the base frequency but not face-selective) and nonresponsive contacts. Middle panel: face-selective contacts are
colored according to their anatomical label in the individual anatomy. Note that the location of antFG contacts is blurred in
the MNI space, mainly because of their proximity with the latFG, antOTS, and antCoS. Right panel: face-selective contacts are
colored according to their face-selective response amplitude (white-filled circles correspond to contacts that are not face selective).
(B) Examples of four individual participant hemispheres. Face-selective contacts are colored according to their face-selective
response amplitude. Contacts are displayed in the MNI space, but anatomical labels of the face-selective clusters are derived from
the individual native anatomy.

across contacts obtained with FPVS is very high,
that is, between 2 in the antMTG and 4 in the IOG
(i.e., 100–300% of signal increase; Fig. 6C).

Regional peaks of face-selectivity
To quantify face-selectivity, amplitudes are summed
over harmonics for each face-selective contact,84

and amplitude is averaged across contacts for each
region. A key observation is that, across all regions,
the largest face-selective response is, by far, recorded
in the middle section of the right latFG (Fig. 6B).
This observation therefore validates, with a direct
measure of neural activity, the predominant face-

selective activation in the right middle latFG found
in human neuroimaging for more than two decades
(i.e., the “FFA”19). Moreover, this finding illustrates
the importance of localizing contacts in the indi-
vidual anatomy. Although grouping contacts and
their corresponding amplitude values in common
space (MNI) showed that face-selective responses
were widely distributed and more frequent in the
posterior VOTC, the specific predominance of the
right latFG is not readily apparent with this display
(Fig. 7A, right panel). In contrast, this dominance
is clear when grouping contacts according to the
individual anatomy (Fig. 6B).
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Distributed versus clustered spatial
organization of face-selectivity
Importantly, the dominance of the face-selective
response in the right middle latFG emerges by con-
sidering a relatively large group of patients and
a division in relatively large anatomical regions
(Fig. 5A). Hence, at a group level, the spatial res-
olution is relatively coarse and is inherently limited
by the anatomical definition of the regions. How-
ever, at the individual level, while the sampling is
limited in coverage, the spatial resolution is much
higher (i.e., an intercontact center-to-center spac-
ing is 3.5 mm with these SEEG electrodes), which
affords exploring the spatial organization of face-
selective responses at a finer scale within each face-
selective region. Quantifying the spatial variation of
face-selective response amplitude across the length
of each electrode reveals that the second and third
largest face-selective contacts are often contiguous
to the highest face-selective contact along the same
electrode (Fig. 7B), indicating a local clustering of
strong face-selectivity. This observation shows that
there is not a single definition of spatial resolution
in iEEG. Rather, spatial resolution depends on the
grouping across individuals and the type of analysis
and inference that one aims to make.

Overall, this approach to iEEG and its findings
reconcile—at least partly—two main views of the
large-scale functional organization of face selectiv-
ity in the VOTC: on the one hand, the clustered
organization identified by fMRI studies in individ-
ual participants19,21,33,55 (Fig. 1B) and on the other
hand, the widely distributed face-selective responses
found with iEEG studies39,46,60 (Fig. 3). Although
face-selective populations of neurons are present
across the whole VOTC, they are more densely dis-
tributed in specific regions such as the right latFG.

A set of three face-selective regions
in the anterior VOTC
Critically for the issue raised at the beginning of the
review, there is a wide distribution of face-selective
responses in the anterior section of the VOTC in spe-
cific and reproducible anatomical locations across
individual participants: in the antCoS, antOTS, and
antFG (Figs. 5B and 6A, for an example of face-
selective response in the anterior VOTC in a sin-
gle participant, see Fig. 8). Such wide distribution
in the anterior VOTC goes well beyond what was
found previously in fMRI. Because of the suscep-

Figure 8. Example of face-selective responses in three distinct
anatomical regions of the ventral ATL (from Ref. 78). (A) Face-
selective responses recorded from the right antCoS, antOTS, and
antFG in a single brain. Note that in the examples shown here
for the antCoS and antOTS, no general visual responses were
recorded at 6 Hz and harmonics (“face-exclusive” responses).
*Statistically significant responses (Z > 3.1, P < 0.001). (B)
Anatomical locations of corresponding recording contacts on
MRI slices. Contacts are shown as red dots on axial (left panel)
and coronal (right panel) slices. Electrode contacts 1, 2, and
3 are, respectively, located in the antCoS, antOTS, and antFG.
The antFG is located between the antCoS and antOTS, at a level
where the hippocampus (HIP) is visible on a coronal slice.

tibility artifact around the ear canal, fMRI studies
reported small and inconsistent face-selective acti-
vation in the anterior VOTC and, if it were the
case, only in the antCoS, very anteriorly.22,23,29–33

Moreover, as also mentioned above, few iEEG stud-
ies reported face-selective responses in the anterior
VOTC. Three key aspects may account for the obser-
vation of face-selective responses in the ventral ATL
with the FPVS-EEG approach:78 (1) the recording
within cortical sulci in SEEG, in which a substantial
proportion of ventral ATL face-selective responses
were found (antCoS and antOTS), (2) the particu-
larly high SNR of the technique, and (3) the objective
criterion to identify even small neural peaks above
noise level in the frequency domain.

A particularly interesting face-selective region is
the antFG, located between the antCoS and antOTS,

17Ann. N.Y. Acad. Sci. 1426 (2018) 5–24 C© 2018 New York Academy of Sciences.



Intracranial mapping of face categorization Rossion et al.

just anterior to the middle FG (Talairach y axis
around –30). As illustrated in Figure 1, this region is
primarily affected by the fMRI signal dropout and,
as a result, has been identified as being face selec-
tive only in a handful of fMRI studies.31–33 SEEG
face-selective responses in the right antFG had been
previously identified with a conventional approach
in a single patient (Fig. 1C), who showed transient
prosopagnosia when electrically stimulated in this
region.25 The pattern of responses recorded in the
right antFG differs from responses recorded in adja-
cent regions, such as the right latFG (higher face-
selective response) located posteriorly, the antCoS
and antOTS (i.e., smaller face-selective response
and smaller general visual response at 6 Hz). This
suggests that the specific anatomical region of the
right antFG is functionally different from adjacent
regions (latFG, antCoS, and antOTS). This anato-
mofunctional specificity of the right antFG has
been highlighted thanks to the use of an individ-
ual anatomy approach and would have been blurred
using a brain normalization approach (Fig. 7A).

Face-exclusive responses at the population
level
The careful reader will not have missed two exam-
ple SEEG spectra in Figure 8 in the antCoS and
antOTS showing exclusive responses to faces, that
is, significant face-selective responses without any
6 Hz general visual response. Such face-exclusive
responses are found in increasing proportions from
posterior to anterior regions, being maximal in the
right ATL,78 and are also observed in a control
experiment with a much lower base rate frequency
(1.5 Hz) to rule out a simple low-pass filter effect.
Importantly, such EEG spectra have not been found
on the human scalp,75 ruling out an inadequacy of
nonface stimuli to evoke population responses as
discussed above for the N200/N170.9,38,39

Since intracerebral contacts pool the activity of
hundreds of thousands of neurons, this finding
reveals the presence of exclusive responses to faces
at a macroscopic level of cortical organization (i.e.,
cell population level) for the first time in humans.
These responses, which were in highest proportion
in the anterior section of the VOTC, may reflect the
processing of faces independently from the context
(i.e., nonface categories), which could be particu-
larly useful for certain processes that are known to
be specific to faces (e.g., encoding and retrieval of

information specific to an individual face, holistic
processing of individual exemplars, sex, age, expres-
sion, social judgments, etc.). An alternative account
for these neural responses frequency-locked exclu-
sively to the face stimuli is that they reflect a general
response to the only category that is presented peri-
odically in the stimulation sequence, that is, faces in
the paradigm78 (Fig. 4). Indeed, scalp EEG experi-
ments have shown that selective responses to other
categories such as houses and limbs inserted peri-
odically in such object sequences can also lead to
significant category-selective responses.43 However,
such responses are of much smaller amplitude and
are associated with a distinct spatial topography
than face-selective responses.43 Moreover, the face-
selective response observed on the scalp is identical
whether faces appear periodically or not.89 Future
iEEG studies could build upon such paradigms to
assess the exclusivity of the responses to faces partic-
ularly in the right VATL (ventral anterior temporal
lobe).

Summary and challenges ahead in iEEG
mapping of face and visual categorization

Summary and implications for models
of face-selectivity
In this review, we presented an approach that over-
comes many of the difficulties of iEEG studies
to map category-selective responses in the human
brain, using faces as a model and recording across
the whole VOTC. Thanks to the combination of
FPVS, which provides highly sensitive, objective,
and quantifiable responses in the frequency domain,
with SEEG allowing to record both from gyri and
inside sulci of nonnormalized individual brains,
we describe a first extensive cartography of face-
selectivity in the human VOTC. Besides support-
ing the wide distribution of face-selective responses
across the VOTC, this approach reveals (1) a strong
right lateralization of the middle portion of the lat-
eral fusiform gyrus in iEEG; (2) the dominance of
this region—corresponding to the so-called FFA in
neuroimaging—over all other VOTC regions in rela-
tion to the magnitude of the face-selective response;
(3) clear face-selective responses in the anterior
VOTC, mainly in sulci (antCoS and antOTS); and
(4) the presence of exclusive responses to faces in
a large proportion of electrode contacts in anterior
VOTC regions.
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These observations should constrain neurofunc-
tional reviews and models of face processing, which
generally fail to incorporate hemispheric special-
ization, as well as several face-selective/exclusive
regions in the VATL3,5 between the midfusiform
gyrus (“FFA”) and face-selective clusters in the tem-
poral pole.4 They also raise novel questions of inter-
est such as whether face-selective or face-exclusive
responses functionally differ with respect to sensitiv-
ity to other face categorizations (e.g., face identity),
and also whether face-selective responses observed
outside of the dominant clustered regions are asso-
ciated with different functional processes.

Importantly, the FPVS-SEEG approach presented
here can be used in future studies to measure finer
grained face categorization processes, such as indi-
vidual face discrimination,90 or the discrimination
of various facial expressions,91 as demonstrated with
scalp EEG. Selective responses to other visual cate-
gories such as letters and words could also be inves-
tigated with the same approach.92

Validity of the epileptic brain model,
limitations, and the need for large samples
Since iEEG recordings are performed in patients
with drug-resistant epilepsy, the validity of this
approach to provide a model of the normal func-
tional organization of face-selectivity can be ques-
tioned. In this respect, there are a number of
methodological issues that need to be considered
(e.g., exclude recordings in lesions, artifact rejection
if necessary, and selection of patients based on min-
imal neuropsychological criteria). However, beyond
these issues, the neural organization of these patients
with long-term drug-resistant epilepsy appears to
offer a highly valid model of the typical organi-
zation of the human brain. For instance, iEEG
and scalp EEG recordings in typical adults show
a similar face-selective ERP component in occipito-
temporal regions (i.e., N170/N200, iEEG;37,39,45,47,49

scalp EEG38,93,94). Moreover, patients explored with
iEEG have so far showed typical fMRI face-
selective activations.17,25,37,43,53 The largest face-
selective response in regions identified with fMRI
in typical brains (e.g., the right latFG) also provides
strong support for the validity of iEEG recordings
in the epileptic brain.

One of the limitations of the FPVS-SEEG
approach for a large-scale mapping of brain func-
tions is dictated by the sparse-sampling problem,

that is, the variable and limited electrode cover-
age in any given individual participant.44,88 To deal
with such constrain, a large sample of participants
is needed to obtain a reliable and global view of
the VOTC. For example, while the right IOG is
rarely explored in iEEG, this region showed one of
the highest face-selective responses in our study,78

consistent with fMRI observations in typical brains.
However, despite a trend for right hemispheric lat-
eralization, there was no significant effect in this
region, unlike the clear right lateralization observed
in fMRI33 and the dominant role of the right over the
left IOG in causing permanent95 or transient37,96–98

individual face recognition impairments. This sug-
gests either a genuine difference between signals col-
lected with different modalities and paradigms or a
limitation of the current iEEG approach to capture
this lateralization factor in this region. One limita-
tion is undoubtedly related to the large variability
between individual patients and recording contacts
in terms of response amplitude so that a large sam-
ple size is necessary to ensure reproducibility of the
findings. In addition, providing that a sufficiently
large number of recording contacts across patients
are localized in the gray matter of different regions,
the proportion of significant electrode contacts in a
given anatomically defined VOTC region could also
serve as complementary information to the average
response amplitude.

A large sample of participants also provide the
opportunity to refine and fine-tune anatomical sub-
divisions, as each subdivision will contain a suf-
ficient number of recording contacts to mea-
sure reproducible responses. For instance, in the
described study,78 the large sample of participants
allowed to split the anterior fusiform gyrus from
adjacent sulci. Moreover, thanks to large sam-
ples, future iEEG studies might be able to use
VOTC cytoarchitectonic divisions that might more
closely match functional organization of the cor-
tex than divisions on the basis of macroanatomic
landmarks.60,99,100

What are the other limitations of the approach?
Currently, there is a lack of information about the
frequency ranges of stimulation that are associ-
ated with the most sensitive and specific responses.
The paradigm presented in Figure 4 and used in
the described study78 relies on a 6 Hz stimula-
tion rate, which provides similar responses on the
scalp as 12–12.5 Hz rates.84,89 However, higher
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frequency rates may be associated with lower face-
selective responses, owing to the limited presen-
tation and duration of (masked) faces. Further
validating work is certainly required with scalp EEG
to define frequency-tuning functions for various
face categorizations.101

Timing and high-frequency activity
Besides its high spatial resolution, iEEG also pro-
vides a high temporal resolution, which has not been
exploited so far in the research program presented
here. Several iEEG studies explored the timing of
face-selectivity in specific VOTC regions (e.g., the
fusiform gyrus43,48) but few studies recorded in
large samples to understand the temporal dynamics
of face-selectivity across the whole VOTC.39 Future
iEEG studies will be needed to understand the tim-
ing of face-selectivity in the anterior VOTC. In this
respect, even though the quantification and detec-
tion of significant responses is performed in the
frequency domain to reduce complexity, the FPVS
approach can also be used to address questions
about the precise timing of neural events. This can
be done either by using phase information102 or by
simply averaging epochs of EEG segmented around
the events of interest, as performed in the traditional
ERP approach but after filtering out the carrier
frequency (e.g., 6 Hz75,76). With this approach, EEG
recorded on the scalp with FPVS leads to complex
face-selective responses at multiple time windows
between 100 and 600 ms, which are associated
with distinct scalp topographies.75,76,84 Applying
the FPVS time-domain analysis to iEEG recordings
should help isolating the specific generators of
each of these face-selective components recorded
on the scalp, and recover precious information to
understand the time-course of face categorization
processes in the human brain.

Finally, one aspect not addressed yet with FPVS-
EEG as presented here is the distinction between
low (e.g., ERPs) and high (e.g., HFB) iEEG
frequencies.52,60,69 As explained above, typical iEEG
studies in this field tend to concentrate on one or
the other, and when both types of activities are ana-
lyzed, they have been difficult to reconcile, probably
in part due to different analysis parameters50,60 (but
see Ref. 52 for evidence of complementary infor-
mation to discriminate faces from houses provided
by ERPs and HFB). With the approach presented
here, the key principle is to frequency-tag the stim-

ulus, that is, project brain activity to a specific fre-
quency, known in advance, and measure a response
of interest only at that known frequency. Scalp stud-
ies indicate that this approach is very efficient at
capturing all of the responses of interest: even if it
varies in shape and time, the specific response to
faces is periodically locked to the onset of faces, so
that all of it is captured in the compact frequency-
domain representation. Moreover, response proper-
ties of high-frequency activity can also be measured
with this approach, by computing the amplitude
envelope of the high-frequency signal across time
and by performing Fourier analyses.103 This may
offer a potentially powerful approach not only to
identify high-frequency activity tagged to the stim-
uli of interest—here faces inserted among objects—
but also to objectively relate or dissociate low- and
high-frequency activities related to face categoriza-
tion or other visual function.

Electrical stimulation to determine critical
face-selective regions
iEEG offers the opportunity to electrically stimu-
late specific face-selective regions in the VOTC, in
order to evaluate their causal role in face categoriza-
tion. Early ECoG studies of Allison and colleagues9

reported a temporary inability to name photographs
of famous faces following electrical stimulation
in face-selective (N200) VOTC sites. However, the
ability to provide semantic information about the
face and the dominance of effects in the left as
compared with the right VOTC rather pointed to
naming deficits.104,105 Puce et al.41 described facial
hallucinations (isolated eyes, single or multiple
faces), without looking at faces, following stimu-
lation of distributed face-selective sites along the
posteroanterior axis of the VOTC. More recent
ECoG studies have focused on the latFG, report-
ing facial perceptual distortions in the right but
not in the left hemisphere,59,106 or deficits in face
categorization.107,108

In SEEG, the spatial coverage of electrodes in
the VOTC is more limited in a single patient and
the effects of stimulation on face perception have
been described less frequently. However, electrical
stimulation can be applied directly in the gray
matter, allowing for more focal stimulation at lower
amplitudes, potentially leading to an increase in
specificity of the effect. An early study109 reported a
distortion of faces presented in front of the patient,
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following stimulation in the right ventrolateral pre-
frontal cortex. More recently, Jonas et al.37 reported
a case of transient prosopagnosia, that is, a patient
who had normal individual face recognition abilities
outside of stimulation but suddenly failed to recog-
nize pictures of famous faces following intracerebral
stimulation. The site of interest in the right IOG
was face selective as determined both with iEEG
and fMRI recordings, and the patient was still able
to recognize objects during stimulation of the same
site. A second SEEG recording in the same area of the
same patient led to an impairment in discriminat-
ing simultaneously presented pictures of unfamiliar
individual faces,96 ruling out a naming impairment.
Electrical stimulation of the right antFG, in the
heart of the fMRI susceptibility artifact, also caused
prosopagnosia in another patient25 (Fig. 1C).

In general, iEEG stimulation studies interfering
with face perception showed that these effects are
confined to face-selective electrodes, and that the
amplitude of iEEG responses to faces—which must
be related to the density of neuronal populations
responding to faces—is positively correlated with
the amount of facial perception disturbance59,108 or
face identity disturbance (Ref. 96 with an FPVS
approach). Collectively, these observations show
that these regions play a critical role in face per-
ception, although it is difficult to relate specific
regions to the disturbance of specific face process-
ing subfunctions at this stage. From a practical
standpoint, they indicate that iEEG studies should
target (i.e., electrically stimulate) regions showing
the highest face-selective or face-identity sensitive
responses in order to test for their causal role. In
this context, and in keeping with the general theme
of the review, FPVS-SEEG, with short experiments
(i.e., few minutes), straightforward first pass signal
analyses (Fourier transform without artifact rejec-
tion) and high SNR objective responses also appear
advantageous to quickly detect the most important
brain regions to target with electrical stimulation.96
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Abstract
The sudden onset of a face image leads to a prominent face-selective response in human scalp

electroencephalographic (EEG) recordings, peaking 170 ms after stimulus onset at occipito–

temporal (OT) scalp sites: the N170 (or M170 in magnetoencephalography). According to a

widely held view, the main cortical source of the N170 lies in the fusiform gyrus (FG), whereas

the posteriorly located inferior occipital gyrus (IOG) would rather generate earlier face-selective

responses. Here, we report neural responses to upright and inverted faces recorded in a unique

patient using multicontact intracerebral electrodes implanted in the right IOG and in the OT sul-

cus above the right lateral FG (LFG). Simultaneous EEG recordings on the scalp identified the

N170 over the right OT scalp region. The latency and amplitude of this scalp N170 were corre-

lated at the single-trial level with the N170 recorded in the lateral IOG, close to the scalp lateral

occipital surface. In addition, a positive component maximal around the latency of the N170

(a P170) was prominent above the internal LFG, whereas this region typically generates an

N170 (or “N200”) over its external/ventral surface. This suggests that electrophysiological

responses in the LFG manifest as an equivalent dipole oriented mostly along the vertical axis

with likely minimal projection to the lateral OT scalp region. Altogether, these observations pro-

vide evidence that the IOG is a major cortical generator of the face-selective scalp N170, quali-

fying the potential contribution of the FG and questioning a strict serial spatiotemporal

organization of the human cortical face network.

1 | INTRODUCTION

The human face is a highly complex, familiar, and socially critical stim-

ulus in our visual environment. For these reasons, understanding the

spatiotemporal organization of face processing in the human brain is a

primary goal of cognitive neuroscience research. The neural basis of

face processing has been intensively investigated for three decades

with functional neuroimaging, first with positron emission tomography

(Sergent, Ohta, & Macdonald, 1992) then with functional magnetic

resonance imaging (fMRI; Puce, Allison, Gore, & McCarthy, 1995). The

advent of fMRI, in particular, has allowed defining a set of regions in

the occipito-temporal (OT) cortex of the typical human adult brain

that respond significantly more to pictures of faces than nonface

objects. The most prominent and consistent of these face-selective

regions have been identified in the lateral section of the middle fusi-

form gyrus (LFG, the functional area being termed the “fusiform face

area” [FFA]; Kanwisher, McDermott, & Chun, 1997), the inferior

occipital gyrus (IOG) on the lateral section of the occipital cortex

(“occipital face area” [OFA], Gauthier et al., 2000), as well as the pos-

terior superior temporal sulcus (pSTS; Puce, Allison, Bentin, Gore, &

McCarthy, 1998). These regions are typically defined as forming the

core of a distributed cortical face network in the human brain

(Calder & Young, 2005; Duchaine & Yovel, 2015; Grill-Spector,

Weiner, Kay, & Gomez, 2017; Haxby, Hoffman, & Gobbini, 2000

for reviews; see, e.g., Gao, Gentile, & Rossion, 2018; Rossion,

Hanseeuw, & Dricot, 2012; Zhen et al., 2015 for extensive fMRI

investigations of the human cortical face network). However, as fMRI

provides a slow and indirect (i.e., hemodynamic) measure of neuralLaurent Koessler and Bruno Rossion contributed equally to this work.
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activity, the temporal organization of this network (i.e., when are

these brain regions activated, for how long, etc.) remains largely

elusive.

To provide complementary high temporal resolution information

(at the expense of spatial precision), electrical potentials elicited by

the sudden onset of face stimuli have also been recorded for decades

from the human scalp with electroencephalography (EEG) (since

Srebro, 1985). While early studies with few scalp electrodes empha-

sized a face-selective component recorded on the vertex

(Cz electrode) at around 160–170 ms following the onset of a face

stimulus (the vertex positive potential [VPP]; Botzel & Grusser, 1989;

Jeffreys, 1989 for a review, see Jeffreys, 1996), the vast majority of

EEG studies has focused on a prominent negative deflection peaking

at the same latency over OT sites: the N170 (Bentin, McCarthy, Perez,

Puce, & Allison, 1996; see also Botzel, Schulze, & Stodieck, 1995;

George, Evans, Fiori, Davidoff, & Renault, 1996 for early studies;

Rossion, 2014; Rossion & Jacques, 2011 for reviews). Studies using

magnetoencephalography (MEG) have also recorded a similar “M170”

component (e.g., Halgren, Raij, Marinkovic, Jousmaki, & Hari, 2000;

Itier, Herdman, George, Cheyne, & Taylor, 2006; Liu, Higuchi,

Marantz, & Kanwisher, 2000) which presents similar response proper-

ties as the N170, in particular a larger amplitude for faces than non-

face object categories (Bentin et al., 1996; Ganis, Smith, & Schendan,

2012; Gao et al., 2013; Itier & Taylor, 2004; Rossion et al., 2000;

Rossion & Jacques, 2008; Rousselet, Husk, Bennett, & Sekuler, 2008)

and a substantial increase of both amplitude and latency to face stim-

uli presented upside down (Eimer, 2000; Itier et al., 2006; Itier &

Taylor, 2004; Jacques & Rossion, 2007; Jacques, Schiltz, & Goffaux,

2014; Rossion et al., 1999; Rousselet, Mace, & Fabre-Thorpe, 2004;

Sadeh & Yovel, 2010; see Rossion & Jacques, 2011 for review).

In order to characterize the spatiotemporal dynamics of face pro-

cessing in the human brain, a number of authors have attempted to

relate the face-evoked N170/M170 measured on the scalp to face-

selective OT cortical regions defined in neuroimaging studies. Since

the fusiform gyrus (FG) was the first region systematically associated

with face-selective processing in neuroimaging studies (Kanwisher

et al., 1997; Puce et al., 1995; Sergent et al., 1992), but also based on

other sources of evidence (see below), the vast majority of studies

consider that the N170/M170 primarily originates from the FG (see

also the review of Yovel, 2016). Empirically, a first piece of evidence

comes from early intracranial recording studies using electrocortico-

graphy (ECoG) in human epileptic patients, which reported a

N170-like component (termed the N200) over the FG and inferior

temporal gyrus, but not over the lateral IOG (Allison et al., 1994; see

also Allison, Puce, Spencer, McCarthy, & Belger, 1999; McCarthy,

Puce, Belger, & Allison, 1999; Puce, Allison, & McCarthy, 1999 for

extensive reports). This work in fact provided the impetus for the sub-

sequent recording of the face-selective N170 over the human scalp of

typical individuals with the same paradigm and stimuli (Bentin et al.,

1996). Second, a number of studies using various source localization

approaches have emphasized the contribution of the posterior/middle

FG (e.g., Botzel et al., 1995; Deffke et al., 2007; Gao et al., 2013;

Halgren et al., 2000; Hoshiyama, Kakigi, Watanabe, & Miki, 2003;

Mnatsakanian & Tarkka, 2004; Pizzagalli et al., 2002; Rossion, Joyce,

Cottrell, & Tarr, 2003; Shibata et al., 2002; Swithenby et al., 1998;

Tanskanen, Nasanen, Montez, Paallysaho, & Hari, 2005; Watanabe,

Kakigi, & Puce, 2003) or even of the anterior FG (Herrmann, Ehlis,

Muehlberger, & Fallgatter, 2005) as neural sources of the N170/

M170 and its increased amplitude to faces. Third, some studies have

reported significant correlations between face-selective fMRI activity

in the FG (i.e., FFA) and the amplitude of the N170 when manipulating

noise levels applied to the face stimuli (Horovitz, Rossion, Skudlarski, &

Gore, 2004). In the same vein, a simultaneous EEG–fMRI study found

a significant correlation between the magnitude of face selectivity

measured in ERPs at the peak of the 170 ms and in fMRI in the FG

(Sadeh, Podlipsky, Zhdanov, & Yovel, 2010).

In the latter study (Sadeh et al., 2010), the authors also empha-

sized the lack of significant correlation between the electrophysiologi-

cal face-selectivity index at 170 ms and fMRI face-selective activity in

the IOG (i.e., OFA). In fact, this most posterior cortical face-selective

region, usually located in the lateral section of the IOG, is rarely con-

sidered as a potential source of the face-evoked N170/M170 in

source localization studies (e.g., Henson, Mouchlianitis, & Friston,

2009; Itier et al., 2006). Rather, based on the timing of effects of tran-

scranial magnetic stimulation (TMS) on face processing tasks as well as

correlations of fMRI and scalp EEG face-selective responses, it has

been proposed that face-selective activity in the IOG peaks and is cor-

related with scalp EEG at an earlier latency, that is, at around

80–120 ms, during the time window of the P1 component preceding

the N170 (Pitcher, Garrido, Walsh, & Duchaine, 2008; Pitcher, Walsh,

Yovel, & Duchaine, 2007; Sadeh et al., 2010). According to this serial/

hierarchical spatiotemporal view, face-selective responses would ini-

tially peak at around 100 ms (i.e., at the level of the P1/M1 compo-

nent) in the IOG—possibly involved in extracting specific face parts

(eyes, nose, mouth, etc.)—and feeding later into the FG where face-

selectivity peaking at around 170 ms would reflect a holistic/config-

ural representation of faces (Duchaine & Yovel, 2015; Pitcher,

Walsh, & Duchaine, 2011; Yovel, 2016).

So far, this serial/hierarchical view of category-selective face

processing has been challenged only by indirect evidence. First, time-

resolved fMRI in the healthy brain indicates that the initial activation

to slowly revealed faces emerges initially in the FG rather than in the

IOG (Gentile, Ales, & Rossion, 2017; Jiang et al., 2011; Jiang, Badler,

Righi, & Rossion, 2015). Second, EEG recordings in individuals with

lesions of various face-selective OT cortical regions (OFA, FFA, or

pSTS) suggest that multiple face-selective regions are likely involved

in generating the scalp N170 (Dalrymple et al., 2011; Prieto, Caharel,

Henson, & Rossion, 2011). Third, given the anatomical location of the

FG with the majority of its cortical surface facing toward the inferior

part of the head (Figure 1), the contribution of face-selective

responses in this region to the scalp N170 recorded over the lateral

OT scalp regions should be questioned. This geometrical incompatibil-

ity was in fact noted by Bentin et al. (1996) in their seminal study.

Bentin et al. (1996) speculatively attributed the source of the N170 to

the OT sulcus (OTS), pointing toward the lateral surface of the brain

and scalp (see fig. 8 in Bentin et al., 1996). More recently, Rosburg

et al. (2010) performed simultaneous intracranial and scalp recordings

of ERPs to upright and inverted faces, using inversion as a functional

marker of the N170. As amplitude and latency increase with inversion

were revealed for the intracranial N170 recorded in the lateral IOG
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but not in the FG, the authors concluded that the lateral IOG

contributes primarily to the face inversion effect (FIE) observed in

scalp recordings. Unfortunately, the use of few (n = 6) electrodes and

a reference over the mastoid (i.e., close to OT regions) prevented from

a direct investigation of the scalp N170 over OT regions in that study.

Moreover, that study—similarly to the studies of Allison et al. (1994,

1999)—was performed with grids of electrodes applied on the cortical

surface (ECoG) rather than with multicontact electrodes inserted

directly in the brain volume (stereotactic EEG [SEEG], Talairach &

Bancaud, 1973). Hence, Rosburg et al. (2010) observed only negative

components intracranially, which were difficult to relate to the positiv-

ity that they observed simultaneously on the vertex, the VPP.

Here, we present a detailed report of a patient with rare SEEG

recording of face-evoked responses inside both the IOG and LFG of

the right hemisphere, together with simultaneous scalp EEG recording

using multiple electrodes placed over the whole scalp, including the

OT region. We examined the contribution of the IOG and LFG to the

N170 measured on the scalp over OT regions. We asked the following

questions: (a) can we find an intracerebral N170 response in the

lateral IOG with similar response properties as the N170 measured on

the scalp OT region in the same patient? (b) are the SEEG responses

in the IOG and the LFG correlated with the scalp OT N170? and

(c) does the topology of electrophysiological responses and the corti-

cal geometry of the FG region support a contribution of this region to

the scalp OT N170? Addressing these issues should also shed light

on the above-described serial/hierarchical spatiotemporal framework

of the human cortical face network.

2 | METHODS

2.1 | Case description

KV is a right-handed female suffering from refractory occipital epilepsy

related to a focal cortical dysplasia involving the right lingual gyrus

(LG) and posterior collateral sulcus (pCoS). Her case was previously

reported as evidence of a transient inability to recognize famous faces

(Jonas et al., 2012), following intracerebral electrical stimulation of the

face-selective region of the right IOG (OFA). That study was performed

during a first SEEG implantation in 2010 to delineate the source and

extent of the patient's epileptic seizures. During a second implantation

FIGURE 1 Simultaneous recording of scalp and intracerebral EEG. (a) Scalp view from the posterior right hemisphere showing the position of the

scalp recording electrodes (shown in green) and the location on the scalp of the exit point of the three intracerebral electrodes (D, L, and F, shown
as red dots). (b) Three/quarter posterior and profile views of three-dimensional (3D) reconstruction of the patient's right hemisphere cortical
surface, showing the locations of the intracerebral electrodes (in red, only the most external contacts D8, L8, and F11 appear on the cortical
surface) and the locations of the scalp electrodes (green). (c) Axial views of the posterior half of the right hemisphere of the patient, showing the
locations of intracerebral contacts in the right OT cortex. Electrode L was slightly superior to D and F electrodes. (d) 3D ventral views of the
posterior half of the right hemisphere of the patient, showing the anatomical location of the intracerebral contacts and scalp electrodes. The plots
show the gray matter cortical surface (left) and the corresponding white matter surface (right). As intracerebral contacts penetrate the brain
tissue, contacts are only visible when stripping away the gray matter and keeping only white matter surface (left). Abbreviations: FG = fusiform
gyrus; IOG = inferior occipital gyrus; LG = lingual gyrus; OTS = occipito-temporal sulcus; (p)CoS = (posterior) collateral sulcus [Color figure can
be viewed at wileyonlinelibrary.com]
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performed in 2011 with fewer intracerebral electrodes targeting the

focal cortical dysplasia and surrounding cortical areas for therapeutic

purposes, OFA stimulation caused a transient impairment at discriminat-

ing pictures of unfamiliar individual faces (Jonas et al., 2014). The

present data set was also collected during this second implantation. The

patient was 32 years old at the time of this second implantation.

The patient has never reported face recognition difficulties and

has preserved memory and preserved visual perception (including

faces and objects), as shown by stringent neuropsychological evalua-

tions (Jonas et al., 2012). These electrophysiological investigations

were part of the presurgical functional mapping of the patient. She

gave written informed consent for these data to be used for research

purpose according to the rules of the ethical committee of the Nancy

University Hospital.

2.2 | Simultaneous intracerebral–scalp EEG
recordings

The patient underwent simultaneous intracerebral (SEEG) and scalp

EEG recordings. The colocations of these electrodes are shown in

Figure 1. Besides the relatively dense spatial coverage of scalp

electrodes for such a study (e.g., compared to six electrodes in

Rosburg et al., 2010), the right OT cortex was well sampled with both

intracerebral and surface electrodes.

2.2.1 | Intracerebral electrodes

The patient was stereotactically implanted with three multicontact

intracerebral electrodes targeting the right ventral OT cortex, according

to a well-defined and previously described procedure (Jonas et al.,

2014; Salado et al., 2018). Each intracerebral electrode consisted of a

cylinder of 0.8 mm diameter and contained 8–11 independent recording

contacts of 2 mm in length separated by 1.5 mm from edge to edge and

by 3.5 mm center to center. Electrode D (8 recording contacts, D1–D8)

targeted the right ventral occipital cortex, from the lateral part of the

IOG to the pCoS. Electrode F (11 contacts, F1–11) was located more

anteriorly in the ventral OT junction, from the right inferior temporal

gyrus to the LG, passing above the posterior FG. Electrode L (eight con-

tacts, L1–L8) was located between electrodes D and F, also in the right

occipital cortex but slightly above these electrodes. All intracerebral

recording contacts were in direct contact with the gray matter, either

located completely within the gray matter (e.g., contact L7 in the lateral

IOG, Figure 1c,d) or in contact with both the white and the gray matter

(e.g., contacts L5, F6, and F7). Note that, this kind of electrode implanta-

tion is rare in clinical practice, where most epileptic patients are

implanted with more anterior electrodes to sample the temporal lobe.

2.2.2 | Scalp electrodes

Simultaneous scalp EEG recordings were acquired with 28 Ag/AgCl

electrodes of 10 mm diameter placed according to the 10–20 system

(Figure 1, see Koessler et al., 2015; Seeck et al., 2017) using sterile

procedures, with a particular spatial coverage of bilateral OT regions.

Here, they are referred to with the prefix “s” for scalp (e.g., sPO8 for

PO8). Some of the posterior electrodes were slightly displaced relative

to the 10–20 positions to keep them away from the penetrating point

of the intracerebral electrodes (Figure 1). Scalp electrode positions

were determined using a three-dimensional digitizer system (3SPACE

and FASTRAK; Polhemus, Colchester, VT). Note that the signal from

electrode sP8 was not usable because of excessive noise and the

impossibility to safely replace it during the long-term monitoring.

However, electrodes sPO8, sP10, sO2, and sPO6 allowed a good

coverage over the right OT cortex.

2.2.3 | Recordings

Simultaneous SEEG–scalp EEG signals were recorded at a 1,024 Hz

sampling rate with a 128 channel amplifier (SD LTM 128 Headbox;

Micromed, Mogliano Veneto, Italy). The reference electrode was a

prefrontal midline surface electrode (FPz). The recording of the experi-

ment reported here was performed 2 days after the scalp electrode

placement.

2.3 | Stimuli and procedure

The methods used here (stimuli, procedure) were the same as in a

previous scalp EEG study (Prieto et al., 2011). Stimuli were 30 photo-

graphs of front view, upright, unfamiliar faces with neutral expression

(15 females). They were cropped to remove external features (hair

and ears) and shown without glasses, facial hair, or makeup. Faces

were equalized for global luminance. They were displayed at approxi-

mately 3� × 4� of visual angle. An additional set of 30 stimuli was

created by vertically flipping the 30 face images (inverted faces). We

chose to compare the response to upright faces to the exact same

stimuli upside down because inverted faces offer the best control for

low-level visual properties (as compared to other nonface object cate-

gories). Moreover, inversion leads to clear and undisputed increases

of amplitude and latency of the N170 (e.g., Eimer, 2000; Rossion

et al., 1999; see Rossion & Jacques, 2011 for review).

Upright and inverted faces were presented in a random order

using E-prime 2. In each trial, a fixation point displayed at the center

of the screen for 100 ms, followed approximately 300 ms (random-

ized between 200 and 400 ms) later by the presentation of a face

(upright or inverted) stimulus during 300 ms. The offset of this stimu-

lus was followed by an intertrial interval of about 1,700 ms

(1,600–1,800 ms). Patient KV had to press one response key on a

computer keyboard if the stimulus was upright and another key on

the stimulus was inverted. She was asked to maintain eye gaze fixa-

tion to the center of the screen and to respond as accurately and as

fast as possible. KV performed 90 trials per condition in one session

(30 stimuli in each set repeated three times each; 180 trials in total).

2.4 | Data processing and analyses

2.4.1 | EEG preprocessing

All analyses were performed using Letswave 5 (Mouraux & Iannetti,

2008) and MATLAB v7.8 (The MathWorks Inc., Natick, MA). Continu-

ous EEG data were epoched in segments centered on stimulus onset

(−1 to 1 s). Epochs were then DC corrected and low-pass filtered at

25 Hz (zero-phase shift Butterworth filter, order 4). Noisy epochs,

epochs containing blink artifacts or large epileptic spikes—in which

signal amplitude at any point in the time window from −0.2 to 0.6 s

was above or below 5.5 times the SD computed across all trials for
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each time sample—were discarded. If the rejection threshold was

exceeded at one channel, then the epoch was rejected for all

(i.e., scalp and intracranial) channels. This led to the rejection of 18%

of the epochs. Additional expert visual inspection for potential

remaining small epileptic spikes in the window of interest did not lead

to further epoch rejection. Epochs were then baseline corrected by

subtracting the amplitude in the 0.1 s prestimulus time window, and

then averaged.

2.4.2 | N170/P170 analyses

N170/P170 peak was measured on intracerebral contacts and scalp

electrodes with an identifiable ERP component within a time window

of 140–200 ms (165–225 ms for SEEG contact F8, see below). The

amplitude of the peak at each channel was quantified as the mean sig-

nal amplitude within a �10 ms time window centered on the peak

latency. The peak was identified automatically as the local minimum/

maximum within a time window of 140–200 ms (165–225 ms for

SEEG contact F8). Statistical comparisons between the N170 mea-

sured in the upright face versus inverted face condition were per-

formed at each channel. We used a permutation test for the N170

amplitude (e.g., Jacques et al., 2014; Rousselet et al., 2008), by com-

paring the actual amplitude difference to a distribution of differences

under the null hypothesis obtained by randomly shuffling the condi-

tion label for each trial (before computing the difference) 10,000

times. To statistically assess the latency inversion effect, we used a

jackknife procedure (Miller, Patterson, & Ulrich, 1998) in which the SD

of the single-trial latency is estimated (and corrected by multiplying

the jackknife SD by the number of epochs minus one) separately for

each condition, by systematically leaving-out one trial at a time before

computing the ERP average and measuring the peak latency. The

mean latency and SD for each condition was used to compute a t test.

For the latency comparison, we upsampled single-trial data by a factor

of 10 (i.e., to 10,240 Hz using cubic interpolation) to avoid always

obtaining the same peak latency for all jackknife samples. For intrace-

rebral contacts where the effect of inversion (amplitude and latency)

was tested (N = 23), we used a Bonferroni correction to account for

multiple comparisons.

2.4.3 | Correlation between intracerebral and scalp EEG
signals in the N170 time window

We examined the relationship between the N170 peak latency and

amplitude in intracerebral relative to scalp EEG recordings using a cor-

relation approach, in the following way: (a) a subsample of 15 trials

(out of 74 in the upright face condition) was randomly selected (with-

out replacement); (b) these trials were averaged for each channel

(an average over a subset of trials was used because the N170 could

not be identified in single trials on scalp electrodes); (c) in the resulting

averaged EEG segment, for each channel, the peak was identified as

the local minimum or maximum amplitude in a 140–200 ms

(165–225 ms for SEEG contact F8) time window (when no local maxi-

mum/minimum was present the derivative was computed, and the

point closest to zero was considered as the peak) and the peak ampli-

tude and latency values were stored; (d) steps a to c were repeated

5,000 times to obtain a distribution of amplitudes and latencies

measured at all channels in corresponding subsets of 15 trials, and

(e) the resulting 5,000 amplitude and latency data points for each

channel were used to quantify the relationship (using Pearson's coeffi-

cients) across all pairs of channels, respectively, for the amplitude and

the latency of the N/P170. Correlation coefficients were tested

against chance level using a permutation test, repeating steps a to e

(see above) 4,000 times, shuffling the order of trials at each permuta-

tion so that correlations across channels were measured between

unmatched subsets of trials. At each of the 4,000 permutation cycles,

we stored the maximum Pearson's coefficient across all intracerebral–

scalp EEG pairs of channels to generate a permutation distribution

(i.e., distribution of coefficients obtained by chance) which corrects

for multiple comparisons (Nichols & Holmes, 2001). For each pair of

channel, the actual Pearson's coefficient was then compared to the

permutation distribution to derive a p value. Only significant correla-

tions (p < .05, i.e., corrected for multiple comparisons) observed in at

least two neighboring scalp electrodes (i.e., within a radius of 5 cm

from each other) were considered.

3 | RESULTS

3.1 | Patient KV shows typical FIE on the
scalp-N170 component

The visual presentation of upright face images elicited robust biphasic

ERP responses over the patient's scalp during the first 200 ms follow-

ing stimulus onset (Figure 2a). The shape, latency, and scalp distribu-

tion of these early ERP responses were similar to that observed in

typical adult participants during foveal stimulation (Bentin et al., 1996;

Eimer, 2000; Ganis et al., 2012; Itier & Taylor, 2004; Jacques et al.,

2014; Rossion & Jacques, 2011; Rousselet et al., 2004, 2008). A first

positive deflection peaking over broad bilateral OT regions at about

110–120 ms (P100) was followed by a negative deflection (N170)

maximal over bilateral OT regions (Figure 2b) at about 160–170 ms

(162 and 167 ms on sPO8 and sO2, respectively, for the right hemi-

sphere; 169 and 176 ms on sPO7 and sO1, respectively, for the left

hemisphere).

Notably, the N170 was strongly increased both in amplitude and

latency in response to images of inverted faces (Figure 2), which is the

typical signature of the FIE on the scalp-recorded N170 component as

revealed by numerous EEG studies in healthy adults (Itier et al., 2006;

Itier & Taylor, 2004; Jacques et al., 2014; Jacques & Rossion, 2007;

Rossion et al., 1999, 2000; Rousselet et al., 2004). Over right OT chan-

nel sPO8, the peak amplitude of the N170 was 3.4 μV larger in response

to inverted (−6.3 � 9 μV) compared to upright faces (−2.9 � 7.6 μV).

The amplitude increase following face inversion was largest at right OT

channels (Figure 2b). Testing 12 individual posterior scalp electrodes

revealed a significant amplitude increase with inversion at four OT

channels in the right hemisphere (sO2, sPO8, sP10, and sP6,

ps' = 0.0077–0.032, one-tailed permutation test, uncorrected) and one

OT channel in the left hemisphere (PO7, p = .042). When averaging

across four OT channels, the amplitude increase was significant in the

right hemisphere (3.01 μV, p = .014) but not in the left hemisphere

(1.2 μV, p = .18). Similarly, the N170 peak latency at right OT channel
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sPO8 was 7 ms later to inverted (170 ms) compared to upright (163 ms)

faces. The latency increase following face inversion was significant at

five right OT channels (sO2, sPO8, sP10, sP6, sT8, ps' = 0.019–0.0006

uncorrected, latency IE range: 6–11 ms) and one left OT channel (sPO7,

p = .007, latency IE: 5 ms). Together, these observations indicate that

patient KV's electrophysiological response to faces over OT scalp

regions are typical compared to normal healthy adults.

3.2 | Corresponding N170 properties between right
OT scalp region and lateral inferior occipital cortex

ERP responses to face images were also observed in intracerebral

recordings, in most recording contacts in the ventral and lateral sec-

tions of the OT and posterior temporal cortex (Figure 3). We specifi-

cally focused on the contacts exhibiting a prototypical biphasic

response during the first 200 ms following stimulus onset and

resembling responses measured on the scalp. These biphasic

responses consisted in either a P100–N170 sequence of ERP compo-

nents or its polarity reversal N100–P170, and were observed in all

contacts of electrodes D and L (occipital cortex: LG, pCoS, and IOG)

and in 5 out of 11 contacts of electrode F (contacts F1, F2, and F5 in

the lingual gyrus and the CoS, contacts F6 and F7 above the FG). All

contacts with a N170 or P170 showed a robust FIE manifested as an

increase in the amplitude and/or the latency of the N170/P170 com-

ponent in response to inverted compared to upright faces (Figure 4).

Across these contacts, the mean amplitude increase (�std across con-

tacts) due to face inversion was 31 � 14.2 μV, with a range of

11.5–58.8 μV (Figure 4a). The amplitude increase was significant

(p < .05 Bonferroni corrected) at all contacts except F6 and F7. Across

contacts, the mean latency increase for inverted faces was

6 � 2.1 ms, with a range of 1.7–10.9 ms (Figure 4b). The latency

increase was significant (p < .05 Bonferroni corrected) at all contacts

except D1 and F1 (although the latency increase was significant on

D1 if uncorrected: latency increase = 6.1 ms, p = .008 uncorrected).

In addition to these SEEG contacts, we also considered contacts F8

and F9 located in the OTS (Figure 1c,d). These contacts did not display

an early biphasic electrophysiological response, but showed a negative

component around the time window of the N170 (Figure 3a),

although with a slightly delayed peak latency as compared to lateral

contacts of the L and D electrodes (198 ms in F8 and 182 ms in F9 in

response to upright faces, Figure 4b). Amplitudes at these contacts

were not significantly different for upright relative to inverted faces

(p = .3 uncorrected, Figure 4a), but there was a significant latency

increase with inversion in F8 (p < .0001, Bonferroni corrected), not F9

(p = .9 uncorrected, Figure 4b).

Importantly, specifically over the most external contacts of the

D and L electrodes (D7-8 and L7-8) in the external surface of the

lateral section of the IOG, responses to upright and to inverted

faces were remarkably similar to responses measured over nearby

scalp right OT channels (sPO8, sO2, sP10, and sP6). Indeed, the

morphology, polarity, and latency of the negative component mea-

sured in lateral IOG match the polarity and latency of the N170

measured on scalp right OT channels both for upright and inverted

faces (Figures 3 and 4). First, only D7-8 and L7-8 showed a polarity

of the ERP components matching the polarity measured on the

scalp (i.e., P1–N170, Figure 3a,b). The negative polarity “N170” was

specifically recorded on these contacts. Moving toward more

medial/deep intracerebral contacts in the posterior CoS (L1–L6 and

D1–D6), there was a sudden shift in the polarity of both the P100

and N170 so that the P100 becomes an N100 and the N170

becomes a P170 (Figure 3a,b). This shift occurred between contacts

D7 and D6, and L7 and L6, that is within the lateral part of the

right IOG, with D7/L7 located close to the superficial layer of the

cortex and D6/L6 in contact with the deeper part of the lateral IOG

close to the posterior CoS. The polarity shift is best illustrated when

visualizing the ERP waveforms as in the upper row of Figure 3a

(e.g., contacts L8 and L6) or when visualizing the amplitude of the

N170/P170 as colored dots as in Figure 3b (color changes from

blue to red between contacts D7/L7 and D6/L6). A P170 of similar

latency was also measured in contacts of electrode F located in the

OTS, above the LFG (F6, F7, Figures 3b,c and 4b). Second, the

latency of the scalp N170 to upright faces in right OT regions was

very similar to that measured in lateral IOG (Figures 3c and 4b). Col-

lapsing across face orientation, the mean N170 latency was

166 � 4 ms for right OT scalp regions and 162 � 5 ms for lateral

IOG contacts (average of D7-8 and L7-8). In contrast, the P170

FIGURE 2 Scalp response to upright and inverted faces in patient

KV. (a) Averaged ERP responses to upright and inverted faces at a
single right hemispheric occipito-temporal (OT) scalp electrode (sPO8)
in patient KV (see scalp location in panel B). Shaded regions are SE
across trials. The large N170 component, peaking at around 170 ms,
is increased in amplitude and latency for inverted faces compared to
upright faces. (b) Patient KV's scalp topographical distribution of the
N170 peak for upright faces (left), inverted faces (middle), and the
difference between upright and inverted face conditions (right).
Topographical maps are displayed from the back of the head at the
latency of the peak component or peak difference (latency indicated
below each map). These scalp topographies show typical N170 and
N170 inversion effect of posterior OT regions, with a right
hemispheric dominance [Color figure can be viewed at
wileyonlinelibrary.com]
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recorded more medially (L1–L6 and D1–D6) peaked later overall

(174 � 5 ms) and progressively increased from more lateral to more

medial contacts (Figure 4b). This latency difference between the

N170 measured in the lateral IOG (D/L7-8) and adjacent more

medial contacts (e.g., D/L5-6) suggests that the neural sources of

the N170 measured in lateral IOG and P170 measured more medi-

ally might be, at least partly, different.

In summary, the similarity in polarity, latency, and inversion

effect between the N170 measured on the scalp right OT regions and

the N170 recorded on intracerebral lateral D and L contacts suggests

that these scalp N170s arise from underlying neural sources in

lateral IOG.

3.3 | Direct correlations of N170 latency and
amplitude between scalp and intracerebral recordings

To more formally and directly determine the contribution of intracere-

bral sources to the N170 measured on the scalp, we quantified the

correspondence of the N170 latency and amplitude between scalp

and intracerebral recordings using a correlation approach.

First, we correlated the EEG peak amplitude during the N/P170

time window (i.e., 140–200 ms) across intracerebral contacts and

scalp electrodes (Figure 5a). These analyses confirmed our hypothesis

that N170 measured at OT scalp electrodes mainly arises from regions

in lateral IOG. The highest and most consistent scalp-intracerebral

correlations of EEG amplitude in the N170 window occurred between

FIGURE 3 Intracerebral and scalp N170/P170 response to faces. (a) Averaged ERP responses to upright faces recorded at all 27 intracerebral

recording contacts. Waveforms are displayed superimposed separately for the three multicontact electrodes (D, L, and F). (b) Top: averaged ERP
responses to upright and inverted faces at two intracerebral contacts of electrodes L in the superficial part of the lateral inferior occipital gyrus
(IOG) (L8) and in the deeper part of the lateral IOG close to the posterior collateral sulcus (L6). See panel B for their location. ERPs at these two
contacts manifest an opposite polarity such that an N170 is measured in L8 and a P170 is measured in L6. Bottom: ERPs at two right occipito-
temporal scalp electrodes near the intracerebral contacts shown above. Note the scale difference between intracerebral and scalp responses but
the similarity in N170 latency. (c) Ventral view of the posterior half of the patient KV's right hemisphere (white matter surface with the gray
matter surface shown as a dotted gray outline) together with intracerebral contacts (small circles) and selected surrounding scalp electrodes (large
circles). The closest scalp electrodes to intracerebral contacts D8 and L8 were sPO8, sO2, sP10, and sP6 (Euclidian distance to D8 = 27, 26, 51,
and 32 mm, respectively; Euclidian distance to L8 = 28, 35, 45, and 33, respectively). Channels are colored as a function of the amplitude of the
N170/P170 for upright faces, measured as the mean amplitude in a �10 ms around the peak. Note the difference in the color scale used for scalp
and intracerebral data. (d) Same convention as for panel B but representing the N170/P170 latency for upright faces [Color figure can be viewed
at wileyonlinelibrary.com]
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intracerebral contacts in the lateral IOG (contacts D7-8, L7-8) and

scalp electrodes distributed over bilateral OT and posterior parietal

regions. Statistics indicate that the N170 amplitude measured at these

four intracerebral contacts was significantly (p < .05, corrected for

multiple comparison) correlated with a broad group of 11 scalp elec-

trodes (mean Pearson's coefficient across 11 electrodes = 0.53

� 0.05, range: 0.43–0.64, Figure 5b) for contacts D7-D8, and a group

of five scalp electrodes (mean Pearson's coefficient across elec-

trodes = 0.45 � 0.03, range: 0.42–0.50, Figure 5b) for contacts

L7-L8. When including the five common right OT scalp electrodes

(sO2, sP4, sOZ, sP6, and sPO8) across D7-8 and L7-8, correlations

were significantly (t(4) = 15.401, p < .001) higher with intracerebral

contacts D7-8 (r = 0.58 � 0.03) than with contacts L7-8

(r = 0.45 � 0.03). Across the four intracerebral contacts (i.e., D7-8

and L7-8), correlations were also strongest with right posterior OT

scalp regions (sP6, sPO8, sO2, sOZ, and sP4; mean Pearson's

r coefficient = 0.52 � 0.08, Figure 5) and were significantly stronger

in scalp channels in the right OT (sP6, sPO8, s02, sP10, and sP4; mean

r = 0.5 � 0.09) compared to left OT (sP5, sPO7, s01, sP9, and sP3;

mean r = 0.38 � 0.12; t(8) = 2.27, p = .027, one-tailed). Significant

correlations of left OT sites with right OT SEEG contacts mostly likely

reflect an indirect correlation between the right and left hemispheres,

in line with findings of interhemispheric connectivity of OT regions

during face processing (Yang, Qiu, & Schouten, 2015). In the present

study, these interhemispheric correlations are likely related to the

commonality of input, early visual processing stages, and current state

of the system when the image appears on the screen. In addition, cor-

relations of 14 bilateral posterior scalp electrodes with intracerebral

contacts D7-8 or L7-8 were significantly stronger than with directly

adjacent contacts D6 (mean r = 0.22; D6 vs. D7-8: t(13) = 10.2,

p < .0001) and L6 (mean r = 0.13; L6 vs. L7-8: t(13) = 8.5, p < .0001).

Moreover, and in line with these latter observations, the correlations

of N/P170 amplitude between lateral contacts D7-8 and L7-8, as well

as between medial contacts D5-6 and L5-6 were much higher (mean r

for D7-8/L7-8 = 0.92, mean r for D5-6/L5-6 = 0.93) than correlations

between lateral and medial contacts (D6-D7: r = 0.19; L6-L7:

r = 0.13). This suggests that the neural sources generating the N170

and P170 in lateral IOG and adjacent posterior CoS (D5 and L5) are

mostly independent.

Second, we correlated the EEG peak latency during the N/P170

time window across intracerebral and scalp electrodes (Figure 6a).

This analysis confirmed that the lateral IOG is a prominent neural

source of the N170 measured at right OT scalp electrodes. We

observed a specific pattern of positive correlations between contacts

D7-8, L7-8, and OT scalp electrodes with a strong right hemispheric

dominance. Statistics indicated that N170 peak latency at these four

intracerebral contacts were significantly correlated with a cluster of 3

to 6 scalp right OT electrodes (Figure 6b, mean Pearson's coefficient

across electrodes = 0.39 � 0.04, range: 0.30–0.49). Across 6 right OT

scalp electrodes (sP6, sPO8, s02, sOz, sP10, and sP4), Pearson's coef-

ficients were slightly larger for contacts D7-8 (mean r across con-

tacts = 0.39; range = 0.3–0.49) than for contacts L7-8 (mean

r = 0.33; range: 0.25–0.41). In contrast, correlations of the same scalp

electrodes with directly adjacent intracerebral contacts D5-6 and L5-6

in the deep part of the IOG and the posterior CoS were around zero

(mean r = 0.02 � 0.04; range: −0.11 to 0.04).

For these contacts in the lateral IOG (i.e., D7-8 and L7-8), correla-

tion coefficients between N170 peak latency were strongest at scalp

electrodes in right OT, closest to the location of the corresponding

intracerebral contacts (sPO8, sP6, sO2, sP4, sOz, and sP10). More-

over, for all four intracerebral contacts, correlations with posterior

scalp electrodes were significantly stronger in the right hemisphere

(mean r across 4 contacts/6 electrodes = 0.35) compared to the left

hemisphere (mean r = 0.10; ps < 0.001).

FIGURE 4 Intracerebral and scalp N170 amplitude and latency to upright and inverted faces. (a) The plot shows the absolute value of the peak

amplitude of the N170/P170 measured at intracerebral contacts and right occipito-temporal scalp electrodes in response to upright and inverted
faces. Error bars are SE of the mean. Amplitude at scalp OT channels is also displayed on a secondary scale in the square inset. (b) Same as for
panel a but showing N170/P170 peak latency [Color figure can be viewed at wileyonlinelibrary.com]
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These N170 latency analyses also revealed that while latency

correlations between lateral contacts D7-8 and L7-8, as well as

between medial contacts D5-6 and L5-6 were high (mean r for D7-8/

L7-8 = 0.88, mean r for D5-6/L5-6 = 0.92), the N170 latencies were

weakly correlated between lateral and medial contacts (D6-D7: r = 0.3;

L6-L7: r = 0.16). Together with the similar observation made for the

N/P170 amplitude, these observations support the view that although

the N170 measured at the most lateral contacts in IOG (D7-8 and L7-8)

and the P170 measured in adjacent contacts have very similar latencies

(161 and 170 ms for N170 and P170, respectively, Figure 4), these

components reflect the activity of separate neural sources. These ana-

lyses suggest again that only the most lateral source(s) (D7-8 and L7-8)

contribute to the N170 measured on the scalp.

3.4 | Potential contribution of the LFG to OT
scalp N170

The present data set shows that the right lateral IOG largely contrib-

utes to the N170 recorded on the scalp. We next examined whether

the current data support an additional contribution of the LFG to the

scalp OT N170. In KV, two contacts of intracerebral electrode

F (F6 and F7) were located just 8 mm above the inferior surface of the

LFG (Figure 7). Importantly, these two contacts exhibited a positive

component peaking during the N170 time window (“P170”), and

which latency was significantly increased by face inversion.

Our data suggest that in the current patient, the LFG does not

contribute or contributes minimally to the OT scalp N170. First, we

observed no specific correlation between the P170 (latency or ampli-

tude) measured at F6 or F7 and the N170 measured on the scalp OT

regions. Second, we rule out that the electrical field generating this

P170 is parallel to the main axis of the F electrode (i.e., with a medio-

lateral orientation pointing to the lateral OT scalp region) for two

reasons: (a) a P170 or N170 of similar morphology as in F6-F7 was

not measured at adjacent sites in the OTS (F8-9: negative component

of longer duration and later latency) and CoS (F4-5: different morphol-

ogies), and (b) there was no significant correlation between N170

latency measured in contacts F6-F7 and adjacent contacts F5 and F8

(mean r across pairs of electrodes = −0.1 � 0.14). This indicates that

responses measured in contacts F6-F7 do not arise from an equivalent

dipole oriented roughly parallel to the F electrode. Rather, we

FIGURE 5 Correlations between intracerebral and scalp N170 amplitude to upright faces. (a) Scalp topographical maps (view from above the

head) of the unthresholded Pearson correlation coefficients between the peak amplitude in the N170 time window measured at each
intracerebral contact and each scalp electrode. Each map represents the correlations of one intracerebral contact with all scalp electrodes.
Different intracerebral electrodes (D, L, and F) are shown in rows, and adjacent recording contacts are shown in columns (see Figure 1 for
anatomical location of the contacts). Scalp electrodes' labels are shown on the right schematic head plot (“s” in front of the label is omitted for
readability). (b) Topographical maps showing only significant correlation coefficients (p < .05, corrected for multiple comparisons). White indicates
no significant correlation [Color figure can be viewed at wileyonlinelibrary.com]
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hypothesize that the P170 measured in these contacts is generated

from an equivalent dipole in the LFG located just below and oriented

along a roughly vertical axis, pointing toward the bottom of the head

and not toward the scalp lateral surface.

4 | DISCUSSION

4.1 | Summary and generalizability of our
observations

The unique data set reported here points to the lateral section of the

right IOG as a major cortical source of the scalp N170, a component

evoked by the sudden onset of face stimuli and which has been

described in hundreds of studies to characterize the functional proper-

ties of human face perception (Rossion & Jacques, 2011 for review) as

well as its impairment in various neurological and psychiatric diseases

(Feuerriegel, Churches, Hofmann, & Keage, 2015 for review). This

conclusion is based on three key observations. First, the large N170

component elicited on recording contacts lying at the cortical surface

of the lateral IOG (D8 and L8) or inside the IOG gray matter (D7 and

L7) (Figure 1), 3–4 cm away from scalp electrodes over the OT regions

where the largest N170 is recorded in the patient and in typical

healthy individuals. Second, the functional properties of this intracere-

bral component, that is, its characteristic negative polarity and peak

latency at 170 ms, as well as its large and specific increase in both

amplitude and latency for inverted faces, a consistent marker of N170

face specificity reported in tens of scalp recording studies as cited

above, as well as in a previous intracranial study (Rosburg et al., 2010).

This observation directly contradicts the view that upright and inverted

faces are represented in a similar manner in face-selective regions in

the IOG (Pitcher et al., 2011; Yovel, 2016). Third, thanks to the original

simultaneous scalp recording with a (good) coverage over OT regions,

the observation of a striking similarity between the intracerebral and

scalp N170s in terms of mean latency and sensitivity to face inversion,

as well as across-trial correlations of amplitude and latency.

These observations were possible thanks to a rare case of simul-

taneous intracerebral–scalp EEG recording where we had both a

simultaneous coverage of the lateral IOG and the LFG and a relatively

FIGURE 6 Correlations between intracerebral and scalp N170 latency to upright faces. (a) Scalp topographical maps (view from above the head)

of the unthresholded Pearson correlation coefficients between the peak latency in the N170 time window measured at each intracerebral contact
and each scalp electrode. Each map represents the correlations of one intracerebral contact with all scalp electrodes. Different intracerebral
electrodes (D, L, and F) are shown in rows, and adjacent recording contacts are shown in columns (see Figure 1 for anatomical location of the
contacts). Scalp electrodes' labels are shown on the right schematic head plot (“s” in front of the label is omitted for readability). (b) Topographical
maps showing only significant correlation coefficients (p < .05, corrected for multiple comparisons). White indicates no significant correlation
[Color figure can be viewed at wileyonlinelibrary.com]

1412 JACQUES ET AL.

http://wileyonlinelibrary.com


dense and even coverage of bilateral OT scalp regions. This scalp

coverage over the OT region has been demonstrated to orthogonally

project to the IOG (Koessler et al., 2009).

This data set is rare for several reasons. First, simultaneous IOG

and LFG electrode implantation are rare, given that occipital lobe epi-

lepsies are a very rare form of drug-refractory focal epilepsies. Sec-

ond, simultaneous intracerebral and scalp recordings with sufficient

scalp coverage are even scarcer because of fear of secondary infec-

tion. Third, compared to SEEG used here, ECoG—which has been the

more widely used surgical method to record human intracranial

electrophysiology—is suboptimal for simultaneous scalp–intracranial

recordings. Indeed, the extensive craniotomies involved for placing

ECoG grids/strips generally prevent from using high-density record-

ings and create large discontinuities in the skull which are known to

distort the EEG signal on the scalp (e.g., Flemming et al., 2005). Such

difficulties are minimized with SEEG (e.g., Dubarry et al., 2014).

Although the observations reported here are described in a single

case patient with refractory epilepsy, we argue that they can be

generalized to other (healthy) adult brains. Indeed, this patient appears

to have a typically (i.e., similar to healthy normal adults) functioning

face-selective brain network, as demonstrated by the following obser-

vations: this patient has: (a) a typical cortical face network as defined

in fMRI (Jonas et al., 2012, 2014), (b) a large and typical scalp N170

with a right hemispheric dominance, (c) a typical N170 FIE (Figure 2),

and (d) fully preserved face recognition skills as revealed with neuro-

psychological tests (see Jonas et al., 2012). Finally, electrical stimula-

tion of the OFA in the right IOG of this patient impaired her ability to

recognize familiar famous faces (Jonas et al., 2012) or to discriminate

individual unfamiliar faces (Jonas et al., 2014), in line with the observa-

tion that acquired prosopagnosia is most frequently associated with

brain lesions to this region (Bouvier & Engel, 2006) and can result

from focal lesions to this region (Rossion et al., 2003). Yet, additional

simultaneous EEG–SEEG measurements in other patients in similar

experimental setups and a wide range of cortical geometry and spatial

sampling of cortical activity are needed to ensure full generalizability

of our observations.

4.2 | The right IOG is a major cortical source of the
scalp N170

Overall, this data set provides direct evidence against the claim that

only the P1, not the N170 evoked by faces is generated in the right

IOG, and that the N170 would rather originate from the middle FG

(Duchaine & Yovel, 2015; Pitcher et al., 2011; Sadeh et al., 2010; Yovel,

2016). As noted in Section 1, this serial/hierarchical view for the

spatiotemporal organization of the cortical face network is based on the

following observations: (a) correlational measures performed between

(face-selective) responses on the OT scalp in EEG and in the IOG and

FG in fMRI (Horovitz et al., 2004; Sadeh et al., 2010), (b) the early

latency of TMS effects applied to the IOG on face processing (Pitcher

et al., 2008, 2007), as well as (c) source localization of the N170/M170

mostly in the FG (Deffke et al., 2007; Halgren et al., 2000; Henson

et al., 2009; Herrmann et al., 2005; Hoshiyama et al., 2003; Itier et al.,

2006; Mnatsakanian & Tarkka, 2004; Pizzagalli et al., 2002; Rossion,

Joyce, et al., 2003; Shibata et al., 2002; Watanabe et al., 2003).

Why do our observations fail to align with these previous find-

ings? First, Sadeh et al. (2010) report that the magnitude of fMRI face

selectivity in the IOG correlates with OT region EEG face selectivity

only during the P1 time window (being significant in a single time-bin

at 112 ms after stimulus onset), while fMRI face selectivity in the FG

correlates with EEG responses only during the N170 time window

(160–180 ms after stimulus onset). One key aspect that may have

contributed to differences in findings between Sadeh et al. (2010) and

the present study is that Sadeh et al. correlated EEG to fMRI using a

metric of face selectivity computed for each subject while we directly

correlated the absolute amplitude/latency of the N170. The correla-

tion approach in the present study (i.e., using variability in trials mea-

sured simultaneously across channels) prevents from using such a

metric (e.g., an index of face inversion) as responses to upright and

inverted faces were measured in separate trials. Interestingly, a more

recent attempt to correlate simultaneously recorded EEG and fMRI

during face processing using raw amplitude rather than face selectivity

also failed to find a strong relationship between the amplitude of the

FIGURE 7 A P170 measured above the lateral fusiform gyrus (FG).

(a) Averaged ERP responses to upright and inverted faces in five
intracerebral contacts of the F electrode (F4–F8), passing from the
collateral sulcus to the OTS above the FG. The anatomical location of
the contacts from the F electrodes is shown on a coronal slide.
Contacts F6 and F7 (highlighted in red), which are at the border of the
OTS 8 mm above the inferior surface of the lateral FG show a
prominent P170 component. The FG is highlighted in purple color.
(b) Location of the F6 intracerebral contact relative to the patient's
brain and head (see Figure 1 for additional anatomical details) [Color
figure can be viewed at wileyonlinelibrary.com]
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BOLD signal in the FFA and the amplitude of the scalp N170

(Nguyen & Cunnington, 2014). In addition, Sadeh et al. (2010) pre-

vented from having deviant face-selectivity index (i.e., outside [−1 1]

range) due to the N170 being sometimes of opposite sign in response

to face and nonface stimuli, by subtracting a constant value to the

whole sample of N170 amplitude. This procedure can potentially have

a strong impact on the face-selectivity index (especially for small

N170 amplitudes), and resulting correlation values with small number

of data points are unwarranted. Another important difference is that

in Sadeh et al. (2010), correlations were performed using across-

subjects variability (N = 10), while our study relies on within-subject

across-trial variability of the N170 latency and amplitude, a more

direct way of assessing the correspondence across these measure-

ments. Finally, Sadeh et al. (2010) investigate the relationship

between IOG and scalp-level responses using two very different sig-

nals (EEG vs. fMRI) with very different temporal properties, while the

present study measured electrophysiological signals of the same

nature on the scalp and inside the brain.

A second line of evidence for the serial/hierarchical view of face

processing comes from observations that TMS double pulses directed

to the OFA impairs performance in different face processing tasks

only when these pulses are sent at 60 and 100 ms after face onset,

but not when pulses are sent at 20 and 60 ms or 100 and 140 ms

(Pitcher et al., 2008, 2007). The authors interpreted these observa-

tions as evidence that the OFA processes face information in the time

window of the P1 component (typically 80–120 ms), thus before the

N170 component. However, the pattern of performance modulation

as a function of time in these studies strongly suggest that: (a) the first

pulse at 60 ms is insufficient to significantly disrupt face processing

(because it is not disrupted in the 20–60 ms pulse condition), and

(b) it is the second TMS pulse (sent at 100 ms), adding up to the first

pulse, that effectively generates the behavioral impairment. This indi-

cates that the critical time window for disrupting face processes in the

OFA is 100–140 ms, when the N170 rises, rather than strictly in the

P1 time window. Such an interpretation would in fact be compatible

with the current finding that a major source of the scalp N170 lies in

the lateral IOG. In addition, this interpretation would also be compati-

ble with the current finding that the N170 in the IOG and P170 above

the LFG have very similar latencies (i.e., 160–170 ms, Figure 4), in line

with the finding of simultaneous (or even earlier) face-selective

response onsets in the FFA compared to the OFA with time-resolved

fMRI (Gentile et al., 2017; Jiang et al., 2011, 2015).

Finally, the majority of electromagnetic source imaging studies of

scalp EEG or MEG activity report main sources of the N170/M170

around the posterior to anterior FG (Deffke et al., 2007; Henson et al.,

2009; Herrmann et al., 2005; Itier et al., 2006; Mnatsakanian &

Tarkka, 2004; Rossion, Joyce, et al., 2003; Shibata et al., 2002;

Watanabe et al., 2003), although some report main or additional

sources in the IOG (Henson et al., 2009; Itier et al., 2006; Rossion,

Joyce, et al., 2003) or the posterior STS (Itier & Taylor, 2004; Wata-

nabe et al., 2003). However, the ill-posed nature of the inverse prob-

lem and the diversity in source imaging algorithms (see Grech et al.,

2008 for a review) make it difficult to draw firm conclusions about the

relative involvement of the IOG and FG regions (which are spatially

close to each other and are likely to have correlated responses) in

generating the scalp N170. Interestingly, numerous intracranial elec-

trophysiological studies have reported face-selective negativities

around 170–200 ms (N170 or N200, Allison et al., 1994, 1999;

Davidesco et al., 2014; Miller, Schalk, Hermes, Ojemann, & Rao, 2016;

Privman et al., 2007; Puce et al., 1999; Rangarajan et al., 2014;

Rosburg et al., 2010) from posterior to anterior sections of the

FG. However, none of these studies has reported scalp EEG data in

order to establish a contribution of these intracranial FG responses to

the scalp N170 (but see Rosburg et al., 2010 for simultaneous record-

ing of FG and vertex scalp location). Our current findings of a major

contribution of the lateral IOG in generating the scalp N170 are there-

fore not incompatible with the recording of large N170/N200

responses in the FG. Our findings are, however, directly in line with

the few reports of N170 responses in the lateral IOG (Rosburg et al.,

2010; Sato et al., 2014), as well as with the observation of a robust

increase in the N170 amplitude and latency for inverted relative to

upright faces in this region (Rosburg et al., 2010).

We acknowledge that our claim of the IOG as a major source for

the scalp N170 seems incompatible with the finding of a preserved

face-selective scalp N170 despite completely missing right IOG face-

selective region in the brain-lesioned prosopagnosic patient PS (Prieto

et al., 2011). However, it is fair to say that, contrary to the current

case (Figure 2), PS's N170 showed both an abnormal scalp topography

(which is found also for other face-selective responses and is likely

to be related to the lesion in PS's skull over the right OT region; see

Liu-Shuang, Torfs, & Rossion, 2016; Sorger, Goebel, Schiltz, &

Rossion, 2007) and a reduced face-selectivity, suggesting that the IOG

is still critical in generating a “normal” N170, in line with the current

findings and with other sources of evidence in brain damaged proso-

pagnosic patients (Dalrymple et al., 2011). Moreover, since the N170

amplitude varies substantially across individuals, one cannot exclude

that patient PS's N170 was much larger before her brain damage.

4.3 | Potential contribution of the LFG to the OT
scalp N170

Given that we report data from a single patient implanted only with

three intracerebral electrode arrays, our finding of the lateral IOG as a

major source of the scalp N170 does not rule out the contribution of

other cortical sources, including potential sources in or around the LFG.

Indeed, it is clear that robust face-selective responses are generated in

the LFG, as indicated both with fMRI (e.g., Gao et al., 2018; Kanwisher

et al., 1997; Rossion et al., 2012; Weiner & Grill-Spector, 2010) and

intracranial electrophysiology (Allison et al., 1994, 1999; Davidesco

et al., 2014; Jacques et al., 2016; Jonas et al., 2016; Miller, Hermes,

Pestilli, Wig, & Ojemann, 2017; Privman et al., 2007; Rangarajan et al.,

2014). Moreover, these electrophysiological face-selective responses

often occur between 100 and 200 ms following stimulus onset, with

clear peaks at about 160–170 ms. Here, we would like to discuss some

of the conditions that determine the potential contribution of the LFG

to the scalp OT N170. In light of these, we argue that, in the current

patient, the contribution of the LFG is likely minimal.

First, if the LFG strongly contributed to the scalp OT N170, we

should have observed a correlation between the P170 amplitude (neg-

ative correlation) or latency (positive correlation) measured at F6 or
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F7 and the N170 measured on the scalp OT regions. However, we did

not observe such correlations. It is fair to say here that the spatial

sampling of the LFG in this patient was far from complete. However,

although it is possible that our sparse intracerebral sampling of the

LFG may have missed the bulk of the face-selective responses in this

region, we still measured a clear P170 component with an effect of

face inversion at F6 and F7. Moreover, even though, the location

of the LFG contacts may not have been optimal and the distance of

these contacts from scalp OT electrodes is larger than with contacts

in the IOG—likely weakening putative correlations—, we still may have

expected a weak correlation between LFG and scalp OT channels.

Second, one should consider the local geometry of the cortical

folding in this area, as this determines the orientation of the electrical

fields generated in this region relative to the scalp surface. The LFG

has the majority of its external cortical surface pointing toward the

inferior part of the head (or toward more medial aspects of the head

due to the cerebellum under it). In line with Bentin et al.'s (1996) origi-

nal proposal, we argue that the electrical field (dipole) generating the

N200–N170 component on the ventral surface of the LFG is oriented

roughly vertically (i.e., perpendicular to the inferior cortical surface),

with the negative pole pointing toward the bottom of the head (or the

center of the neck when the LFG surface is slightly oblique), which is

geometrically incompatible with a strong contribution of the LFG to

the OT scalp N170. This hypothesis is supported by current and previ-

ous intracranial EEG studies: while SEEG studies using similar intrace-

rebral electrodes as electrode F here, passing over or slightly above

the internal/superior surface of the FG, consistently report a positive

component (P170, Barbeau et al., 2008; Halgren et al., 1994), ECoG

studies with electrodes placed over the external/inferior surface of

the FG consistently report a negative component (N170 or N200,

e.g., Allison et al., 1994, 1999; Miller et al., 2016; Rangarajan et al.,

2014; Rosburg et al., 2010). In the current patient, the finding of a

P170 sensitive to face inversion in contacts above the LFG provides

original supports for this hypothesis by refuting the possibility that

the P170 in LFG contacts is generated by a mediolateral dipole point-

ing to the lateral OT scalp surface. Indeed, the ERP response in con-

tacts located just medially (in CoS) and laterally (in OTS and ITG) to

FG contacts do no exhibit a component with a similar morphology or

latency (Figures 3a and 7), suggesting that the P170 in LFG contacts is

not generated by a dipole oriented along the mediolateral axis.

Although the argument about cortical geometry of the LFG makes

it unlikely for this region to be a major contributor to the scalp OT

N170, it does not completely rule out a potential contribution of the

medial banks of the mid-fusiform sulcus (MFS) or the OTS around the

FG region to the scalp N170. In most individuals, including patient KV

of the present study, the FG is subdivided into a medial and lateral

section by a small sulcus located along the posterior–anterior axis: the

MFS (Weiner et al., 2014). While the (small) cortical surface of the

medial bank of the MFS does point toward the lateral scalp OT region,

its contribution to the face-sensitive N170 is unlikely. Indeed, the

medial and lateral banks of the MFS are part of two distinct cytoarchi-

tectonic structures (FG3 and FG4, respectively, Lorenz et al., 2017),

with face-selective responses in the LFG being largely confined to the

lateral bank of the MFS. In addition, potential neural sources located

in the OTS, laterally to the FG, and generating a horizontal or oblique

electrical field, may very well contribute to the N170 measured on OT

scalp electrodes (Bentin et al., 1996). Indeed, fMRI face-selective acti-

vation in the LFG frequently spreads to the medial bank of the OTS

(e.g., Gao et al., 2018; Weiner & Grill-Spector, 2010; Zhen et al.,

2015). However, the large difference in peak latency between the

scalp N170 (around 160 ms) and the negativity measured in the OTS

(F8-F9: 180–200 ms), as well as the absence of a scalp-like N170

component in contacts lateral to the OTS (F10-F11) in the current

patient do not bring support for such a contribution.

In the present study, we provide clear evidence for a major contri-

bution of the IOG to the scalp OT N170. However, establishing the

nature of the contribution of the FG region to this ERP component

needs further exploration. As indicated earlier, we report the data

from a single patient with a single intracerebral multicontact electrode

passing over the FG, which may have missed other neural sources in

the FG. To complement our findings, one approach would be to take

advantage of the methodological tools developed here, where future

studies would combine high-density scalp recordings and intracerebral

recordings at different OT locations in larger groups of patients. A

complementary approach would be to rely on forward source model-

ing, combining detailed modeling of the individual cortical geometry

and head, with simulating the activation of distinct face-selective

regions in the OT cortex (see Ales, Yates, & Norcia, 2010 for primary

visual cortex simulations).

As a final note, while the FG may only minimally contribute to the

OT scalp N170, this region may contribute to the face-sensitive VPP

measured over the vertex, located above the FG, at the same time

window as the N170, the two components sharing functional proper-

ties (Jeffreys, 1989, 1996; Joyce & Rossion, 2005). Unfortunately,

here, we found no significant correlation between the P170 measured

in contacts F6 and F7 and the signal at central scalp electrodes

(e.g., Cz, Fz, Figures 5 and 6). However, these scalp electrodes are rel-

atively far from the FG and signal quality at these channels was rather

poor. Further studies investigating scalp to intracerebral relationship

are needed to determine whether the FG distinctively contributes to

the VPP, or if this component which shares functional properties with

the N170 despite reduced sensitivity, emerges essentially at this

location due to the use of reference electrodes near the OT regions

(earlobes or mastoids, see Joyce & Rossion, 2005).
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Abstract

Putting a name to a face is a highly common activity in our daily life that greatly enriches

social interactions. Although this specific person–identity association becomes automatic

with learning, it remains difficult and can easily be disrupted in normal circumstances or neu-

rological conditions. To shed light on the neural basis of this important and yet poorly under-

stood association between different input modalities in the human brain, we designed a

crossmodal frequency-tagging paradigm coupled to brain activity recording via scalp and

intracerebral electroencephalography. In Experiment 1, 12 participants were presented with

variable pictures of faces and written names of a single famous identity at a 4-Hz frequency

rate while performing an orthogonal task. Every 7 items, another famous identity appeared,

either as a face or a name. Robust electrophysiological responses were found exactly at the

frequency of identity change (i.e., 4 Hz / 7 = 0.571 Hz), suggesting a crossmodal neural

response to person identity. In Experiment 2 with twenty participants, two control conditions

with periodic changes of identity for faces or names only were added to estimate the contri-

bution of unimodal neural activity to the putative crossmodal face-name responses. About

30% of the response occurring at the frequency of crossmodal identity change over the left

occipito-temporal cortex could not be accounted for by the linear sum of unimodal

responses. Finally, intracerebral recordings in the left ventral anterior temporal lobe (ATL) in

7 epileptic patients tested with this paradigm revealed a small number of “pure” crossmodal

responses, i.e., with no response to changes of identity for faces or names only. Altogether,

these observations provide evidence for integration of verbal and nonverbal person identity-

specific information in the human brain, highlighting the contribution of the left ventral ATL in

the automatic retrieval of face-name identity associations.
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Introduction

Putting a name to a familiar face is a highly common activity in our daily life, which greatly

enriches social interactions. For neurotypical adult individuals, this association is often auto-

matic—i.e., names are retrieved even without the intention to do so—and yet quite difficult:

often, someone’s name cannot be remembered, or can take a few seconds to be evoked from

one’s face [1–3]. These difficulties increase with ageing, with people being often concerned

with a reduced ability to retrieve specific names associated with familiar faces [4–7]. An inabil-

ity to accurately put a name on a face is particularly salient in patients with Alzheimer disease

[8,9], semantic dementia (SD) [10,11], or traumatic brain injury [12,13].

Many studies have described brain-damaged patients with an impaired ability to retrieve a

name from a person’s face with a preserved ability to provide semantic information about the

person (e.g., the person’s profession) [14–19]. The reverse pattern of impairment, i.e., impaired

access to semantic information with preserved naming of a face, has not been described, to our

knowledge. These findings have been interpreted within cognitive models of person recogni-

tion, in which person-related semantic representations act as a gateway to name retrieval [20–

23].

The neural basis of face-name association remains largely unknown. Rare studies per-

formed in epileptic patients with depth electrodes implanted in the medial temporal lobe

(MTL) have revealed single neurons firing selectively to a famous person identity irrespective

of the presentation format (e.g., Jennifer Aniston’s face and her written name) [24]. However,

while these neurons have been defined as “concept cells”, they are thought to play a role in cre-

ation of associations and recollection of (recent or recently refreshed) conscious episodic

memory events rather than supporting long-term semantic associations [25].

At the system level of brain organization, two opposite views can be advanced. On the one

hand, verbal and nonverbal person-specific information may be processed separately in the

left and right anterior temporal lobe (ATL), respectively, and integrated through re-entrant

interhemispheric connections [26,27]. This proposal relies on the consistent observation that

the left and right cerebral hemispheres contribute differently to the processing of names and

faces, respectively. In neuroimaging, familiar faces activate most strongly the right occipito-

temporal cortex, whereas written proper names preferentially activate the left hemisphere [28–

32]. Consistent with these studies, group studies of SD patients have shown that the recogni-

tion of famous names is relatively more affected by a left anterior temporal atrophy, while

famous face recognition deficits are relatively more affected by a right anterior temporal atro-

phy [11,33,34]. Neuropsychological single-case studies of patients with anterior temporal atro-

phy [35–38] or focal anterior temporal damage [39] have also found evidence for graded

hemispheric dissociations within person-related recognition abilities, i.e., relative differential

impairments in accessing person-related information from faces or names depending on the

hemispheric side of the lesion. Moreover, the lack of crossmodal adaptation effects to

sequences of faces and names with the same identity in functional magnetic resonance imaging

(fMRI) [40] has reinforced this view of two separate processing pathways for faces and names

in the human brain.

On the other hand, other authors have proposed a semantic “hub” in the bilateral ATLs,

integrating modality-specific representations into a shared amodal/transmodal representation

[41–45]. This theory was first grounded in the observation of SD patients whose progressive

bilateral ATL atrophy has been systematically associated with a severe multimodal semantic

impairment [46–48]. According to this view, modality-specific person-related representations

stored in different parts of the brain (“spokes”) are integrated into a common individual repre-

sentation in the ATL (hub). Within this bilateral semantic network, between-hemisphere
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differences are relative rather than absolute and can be interpreted as a consequence of the dif-

ferential connectivity with other regions such as language areas and the left hemisphere

[49,50]. This “hub-and-spoke” model of semantic processing in the human brain has been sup-

ported by a wealth of evidence ranging from clinical observations [41,46,48,51], functional

neuroimaging [45,52–55], transcranial magnetic stimulation (TMS) [56,57], and computa-

tional simulations [41,58]. Regarding the specific association of familiar faces and names,

which is only a subcomponent of person semantics, the hub-and-spoke model predicts modal-

ity-specific representations of a person’s identity (“spokes”), in addition to an integrated multi-

modal representation in the bilateral ATL. Supporting this view, neuroimaging studies have

provided evidence that the recognition of famous faces and names activates the same regions

in the bilateral temporal lobes [28,45,59,60], with potential re-entrant interactions to the corti-

cal face network leading to priming effects between faces and names of the same identity

[61,62]. However, the lateralization of these common person-related representations appears

inconsistent across studies, i.e., being either unilateral [28,60] or bilateral [45,59,63], possibly

because these studies have often used explicit naming tasks, which involve different compo-

nents of language processing and are thus strongly left lateralized. Most importantly, irrespec-

tive of the hemispheric lateralization issue, to our knowledge, no direct evidence has been

provided so far for an integrated neural representation of faces and names at the level of a spe-

cific person identity. That is, beyond evidence for neural populations responding to both faces

and names in addition to unimodal responses, what is critically lacking at present is experi-

mental evidence for neural integration of a specific face and a name identity into a common,

i.e., crossmodal, representation.

To provide evidence for such a crossmodal neural representation of person identity, we

developed an original crossmodal frequency-tagging paradigm coupled to brain activity

recording via both scalp and intracerebral electroencephalography (EEG). Our approach is

based on the early observation that the brain’s electroencephalographic activity synchronizes

exactly with the temporal frequency of a periodic visual stimulus (e.g., a flickering light at 17

Hz generates an EEG response at 17 Hz) [64]. These digitally captured periodic EEG

responses, often named steady-state visual evoked potentials (SSVEPs), can be expressed in the

frequency domain through Fourier transform [65,66]. Compared to standard recordings of

event-related potentials, this approach has substantial advantages in terms of sensitivity (high

signal-to-noise ratio) and objectivity (i.e., the response occurs at a frequency predefined by the

experimenter and can be quantified easily) [67]. Over the last decade, this “frequency-tagging”

or “fast periodic visual stimulation” (FPVS) approach in human EEG has been successfully

extended to study higher-level visual functions, in particular using periodic “oddball” stimula-

tion to measure face [68,69] and written words [70] categorization. The term “SSVEP” is not

used here because it refers to the type of response obtained rather than the approach, and is a

loaded term, with different researchers having different views on what is and what is not a

SSVEP (as opposed to a transient event-related potential) [71]. The term “frequency-tagging”

is more appropriate, although often used in the context of spatially distinct stimuli flickering at

different frequencies [67,72], and this is why the term “FPVS” is preferred here.

Based on these principles and observations, in the present study, we performed a first

experiment in which variable pictures of faces and written names of a single famous identity

were presented at 4 Hz (i.e., 250-ms stimulus onset asynchrony) while recording brain activity

in healthy volunteers with scalp EEG. At every stimulation cycle, either a picture or a name of

that same (“base”) identity appeared, with the items selected randomly in a large pool of vari-

able pictures and names (Fig 1). Hence, compared to previous studies, the FPVS approach is

extended here to a multimodal (i.e., faces and written names) stimulation. Importantly, partici-

pants in the study did not have to explicitly associate the names and faces, only perform an
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unrelated orthogonal task throughout the stimulation. Every seven items, a different famous

identity appeared, either as a face or as a name. If the face and name of the famous base identity

are automatically associated during this stimulation sequence, then the occurrence of a differ-

ent identity among the flow of same-identity stimuli should disrupt this association. Critically,

a population of neurons sensitive to person identity from both modalities (written names and

face pictures) should therefore adapt/habituate at every stimulation cycle when the given iden-

tity is repeated, irrespective of the change of stimulation format and (most importantly) stimu-

lation modality. In this case, identity-oddball responses should emerge in the EEG whether

faces or names interrupt this repetition at the periodic “identity-oddball” rate (Fig 1, top row).

Consequently, if faces and names of a given identity are automatically integrated into a com-

mon crossmodal semantic representation, an electrophysiological identity-oddball response

should appear in the EEG spectrum exactly at the frequency of person identity change (4 Hz /

7 = 0.571 Hz), even without any explicit face- or name-related task from our participants.

In a second experiment, having established the presence of neural responses reflecting the

putative integration of identity-related faces and names, we ensured that these responses were

not due to the mere sum of independent populations of neurons showing identity-oddball

responses because of the statistical regularity of the modal identity-oddball response (i.e., a

population of face-selective neurons responding to identity-oddball faces falling more often

every 7 stimuli than any other regularity in the sequence; e.g., for faces: f1-n1-n1-f1-f1-n1-f2-
f1-n1-f1-n1-n1-f1-f3-n1-n1, etc.). To do that, we added two control conditions to the Face

Fig 1. Design of Experiments 1 and 2. Example of a sequence with the identity D. Trump as base stimuli. Experiment 1 included the condition Face Name only (top

row), with four famous identities as frequent stimuli. Experiment 2 used two famous identities, but included all 3 conditions: Face Name, Face Only, and Name Only.

Visual stimuli (names and faces) are presented at a frequency of 4 Hz with a sinusoidal contrast modulation, and an identity change occurs every seven stimuli (every

0.571 Hz = 4 Hz / 7). For viewing purpose, faces and names are showed at the same position for the three conditions, but the actual order of stimuli was randomized. In

Experiment 1, name stimuli were only uppercase and written in more conventional fonts (e.g., Arial, Agency, etc.) than those displayed in the figure. In Experiment 2,

name stimuli could be either uppercase or lowercase and were written in less conventional fonts to increase the variability among the stimuli and reduce the potential

reliance of the response on low-level visual confounds. Note that face images shown here are not the exact same images as in original paradigms but equivalent images

with copyright agreements (CC-BY licenses). Sources (by order of appearance in the figure, left to right, top to bottom) are as follows: https://flic.kr/p/2bnDkJ6; https://

flic.kr/p/Mj9V9J; https://flic.kr/p/MBK3za; https://flic.kr/p/MBK4u6; https://flic.kr/p/PeJVCb; https://flic.kr/p/PeJX47; https://flic.kr/p/PeJXHy; https://flic.kr/p/

aHvjQc; https://flic.kr/p/NeRpv8; https://flic.kr/p/Ms12cD; https://flic.kr/p/8kTTLh; https://flic.kr/p/7Ybc2J; https://flic.kr/p/DwpstN; https://flic.kr/p/mAWhLD;

https://flic.kr/p/nxmqZi.

https://doi.org/10.1371/journal.pbio.3000659.g001
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Name condition (FN), investigating the potential contribution of modality-specific processes

to the face-name association response (Fig 1). In the Face Only condition (FO), names of the

base identity were replaced by other famous names in order to isolate unimodal face responses

that potentially contribute to the neural response observed in the Face Name condition. In the

Name Only condition (NO), face images of the base identity were replaced by other famous

faces, isolating unimodal name responses potentially contributing to the face-name response.

Importantly, a different famous face or name identity was always presented every 7 items in all

conditions, and pictures of faces and written names appeared as frequently in all conditions.

However, in the two control conditions, automatic association of faces and names of a specific

identity was not possible.

Two alternative hypotheses were considered: (1) If face-name association results from the

conjoint activation of separated brain regions containing modality-specific person-related

representation (“face” regions and “name” regions), then electrophysiological activity in the

Face Name condition should not differ from the sum of the electrophysiological responses in

the Face Only and Name Only conditions (additive processing; FN = FO + NO). (2) If, on the

contrary, a face-name association also emerges from regions coding shared person-related rep-

resentations, then the electrophysiological response in the Face Name condition should be

greater than the sum of the activities in the two control conditions (integrative processing;

FN > FO + NO). Given the above debate, the lateralization of the putative specific crossmodal

response evoked in the Face Name condition was also of high interest.

Finally, we had the rare opportunity to test this paradigm in seven epileptic patients

implanted in the left ventral ATL with depth electrodes (stereo electroencephalography or

SEEG), in order to search more directly for local integrated face-name representations, i.e.,

face-name association responses without modality-specific responses.

Results

As for materials and methods, this section will be divided into three parts: Experiment 1,

Experiment 2a in scalp EEG, and Experiment 2b in intracerebral EEG. Our first hypothesis

was that face and name representations of the famous base identity are automatically inte-

grated during the Face Name sequence. Therefore, we should observe electrophysiological

oddball responses at the frequency of person identity change (4 Hz / 7, i.e., 0.571 Hz) and its

harmonics.

Experiment 1

Face-name responses. Consistent with our hypothesis and despite randomly mixing faces

and written names (Fig 1), we found clear responses at the frequency of person identity change

(4 Hz / 7, i.e., 0.571 Hz and its harmonics). When considering the average of activity across the

whole scalp, we found significant oddball responses at harmonics 3, 4, 5, and 6 (1.714 Hz,

2.285 Hz, 2.857 Hz, and 3.428 Hz; p< 0.01 for the third harmonic, p< 0.05 for the fourth har-

monic, and p< 0.001 for the fifth and sixth harmonics).

Face-name responses were found over bilateral low occipito-temporal sites, below elec-

trodes PO7 and PO8 (Fig 2). According to this topographical distribution, we defined two

bilateral symmetrical occipito-temporal regions of interest (ROIs): electrodes P9, PO9, and

PO11 for the left hemisphere (= left occipito-temporal [LOT]); P10, PO10, and PO12 for the

right hemisphere (= right occipito-temporal [ROT]); and the middle occipital ROI lying in

between (Oz, OIz and Iz), and where responses to the base rate were prominent (Fig 3). When

considering only responses on pooled electrodes in the left and right ROIs (average of
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responses on the 3 electrodes in each ROI), all identity-oddball harmonics were significant in

both hemispheres (p< 0.05) (Fig 2).

To quantify the periodic response related to person identity change, we computed the sum

of six oddball harmonics (0.571 Hz, 1.714 Hz, 2.285 Hz, and so forth) regardless of base iden-

tity. We found a significant difference in baseline-corrected amplitudes (μV) between the

three ROIs (F(2,22) = 13.87, p = 0.0001, d = 2.26). Whereas no difference was found between

face-name responses in the LOT and ROT regions (1.09 μV ± 0.48 and 1.12 μV ± 0.49, respec-

tively; p = 1), the amplitude of responses in the middle ROI (0.654 μV ± 0.40) was significantly

lower than in occipito-temporal ROIs (p = 0.0003 for the difference with the ROT; p = 0.008

with the LOT). This effect was not due to variations of the noise level between the middle

Fig 2. FFT spectrum of EEG responses in Experiment 1. The baseline-corrected FFT spectrum (in μV) in the left and right ROIs (mean amplitude of pooled

electrodes) is presented (grand-averaged data, n = 12 participants). The location of the ROIs is indicated by the topographical head on the right of the EEG spectrum.

Black labels on the FFT spectrum refer to identity-oddball frequencies. All identity-oddball harmonics are significant at p< 0.05. The light gray label indicates the

base frequency. Below the spectrum, 3D topographical distribution maps of responses are displayed for each identity-oddball harmonic and for the base frequency.

Color scales’ maxima are shown above each map and indicate the maximal baseline-corrected amplitude in μV at each harmonic of interest. Data underlying this

figure are deposited on a Dryad repository: https://doi.org/10.5061/dryad.m8t391m. EEG, electroencephalography; FFT, fast Fourier transform; ROI, region of

interest.

https://doi.org/10.1371/journal.pbio.3000659.g002
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occipital ROI and the lateral ROIs: the standard deviation of the noise (standard deviation of

amplitudes in the bins surrounding the identity-oddball frequency, i.e., 22 bins) at the elec-

trodes of each ROI was not different between the lateral (left and right) ROIs and the middle

occipital ROI (F(2,6) = 0.935, p = 0.443) (S1 Fig).

Fig 3. Quantification and scalp topography of EEG responses in Experiment 1. (A) Mean identity-oddball and base

responses in μV (baseline-corrected amplitude) at the sum of 6 harmonics for the three ROIs (3 electrodes each)

(grand-averaged data, n = 12 participants). Error bars indicate standard error of the mean, reflecting variability across

participants. Asterisks indicate significant differences with a p-value< 0.05. Below, 3D and 2D topographies of oddball

and base responses at the group level. Color scales’ maxima are shown above each map, corresponding to the maximal

baseline-corrected amplitude value. (B) Chunked segmentation centered on the oddball frequency and summed across

six harmonics, with LOT channels in red and ROT channels in blue. Data underlying this figure are deposited on a

Dryad repository: https://doi.org/10.5061/dryad.m8t391m. LOT, left occipito-temporal; mid OT, middle occipito-

temporal; ROT, right occipito-temporal.

https://doi.org/10.1371/journal.pbio.3000659.g003
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Overall, these results confirm the predominance of bilateral occipito-temporal responses at

the frequencies of interest when considering the whole group (Fig 3A and 3B).

Impressively, at the individual level, significant responses were found in 100% of partici-

pants for the sum of harmonics across all electrodes of the bilateral ROIs and across identities

(Z-score range across subjects = 2.59–11.60; all p-values < 0.01) (S2 Fig).

Base frequency responses. A general visual response was expected at 4 Hz, frequency of the

base stimulation, thought to reflect general visual synchronization processes. Consistently, there

were clear significant base responses (p< 0.001) up to the sixth base harmonic (6F = 23.994 Hz)

when considering the average of all electrodes. The topographical scalp distribution of base fre-

quency responses showed an overall distribution over the right middle occipital region (Fig 3A).

To quantify base stimulation responses, we computed the sum of the first six base harmon-

ics and contrasted baseline-corrected amplitudes (in μV) in each ROI. A significant difference

was found between ROIs (F(2,22) = 4.92, p = 0.017, d = 1.34). Post hoc analysis showed a trend

towards statistical difference between the LOT (2.20 μV ± 0.26) and middle ROI

(2.99 μV ± 0.26) (p = 0.059) and between the LOT and the ROT (3.19 μV ± 0.43) (p = 0.065)

but no difference between the middle ROI and the ROT (p = 1).

Experiment 2a (scalp EEG)

Experiment 1 showed a robust (face-name) oddball response over occipito-temporal sites

when a change of identity occurred in the sequence, irrespective of the presentation modality

of the base rate and oddball stimuli (i.e., an amodal oddball response). However, we cannot

fully exclude that an oddball is generated due to the statistical irregularity in a single modality

only, in different populations of neurons coding for facial identity of names and faces sepa-

rately. If this is the case, the oddball response identified in Experiment 1 should merely be

equal to the sum of the two modality-specific violations. Hence, in Experiment 2, we sought to

replicate the results of Experiment 1 in the Face Name condition, and added two control con-

ditions (Face Only and Name Only, Fig 1) to be able to determine whether face-name associa-

tion responses were due to a genuine integrative process (i.e., FN > FO + NO). In this case, we

sought to quantify the specific contribution of the integrated response to the overall identity-

oddball response. Twenty participants were presented with these three conditions.

First, results in scalp EEG were grand-averaged across subjects, conditions and electrodes

to determine the range of significant harmonic frequencies. The first six oddball harmonics

(0.571 Hz, 1.714 Hz, and so forth; p< 0.001 for the second to the sixth harmonic) and the first

nine consecutive base harmonics (4 Hz, 7.998 Hz, and so forth; all p-values < 0.001) were

taken into consideration for further analyses.

Comparison between Face Name and control conditions. Grand-averaged data across

subjects and electrodes were considered separately for the three conditions. In the Face Name

condition, clear oddball responses were found at the second, third, fourth, fifth, and sixth har-

monics (p< 0.05 for the second harmonic; p-values< 0.001 for the third to fifth harmonics;

p< 0.01 for the sixth harmonic). In the Face Only condition, only the fifth and sixth oddball har-

monics reached significance (respectively, p< 0.01 and p< 0.05), while in the Name Only condi-

tion, no oddball harmonic reached significance. These results show a greater proportion of

significant oddball harmonic responses in the Face Name condition relative to the control condi-

tions. Consistently, a significant difference was found between the three conditions at the sum of

harmonics (χ2(2) = 10.80, p = 0.005, d = 2.17). Post hoc tests demonstrated a larger amplitude at

the sum of oddball frequencies in the Face Name condition (0.32 μV ± 0.25) compared to Face

Only (0.12 μV ± 0.10, p = 0.003) and Name Only (0.09 μV ± 0.13, p = 0.002) conditions. No sig-

nificant difference was found between Face Only and Name Only conditions (p = 0.39).
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As in Experiment 1, the Face Name condition elicited strong bilateral occipito-temporal

responses. The topographical distribution of control conditions was different in that Face Only

responses appeared to be strongly right lateralized, while Name Only responses exhibited a

bilateral occipito-temporal activation (Fig 4A and 4B). According to these scalp topographies

and considering that there was no significant response in the middle occipital ROI of Experi-

ment 1, two bilateral occipito-temporal ROIs were defined: I1, POI1, PO11, PO9 and P9 for the

left hemisphere (= LOT); and I2, POI2, PO12, PO10 and P10 for the right hemisphere (= ROT).

When considering only responses on pooled electrodes in the left and right ROIs (average

of responses on the 5 electrodes in each ROI), the first to sixth oddball harmonics were signifi-

cant in both hemispheres (all p-values < 0.001 except the first harmonic in both ROIs,

p< 0.01) in the Face Name condition. In the Face Only condition, the second to sixth oddball

harmonics were significant in both hemispheres (all p-values < 0.001 except the second har-

monic in the left ROI, p< 0.05). In the Name Only condition, the third to sixth harmonics

were significant in both hemispheres (all p-values < 0.05) (S3 Fig).

To quantify the periodic response, baseline-corrected amplitudes at the sum of harmonics

were analysed by regions of interest. A two-way ANOVA with repeated measures showed a

main effect of condition (F(2,38) = 5.996, p< 0.001, d = 2.27) but no main effect of ROIs (F

(1,19) = 1.026, p = 0.324, d = 0.46). Post hoc tests showed significantly larger amplitudes in the

Face Name condition compared to the Face Only and Name Only conditions (p< 0.001 for

both comparisons) but no significant difference between the two control conditions

(p = 0.935). A significant interaction was also found between ROIs and conditions (F(2,38) =

3.533, p = 0.039, d = 0.86), and post hoc tests showed a significant difference between the left

and right ROIs in the Face Only condition (p = 0.028) but not in the two other conditions (p-

values> 0.05).

These results replicated the findings of Experiment 1, with a bilateral occipito-temporal dis-

tribution of person identity responses, and highlighted a strong right lateralization of oddball

responses in the Face Only condition. Moreover, the level of noise recorded on the electrodes

of the two ROIs did not differ in all 3 conditions (p-value range = 0.30 to 0.98; S1 Fig).

Comparison between Face Name condition and the sum of Face Only and Name

Only. Following our hypotheses on the neural organization of face-name association pro-

cesses, we asked whether the response observed in the Face Name condition could result from

the mere addition of the responses in Face Only and Name Only conditions. To answer this

question, the uncorrected-baseline amplitudes of the two control conditions were summed at

the sum of oddball harmonics across electrodes and then corrected (sum FO + NO). The

topography of the sum (FO + NO) appeared to be right lateralized, compared to the bilateral

distribution of face-name responses (Fig 5A). However, no significant difference was found

between the ROIs at the sum (FO + NO) (t = −1.208, p = 0.242, d = −0.294) (no difference in

noise level between left and right ROIs: p = 0.135). To highlight the difference in electrophysio-

logical responses between Face Name and the sum (FO + NO), we also subtracted uncor-

rected-baseline amplitudes of the sum from uncorrected-baseline amplitudes of the Face

Name condition [FN–(FO + NO)] and applied a baseline correction. This subtraction showed

a left-lateralized selective response for the Face Name condition (Fig 5A).

To quantify this response, corrected-baseline amplitudes of the sum (FO + NO) were

compared with amplitudes of the Face Name condition (Fig 5B). A two-way ANOVA with

repeated measures showed a main effect of condition (F(1,19) = 5.003, p = 0.037, d = 1.02),

revealing a greater amplitude of the effect at the oddball-identity frequency in the Face

Name condition compared to the sum (FO + NO). There was no main effect of ROIs (F

(1,19) = 1.031, p = 0.323, d = 0.46) and no interaction effect between ROIs and conditions

(F(1,19) = 1.247, p = 0.278, d = 0.51). Further analyses (paired t tests) showed that the
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Fig 4. Quantification and scalp topography of EEG responses in each condition of Experiment 2. (A) Mean group-level

identity-oddball responses in baseline-corrected amplitude (μV) at the two bilateral ROIs (shown with red and blue ovals on the

topographical head to indicate the left and right ROI, respectively) regardless of identity. Error bars indicate standard error from

the mean, reflecting variability across participants. Below, 3D and 2D topography maps show the distribution of oddball-identity

responses at the sum of oddball harmonics for each condition at the group level (grand-averaged data, n = 20 participants). Color

scales’ maxima are shown above each map, corresponding to the maximal baseline-corrected amplitude in μV. Asterisks indicate

significant differences with a p-value< 0.05. (B) Chunked baseline-corrected amplitude spectrum for each condition at the sum of

the six oddball harmonics at the group level. The middle of the chunked segment represents the oddball response over the sum of

harmonics. LOT channels are represented in red; ROT channels are in blue. Data underlying this figure are deposited on a Dryad

repository: https://doi.org/10.5061/dryad.m8t391m. EEG, electroencephalography; LOT, left occipito-temporal; ROI, region of

interest; ROT, right occipito-temporal.

https://doi.org/10.1371/journal.pbio.3000659.g004
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Fig 5. Comparison of responses between the 3 conditions of Experiment 2 in scalp EEG. (A) Three-dimensional

(3D) and 2D group-level scalp topographies at the sum of identity-oddball harmonics (baseline-corrected amplitudes

in μV) for the Face Name condition, the sum of Face Only and Name Only, and the subtraction of the responses at the

sum of control conditions from the response at the Face Name condition. Color scales’ maxima are shown above each

map and correspond to the maximal amplitude for each condition. Although there is a small area responding at the

frequency of interest over the right frontal region in the [FN − (FO + NO)] comparison, it is important to mention that

this response is driven by one electrode only (electrode F6), while other electrodes nearby do not show any significant

response. (B) Mean baseline-corrected amplitudes in μV at the sum of identity-oddball harmonics for the Face Name

condition and the sum of the two control conditions Face Only and Name Only. Error bars indicate standard error

from the mean. The asterisk indicates a significant difference at p< 0.05. Data underlying this figure are deposited on

a Dryad repository: https://doi.org/10.5061/dryad.m8t391m. EEG, electroencephalography; FN, Face Name; FO, Face

Only; NO, Name Only.

https://doi.org/10.1371/journal.pbio.3000659.g005
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difference between the amplitude of the Face Name condition and the amplitude of the sum

(FO + NO) was significant in the LOT (t = 2.726, p = 0.013) but not in the ROT (t = 1.509,

p = 0.148). It is interesting to note that the amplitude of the response for the sum of control

conditions (FO + NO) represented only 68% of the amplitude of the Face Name response in

the left ROI, while it represented a greater extent (80%) of the Face Name response in the

right ROI. That is, thanks to the straightforward quantification of the EEG response

afforded by the FPVS approach, we were able to determine that about a third (32%) of the

total Face Name response in the left hemisphere and a fifth (20%) of the total Face Name

response in the right hemisphere was not explained by the sum of modality-specific repre-

sentations elicited by control conditions.

Base frequency responses. As in Experiment 1, a general visual response was expected at

4 Hz. Consistently, clear base responses were found in each condition. In the Face Name con-

dition, the first to fifth base harmonics were highly significant (p-values < 0.001). In the Face

Only condition, base responses were clearly visible up to the ninth base harmonic (9F = 35.991

Hz; p-values < 0.001). In the Name Only condition, the first to eighth base harmonics were

statistically significant (p-values < 0.001, except for the sixth base harmonic: p< 0.01).

To quantify base EEG responses, we compared the baseline-corrected amplitudes (in μV)

in the three main conditions at the sum of 9 base harmonics across all electrodes. A significant

difference was found between conditions (F(1.386,26.340) = 8.561, p = 0.004). Post hoc tests

showed a larger amplitude of the base response in the Face Only condition (1.39 μV ± 0.42)

relative to the two other conditions (Face Name: 1.23 μV ± 0.42; Name Only: 1.26 μV ± 0.36;

respectively, p = 0.003 and p = 0.0002).

We also contrasted baseline-corrected amplitudes (in μV) in each ROI for base responses

in the 3 conditions. We found a significant effect of ROIs (F(1,19) = 8.498, p = 0.009,

d = 1.34), showing a predominance of the response in the right hemisphere. There was also

a significant effect of condition (F(2,38) = 14.325, p< 0.001, d = 1.74). Post hoc tests showed

that the amplitude at the base frequency in the Face Only condition was greater than in the

two other conditions (all p-values < 0.001), but there was no difference between the ampli-

tude at the base frequency in the Face Name and the Name Only conditions (p = 1). There

was no interaction effect between conditions and ROIs (F(2,38) = 0.883, p = 0.422,

d = 0.43). These results suggest that the response at the base frequency was right lateralized,

in line with the results of Experiment 1. Accordingly, the topographical scalp distribution of

base frequency responses in Experiment 2 showed an overall distribution over the right

middle occipital region (S4 Fig).

Experiment 2b (intracerebral EEG)

Seven patients with refractory partial epilepsy were implanted with intracranial electrodes for

clinical purposes and were tested with Experiment 2 (three conditions). Across 196 contacts

implanted in the gray matter of the left ventral ATL (i.e., located anteriorly to the posterior tip

of the hippocampus), we found 7 contacts showing significant responses at the frequency of

person identity change (0.571 Hz) in at least one condition in 4 participants. The responses

recorded on these 7 contacts and their anatomical locations in the individual anatomy are

shown in S5 Fig (see also S6 Fig for their location in the Talairach space). One contact was

found significant in the Name Only condition but not in the other Face Name and Face Only

conditions (Talairach coordinates: x = −66, y = −14, z = −19; TM’11 in participant 5, located in

the anterior part of the inferior and middle temporal gyri [antMTG/ITG]). One contact was

found significant in both the Face Name and the Name Only conditions (x = −39, y = −18, z =

−16; TM’4 in participant 5, located in the anterior fusiform gyrus [antFG]). Importantly, a

PLOS BIOLOGY Integration of faces and names in the human left ventral temporal cortex

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000659 April 3, 2020 12 / 32

https://doi.org/10.1371/journal.pbio.3000659


total of 5 contacts were found to elicit a significant response in the Face Name condition but

no response in the two control conditions. However, for two of these contacts, the response

was not significantly larger in the Face Name condition than when computing the sum of the

responses in the other conditions [FN–(FO + NO)] (z< 1.65). These two contacts were respec-

tively located in the antFG (x = −42, y = −17, z = −16; TM’5 in participant 5) and anterior seg-

ment of the occipito-temporal sulcus (antOTS; x = −30, y = −15, z = −27; TM’2 in participant

6).

Strikingly, three of these 5 contacts showed a “pure” face-name association response, i.e., a

significant response in Face Name, no significant response in Face Only and Name Only, and

a significant difference between Face Name and the sum (FO + NO). The responses recorded

on these three contacts and their anatomical locations are shown in Fig 6 (see S6 Fig for their

location in the Talairach space). They were located in a restricted anatomical region in the

antFG (x = −37, y = −7, z = −27; TM’1 in participant 2) or its adjacent sulci (anterior segment

of the collateral sulcus [antCoS], x = −33, y = −33, z = −23; TB’4 in participant 1; antOTS, x =

−34, y = −15, z = −25; TM’3 in participant 6). It is important to note that these results were

independent of the number of sequences viewed by the participants. Among the three partici-

pants showing pure responses in the Face Name condition, only one (participant 1) was tested

twice (total of 12 sequences), while the two other participants were tested only once with the

experiment (total of 6 sequences).

In order to assess whether pure face-name responses were specific to the ATL, we also con-

sidered responses on the contacts implanted posteriorly to the ATL, in the left posterior tem-

poral lobe (PTL) of the same 7 participants (see S7 Fig for the topographic parcellation of the

ventral occipito-temporal cortex [VOTC]). Across the 41 contacts implanted in the gray mat-

ter of this region, we found 8 contacts showing significant responses at the identity-oddball

frequency in at least one condition in 3 participants, all located in the left fusiform gyrus. The

responses recorded on these 8 contacts and their anatomical locations in the individual anat-

omy are shown in S8 Fig (see also S6 Fig for their location in the Talairach space). Importantly,

no pure face-name response was found on any of these contacts. Two contacts were found to

be significant in the Face Name condition and not in the Face Only and Name Only condi-

tions, but the difference [FN–(FO + NO)] was not significant (x = −31 to −35, y = −45, z =

−19; F’2 and F’3 in participant 2). One contact was significant in the Name Only condition but

not in other conditions (x = −34, y = −33, z = −21; F’1 in participant 3). Three contiguous con-

tacts in the same participant were significant in the Face Name and Face Only conditions but

not in the Name Only condition (x = −32 to −39, y = −41, z = −19; F’3 to F’5 in participant 4).

Two contacts were found to be significant in all 3 conditions (x = −25 to −29, y = −41, z = −19;

F’1 and F’2 in participant 4).

Finally, to test whether there were local variations of the noise level that may explain why

significant responses were found on some contacts and not on others, for each contact, we

compared the standard deviation of the noise between all significant contacts across ATL and

PTL (N = 15) and their adjacent nonsignificant contact (N = 12). There were no statistical dif-

ferences regardless of the condition (p-value range: 0.84 to 0.96) (S1 Fig).

Discussion

Using an original frequency-tagging approach with mixed modalities of stimulation while

recording scalp EEG and intracerebral EEG (SEEG), we found a neural response at the specific

frequency at which different famous identities, either as a written name or a face picture, inter-

rupted the successive presentation of a repeated specific identity, also presented in either for-

mat. The response was identified objectively, i.e., exactly at the predicted frequency of oddball
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Fig 6. Pure face-name (person identity) intracerebral responses in the ATL. On the left, baseline-subtracted chunked FFT segments depicting

oddball responses in Face Name, Face Only, and Name Only conditions as recorded at an individual contact. These contacts show a pure Face

Name effect because (1) they show a strong electrophysiological response at the oddball frequency in the Face Name condition and (2) the sum of

their responses in the two other conditions is significantly different from the response in the Face Name condition. On the right is shown the

location of the individual contact responding selectively to the Face Name condition using a postimplantation CT scan co-registered to a

preimplantation MRI. Data underlying this figure are deposited on a Dryad repository: https://doi.org/10.5061/dryad.m8t391m. ATL, anterior

temporal lobe; FFT, fast Fourier transform.

https://doi.org/10.1371/journal.pbio.3000659.g006
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presentation and its harmonics, over the bilateral occipito-temporal cortex in scalp EEG in

Experiment 1. Thanks to another advantage of the fast periodic stimulation approach, i.e., its

high signal-to-noise ratio, this response was clearly identified in 100% of the participants for

the sum of harmonics across all electrodes of the bilateral ROIs and across the 4 famous identi-

ties tested.

To ensure that this crossmodal face-name response was not merely due to the linear super-

imposition of identity-oddball responses to faces and names generated by separated brain

regions containing modality-specific person-related representations, we compared this

response to the identity-oddball response elicited in 2 control conditions (Experiment 2, with

2 famous identities and 20 participants). In the Face Only condition, names of the base identity

were replaced by other famous names, in order to isolate unimodal face responses that poten-

tially contribute to the neural response observed in the Face Name condition. In the Name

Only condition, face images of the base identity were replaced by other famous faces, isolating

unimodal name responses potentially contributing to the neural face-name response. Criti-

cally, we found a Face Name response in the EEG spectrum significantly above and beyond the

sum of the Face Only and Name Only responses [FN> (FO + NO)]. Moreover, thanks to fre-

quency-tagging, we were able to quantify the contribution of the integrated response, which

reached up to a third of the total EEG oddball response in the Face Name condition over the

left hemisphere. Overall, these observations provide direct evidence for an integrated represen-

tation of face and name inputs of specific identities in the human brain. Finally, through intra-

cerebral recordings in the left ventral ATL, we were able to identify a few electrode contacts

with a unique response profile, i.e., showing a significant response in the Face Name condition

only, suggesting that they capture neural activity associated with a multimodal integrated

representation of person identity.

Integrative hub or re-entrant interhemispheric connections?

Our hypotheses on the neural mechanism subtending face-name associations were grounded

on two theories of the organization of semantic (here, person-related) knowledge: one that

postulates separate modality-specific regions in each hemisphere [26,27], and the other postu-

lating the existence of a common crossmodal region (integrative hub) in addition to modality-

specific regions [43–45]. Although a large extent of the oddball EEG response recorded on the

scalp (68% and 80% over the left and right hemispheres, respectively) point to modality-spe-

cific responses selective to a person identity, our observation of a significant and substantial

nonlinearity (i.e., Face Name > Face Only + Name Only) clearly provides support for an inte-

grative hub of face and name identity.

The exact neural sources of this effect, which was found over low occipito-temporal chan-

nels, are unknown, and may concern either or both of the PTLs and ATLs. Proponents of the

unitary hub theory postulate that both hemispheres contribute to and are activated during

multimodal semantic processing [44,45,52,53,55]. While the hub-and-spoke model has been

revisited in favor of a graded functionalization of semantic representations according to the

functional connectivity of the ATL subregions with other cerebral regions (e.g., more activa-

tion of the left hemisphere when language processes are involved) [49,50,73], our protocol did

not require an explicit language-related task and used an equal number of verbal (written

names) and pictorial (face pictures) stimuli. Hence, according to this view, whether the neural

response recorded in scalp EEG originates from the ATL or more posterior regions, it should

have engaged both hemispheres in a similar way. Interestingly, Face Name responses were sig-

nificantly greater than the sum of Face Only and Name Only responses over left occipito-tem-

poral electrodes in scalp EEG. However, there was also a trend for an effect in the same region
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of the right hemisphere, and no significant interaction between conditions and hemispheres,

so that overall, the EEG results cannot be taken as evidence against the view that both hemi-

spheres equally hold an integrated (“hub”) representation of faces and names. A more compre-

hensive recording of intracerebral responses across the bilateral occipito-temporal cortices

with a paradigm as used here should shed more light on this issue of hemispheric lateralization

in future investigations.

The role of the (left) ATL

Our SEEG results are consistent with neuroimaging studies that have shown a common locus

for famous face and name recognition in the ATL, even though face-name identity association

per se was not investigated [28,45,59,60]. Moreover, several studies have found a specific role

of the left temporal pole (anterior to the ATL in our study) in retrieving proper names when

presented with a famous face or voice [74–76] and in providing semantic information when

presented with a famous name [77]. However, these studies provided no direct evidence of an

integration of person-related information at the level of identity. Here with SEEG, we recorded

few but significant “pure” face-name responses in the left ventral ATL, i.e., not only a signifi-

cant difference between Face Name and the sum (FO + NO) but a significant response in Face

Name with no significant response in Face Only and Name Only.

Admittedly, the likelihood to find 3 pure face-name association responses among 196 ATL

contacts sampled may appear to be very low. However, (1) these 3 pure face-name association

responses were found in 3 different participants (i.e., in 3 out of 7 participants, in 43% of the

participants); (2) the number of significant contacts depends on the size of the functional area

(the smaller an area, the less likely it is to be sampled with electrodes and thus to record a sig-

nificant response); and (3) the number of recorded contacts included in the proportion, and

therefore the size of the ROI, is set arbitrary (our ATL region was wide, including lateral

regions, i.e., the inferior and middle temporal gyri, and extending posteriorly until the poste-

rior tip of the hippocampus, see S7 Fig). For example, restricting our ROI to the left antFG and

adjacent sulci (medial bank of the antOTS and lateral bank of the antCOS), a region that is

sampled by 1 or 2 SEEG electrodes per subject, leads to a proportion increase to 11.5% (3/26).

These pure face-name responses show that the left ventral ATL contains representations

that are both crossmodal and sensitive to person identity. Presumably, in the Face Name con-

dition, the neural activity must adapt or habituate to both faces and names during the presen-

tation of a repeated identity and show a release from adaptation when a different identity is

periodically presented, leading to a face-name oddball response. In the control conditions, the

neural activity also adapts or habituates to the repeating faces or names of the specific identity

but this adaptation is randomly (and not periodically) interrupted at every change of identity

(at every oddball stimuli and at every other face and name replacing the specific identity in the

sequence), leading to the absence of oddball response in these conditions. These results show

that the left ventral ATL is a neural locus for the integration of a specific face and a name iden-

tity into a shared crossmodal representation. Thus, in concordance with studies showing a

convergence of sensory information in the ATL [44,78], our results suggest that this ventral

anterior temporal region receives visual information from both unimodal face and name

regions. Moreover, our findings highlighting the integration of different input stimuli (face

pictures and written names) into a semantic concept/identity in the ventral ATL are consistent

with previous studies showing the importance of this region in semantic tasks irrespective of

the input modality or stimulus category [55,73,79]. Nonetheless, it is important to point out

that our findings shedding light on the left ventral ATL do not preclude a similar involvement

of its right hemispheric counterpart, which was not explored in SEEG in the present study. We
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therefore emphasize again the need for additional intracerebral recordings in larger samples of

participants [80,81] in the bilateral ventral ATL in order to clarify its role in crossmodal per-

son-related processing. In addition, recording of electrical activity of individual neurons [82]

in the human ATL may provide more direct evidence for integration of identity-related faces

and names at the neuronal level and provide useful contrasting information with previously

recorded responses in the MTL [24].

The relationship between scalp and intracerebral responses

We found a striking difference between responses recorded on the scalp and intracerebrally

with SEEG. In scalp EEG, we found a significant response in the 3 conditions with up to a 32%

increase in the amplitude elicited by the Face Name condition compared to the amplitude of

the sum of control conditions over the left occipito-temporal cortex (and about 20% over the

right homologous region). This shows that the bulk of the response (68% and 80% in the left

and right hemispheres, respectively) still originates from separate modalities, suggesting the

existence of modality-specific representations of identity in addition to a crossmodal represen-

tation. In SEEG, we recorded 5 contacts with a significant response in Face Name only and no

significant response in Face Only and Name Only, including 3 contacts with significantly

larger responses in Face Name compared to the sum of the two control conditions in the left

ventral ATL. One plausible explanation for this discrepancy between the two approaches

(recording of pure integrated responses inside the brain but not on the scalp) is that scalp EEG

recorded a combination of responses coming from modality-specific regions and pure face-

name association responses coming from crossmodal regions coding shared person-related

representations.

Clinical relevance of the FPVS approach

Semantic impairments are common in the neurological population, and face-name associa-

tions are particularly susceptible to be impaired. As mentioned in the introduction, several

neurological conditions are frequently associated with face-name association deficits (e.g., SD,

Alzheimer disease, etc.). However, face-name association deficits are difficult to evaluate in

these neurological populations since the tests that are commonly used (e.g., the Iowa Famous

Faces Test [83–85] or the Boston Famous Faces test [86,87]) require naming and decisional

processes in addition to semantic processing. Moreover, these tests require explicit tasks that

can be misunderstood by participants who may have comprehension difficulties (e.g., due to a

low IQ). Our FPVS-EEG technique provides an objective measure of face-name association

processes that do not require to name faces or to ask for an explicit task or an explicit semantic

decision or response. FPVS-EEG could therefore be a method of choice to diagnose face-name

association deficits in neurological populations, for example, in patients with SD characterized

by a degradation of crossmodal anterior temporal regions, in whom the nonlinear pattern

found in typical brains (FN> FO + NO) could be reduced or absent, with more linear patterns

of responses (FN = FO + NO) observed.

Materials and methods

For clarity purposes, this section is divided in three parts. First, we describe the materials and

methods for Experiment 1 (Face Name condition alone, 4 facial identities) administered to

normal participants in scalp EEG. In the second and third sections, we describe materials and

methods for Experiment 2 (Face Name condition and two control conditions, 2 facial identi-

ties) applied to neurotypical participants in scalp EEG and to epileptic participants in intrace-

rebral EEG (SEEG), respectively.
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Ethics statement

All subjects gave written informed consent to participate, and the study was approved by the

Biomedical Ethical Committee of the University of Louvain (B403201111965) (scalp EEG) and

by the Research Ethics Committee of the CHRU-Nancy (2015-A01951-48) (SEEG). The exper-

iments were performed in compliance with the Declaration of Helsinki.

Experiment 1

Participants. Twelve volunteers (6 females, all right-handed, mean age = 22.61 years,

standard deviation = 2.13 years) were tested individually and received financial compensation

in exchange for their participation. All participants reported normal or corrected-to-normal

vision.

Stimuli. Four highly famous male identities, two politicians (Donald Trump and Vladimir

Putin) and two actors (Brad Pitt and Johnny Depp), were selected. For each of them, 18 natural

photographs (depicting different head orientations, lighting conditions, facial expressions, and

background) were selected from the internet. The stimuli were selected to be as variable as pos-

sible to minimize repetition effects due to low-level features [88]. For each celebrity, the writ-

ten names were presented on a gray background in capital letters but were made variable by

using 18 different fonts and six different colors. Thirty-six other famous identities were also

selected (18 pictures and 18 written names) to create one stimulus per identity (either a face or

a name). Names of these other celebrities were also written in 18 fonts, different from those

used with the four main identities, and the same six colors were chosen (red, black, green,

brown, yellow, and blue). Face pictures were resized to 200 × 250 pixels.

FPVS procedure. Brain activity of each participant was recorded with high-density (128

channels) scalp EEG while participants were seating in front of a computer screen at a distance

of 87 cm. To help participants pay attention to the screen before each sequence, a fixation

cross was first displayed on the uniform gray background for 2–5 seconds (this duration ran-

domly varied between sequences). A 60-second sequence was then run, plus 2 seconds of fad-

ing time before and after the sequence to avoid potential blinks and eye movements due to the

sudden appearance or disappearance of flickering stimuli. During the fade-in, the contrast

modulation depth of the periodic stimulation progressively increased from 0% to 100% to

reach full contrast while it decreased during the fade-out. Across sequences, participants were

presented with stimuli through sinusoidal contrast modulation from 0% to 100% at a rate of 4

Hz (= 4 stimuli per second). A relatively low stimulation frequency of 4 Hz (compared to

higher stimulation frequencies at 6 Hz used in face categorization studies [88]) was selected

based on pilot data and to provide sufficient stimulus duration to extract information neces-

sary to associate specific face and name identities. Within a sequence, each stimulation cycle

lasted 250 ms (i.e., 1,000 ms/4) in which an image appeared and disappeared in the middle of

the screen as its contrast followed a sinusoidal function (Fig 1). Image size varied randomly at

each stimulus presentation cycle across five equidistant steps between 80% and 120%, in order

to further reduce the potential impact of low-level adaptation. At 100%, face images subtended

about 6.78˚ × 5.47˚ of visual angle, while words subtended on average 13.03˚ × 1.41˚ of visual

angle.

The stimulation was repeated once for each of the four famous target identity, representing

a total of eight sequences. Each sequence was composed of base and identity-oddball stimuli.

Base stimuli were highly variable photographs and written names corresponding to one of the

four famous identities (B. Pitt, J. Depp, D. Trump, and V. Putin), while identity-oddball sti-

muli were variable photographs or names of different identities (Fig 1). Within sequences, all

images were randomly selected from the pool of images of their respective types (base stimuli
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or identity-oddball stimuli). All images appeared at a frequency of 4 Hz (base frequency,

reflecting a general visual processing) and identity-oddball stimuli were displayed every seven

stimuli, i.e., every 0.571 Hz (4 Hz / 7; identity-oddball frequency, thought to reflect the disrup-

tion from the flow of same-identity stimuli).

Four blocks of eight stimulation sequences were defined prior to the beginning of the exper-

iment, each with a fixed, counterbalanced order of sequences within a block, so that randomi-

zation uncertainties due to a small number of participants were avoided. Blocks were

administered one after another, every subject being presented with only one block (subject 1

was presented with block 1, subject 2 with block 2, . . . subject 5 with block 1, etc.). Within a

block, participants were invited to rest their eyes between every trial.

Participants were aware that they would be presented with famous faces and names, but no

further information was given about the procedure. They were asked not to pay particular

attention to these stimuli and rather look at the blue fixation cross located in the middle of the

screen. Their task was to press the space bar of the keyboard when the fixation cross turned to

red. Color changes randomly occurred 8 times for 500 ms within every sequence. This task

was orthogonal to the manipulation of interest and was used to ensure that participants main-

tain a constant level of attention throughout the experiment. Mean accuracy and response

time (RT) to the orthogonal task (detecting color changes of the fixation cross) were computed

independently for each participant. Behavioral performance was close to ceiling, with a mean

accuracy of 98.31% (standard deviation = 2.05%) and mean RTs around 502 ms (standard

deviation = 59 ms).

At the end of the experiment, participants were provided with a questionnaire depicting 44

black-and-white faces (the 4 famous base identities, the 36 famous identity-oddball identities,

and 4 unknown distractors). This questionnaire was designed to ensure that target identities

were well known to the participants. They had to tell if they knew the depicted celebrity (yes,

no, uncertain) and for each one, to rate its familiarity on a 5-point scale (ranging from rarely

seen to very frequently seen on TV or other media). They also had to tell if they had noticed

this face during the experiment or not. Overall, 89.8% (standard deviation = 15%) of the 40

famous faces (4 base identities and 36 identity-oddball stimuli) were rated as known by the

participants. Considering base identities only, participants had no difficulty recognizing them,

with perfect recognition for D. Trump, J. Depp, and V. Putin (recognized for 100% of the par-

ticipants), and near perfect recognition for B. Pitt (recognized by 91.6% of the participants; 11/

12). None of the four unknown faces (not used in the experiment) were rated as known. When

rating face familiarity, participants indicated that they were frequently exposed to these famous

people in the media (mean rating of 3.74 on a 5-point scale, with 1 = rarely, 5 = many times;

standard deviation = 0.61). D. Trump, J. Depp, and V. Putin were reported as seen by all the

participants during testing. Only one participant did not report having seen Brad Pitt during

the course of the experiment and this was related to the nonrecognition of this famous face as

represented in the black-and-white questionnaire.

EEG recording. EEG was recorded using a 128-channels Biosemi ActiveTwo system. The

system uses two additional electrodes for reference (CMS, common mode sense) and ground

(DRL, driven right leg). Vertical and horizontal electrooculogram (EOG) was recorded by

placing two flat-type electrodes above and below the participant’s right eye and two at the

outer canthi of the eyes. The EEG and EOG were digitized at a sampling rate of 512 Hz.

Recordings were manually initiated when participants showed an artifact-free EEG signal. To

facilitate analyses, Biosemi channel labels were later converted to an extended 10–20 system of

electrode placement [69].

EEG analysis. Preprocessing of EEG data was carried out using Letswave 5 (https://

github.com/NOCIONS/Letswave5), a custom software running over Matlab R2012b
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(MathWorks, Natick, MA), and followed procedure developed for frequency tagging studies of

face stimuli in a number of published studies [68,71,89]. After importation of raw EEG data files,

vertical jumps in the signal due to voltage drift during pauses between trials were corrected for

by aligning continuous blocks of recording to the first block. EEG data were band-pass filtered

(0.1 to 100-Hz fourth-order zero-phase Butterworth filter) and multi-notch filtered (width 0.5

Hz) to remove 50 Hz’s electrical noise on four harmonics. A downsampling to 256 Hz was

applied to reduce file size and increase processing speed. The data were then segmented using

four distinct stimulation start triggers (one per famous base identity) into epochs from 2 seconds

before stimulation to 2 seconds after the end of stimulation (−2 seconds to 66 seconds). A blink

detection was applied and a threshold of more than 0.15 blinks per second for each epoch was

used in order to apply correction of eye movements when needed [71]. Following this threshold,

an ICA (Independent Component Analysis) was computed for three subjects. When needed,

noisy electrodes across multiple trials (less than 5% of channels) were linearly interpolated with 3

to 6 pooled neighboring channels. Epochs were then re-referenced to the common average.

Frequency domain analyses were carried out by further segmenting epochs using an integer

number of bins of 0.571 Hz cycles beginning 2 seconds after onset of the stimulation sequence

(then removing fade-in artifact-prone responses) until approximately 60 seconds, before stim-

ulus fade-out (15.235 bins in total). Resulting epochs were then averaged to improve signal-to-

noise ratio. A fast Fourier transform (FFT) was computed and amplitude spectra were

extracted. Data were grand-averaged for each channel across participants.

A baseline-subtraction was computed to account for differences in baseline noise across the

frequency spectrum and to quantify the electrophysiological responses in microvolts [90]. The

difference between the amplitude of the bin of interest and the average of amplitude in the 20

surrounding bins was computed, excluding the immediately adjacent bin in case of remaining

spectral leakage, and the local maximum and minimum amplitude bins to avoid projecting the

signal in the neighboring bins containing noise. To quantify the responses at the frequency of

identity change, we computed the sum of identity-oddball harmonics (0.571 Hz, 1.142, and so

on until the sixth harmonic, i.e., 3.427 Hz). To do so, responses on the FFT spectrum were seg-

mented into 6 separate chunks centered on the bin containing the harmonic of interest (see also

S9B Fig illustrating the same procedure with SEEG data). Each chunk contained 31 bins (i.e., a

chunk length of 0.5208 Hz), with the bin in the middle (the 16th bin, with 15 bins on each side)

corresponding to the identity-oddball frequency. The 6 chunks were then summed for each par-

ticipant (see also S9C Fig), and a grand-average was computed across participants. The quantifi-

cation of the response at the sum of harmonics was computed following the same principle as

for the quantification of responses on the whole FFT spectrum, i.e., with a baseline-subtraction.

In order to determine whether a significant response was present at the frequencies of inter-

est and harmonics, Z-scores were calculated by computing the difference between the ampli-

tude at the bin of interest and the mean amplitude in the 22 surrounding bins (11 bins on

either side, no exclusion of the local maximum and minimum amplitude bins) and dividing

this value by the standard deviation of amplitudes in the 22 corresponding surrounding bins

[68]. An electrode was considered as showing a significant response if the Z-score at the fre-

quency bin of the identity-oddball stimulation exceeded 1.65 (i.e., p< 0.05).

Following the analysis of amplitudes, we examined the overall scalp topography at base and

identity-oddball frequencies.

Experiment 2a (scalp EEG)

Experiment 1 was designed as a proof of concept and to identify facial identities providing

large responses in the paradigm. Experiment 2 used only two facial identities (D. Trump and
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V. Putin) and increased variability in written stimuli to counter low-level effects. Most impor-

tantly, it added two key control conditions to identify the role of modality-specific representa-

tions within the face-name sequence.

Participants. Twenty-two volunteers (10 males, all right-handed) received financial com-

pensation in exchange for their participation in the experiment. One male and one female par-

ticipant were excluded from the EEG analyses because of excessive artifacts in a large set of

electrodes across multiple epochs during data recording. The final sampling of participants

(n = 20) had a mean age of 22.96 years (standard deviation = 1.91 years). All participants

reported normal or corrected-to-normal vision.

Stimuli. Images and names of two famous identities (D. Trump and V. Putin) were used

as base identities. The same 18 natural photographs as in Experiment 1 were used, but the vari-

ability among written names was increased by using both uppercase and lowercase letters, and

less conventional fonts (e.g., Ravie, Pristina, Segoe Script, etc., instead of Arial, Candara, etc.).

A gray background and the same six colors as in Experiment 1 were used for the written sti-

muli. Seventy-two other famous identities were also selected, 36 being the same as in Experi-

ment 1 so that oddball stimuli were unchanged, and 36 novel ones, serving as base control

stimuli. Thirty-six face photographs were used, each depicting a single famous face, with dif-

ferent viewpoints, lighting conditions, background, and facial expressions (18 identity-oddball

faces and 18 base control faces). Face pictures were resized to 200 × 250 pixels. Thirty-six writ-

ten stimuli were created, with 18 using the same design criteria as those of the base identities

(= control names) and 18 being written in different fonts (= identity-oddball names).

FPVS procedure. The paradigm and testing conditions were similar to Experiment 1,

with the two control conditions added. The experiment consisted of three conditions for each

famous base identity, i.e., a total of 6 different sequences (3 conditions × 2 identities).

In the Face Name condition, base and identity-oddball stimuli were similar to those used in

Experiment 1, with the exception that only D. Trump and V. Putin appeared as base stimuli

and that written stimuli were even more variable in terms of size, color and font (Fig 1). In the

Face Only condition, famous base faces were unchanged, but famous base names were

replaced by 18 different famous names. Identity-oddball stimuli were the same than in the

Face Name condition (Fig 1). This condition aimed at controlling the amount of modality

(face)-specific representations that are activated in the face-name association sequence. If a

response is observed at the identity-oddball frequency in this condition (0.571 Hz), it cannot

reflect the disruption of face-name associative representations (i.e., D. Trump’s name with his

face) but can reflect the fact that 50% (on average) of the stimuli appearing every 7 stimuli are

faces of a different identity than the base face identity (D. Trump). The reverse was done in the

Name Only condition in which only famous base names were unchanged, while famous base

faces were replaced by 18 different famous faces. Identity-oddball stimuli remained unchanged

according to the Face Name condition (Fig 1). The purpose of this condition was to quantify

and isolate the amount of modality(name)-specific representations that are elicited by the

face-name paradigm. If a response is observed in this condition at the identity-oddball fre-

quency, it can reflect a disruption in the activation of name representations due to the occur-

rence of different identity names among identity-oddball stimuli.

Each sequence was presented once within a block, and the order of sequences was counter-

balanced. Each subject was presented with two blocks, i.e., two presentations per sequence.

Within sequences, all images were randomly selected from the pool of images of their respec-

tive types (base stimuli or identity-oddball stimuli). All images appeared at a frequency of 4 Hz

(base frequency, reflecting a general visual processing) and identity-oddball stimuli appeared

every six base stimuli, i.e., every 0.571 Hz. At 100% of their size, face images subtended about

6.78˚ × 5.47˚ of visual angle, while words subtended on average 13.65˚ × 1.62˚ of visual angle.
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Mean accuracy and RT to the orthogonal task (detecting color changes of the fixation

cross) were computed independently for each participant. We considered behavioral data

across identities in the three main conditions: Face Name, Face Only, and Name Only. A one-

way ANOVA with repeated measures found no difference between conditions according to

accuracy (F(2,38) = 0.241, p = 0.787) or RTs (F(2,38) = 0.148, p = 0.863).

Participants also had to complete the same questionnaire as in Experiment 1. Here, 89.25%

(standard deviation = 15.75%) of the 40 famous faces were rated as known. The two base iden-

tities (D. Trump and V. Putin) were rated as known by all the participants. Overall, some

unknown faces were sometimes reported as known, with a 5% occurrence among participants.

In these very few cases the supposedly unknown face was globally rated as less frequently seen

in the media (mean = 2.83), but the results presented a large variability (standard devia-

tion = 1.61). When asking participants more information about these faces, they reported

incorrect information, suggesting confusion and misrecognition of the faces. When rating face

familiarity, participants reported a frequent encounter of famous faces in the media

(mean = 3.64; standard deviation = 0.53). All the participants reported having seen D. Trump,

and only one participant did not rate V. Putin as seen during the testing.

EEG recording and analysis. EEG recordings and analyses were performed exactly as in

Experiment 1, considering the Face Name, Face Only, and Name Only conditions, regardless

of identity.

Experiment 2b (intracerebral EEG)

Participants. Considering the selective left-lateralized face-name responses observed in

scalp EEG and patients’ availability, we selected the left ATL as ROI. We recruited 7 partici-

pants (6 females, mean age: 30.7 ± 12.5 years, 4 right-handed) undergoing clinical intracerebral

evaluation with depth electrodes (SEEG [91]) for refractory partial epilepsy (Epilepsy Unit,

University Hospital of Nancy). Participants with at least one intracerebral electrode implanted

in the left ventral ATL were included. The ventral ATL was defined as the ventral region

located anteriorly to the posterior tip of the hippocampus (see S7 Fig for the topographic par-

cellation of the VOTC used in this study) [80,81]. The ventral ATL comprises the following

anatomical regions: the anterior segment of the parahippocampal gyrus (antPHG), the antCoS,

the antFG, the antOTS, and the antMTG/ITG.

Intracerebral EEG recording. Intracerebral electrodes were stereotactically implanted

within the participants’ brains for clinical purposes, i.e., in order to delineate their seizure

onset zones. SEEG avoids the need for large craniotomies as in the more popular implantation

of subdural grid electrodes to record intracranial EEG (electrocorticography or ECoG) but

offers the possibility to accurately explore mesial structures, deep sulci, and the insula [91].

Due to its intrinsic precision placement features, SEEG may be associated with fewer compli-

cations than implantation of subdural grid electrodes [92]. A recent meta-analysis provides

strong data regarding the safety of SEEG based on a systematic review of all published compli-

cations [92–94]. The implantation scheme is defined individually for each patient according to

electro-clinical hypotheses derived from noninvasive investigation; the number of implanted

electrodes is minimized, and their location and trajectories are defined strictly based on clini-

cal criteria. After induction of general anesthesia, the stereotactic frame (Leksell model G,

Elekta instrument, Stockholm, Sweden) is positioned on the patient’s head. A stereotactic CT

scan is then performed and fused to the preoperative non-stereotactic MRI using the iPlan

Stereotaxy software (Brainlab AG, München, Germany). Electrodes are then implanted

according to the following procedure: After reporting the calculated coordinates on the frame,

stereotactic guided drilling of the skull is performed and a bone screw is inserted. The
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intracerebral electrode (DixiMedical, Besançon, France; diameter of 0.8 mm; 5 to 18 platinum/

iridium contacts with 2-mm length, 1.5 mm apart) is inserted and secured to the screw with a

tight seal in order to prevent cerebrospinal fluid leak. Fluoroscopic control is performed to

rule out major electrode positioning errors before removing the stereotactic frame. A safety

margin of 2 mm is respected between the trajectory and the nearby vessels [94].

A total of 196 contacts (mean number per participant = 28; range = 11–39) were distributed

over the left ventral ATL of 7 participants, and 41 contacts (mean number per participant = 10;

range = 10–11) were implanted over the left PTL in 4 participants. Intracerebral EEG was sam-

pled at a 512 Hz and referenced to either a midline prefrontal scalp electrode (FPz, available in

3 participants) or an intracerebral contact in the white matter (in 4 participants).

FPVS procedure. Stimuli and the FPVS procedure were the same as in Experiment 2 in

scalp EEG, except the number of blocks. All participants were administered with at least 6

sequences (2 Face Name, 2 Face Only, and 2 Name Only), corresponding to one session of the

experiment. For 4 participants, the experiment was administered twice, corresponding to a

total of 12 sequences (4 Face Name, 4 Face Only, and 4 Name Only).

Mean accuracy and RT to the fixation cross task were calculated for each participant. A

one-way ANOVA with repeated measures found no difference between conditions according

to accuracy (F(2,16) = 1.019, p = 0.383) or RTs (F(2,16) = 0.326, p = 0.726).

Intracerebral EEG analysis. SEEG analyses were carried out using the free software Lets-

wave 5 (see https://github.com/NOCIONS/letswave6 for the most recent version) and largely

followed procedures used in previous SEEG studies with this approach [80,81]. Segments of

SEEG data corresponding to stimulation sequences were extracted. These segments were then

cropped to an integer number of 0.571 Hz cycles beginning after the 2-second fade-in and end-

ing before the 2-second fade-out (30,471 bins, approximately 60 seconds). Sequences were

averaged in the time domain separately for each condition and each participant. No further

preprocessing was applied to the recordings. Subsequently, a FFT was applied to these aver-

aged segments.

Responses significantly above noise level in the frequency domain at the identity-oddball

stimulation frequency (0.571 Hz) and its harmonics were determined in each condition as fol-

lows: (1) the FFT spectrum was cut into segments of 0.8 Hz centered at the identity-oddball

response frequency and the 6 first harmonics, i.e., 0.571 Hz, 1.142 Hz, 1.714 Hz, etc. (S9B Fig);

(2) the amplitude values of these 6 FFT segments were summed (S9C Fig); and (3) the summed

FFT spectrum was transformed into a Z-score (S9D Fig). Z-scores were computed as the dif-

ference between the amplitude at the identity-oddball frequency bin and the mean amplitude

of 22 surrounding bins (12 bins on each side, excluding the first bin directly adjacent to the

bin of interest) divided by the standard deviation of amplitudes in the corresponding 22 sur-

rounding bins [80]. A contact was considered as showing a significant response in a given con-

dition if the Z-score at the bin of the identity-oddball frequency exceeded 3.1 (i.e., p< 0.001

one-tailed: signal > noise; a conservative threshold is used to take into account the number of

contacts and harmonics tested).

Identity-oddball amplitude responses were quantified using baseline-subtracted ampli-

tudes. Baseline-corrected amplitudes were computed as the difference between the amplitude

at each frequency bin and the average of 22 surrounding bins (12 bins on each side, excluding

the first bin directly adjacent to the bin of interest). Amplitude responses were quantified as

the sum of the baseline-subtracted amplitudes at the identity-oddball frequencies from the

first until the sixth harmonic (0.571 Hz until 3.428 Hz), separately for each condition.

At each contact, the amplitude in the Face Name condition was compared to the sum of

amplitudes in the Face Only and Name Only conditions. To do so, for each contact, we

summed the 2 FFT spectra corresponding to the conditions Face Only and Name Only (S9E
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Fig), and we subtracted this resulting summed FFT spectrum from the FFT spectrum corre-

sponding to the Face Name condition (S9F Fig). Then, to assess the significance of this sub-

traction, we followed the same procedure as for single conditions: (1) the subtracted FFT

spectrum was cut into segments of 0.8 Hz centered at the identity-oddball response frequency

and the six first harmonics, i.e., 0.571 Hz, 1.142 Hz, 1.714 Hz, etc. (S9F Fig); (2) the amplitude

values of these 6 FFT segments were summed (S9G Fig); and (3) the summed FFT spectrum

was transformed into a Z-score (S9H Fig). Z-scores were computed as the difference between

the amplitude at the identity-oddball frequency bin and the mean amplitude of 22 surrounding

bins (12 bins on each side, excluding the first bin directly adjacent to the bin of interest)

divided by the standard deviation of amplitudes in the corresponding 22 surrounding bins

[80]. A contact was considered as showing a larger response for the Face Name than for the

sum Face Only + Face Name if the Z-score at the frequency bin of the identity-oddball stimula-

tion exceeded 1.65 (i.e., p< 0.05, one-tailed).

Contact localization in the individual anatomy. The exact position of each contact in

the individual anatomy was determined for each participant by co-registration of the postoper-

ative CT scan with a T1-weighted MRI of the participant’s head. To accurately label each con-

tact in the individual anatomy, we used the same topographic parcellation of the VOTC as in

previous studies [81,95] (S7 Fig). Major VOTC sulci (collateral sulcus and occipito-temporal

sulcus) served as mediolateral landmarks, while coronal reference planes containing given

landmarks served as posteroanterior landmarks. A coronal plane including the anterior tip of

the parieto-occipital sulcus served as the border of the occipital lobe and PTL. A coronal plane

including the posterior tip of the hippocampus served as the border between the PTL and the

ATL. Therefore, contacts located anteriorly to the posterior tip of the hippocampus were

labeled in the ATL.

All EEG and SEEG data are deposited in a Dryad repository: https://doi.org/10.5061/dryad.

m8t391m [96].

Statistical testing

To compare effects between conditions or ROIs, one- or two-way ANOVA with repeated mea-

sures (Greenhouse-Geisser corrected when sphericity was violated) and paired t tests were

computed when assumptions of normality were respected. Bonferroni-corrected post hoc tests

were applied when ANOVA showed statistical differences between groups. When assumptions

of normality were violated, nonparametric Friedman tests and Wilcoxon signed-rank tests

(Bonferroni adjusted for multiple comparisons) were carried out. Effect sizes (Cohen’s d) are

provided.

Supporting information

S1 Fig. Noise comparison across conditions and regions in scalp EEG and SEEG. In Experi-

ment 1, the mean standard deviation of the noise around the identity-oddball frequency is dis-

played for the left, middle, and right ROIs (3 electrodes in each). In Experiment 2 with scalp

EEG, the mean standard deviation of the noise in the left and right ROIs (5 electrodes each) is

shown for the 3 conditions: Face Name, Face Only, and Name Only. In Experiment 2 with

intracerebral EEG, the mean standard deviation of the noise around the identity-oddball bin is

shown for all significant contacts in the ATL and PTL (N = 15) and for all their nonsignificant

adjacent contacts (N = 12) across all the 6 participants showing a significant response in at

least one condition, either in the ATL or PTL. Error bars indicate standard deviation of the

mean. Data underlying this figure are deposited on a Dryad repository: https://doi.org/10.

5061/dryad.m8t391m. ATL, anterior temporal lobe; EEG, electroencephalography; LOT, left
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occipito-temporal; mid OT, middle occipito-temporal; PTL, posterior temporal lobe; ROI,

region of interest; ROT, right occipito-temporal; SEEG, stereo electroencephalography.

(TIF)

S2 Fig. Scalp EEG responses at the individual level in Experiment 1. Individual participant

data for the 12 participants of Experiment 1 are shown at the frequency of person identity

change (sum of 6 harmonics), independently of base identity. Each topography and the wave-

form to its right correspond to the data of one participant. Head plots are scaled from 0 μV

(dark blue) to the voltage of the maximal channel (red), separately for each participant. Wave-

forms show the average of baseline-corrected chunked frequency spectrum of the 6 channels

in bilateral occipito-temporal ROIs (P10, PO10, and PO12 for the LOT, and P9, PO9, and

PO11 for the ROT), centered on the sum of harmonics, with an x axis of relative frequency in

Hz and a y axis of amplitude (μV). All participants showed a significant response (p< 0.01) at

the frequency of person identity change in the bilateral ROIs. Data underlying this figure are

deposited on a Dryad repository: https://doi.org/10.5061/dryad.m8t391m. EEG, electroen-

cephalography; LOT, left occipito-temporal; ROI, region of interest; ROT, right occipito-tem-

poral.

(TIF)

S3 Fig. FFT spectrum of scalp EEG responses in Experiment 2. Baseline-corrected FFT spec-

tra (in μV) of the responses in the 3 conditions of Experiment 2 are shown at the group level

(n = 20 participants). The red and blue lines represent the average of the 5 electrodes in the left

and right ROIs, respectively; the location of the ROI is indicated by the topographical head on

the top of each spectrum. Black labels on the FFT spectrum signal the significant oddball fre-

quencies; the light gray label indicates the base frequency. Data underlying this figure are

deposited on a Dryad repository: https://doi.org/10.5061/dryad.m8t391m. EEG, electroen-

cephalography; FFT, fast Fourier transform; ROI, region of interest.

(TIF)

S4 Fig. Scalp EEG responses at the base frequency in Experiment 2. Base frequency

responses (sum of the first 9 base harmonics) are shown for each of the 3 conditions: Face

Name, Face Only, and Name Only. Above, mean group-level base responses in baseline-cor-

rected amplitude (μV) at the two lateral ROIs regardless of identity. Error bars indicate stan-

dard error from the mean, reflecting variability across participants. Asterisks indicate

significant differences at p< 0.05. Below, topography of the response at the base frequency for

each condition. Red and blue ovals show the electrodes included in the left and right ROIs,

respectively. The color scale maximum is shown in light gray above each map and corresponds

to the maximal baseline-corrected amplitude (in μV) in each condition. Data underlying this

figure are deposited on a Dryad repository: https://doi.org/10.5061/dryad.m8t391m. EEG,

electroencephalography; LOT, left occipito-temporal; ROI, region of interest; ROT, right occi-

pito-temporal.

(TIF)

S5 Fig. Anatomical location and SEEG responses of the significant contacts in the ATL.

Anatomical location and electrophysiological responses of the 7 significant contacts in the

ATL in 4 participants (P1, P2, P5, P6) and of their adjacent contacts. The significant contacts

are highlighted in red. Significant base responses were determined in the same way as signifi-

cant identity-oddball responses by (1) epoching the EEG frequency spectrum into segments

centered on the first 6 base harmonics (i.e., 4 Hz, 8 Hz, etc.); (2) summing the amplitude values

of these 6 frequency spectra segments; and (3) transforming it into a Z-score (difference

between the amplitude at the base frequency bin and the mean amplitude of the 22
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surrounding bins, divided by the standard deviation of amplitudes in the corresponding 22

surrounding bins). Data underlying this figure are deposited on a Dryad repository: https://

doi.org/10.5061/dryad.m8t391m. ATL, anterior temporal lobe; EEG, electroencephalography;

SEEG, stereo electroencephalography

(TIF)

S6 Fig. Spatial distribution of significant and nonsignificant intracerebral contacts in the

Talairach space. Map of all 237 VOTC recording contacts implanted in the gray matter of the

left ATL and PTL across the 7 participants displayed in the Talairach space using a transparent

reconstructed cortical surface of the Colin27 brain (left hemisphere, ventral view). Each circle

represents a single recording contact. Color-filled circles correspond to significant contacts in

at least one condition. Significant contacts are color-coded according to the condition(s) for

which we recorded significant responses at the oddball-identity frequency (p< 0.001). “Pure

FN” contacts are contacts on which the response was significant in the Face Name condition

but not in the Face Only and Name Only conditions, and the response in the Face Name con-

dition was larger (p< 0.05) than the response in the sum of the two control conditions. “Non

pure” FN contacts are contacts on which the response was significant in the Face Name condi-

tion but not in the Face Only and Name Only conditions, but the response in the Face Name

condition was not significantly larger than the sum of the two control conditions. Note that

the more posterior “Pure” FN contact is still located in the ATL (i.e., anterior to the posterior

tip of the hippocampus in the individual anatomy). Data underlying this figure are deposited

on a Dryad repository: https://doi.org/10.5061/dryad.m8t391m. ATL, anterior temporal lobe;

FN, Face Name; FO, Face Only; NO, Name Only; PTL, posterior temporal lobe; VOTC, ventral

occipito-temporal cortex.

(TIF)

S7 Fig. Schematic representation of the parcellation scheme of the VOTC. Anatomical

regions were defined in each individual hemisphere according to major anatomical landmarks

[95]. The ventral temporal sulci (collateral sulcus, occipito-temporal sulcus, and midfusiform

sulcus) serve as medial/lateral borders of regions, whereas 2 coronal reference planes contain-

ing anatomical landmarks (posterior tip of the hippocampus and anterior tip of the parieto-

occipital sulcus) serve as an anterior/posterior boundary for each region. Importantly, the pos-

terior tip of the hippocampus separated the PTL and the ATL, and therefore contacts located

anteriorly to the posterior tip of the hippocampus were labeled in the ATL. The anatomical

location of each significant contact was determined in the individual brain according to this

anatomical subdivision. The schematic locations of these anatomical structures are shown on a

reconstructed cortical surface of the Colin27 brain. AntFG, anterior fusiform gyrus; antMTG/

ITG, anterior part of the inferior and middle temporal gyri; antPHG, anterior segment of the

parahippocampal gyrus; ATL, anterior temporal lobe; CoS, collateral sulcus; HIP, hippocam-

pus; latFG, lateral part of the fusiform gyrus; medFG, medial part of the fusiform gyrus; MFS,

midfusiform sulcus; MTG/ITG, inferior and middle temporal gyri; OCC, occipital lobe; OTS,

occipito-temporal sulcus; PHG, parahippocampal gyrus; POS, parieto-occipital sulcus; PTL,

posterior temporal lobe; VOTC, ventral occipito-temporal cortex.

(TIF)

S8 Fig. Anatomical location and SEEG responses of the significant contacts in the PTL.

Anatomical location and electrophysiological responses of the 8 significant contacts in the PTL

in 3 participants (P2, P3, P4) and of their adjacent contacts. The significant contacts are

highlighted in red. Significant base responses were determined in the same way as significant

identity-oddball responses by (1) epoching the EEG frequency spectrum into segments
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centered on the first 6 base harmonics (i.e., 4 Hz, 8 Hz, etc.); (2) summing the amplitude values

of these 6 frequency spectrum segments; and (3) transforming it into a Z-score (difference

between the amplitude at the base frequency bin and the mean amplitude of the 22 surround-

ing bins, divided by the standard deviation of amplitudes in the corresponding 22 surrounding

bins). Data underlying this figure are deposited on a Dryad repository: https://doi.org/10.

5061/dryad.m8t391m. EEG, electroencephalography; SEEG, stereo electroencephalography;

PTL, posterior temporal lobe.

(TIF)

S9 Fig. Illustration of the identification procedure of significant intracerebral contacts

from the raw FFT spectrum. (A) The anatomical location of the contact that is illustrated in

this example is shown in both coronal and sagittal views and indicated by a green dot. (B)

Intracerebral frequency-domain responses recorded in this individual contact in the Face

Name condition. Significant responses were determined by first segmenting the EEG fre-

quency spectrum into 6 segments centered at the identity-oddball frequency and its harmon-

ics. These 6 segments are illustrated by 6 gray bars on the x axis and correspond to the length

of each frequency spectrum segment. (C) Pattern of response of the 6 individual frequency seg-

ments is shown as gray lines. These segments were then summed, resulting in the green spec-

trum. The 0 mark represents the identity-change frequency. (D) Z-score transformation of the

summed FFT spectrum. Z-score was computed as the difference between the amplitude at the

identity-change frequency and the mean amplitude of the 22 surrounding bins, divided by the

standard deviation of the 22 surrounding bins. The dashed line indicates the threshold of 3.1

(p< 0.001) that was used in intracerebral EEG to detect significant responses. (E) Computa-

tion of the subtraction between the Face Name condition and the sum of the two control con-

ditions: Face Only and Name Only. First, raw FFT spectra of the Face Only and Name Only

conditions were summed. This sum was then subtracted from the raw FFT spectrum of the

Face Name condition. (F) Intracerebral frequency-domain responses resulting from the sub-

traction [Face Name − (Face Only + Name Only)]. Significant responses in this subtraction

were determined by first segmenting the EEG frequency spectrum into 6 segments centered at

the identity-oddball frequency and its harmonics. These 6 segments are illustrated by 6 gray

bars on the x axis that correspond to the length of each segment. (G) Pattern of response of the

6 individual segments is shown as gray lines. Because these responses resulted from the sub-

traction of two conditions (Face Only and Name Only) from one condition (Face Name), only

the identity-oddball amplitude remains positive, while the amplitude of the surrounding bins

is mostly negative. These segments were then summed, resulting in the green spectrum. As a

consequence of the subtraction process, only the frequency of interest has a positive amplitude.

The 0 mark represents the identity-change frequency. (H) Z-score transformation of the

summed FFT spectrum. The dashed line indicates the threshold of 1.65 (p< 0.05) that was

used in intracerebral EEG to detect significant responses at the subtraction [Face Name −
(Face Only + Name Only)]. In this example, the Z-score at the identity-oddball frequency

exceeds 1.65, indicating that the face-name response is not only explained by the sum of

modality-specific responses. Data underlying this figure are deposited on a Dryad repository:

https://doi.org/10.5061/dryad.m8t391m. EEG, electroencephalography; FFT, fast Fourier

transform; FN, Face Name; FO, Face Only; NO, Name Only.

(TIF)
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a b s t r a c t 

Rapid individuation of conspecifics’ faces is ecologically important in the human species, whether the face belongs 

to a familiar or unfamiliar individual. Here we tested a large group ( N = 69) of epileptic patients implanted with 

intracerebral electrodes throughout the ventral occipito-temporal cortex (VOTC). We used a frequency-tagging 

visual stimulation paradigm optimized to objectively measure face individuation with direct neural recordings. 

This enabled providing an extensive map of the significantly larger neural responses to upright than to inverted 

unfamiliar faces, i.e. reflecting visual face individuation processes that go beyond physical image differences. 

These high-level face individuation responses are both distributed and anatomically confined to a strip of cortex 

running from the inferior occipital gyrus all along the lateral fusiform gyrus, with a large right hemispheric 

dominance. Importantly, face individuation responses are limited anteriorly to the bilateral anterior fusiform 

gyrus and surrounding sulci, with a near absence of significant responses in the extensively sampled temporal 

pole. This large-scale mapping provides original evidence that face individuation is supported by a distributed yet 

anatomically constrained population of neurons in the human VOTC, and highlights the importance of probing 

this function with face stimuli devoid of associated semantic, verbal and affective information. 

1. Introduction 

Face individuation (FID) occurs when the face of a unique individual 

elicits a specific behavioral and/or neural response that is reliably dis- 

tinct from the response to other individuals. Individuation of unfamiliar 

faces is critical in the human species for three main reasons. First, in 

humans, recognition of conspecifics’ identity is based primarily on the 

face ( Sheehan and Nachman, 2014 ). Second, in most human societies, 

people are constantly exposed to unfamiliar faces in their natural or dig- 

ital environment. Third, recognizing familiar people based on their faces 

requires to pick out idiosyncratic features of these faces when we first 

encounter them or when they have not yet been encoded in long-term 

memory, i.e. when they are unfamiliar. 

Although non-human animal species can be trained to behaviorally 

individuate pictures of unfamiliar faces of conspecifics or even of hu- 

mans, their performance is often limited and strictly image-dependent 

(e.g., fish: Newport et al., 2016 ; wasps: Sheehan and Tibbetts, 2011 ). 
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By comparison, human adults naturally excel at individuating unfa- 

miliar human faces ( Rossion, 2018 ), having acquired this ability with- 

out formal training throughout development ( Carey, 1992 ; Hills and 

Lewis, 2018 ). Their individuation of unfamiliar faces is fast (e.g., within 

1–2 fixations and a few hundreds of milliseconds; Hsiao and Cot- 

trell, 2008 ; Jacques et al., 2007 ) and automatic (i.e., occurring without 

the intention to do so and being able to suppress it; Liu-Shuang et al., 

2014 ; Palermo and Rhodes, 2007 ; Yan et al., 2019 ). 

Given the importance of faces for social interactions in the human 

species, understanding the neural basis of human FID must be a ma- 

jor scientific goal in cognitive neuroscience. Using pictures of unfamil- 

iar faces is critical to achieve this goal since they are not associated 

with semantic information, affect or verbal labels, therefore allowing 

to isolate the contribution of visual processes to FID ( Rossion, 2018 ). 

Neurophysiological studies have reported face-selective neurons in the 

infero-temporal cortex of the macaque monkey that fire at a differ- 

ent spike rate to pictures of different (monkey and human) unfamiliar 
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faces, suggesting that face identity is coded in terms of distributed pat- 

terns of spike rates in small local neuronal populations ( Baylis et al., 

1985 ; Chang and Tsao, 2017 ; Leopold et al., 2006 ; also Young and Ya- 

mane, 1992 with familiar faces). However, similarly to other non-human 

animal species, macaque monkeys are poor at behavioral FID tasks and 

may rely essentially on low-level image-based statistics ( Parr et al., 

2008 ; Rossion and Taubert, 2019 ). Moreover, their performance dif- 

fer qualitatively from humans at such tasks (e.g., no effect of picture- 

plane inversion of the stimuli; see Bruce, 1982 ; Griffin, 2020 ) such 

that this species does not provide an adequate model of human FID 

( Rossion and Taubert, 2019 ). In humans, neurons firing for specific 

facial identities have been recorded in the medial temporal lobe, but 

this firing occurs only to highly familiar faces, irrespective of the pre- 

sentation format (e.g., Jennifer Aniston’s face and her written name) 

( Quian Quiroga et al., 2005 ). Moreover, these neurons fire relatively 

late (about 300 ms onset) and are thought to play a role in recollecting 

conscious episodic multimodal memory events rather than in the FID 

process per se ( Quian Quiroga, 2012 ; Rey et al., 2020 ). 

At the system level of neural organization in humans, lesions caus- 

ing a selective impairment in face identity recognition, i.e. prosopag- 

nosia ( Bodamer, 1947 ), are located in the ventral occipito-temporal cor- 

tex (VOTC), with a right hemispheric lesion being both necessary and 

sufficient to cause such impairment in most individuals ( Barton, 2008 ; 

Bouvier and Engel, 2006 ; Meadows, 1974 ; Sergent and Signoret, 1992 ). 

Providing that correct response times are considered, these patients 

are also systematically impaired at unfamiliar face matching tasks 

( Farah, 1990 ). While the brain structures involved remain necessar- 

ily coarsely defined in lesion studies, recent studies have reported 

that focal intracerebral stimulation of the face-selective regions in the 

right VOTC generate transient impairments in face identity recogni- 

tion ( Jonas et al., 2015 , 2012 ), including unfamiliar face matching 

( Jonas et al., 2014 ). In typical adults, functional magnetic resonance 

imaging (fMRI) studies have used fMRI-adaptation and multivariate pat- 

tern analysis (MVPA) to define the neural basis of FID. On the one 

hand, fMRI-adaptation takes advantage of the reduced neural response 

to a repeated stimulus (‘repetition suppression’) ( Grill-Spector et al., 

2006 ; Grill-Spector and Malach, 2001 ). Repetition suppression effects 

for unfamiliar individual face pictures have been found in pre-defined 

face-selective regions of the VOTC such as the inferior occipital gyrus 

(IOG, or “Occipital Face Area ”, OFA) and the lateral section of mid- 

dle fusiform gyrus (latFG or “Fusiform Face Area ”, FFA; Eger et al., 

2004 ; Ewbank et al., 2013 ; Gauthier et al., 2000 ; Gilaie-Dotan et al., 

2010 ; Hermann et al., 2017 ; Hughes et al., 2019 ; Rostalski et al., 2019 ; 

Schiltz and Rossion, 2006 ). On the other hand, MVPA approaches rely 

on the decoding of differences between the patterns of activity evoked 

by different individual faces across multiple voxels. However, the de- 

coding accuracies in this approach, often for simple image-based dis- 

criminations, are rather modest and found in inconsistent brain regions 

across studies ( Anzellotti et al., 2014 ; Goesaert and Op de Beeck, 2013 ; 

Kriegeskorte et al., 2007 ; Natu et al., 2010 ; Nestor et al., 2011 ; see the 

critical view in Kanwisher, 2017 ). 

Overall, fMRI studies have either focused on specific regions of in- 

terest or investigated response patterns at a local scale (i.e., region- 

of-interest analyses in repetition suppression; searchlight analyses in 

MVPA), rather than considering the whole VOTC. Similarly, the major- 

ity of human intracranial EEG studies that have investigated FID using 

repetition suppression ( Engell and McCarthy, 2014 ; Puce et al., 1999 ) 

or MVPA ( Davidesco et al., 2014 ; Ghuman et al., 2014 ) have either fo- 

cused on specific anatomical regions ( Davidesco et al., 2014 ; Engell and 

Mccarthy, 2014 ; Ghuman et al., 2014 ; see Puce et al., 1999 for an excep- 

tion) or combined data from different regions ( Davidesco et al., 2014 ). In 

addition, despite its strengths (i.e., non-invasiveness, high spatial reso- 

lution and large spatial coverage), fMRI provides indirect neural record- 

ings associated with large fluctuations of signal-to-noise ratio across 

brain regions, making it difficult to fairly assess the FID function across 

the entire VOTC. In particular, due to severe magnetic susceptibility ar- 

Fig. 1. Fast periodic visual stimulation (FPVS) paradigm and SEEG method. 

A. In the paradigm used here (from Liu-Shuang et al., 2014 ), face images are 

presented by sinusoidal contrast modulation at a rate of six stimuli per second 

(6 Hz) in sequences of 65 s. In each sequence, a base face (here ID1) is randomly 

selected within a pool of 25 male or 25 female faces and repeated throughout 

the sequence. At a fixed interval of every 5th base face (i.e. at the frequency 

of 6 Hz/5 = 1.2 Hz), a different unfamiliar facial identity (selected from the 

24 remaining faces of the same gender) is presented (e.g. ID2, ID3, etc.). To 

avoid pixel-wise overlap, face size is randomly varied between 77% and 123% 

at every stimulation cycle. In a given sequence, faces are either presented all 

upright or all in the inverted orientation. B. Schematic coronal representation 

of the typical trajectories of depth electrodes implanted in the VOTC. Electrodes 

consist of 8–15 contiguous recording contacts (red rectangles) spread along the 

electrode length, along the medio-lateral axis. Acronyms: TP: temporal pole; 

ATL: anterior temporal lobe; PTL: posterior temporal lobe; OCC: occipital lobe; 

PHG: parahippocampal gyrus; CoS: collateral sulcus; FG: fusiform gyrus; ITG: 

inferior temporal gyrus; MTG: middle temporal gyrus; OTS: occipito-temporal 

sulcus; CS: calcarine sulcus; IOG: inferior occipital gyrus; LG: lingual gyrus; ant: 

anterior; lat: lateral; med: medial. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 

tifacts arising from the ear canals ( Axelrod and Yovel, 2013 ; Jonas et al., 

2015 ; Rossion et al., 2018 ; Wandell, 2011 ), fMRI is limited in explor- 

ing VOTC regions located anteriorly to the middle fusiform gyrus, i.e. 

in the anterior temporal lobe (ATL). Although intracranial EEG studies 

do not suffer from regional variations in signal-to-noise ratio, previous 

investigations have not localized, quantified, and compared FID neural 

responses across anatomical regions of the human VOTC. 

Here, we provide a comprehensive map of direct neural responses of 

FID measured in the whole human VOTC. To achieve this, we use a vali- 

dated frequency-tagging paradigm to capture the FID function in a large 

group ( N = 69) of epileptic patients implanted with intracerebral (i.e., 

depth) electrodes across the VOTC (stereotaxic-electroencephalography, 

SEEG, Talairach and Bancaud, 1973 ), allowing to measure local neural 

activity from the cortex. In this paradigm ( Liu-Shuang et al., 2014 , 

reviewed in Rossion et al., 2020 ), the picture of an unfamiliar face iden- 

tity devoid of external features ( “base face ” = ID1) is randomly selected 

from a large set of face identities, and repeated at a constant rate of 

6 Hz for about one minute. During this face stimulation sequence, other 

unfamiliar face identities (ID2, ID3, ID4, etc.) are inserted among the 

base face at regular intervals as every 5th face ( Fig. 1 A). As a result, a 

change of face identity occurs periodically at 6 Hz/5, i.e. 1.2 Hz, while 
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observers complete an orthogonal task. Responses measured in the EEG 

(on the scalp) or SEEG (inside the brain) exactly at the 1.2 Hz iden- 

tity change frequency and its harmonics (i.e., 2.4 Hz, etc.) index FID. 

Combined with electroencephalography, this paradigm has many ad- 

vantages: it is highly sensitive (i.e., high signal-to-noise ratio and signif- 

icant effects in > 90% of individuals tested during a few minutes), ob- 

jective (i.e., providing responses at experimentally-defined frequencies), 

and reliable (i.e., with stable responses within and between recording 

sessions, Dzhelyova et al., 2019 ; see Rossion et al., 2020 for an exten- 

sive review of 20 published studies with this paradigm with scalp EEG 

recordings). 

Here, we extensively cover the bilateral VOTC by sampling a to- 

tal of 3825 recording contacts in the gray matter from 69 participants 

tested with this paradigm ( Fig. 1 B). We quantify the 1.2 Hz FID response 

at each recording contact and map this response across the VOTC to 

define the neural basis of human unfamiliar FID. Importantly, in or- 

der to isolate high-level FID effects, i.e. effects that go beyond mere 

physical differences between images, we compare the FID responses 

to upright and inverted faces tested in separate stimulation sequences. 

Since picture-plane inversion is known to largely impair FID ( Yin, 1969 ; 

Rossion, 2008 for review) and severely reduces scalp EEG responses in 

the paradigm used here ( Liu-Shuang et al., 2014 ), we expect this manip- 

ulation to substantially decrease the FID response in the critical regions 

subtending face individuation. 

2. Materials and methods 

2.1. Participants 

The study included 69 participants (32 females, mean age: 32.3 ± 8 

years, 63 right-handed and 6 left-handed) undergoing clinical intrac- 

erebral evaluation with depth electrodes (SEEG, Talairach and Ban- 

caud, 1973 ) for refractory partial epilepsy in the Epilepsy Unit of 

the University Hospital of Nancy. They were included in the study if 

they had at least one intracerebral electrode implanted in the ventral 

occipito-temporal cortex. All participants tested in SEEG gave written 

consent to participate to the study, which was part of a protocol ap- 

proved by the human investigation committee of the University Hospital 

of Nancy. 

Intellectual efficiency (IQ, WAIS-IV) was assessed in 58 participants, 

with an average IQ score of 88.8 ± 14.8. All but 11 participants per- 

formed the electronic version of the Benton Face Recognition Test 

(BFRT-c; Rossion and Michel, 2018 ; see Benton and Van Allen, 1968 for 

the original version of the test) before the SEEG exploration. Their av- 

erage score at the BFRT-c was of 42.1 ± 4.5, although 13 participants 

had scores below normal range (i.e., < 39; range 32–52; see distribu- 

tion of BFRT-c scores in Fig. S1). Average response time to perform the 

BFRT-c was about 6 min (360.4 s ± 165.8, range 146–1016 s; see dis- 

tribution of BFRT-c reaction times in Fig. S1A). A subset of these par- 

ticipants ( N = 32; 46%) also performed a behavioral delayed matching 

task (as described in Busigny and Rossion, 2010 , experiment 4) with 

upright and inverted faces. Accuracy and response times were compara- 

ble to older control participants reported in the literature ( Busigny and 

Rossion, 2010 ) and response times were correlated with age, IQ and 

visuospatial processing speed (as assessed by the subtest Code of the 

WAIS) (Table S1). They displayed a large face inversion effect in ac- 

curacy (upright faces: 87 ± 9.5%; inverted faces: 71.4 ± 11.6%, one- 

tailed t -test: t(31) = 10.2, p < 0.001) and correct response times (up- 

right faces: 1959 ± 480 ms; inverted faces: 2219 ± 496 ms, one-tailed 

t -test: t(31) = 6.3, p < 0.001). Every single participant of this subsample 

showed better performance for upright than inverted faces (Fig. S1B). 

2.2. Intracerebral electrode implantation and SEEG recording 

Intracerebral electrodes (Dixi Medical, Besançon, France) were 

stereotactically implanted in the patient’s brain for purely clinical pur- 

poses, i.e., in order to delineate the seizure onset zone ( Talairach and 

Bancaud, 1973 ). The sites of electrode implantation were determined 

based on non-invasive data collected during an earlier phase of the 

investigation. Each 0.8 mm diameter intracerebral electrode contains 

8–15 independent recording contacts of 2 mm in length separated by 

1.5 mm from edge to edge ( Fig. 1 B, for details about the electrode 

implantation procedure, see Salado et al., 2018 ). The exact anatom- 

ical location of each recording contact was determined by coregistra- 

tion of post-operative non-stereotactic CT-scan with a pre-operative T1- 

weighted MRI. A total of 484 electrode arrays were implanted in the 

VOTC of the 69 participants. These electrodes contained 3825 individ- 

ual recording contacts in the gray matter (left hemisphere: 2031; right 

hemisphere: 1794). Intracerebral EEG was recorded at a 512 Hz sam- 

pling rate referenced to either a midline prefrontal scalp electrode (FPz, 

in 59 participants) or an intracerebral contact in the white matter (in 

10 participants). 

2.3. Face individuation fast periodic visual stimulation (FPVS) paradigm 

2.3.1. Stimuli 

We used full-front colored photographs of 25 male and 25 female 

faces with a neutral expression, taken under standardized conditions 

with respect to lighting, background, and distance from the camera 

( Fig. 1 A for examples of faces; same stimuli as in Liu-Shuang et al., 

2014 ). External features such as hair and ears were cropped out. In- 

verted (upside-down) versions of these faces were generated by verti- 

cally flipping each image. 

2.3.2. Experimental procedure 

Participants viewed sequences of face images ( Fig. 1 A) presented 

at a rate of 6 Hz through sinusoidal contrast modulation. In separate 

sequences, faces were either presented in the upright orientation or in 

the inverted orientation. Faces were of the same sex within a sequence. 

A sequence lasted 65 s, consisting of 60 s of stimulation at full-contrast 

followed by 5 s of “fade-out ”, where contrast gradually decreased. In 

every sequence, the base face was one randomly selected face identity 

(within the 25 faces of one sex set) and repeated throughout at 6 Hz 

(e.g., identity 1, ID1). At fixed intervals of every 1/5 face, a different 

facial identity (selected from the 24 remaining faces of the same sex set) 

was shown (ID2, ID3, ID4, etc.). Thus, face identity changes occurred a 

frequency of 6 Hz/5, i.e., 1.2 Hz ( Fig. 1 A). As a result, EEG amplitude at 

this frequency (1.2 Hz) and its harmonics (i.e. integer multiples: 2.4 Hz, 

3.6 Hz, etc.) was used as an index of the visual system’s discrimination 

of individual faces. To avoid confounding changes of face identity with 

changes of local pixel intensity (e.g., blue eyes vs. brown eyes), face size 

varied randomly between 77% and 123% at every 6 Hz stimulation cycle 

to minimize the overlap between the spatial location of a given facial 

landmark across cycles. During the stimulation, participants fixated a 

small black cross presented continuously at the center of the stimuli 

and had to detect brief (500 ms) color-changes of this fixation cross 

(black to red), occurring randomly 8 times in each sequence. Due to 

equipment malfunction, the behavioral data at color-change detection is 

missing for 11 participants. In the remaining 58 participants, accuracy at 

detecting the color change of the fixation cross was near ceiling for both 

the upright (96.7 ± 4.3%; range: 61 to 100%) and inverted (95.1 ± 5.7%; 

range: 60 to 100%) conditions, with no significant difference between 

conditions ( p = 0.2, 2-tailed paired permutation test). Participants were 

slightly and significantly slower to respond to the color change in the 

upright (471 ± 56 ms) compared to inverted (457 ± 50 ms) condition 

( p = 0.011, 2-tailed paired permutation test). 

Half of the participants ( N = 34) were presented with 4 sequences 

(2 sequences per face orientation, one with male faces, one with fe- 

male faces, i.e. around 5 min of experiment, including short breaks). 

Twenty-two participants viewed 8 sequences (4 in each face orienta- 

tion), 3 participants viewed 12 sequences (6 per face orientation) and 

10 participants viewed only 2 sequences (1 per face orientation). These 
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differences across participants were due to the particular clinical context 

in which the experiment took place. Since the study does not compare 

across individual participants, we considered all the collected data for 

analysis. No participant had seizures in the 2 h preceding FPVS record- 

ings. 

2.4. SEEG signal processing and analyses 

SEEG signal processing and analyses were largely similar to those 

in previous studies with this approach ( Jonas et al., 2016 ; Lochy et al., 

2018 ) but is reported in full in the present study. 

2.4.1. Frequency domain processing 

We analyzed segments of SEEG corresponding to stimulation se- 

quences (69-second segments, − 2 s to + 67 s). The 69 s data segments 

were cropped to contain an integer number of 1.2 Hz cycles beginning 

2 s after the onset of the sequence until approximately 60 s, before stim- 

ulus fade-out (69 identity change cycles ≈ 58 s). Sequences were then 

averaged in the time-domain, separately for each condition and each 

participant. No further pre-processing was applied to the recordings. 

Subsequently, a Fast Fourier Transform (FFT) was applied to these av- 

eraged segments and amplitude spectra (see examples in Fig. 2 A) were 

extracted for all contacts. 

2.4.2. Face individuation (FID) responses 

The FPVS approach used here allows identifying two distinct types 

of responses: (1) a general visual stimulation response at the base stim- 

ulation frequency (6 Hz) and its harmonics (e.g., 12 Hz, 18 Hz, etc.), 

as well as (2) a face individuation response at 1.2 Hz and its harmonics 

(FID response, Fig. 1 A). In the current study, we will focus on the FID 

response. The significance of FID responses relative to noise was deter- 

mined as follows ( Fig. 2 ). First, the FFT spectrum was cut into segments 

centered at the identity change frequency and harmonics, i.e., 1.2 Hz, 

2.4 Hz, 3.6 Hz and 4.8 Hz (no responses were found above 6 Hz) and sur- 

rounded by 25 neighboring bins on each side. Next, the amplitude values 

of these 4 segments of FFT spectra were summed. Finally, the summed 

FFT spectrum was transformed into a Z-score. Z-scores were computed 

as the difference between the amplitude at the center identity change 

frequency bin and the mean amplitude of 48 surrounding bins (25 bins 

on each side, excluding the 2 bins directly adjacent to the bin of inter- 

est, i.e., 48 bins), divided by the standard deviation of amplitudes in the 

corresponding 48 surrounding bins. A recording contact was labeled as 

an FID contact if the Z-score of the FID response at the identity change 

frequency bin exceeded 3.1 (i.e., p < 0.001 one-tailed), in the upright, in 

the inverted condition or in both conditions. A one-tailed test was used 

as the search is restricted to recording contacts showing larger signal 

than noise ( Dzhelyova et al., 2019 ; Jonas et al., 2016 ; Liu-Shuang et al., 

2016 ; Lochy et al., 2018 ). 

2.4.3. Classification of FID contacts in UP and INV contacts 

For the proportion analysis, FID contacts were further split in 2 sets 

of contacts: (1) the contacts that showed a significant FID response in the 

upright condition, regardless of the responses in the inverted condition 

( UP contacts , Fig. 3 , left); (2) the contacts that showed a significant FID 

response in the inverted condition, regardless of the responses in the 

upright condition ( INV contacts , Fig. 3 , right). Some contacts exhibited 

significant responses in both upright and inverted conditions such that 

the two sets overlapped ( Fig. 3 , bottom; Fig. 4 A). 

2.4.4. Quantification of response amplitude 

Amplitude quantification was performed on all FID contacts (i.e., 

significant FID response either for upright or inverted condition) inde- 

pendently for the upright and inverted conditions, following a similar 

procedure as described above for defining significant contacts. Specifi- 

cally, we first computed baseline-subtracted amplitudes in the frequency 

domain as the difference between the amplitude at each frequency bin 

Table 1 

Number of contacts showing significant FID responses (in 

upright and/or inverted conditions) in each anatomical re- 

gion. The corresponding number of subjects in which these 

contacts were found is indicated in parenthesis. For each 

region, the larger anatomical subdivision is indicated in 

parenthesis. Acronyms: VMO: ventro-medial occipital cor- 

tex; IOG: inferior occipital gyrus; medFG: medial fusiform 

gyrus and collateral sulcus; latFG: lateral fusiform gyrus 

and occipito-temporal sulcus; MTG/ITG: the inferior and 

middle temporal gyri; antCoS: anterior collateral sulcus; 

antOTS: anterior occipito-temporal sulcus; antFG: anterior 

fusiform gyrus; antMTG/ITG: anterior middle and inferior 

temporal gyri; TP: temporal pole; OCC: occipital lobe; PTL: 

posterior temporal lobe; ATL: anterior temporal lobe. 

Regions Left hemisphere Right hemisphere 

VMO (OCC) 23 (4) 15 (5) 

IOG (OCC) 11 (5) 33 (8) 

medFG (PTL) 11 (7) 16 (6) 

latFG (PTL) 22 (10) 33 (9) 

MTG/ITG (PTL) 1 (1) 4 (3) 

antCOS (ATL) 12 (7) 14 (9) 

antFG (ATL) 6 (4) 15 (6) 

antOTS (ATL) 23 (11) 10 (4) 

antMTG/ITG (ATL) 19 (6) 13 (6) 

TP 10 (3) 4 (3) 

Total 138 157 

and the average of 48 corresponding surrounding bins (up to 25 bins on 

each side, i.e., 50 bins, excluding the 2 bins directly adjacent to the bin of 

interest, i.e., 48 bins). Then, FID response amplitude was quantified for 

each significant FID contact as the sum of the baseline-subtracted am- 

plitudes at the first 4 harmonics of the identity change frequency (i.e. 

1.2, 2.4, 3.6 and 4.8 Hz). Amplitude was quantified independently for 

the upright and inverted conditions. In addition, the effect of face inver- 

sion was computed for each contact as the amplitude difference between 

upright and inverted conditions. Contacts located in the same individu- 

ally defined anatomical region (see section “Contact localization in the 

individual anatomy ” below) were grouped, separately for the left and 

the right hemisphere. In each anatomical region, we statistically com- 

pared group-level FID amplitude differences between hemispheres using 

general linear mixed effect models implemented in the lme4 package 

( Bates et al., 2015 ) in R v4.0.0. Statistical models were fitted using REML 

and p -values were obtained using Satterthwaite’s approximation for de- 

grees of freedom. Models included a random intercept per participant 

to account for both inter-participants variability and non-independence 

of contacts within a participant. The significance of the face inversion 

effect was tested at group-level for each region and each hemisphere by 

comparing amplitudes in the upright vs . inverted conditions using gen- 

eral linear mixed effect models with a random intercept for factors ‘con- 

tacts’ nested in ‘participants’. Each set of tests was corrected for multiple 

comparisons using Benjamini-Hochberg false discovery rate correction 

( Benjamini and Hochberg, 1995 ). Note that the FID responses amplitude 

quantification in the middle temporal gyrus and inferior temporal gyrus 

(MTG/ITG) and temporal pole were not performed as there were too 

few contacts in these regions to obtain reliable measures ( Table 1 ). 

2.5. Contact localization in the individual anatomy 

The exact position of each contact relative to brain anatomy was 

determined in each participant’s own brain by coregistrating the post- 

operative CT-scan with a T1-weighted MRI of the patient’s head. Con- 

tacts located in the white matter were excluded from the analyses. To 

accurately assign an anatomical label to each contact, we used the same 

topographic parcellation of the VOTC as in Jonas et al. (2016) and 

Lochy et al. (2018) , which is close to the parcellation proposed by Kim 

et al. (2000) . Major VOTC sulci (collateral sulcus, CoS; midfusiform sul- 
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Fig. 2. Objective and high signal-to-noise ratio FID responses recorded in the VOTC. A. SEEG frequency-domain responses recorded at an individual recording 

contact in the upright (left) and inverted (right) conditions. The anatomical location of the contact (in the right latFG) is shown in a coronal MRI slice (indicated by 

a red arrow). FID responses are found at the exact face identity change frequency and harmonics (1.2, 2.4, 3.6, and 4.8 Hz) in both upright and inverted conditions, 

albeit with a higher amplitude in the upright condition. B. Significant selective responses were determined by first segmenting the FFT spectrum into four segments 

centered at the frequency of face identity change and its harmonics up to 4.8 Hz. Individual FFT segments are shown in gray (see horizontal gray bars on the X 

axis in A, representing the length of each FFT segment). The four segments, containing both the signal and the surrounding noise, were then summed (colored line). 

The 0 mark corresponds to the face identity change frequency. C. Z-score transformation of the summed FFT spectrum for statistical purpose and computed as the 

difference between the amplitude at the identity change frequency bin and the mean amplitude of 48 surrounding bins (25 bins on each side, excluding the 2 bins 

directly adjacent to the bin of interest, i.e., 48 bins), divided by the standard deviation of amplitudes in the 48 surrounding bins. The Z score at the face identity 

change frequency exceeds 3.1 ( p < 0.001) in the upright condition (left) and in the inverted condition (right). This contact was therefore classified as an UP contact 

and as an INV contact. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

cus, MFS; and occipito-temporal sulcus, OTS) served as medio-lateral 

landmarks while coronal reference planes containing given landmarks 

served as postero-anterior landmarks (Fig. S2). A coronal plane includ- 

ing the anterior tip of the parieto-occipital sulcus served as the border 

of the occipital lobe (OCC) and posterior temporal lobe (PTL). A coro- 

nal plane including the posterior tip of the hippocampus served as the 

border between the PTL and the anterior temporal lobe (ATL). A coro- 

nal plane including the limen insulae served as the border between the 

ATL and the temporal pole (TP). Hence, we located contacts in the ATL 

if they were located anteriorly to the posterior tip of the hippocampus 

(i.e., anteriorly to a Y Talairach coordinate around − 40) and posteriorly 

to the limen insulae. 

2.6. Group visualization, proportion and amplitude analyses in Talairach 

space 

For group analyses and visualization, anatomical MRI were spatially 

normalized in order to determine the Talairach coordinates of VOTC 

intracerebral contacts. The cortical surface used to display group maps 

was obtained from segmenting the Colin27 brain from AFNI ( Cox, 1996 ), 

which is aligned to the Talairach space. We performed two separate 

group analyses using Talairach transforms. 

First, we used Talairach transformed coordinates to compute the lo- 

cal proportion of FID intracerebral contacts across the VOTC. Unlike 

in the amplitude quantification analysis, proportions were computed 
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Fig. 3. Classification of FID contacts in UP and INV contacts for the proportion analysis. Example of summed segmented FFT spectra for the upright and inverted 

conditions in 4 recording contacts, illustrating the classification of FID contacts in UP and INV contacts (left and right columns respectively). Top-row: Contacts 

significant only either in the upright (left, UP contacts) or in the inverted (right, INV contacts) conditions. Bottom row: example contacts with a significant FID 

response in both conditions being classified as both UP and INV contacts. ∗ Indicates statistically significant responses ( Z > 3.1, p < 0.001). 

separately for UP contacts (i.e. contacts with significant FID response 

in the upright condition, independently of the inverted condition) and 

INV contacts (i.e. contacts with significant FID response in the inverted 

condition, independently of the upright condition). For ventral views 

of the VOTC, local proportion of contacts was computed in volumes 

(i.e. ‘voxels’) of size 15 × 15 × 100 mm (respectively for the X: left –

right, Y: posterior – anterior, and Z: inferior – superior dimensions) by 

steps of 3 × 3 × 100 mm over the whole VOTC. A large voxel size in 

the Z dimension enabled collapsing across contacts along the inferior- 

superior dimension, in order to increase statistical power and provide 

a compact visualization of the VOTC. Additional views of the lateral 

VOTC were generated by running the same analyses using voxels of size 

20 × 20 × 15 mm by steps of 3 × 3 × 3 mm along the X, Y and Z 

dimensions respectively. For each voxel, we extracted the following in- 

formation across all participants in our sample: (1) number of recorded 

contacts located within the voxel; (2) number of significant UP and INV 

contacts. From these values, for each voxel we computed the propor- 

tion of significant contacts as the number of UP or INV contacts within 

the voxel divided by the total number of recorded contacts located in 

that voxel. Then, for each voxel we determined whether the proportions 

of significant UP or INV contacts were significantly above zero using a 

bootstrap procedure, as follows: (1) within each voxel, sample as many 

contacts as the number of recorded contacts, with replacement; (2) for 

this bootstrap sample, determine the proportion of UP or INV contacts 

and store this value; (3) repeat steps (1) and (2) 5000 times to generate 

a distribution of bootstrap proportions; and (4) estimate the p -value as 

the fraction of bootstrap proportions equal to zero. In addition, we sta- 

tistically compared the proportion VOTC maps for UP vs. INV contacts 

in the same manner as described above but using, for each voxel, the 

difference between the number of UP vs. INV contacts in relation to the 

number of recorded contacts. With the UP vs . INV difference map, we 

also statistically determined interhemispheric differences by comparing 

this UP-INV difference of proportion across corresponding voxels of the 

left vs . right hemispheres, again using a permutation test. 

Second, we used the same mapping approach to compute the local 

FID response amplitude across the VOTC. Here, we plotted the mean 

baseline-subtracted amplitude across all the FID contacts (i.e. respond- 

ing significantly either in the upright or inverted conditions) within each 

15 × 15 × 100 mm voxel (for the ventral view) or 20 × 20 × 15 mm (for 

the lateral view) over the cortical surface. Mapping the FID response am- 

plitude in the upright and inverted conditions therefore uses the same 

set of contacts. We also statistically compared the amplitude maps for 

upright and inverted conditions by applying a paired-sample permuta- 

tion test (2-tailed, 5000 permutations) to the amplitude in the sample 

of contacts within each voxel. 

3. Results 

3.1. Spatial distribution of face individuation (FID) contacts in the VOTC 

Following Fast Fourier Transform of SEEG data, high signal-to-noise 

FID responses were identified in the VOTC at exactly the identity change 

frequency (1.2 Hz) and harmonics ( Fig. 2 shows an example contact in 

one participant) in the upright and inverted conditions. Significant FID 

responses were determined by grouping the first four harmonics (i.e. 

summing 1.2, 2.4, 3.6 and 4.8 Hz, Fig. 2 B) and computing a z-score 

transform ( z > 3.1, p < 0.001, Fig. 2 C). In total, we found 295 contacts 

showing a significant FID response in either the upright or the inverted 

condition in 63 individual brains (among 3825 contacts implanted in the 

VOTC of 69 participants). When using a slightly less conservative thresh- 

old of z > 2.745 ( p < 0.003) which was FDR-corrected ( Benjamini and 

Hochberg, 1995 ) at p < 0.05, more FID contacts were identified but 

the pattern of results and data interpretation were extremely similar 

(Fig. S3). 

The proportion of these FID contacts was significantly higher in the 

right (8.8%, 157/1794) than in the left hemisphere (6.8%, 138/2031, 

p = 0.02, 2-tailed permutation test). Among these 295 contacts, 161 

were significant only in the upright condition, 75 only in the inverted 

condition, and 59 in both conditions (see examples in Figs. 2 and 3 ). For 

some of the analyses (i.e. proportion), FID contacts were further split in 

2 sets based on the significance in the upright and inverted conditions: 

(1) UP contacts (i.e. showing a significant FID response in the upright 
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Fig. 4. Spatial distribution and proportions of UP and INV FID contacts in Talairach space. A. Map of all 3825 VOTC recording contacts across the 69 individual 

brains displayed in the Talairach space using a transparent reconstructed cortical surface of the Colin27 brain (ventral view). Each circle represents a single recording 

contact. Color-filled circles correspond to FID contacts, either defined as UP contacts (left map, N = 220, see Venn diagram inset on the right) or INV contacts (right 

map, N = 134). UP and INV contacts are color-coded according to their anatomical location in the original individual anatomy (see legend on the right). White-filled 

circles correspond to contacts on which no significant FID responses was recorded. For visualization purposes, individual contacts are displayed larger than their 

actual size (2 mm in length). Values along the Y axis of the Talairach coordinate system (antero-posterior) are shown near the interhemispheric fissure. B. Ventral 

and right lateral maps of the local proportion of UP contacts (left) and INV contacts (middle) relative to number of recorded contacts, and statistical comparison 

between the local proportions of UP and the local proportion of INV contacts across VOTC (right, only significant differences of proportions at p < 0.01 are displayed). 

For left and middle maps, black solid contours outline proportions significantly above zero at p < 0.01. For the ventral map on the right, the dashed black contour 

lines show the location of the proportion difference between UP and INV contacts that are significantly ( p < 0.01) larger in one hemisphere. This indicates that the 

higher proportion of UP compared to INV contacts in the IOG and latFG is significantly larger in the right hemisphere. The coordinates of published peak location of 

face-selective regions are show in white for fMRI-defined FFA (star: Berman et al., 2010 , circle: Gao et al., 2018 , square: Zhen et al., 2015 ), in green for fMRI-defined 

OFA (square: Zhen et al., 2015 , diamond: Pitcher et al., 2011b ) and the mean coordinates for latFG face-selective responses in a recent SEEG study are displayed 

with a white triangle ( Jonas et al., 2016 ). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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condition, regardless of the inverted condition, Fig. 3 left), and (2) INV 

contacts (i.e. showing a significant FID response in the inverted condi- 

tion, regardless of the upright condition, Fig. 3 right). Some contacts 

exhibited significant responses in both upright and inverted conditions 

so that the 2 sets of contacts overlapped ( Fig. 3 bottom; Fig. 4 A). 

Each significant FID contact was located and labeled according to the 

participant’s individual anatomy ( Table 1 ) using a topographic parcel- 

lation of the VOTC (Fig. S2; as in Jonas et al., 2016 ; Lochy et al., 2018 ). 

Moreover, to perform group visualization and analyses, the coordinates 

of each contact were transformed in the Talairach space ( Fig. 4 A). In 

the occipital lobe (OCC), FID responses were recorded in the inferior 

occipital gyrus (IOG) and in a large portion of the ventro-medial occipi- 

tal cortex (VMO, Table 1 , Fig. 4 A). In the posterior temporal lobe (PTL), 

numerous FID responses were recorded in the lateral fusiform gyrus and 

adjacent occipito-temporal sulcus (latFG), as well as to a lesser extent in 

the medial fusiform gyrus and adjacent collateral sulcus (medFG), but 

very few in the lateral temporal cortex (inferior and middle temporal 

gyri, MTG/ITG). In the ATL (anterior to the posterior tip of the hip- 

pocampus, around Talairach y coordinate = − 40, Fig. 4 A), FID responses 

were observed in several distinct regions: along the anterior segments of 

the collateral sulcus (antCoS) and occipito-temporal sulcus (antOTS, lo- 

cated laterally to the CoS), in the anterior fusiform gyrus (antFG, located 

between the antCoS and the antOTS) and more laterally in the anterior 

part of the middle and inferior temporal gyri (antMTG/ITG). Finally, 

few FID responses were also found in the TP. Most of FID responses ex- 

tended from approximately − 100 to − 5 along the antero-posterior Y axis 

in Talairach coordinates ( Fig. 4 A). 

We investigated the spatial distribution of FID contacts separately for 

UP and INV contacts. Fig. 3 shows examples of these 2 contact types. 

There were 220 UP contacts and 134 INV contacts (59 contacts in com- 

mon between the 2 orientations, see Fig. 3 bottom and Fig. 4 A Venn dia- 

gram). Overall, the proportion of UP contacts (i.e. number of UP contacts 

divided by the number of recorded contacts) was significantly higher 

than INV contacts (UP = 220/3825 = 5.75% vs. INV = 134/3825 = 3.5%, 

p < 0.0001, 2-tailed permutation test). Both types of contacts were 

widely distributed across the VOTC ( Fig. 4 A). 

3.2. Right VOTC shows higher proportion of UP FID contacts 

To quantify and visualize the spatial distribution of UP and INV con- 

tacts at a more local level, we used Talairach transformed coordinates 

to compute the proportion of each type of contact (i.e. UP and INV) rel- 

ative to the number recorded contacts in smaller volumes (i.e. ‘voxels’) 

( Fig. 4 B, see also Fig. S4 for the left hemisphere lateral views). Comput- 

ing such proportions allows taking into account the local variation in the 

number of recorded contacts across the VOTC. These proportion maps 

show that for both types of contacts, proportions significantly above zero 

( p < 0.01) are found in the VMO and in the bilateral FG. For UP con- 

tacts, we also observed significant proportions in the ventral and lateral 

IOG, especially in the right hemisphere, and in more anterior portions 

of the bilateral temporal lobe ( Fig. 4 B, see the solid black contour lines 

on the left and middle maps). Statistically comparing proportion maps 

for UP vs . INV contacts reveals a significantly higher ( p < 0.01) pro- 

portion of UP contacts in the right hemisphere between approximately 

− 80 mm to − 10 mm along the postero-anterior axis of the Talairach 

space (i.e. y-dimension, Fig. 4 B, right). More precisely, the significantly 

higher proportion of UP contacts started from the right IOG (mean Ta- 

lairach antero-posterior y-coordinate of IOG contacts = -65 ± 6 mm) 

over ventral and lateral aspects ( Fig. 4 B, right), continuing anteriorly 

all along the right latFG (mean Talairach y-coordinate = -49 ± 8 mm), 

and up to the antFG (-25 ± 7 mm), antOTS (-28 ± 10 mm) and antCOS 

(-22 ± 12 mm). Notably, as depicted in Fig. 4 B, this strip of cortex in 

the right hemisphere includes the mean peak coordinate of the FFA (in 

the latFG) as identified in fMRI in a meta-analysis ( Berman et al., 2010 , 

[39, − 52, − 15]), in a probabilistic atlas ( Zhen et al., 2015 , [38, − 49, 

− 18] converted from MNI to Talairach space), in a recent fMRI face lo- 

Fig. 5. Amplitude quantification in FID contacts. A. FID response amplitudes in 

the upright face condition over all FID contacts ( N = 295), for each anatomical 

region (i.e. as defined in the individual native anatomy) and separately for the 

left and right hemispheres (LH and RH respectively). Amplitudes are quantified 

as the mean of the amplitudes across recording contacts within a given anatom- 

ical region. Error bars are standard error of the mean across contacts. B. Same 

convention as for panel A but displaying amplitudes in the inverted face condi- 

tion for the same contacts (FID contacts, N = 295). C. Face inversion effect. Am- 

plitude difference between upright and inverted face conditions are computed 

in each FID contact and averaged by anatomical region and hemisphere. Aster- 

isks in red indicate significant (FDR-corrected) amplitude difference between 

upright and inverted face conditions, computed separately for each region and 

hemisphere using linear mixed models. Note that the mean amplitudes of FID re- 

sponses in the MTG/ITG and TP are not reported as there were too few contacts 

in these regions to obtain reliable measures. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 



C. Jacques, B. Rossion and A. Volfart et al. NeuroImage 221 (2020) 117174 

calizer using a frequency-tagging procedure similar to the present study 

( Gao et al., 2018 , [42, − 54, − 14]), as well as the mean coordinate of the 

face-selective responses in the latFG in a recent intracerebral recording 

study ( Jonas et al., 2016 , [41, − 45, − 16]). This strip of cortex also in- 

cludes the mean coordinates of the OFA in the inferior occipital gyrus 

as reported in a review ( Pitcher et al., 2011b , [39, − 74, − 10]) or in a 

probabilistic atlas ( Zhen et al., 2015 , [39, − 73, − 13] converted from 

MNI to Talairach space). In the left hemisphere, we also found a higher 

proportion of UP contacts in the ATL and in a small portion of the IOG. 

Interestingly, the proportion of significant UP and INV contacts did not 

differ in the VMO. To statistically establish interhemispheric differences 

in the local proportions of UP vs . INV contacts, we compared this dif- 

ference in proportion (i.e. UP vs . INV contacts) in corresponding voxels 

across hemispheres, restricting the comparison to voxels showing a sig- 

nificant difference between UP and INV contacts. This revealed that the 

difference in proportion of UP vs . INV contacts was significantly higher 

in the right hemisphere in portions of the IOG and latFG ( Fig. 4 B right, 

see the dashed black contour lines on the ventral map). Note that the 

proportion analyses yield virtually the same results whether or not the 

13 participants with a BFRT-c score below the normal range were in- 

cluded in the analyses (Fig. S5). 

3.3. Right hemispheric predominance of upright FID response amplitudes 

We also quantified response amplitudes of the significant FID con- 

tacts ( N = 295). Unlike in the proportion analysis, this was performed by 

measuring the response amplitude for the upright and inverted condi- 

tions over the whole set of FID contacts (i.e. no longer splitting in UP and 

INV contacts). To do so, we summed the baseline-subtracted amplitude 

over the first 4 harmonics of the face identity change frequency (i.e. 1.2, 

2.4, 3.6 and 4.8 Hz) for each significant FID contact (see Methods for 

details). We then calculated the mean amplitudes across FID contacts in 

each anatomical region, separately for the upright and inverted condi- 

tions ( Fig. 5 ) and compared amplitudes across hemisphere using linear 

mixed model statistics. Note that the mean amplitudes of FID responses 

in the MTG/ITG and TP are not reported as there were too few contacts 

in these regions to obtain reliable measures ( Table 1 ). In the upright con- 

dition ( Fig. 5 A), the largest FID response was recorded in the right latFG, 

followed by the right antFG, the left antCOS, the right antOTS and the 

right IOG. Only the latFG showed a trend for significant hemispheric 

difference ( p = 0.09, FDR corrected, p = 0.01 uncorrected), despite a 

large difference in the amplitude between left and right hemispheres 

for this region ( Fig. 5 A; the amplitude in the left latFG was 45% smaller 

than in the right latFG; computed as 100 ∗ (R-L) / R). When combining 

the two regions in the posterior temporal lobe with the highest propor- 

tions of FID contacts (i.e. the latFG and IOG), the amplitude in the right 

hemisphere was significantly higher than in the left hemisphere (13.22 

μV vs. 8.04 μV, p = 0.021). In the inverted face condition, the overall 

amplitudes across the VOTC was reduced compared to the upright con- 

dition ( Fig. 5 B) and the largest responses were found in the right medFG, 

followed by the right VMO. No significant interhemispheric differences 

were found in the inverted face condition. 

Next, we quantified the face inversion effect in each region by sub- 

tracting the response amplitude in inverted condition from the response 

in the upright condition for each contact and then averaging across con- 

tacts ( Fig. 5 C). FID responses were significantly higher in the upright 

compared to inverted conditions in several regions: the right IOG (mean 

amplitude difference between upright and inverted ± S.D. = 5.7 μV ± 

4.8, p < 0.0001, FDR-corrected, Fig. 5 C; percentage of amplitude reduc- 

tion for INV vs. UP = − 53%, computed as 100 ∗ (UP-INV) / UP), the left 

and right latFG (respectively 3.8 μV ± 6.1, p < 0.005 and 8.9 μV ± 10.1, 

p < 0.0002, i.e. − 44% and − 56% of reduction for inverted faces), the left 

and right antFG (7.5 μV ± 6.5, p < 0.05 and 6.9 μV ± 5.5, p < 0.0005; - 

68% and − 59% of reduction for inverted faces), the left antCOS (3.8 

μV ± 6.1, p < 0.01; − 63%), and the left and right antOTS (5.7 μV ± 

9.8, p < 0.01 and 7.8 μV ± 3.5, p < 0.0005; − 54% and − 65% respec- 

Fig. 6. Spatial distribution and response amplitude over FID contacts in the Ta- 

lairach space. A. Map of all FID contacts ( N = 295) across 69 individual brains 

displayed in the Talairach space. Each circle represents a single contact color- 

coded according to its FID response amplitude in the upright face (left) or in- 

verted face (right) condition. For visualization purposes, individual contacts are 

displayed larger than their actual size (2 mm in length). B. Ventral and right 

lateral maps showing smoothed response amplitude over FID contacts displayed 

over the VOTC cortical surface for the upright face (left) and inverted face (mid- 

dle) conditions, and maps of the significant amplitude difference ( p < 0.01) be- 

tween upright and inverted face conditions (right). The coordinates of published 

peak location of face-selective regions are show in white for fMRI-defined FFA 

(star: Berman et al., 2010 , circle: Gao et al., 2018 , square: Zhen et al., 2015 ), in 

green for fMRI-defined OFA (square: Zhen et al., 2015 , diamond: Pitcher et al., 

2011b ) and the mean coordinates for latFG face-selective responses in a recent 

SEEG study are displayed with a white triangle ( Jonas et al., 2016 ). (For inter- 

pretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 

tively). We also found the opposite pattern with significantly larger FID 

responses for inverted compared to upright faces in the right medFG 

( − 5.1 μV ± 7.4, p < 0.01, + 108%) and right antMTG/ITG ( − 5.4 μV 

± 5.7, p = 0.0015, + 384%). The face inversion effect measured in the 

IOG and latFG was larger in the right compared to left hemisphere (65% 

smaller in the left hemisphere when combining the two regions). How- 

ever, owing to the high variability of amplitude values across patients 

( n = 13 and n = 12 for left and right hemisphere, respectively) in these 

regions, this difference did not reach significance. 

As in the proportion analyses above, we also examined the distri- 

bution of response amplitudes without a priori regional grouping by 

generating VOTC maps of the amplitudes of all FID contacts ( N = 295) 

in the Talairach space. FID amplitudes were displayed either at the level 

of each individual contact ( Fig. 6 A) or averaged within voxels projected 

to the cortical surface ( Fig. 6 B, see also Fig. S4 for the left hemisphere 

lateral views). As expected from the previously described regional aver- 
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ages, the highest response amplitude was located in the right latFG in the 

upright condition. A statistical comparison of upright and inverted am- 

plitude maps revealed significantly higher responses for upright faces 

predominantly in the right hemisphere, stretching along the postero- 

anterior axis starting from the right IOG, to the right latFG, and up 

to the ATL region ( Fig. 6 B, right). Similarly to the significantly higher 

proportion of UP contacts in the right hemisphere ( Fig. 4 B, right), this 

face inversion effect amplitude difference also extended from approxi- 

mately − 75 mm to − 7 mm on the antero-posterior Y axis of the Talairach 

space. This strip of cortex in the right hemisphere showing a face inver- 

sion effect in amplitude includes the mean peak coordinate of the FFA 

( Berman et al., 2010 ; Gao et al., 2018 ; Zhen et al., 2015 ), the mean coor- 

dinate of the face-selective responses in the latFG in a recent SEEG study 

( Jonas et al., 2016 ) and the mean coordinates of the OFA ( Pitcher et al., 

2011b ; Zhen et al., 2015 ) ( Fig. 6 B, right). We also found significantly 

higher amplitudes in the upright condition in the left hemisphere, re- 

stricted to the anterior portion of the latFG and posterior portions of the 

antCOS, antFG and antOTS ( Fig. 6 B and 5 C). Interestingly, while there 

were clear responses over the posterior VOTC (VMO), these responses 

were of similar magnitude in the upright and inverted conditions, as in- 

dicated by an absence of significant difference across conditions in this 

region ( Fig. 6 B, see also Fig. 5 C). As for the proportion analyses, note 

that the amplitude analyses yield virtually the same results whether or 

not the 13 participants with a BFRT-c score below the normal range 

were included in the analyses (Fig. S5 and Fig. S6). 

Last, we further investigated whether the neural processes involved 

in generating FID responses in the upright and inverted conditions were 

qualitatively different by correlating the response amplitude in the two 

conditions across regions ( N = 18 across the 2 hemispheres) and FID con- 

tacts ( N = 295). The resulting correlations were weak: Pearson r = − 0.18 

( p = 0.47, randomization test where the null distribution is generated 

by randomly shuffling the pairing of amplitudes) and 0.14 ( p < 0.0063), 

respectively for correlations using regions or contacts. Although the cor- 

relation using all FID contacts was significantly different from zero, it 

has very low explanatory power, accounting for only 2% of shared vari- 

ance. 

4. Discussion 

We report an original neural cartography of unfamiliar face individ- 

uation across the human VOTC, using data collected in a large sample 

of individuals implanted with intracerebral electrodes. To our knowl- 

edge, only a handful of studies reported human intracranial recordings 

during unfamiliar FID. Specifically, Puce et al. (1999) showed ampli- 

tude decreases of low-frequency late ECoG (Electrocorticography) re- 

sponses in the ATL to repeated presentations of faces, while Engell and 

McCarthy (2014) described high-frequency activity decreases over the 

middle FG at an earlier latency with a subset of the same data. Using 

MVPA, Ghuman et al. (2014) found significant decoding of individual 

face images and features in 4 patients with recordings over the middle 

FG, and Davidesco et al. (2014) were able to decode 14 different images 

of faces in the posterior ventral and lateral occipito-temporal cortex us- 

ing data recorded in 14 patients with both ECoG and SEEG. 

While the current observations generally agree with these previ- 

ous findings, the present investigation goes well beyond these studies 

by mapping neurophysiological FID responses across the whole human 

VOTC, sampling both gyri and sulci thanks to the SEEG approach, in a 

large number of individual brains ( Rossion et al., 2018 ). Importantly, 

the strengths of the current FPVS paradigm enable to capture neural 

responses directly reflecting visual face identity processing. Hence, not 

only does this paradigm have high validity, objectivity, sensitivity, and 

reliability, but it also offers control for individuation based on low- 

level features through the speed and large number of variable indi- 

vidual discriminations occurring during a sequence, the requirement 

to generalize across stimulus size ( Dzhelyova and Rossion, 2014 ; Liu- 

Shuang et al., 2014 ), and most importantly, through the comparison to 

the exact same stimulation with faces presented in the inverted orienta- 

tion ( Rossion et al., 2020 ). 

Our comprehensive intracerebral mapping of the VOTC reveals four 

key findings characterizing the FID function in the human brain. First, 

we find a robust face inversion effect as demonstrated by a larger pro- 

portion of significant contacts and higher FID response amplitudes for 

upright than inverted faces. Second, the face inversion effect is spatially 

distributed yet confined to a relatively narrow strip of cortex extending 

from the right posterior VOTC (IOG and latFG) to bilateral ATL regions. 

Third, our study identifies clear FID responses in the anterior FG and 

surrounding sulci, up to 3 cm more anterior than the latFG. Fourth, al- 

most no FID responses are found in very anterior ATL regions, including 

the temporal pole, despite extensive sampling of this region. 

4.1. The effect of stimulus inversion on face individuation 

Picture-plane inversion dramatically affects behavioral individua- 

tion of faces in humans ( Rossion, 2008 ; Yin, 1969 ), therefore allowing to 

isolate high-level neural processes subtending FID, i.e. processes that go 

beyond the discrimination of physical differences between face images 

(which are strictly identical regardless of orientation). Interestingly, our 

extensive spatial sampling reveals substantial differences across brain 

regions in terms of the FID response amplitude and the proportion of sig- 

nificant contacts for upright and inverted faces. On recording contacts 

located closely to or in low-level visual cortical regions ( “VMO ”), there 

was little to no difference between FID responses to upright and inverted 

faces, suggesting that the small effects found in these regions are based 

on low-level visual cues. In contrast, multiple higher-order cortical re- 

gions, i.e., in the posterior and anterior ventral temporal cortex, showed 

a robust reduction of amplitude and proportion of significant contacts 

for inverted compared to upright faces. These findings directly contra- 

dict the view that unfamiliar faces are individuated by low-level visual 

processes/cues in the human brain similarly for upright and inverted 

faces ( Hancock et al., 2000 ; Megreya & Burton, 2006 ; Burton, 2013 ). 

Moreover, according to a quantitative view of the face inversion effect 

(e.g., Murphy et al., 2020 ; Sekuler et al., 2004 ), the decrease of ampli- 

tude for inverted faces should be uniformly observed, and proportional 

across brain regions (i.e., no interaction between inversion and cortical 

localization). Instead, the large differences in the face inversion effect 

observed between regions as described above, as well as the null or very 

weak correlation between FID amplitude for upright and inverted faces 

across electrode contacts, rather fully support a qualitative view of this 

effect ( Rossion, 2008 ). 

The reduction of amplitude for inverted faces was most prominent 

in the right hemisphere, where it ranged from 53% (IOG) to 65% 

(antOTS). Intriguingly, the magnitude of the face inversion effect ob- 

served in the right IOG and latFG ( − 53% and − 56% respectively) is 

in striking correspondence with scalp EEG results over the right hemi- 

sphere in neurotypical adult participants, showing a 53% decrease in 

FID response amplitude with inversion ( Rossion et al., 2020 ). The lo- 

cation of this effect is also largely in line with fMRI-adaptation studies 

reporting significantly larger repetition suppression for upright than in- 

verted faces in well-defined bilateral face-selective regions of the latFG 

(i.e., the FFA) and, to a lesser extent, of the IOG (OFA; Gilaie-Dotan et al., 

2010 ; Mazard et al., 2006 ; Yovel and Kanwisher, 2005 ). The role of the 

right IOG in FID has sometimes been related to the processing of low- 

level facial features due to the lack of a behavioral inversion effect when 

stimulating this region with transcranial magnetic stimulation (TMS) 

( Pitcher et al., 2011a ). In contrast with this view, our data unambigu- 

ously shows a robust and right lateralized effect of inversion on FID in 

this region. 

Inversion also largely modulated FID responses in the ATL (antCOS, 

antFG, and antOTS), reaching up to − 65% in the right antOTS. To 

our knowledge, such effects have not been reported, most likely ow- 

ing to the large signal drop-out in these ventral ATL regions in fMRI 

( Axelrod and Yovel, 2013 ; Rossion et al., 2018 ; Wandell, 2011 ). In ad- 
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dition, there was no inversion effect in more medial regions (medFG) 

or more lateral regions of the VOTC (MTG/ITG, antMTG/ITG), with 

the right medFG even exhibiting the opposite pattern of larger FID re- 

sponses to inverted than to upright faces. Larger responses to inverted 

compared to upright faces (regardless of identity) have been observed 

previously in fMRI over medial regions of the VOTC such as the parahip- 

pocampal gyrus or medial fusiform gyrus ( Aguirre et al., 1999 ; Gilaie- 

Dotan et al., 2010 ; Haxby et al., 1999 ; Rosenthal et al., 2016 ), with one 

study reporting larger repetition suppression effects for inverted than 

for upright individual unfamiliar faces in the parahippocampal gyrus 

( Gilaie-Dotan et al., 2010 ). Since these regions typically show reduced 

responses to faces relative to visual objects in fMRI ( Aguirre et al., 1999 ; 

Haxby et al., 1999 ), these effects have been interpreted in terms of the 

recruitment of processing resources from object perception systems for 

inverted faces (see also Rosenthal et al., 2016 ). Our findings with direct 

recordings of neural activity in VOTC support these observations. 

4.2. A confined distribution of cortical face individuation responses in the 

right hemisphere 

While individuation of inverted faces is not necessarily based on low- 

level visual cues, comparing upright and inverted faces nevertheless al- 

lows to isolate high-level processes, i.e. going beyond physical differ- 

ences between stimuli. Hence, in the remaining of the discussion, we 

focus on the differential FID maps for this comparison. The large-scale 

proportion and the amplitude maps ( Figs. 4 and 6 ), which largely agree 

with each other, indicate that unfamiliar FID in humans is not limited to 

a local brain region but is instead achieved by widely distributed pop- 

ulations of neurons. Specifically, high-level unfamiliar FID is supported 

by a strip of cortex in the right VOTC including the right IOG, the right 

latFG and the right ATL region just anterior to the latFG (antCOS, antFG 

and antOTS), as well as the latter region in the left hemisphere. Face- 

selective activations typically identified in fMRI studies in the IOG (OFA, 

Gauthier et al., 2000 ; Pitcher et al., 2011b ; Zhen et al., 2015 ) and latFG 

(FFA, Berman et al., 2010 ; Gao et al., 2018 ; Kanwisher et al., 1997 ; 

Zhen et al., 2015 ; pFUS and mFUS, Weiner and Grill-Spector, 2012 ; see 

also Jonas et al., 2016 for latFG face-selective responses in SEEG) fall 

within this strip of cortex ( Figs. 4 B and 6 B). This is supported by the sim- 

ilarity both in terms of the anatomical location in individual brains in 

the current study and in terms of mean Talairach coordinates. As men- 

tioned earlier, these two functional regions are known to be involved 

in FID, based on fMRI-adaptation effects. However, although these ef- 

fects are often found bilaterally in these regions (see Rossion, 2014 for 

review), lesion studies, as well as effects of transcranial and intracra- 

nial stimulation on FID clearly point to a right hemisphere dominance 

of these regions ( Bouvier and Engel, 2006 ; Jonas et al., 2018 , 2014 ; 

Meadows, 1974 ; Pitcher et al., 2007 ). Such right hemispheric domi- 

nance is clearly supported by the present direct recordings of intrac- 

erebral neurophysiological responses, in line with effects observed on 

the scalp in the same paradigm ( Liu-Shuang et al., 2014 ; Rossion et al., 

2020 ). The lack of strong right hemispheric lateralization of this effect in 

fMRI may be due to the slow temporal dynamics of the fMRI responses, 

which favors a spread of responses to the other hemisphere. 

Importantly, despite their wide cortical distribution, high-level unfa- 

miliar FID responses are not found everywhere in the occipito-temporal 

cortex. Rather, they are anatomically confined to the right IOG, the 

right latFG and extending to the bilateral ATL. Whether this cortical 

strip appears continuous due to the averaging methods across individ- 

ual brains or reflects a genuine functional organization cannot be de- 

termined with the present dataset. Again, fMRI-adaptation studies have 

investigated the sensitivity to individual face identities within focal face- 

selective regions of the IOG and latFG spatially segregated in each partic- 

ipant’s brain (e.g., Eger et al., 2004 ; Ewbank et al., 2013 ; Gauthier et al., 

2000 ; Hermann et al., 2017 ; Hughes et al., 2019 ; Rostalski et al., 2019 ; 

Schiltz and Rossion, 2006 ). The variable localizations of these fMRI 

regions-of-interest across individual brains coupled with a superimpo- 

sition of neural activity across brains as performed here could result 

in a visually artificial continuous strip subtending the FID function. Al- 

ternatively, fMRI studies may only identify the tip(s) of the iceberg(s), 

i.e. local regions with the highest density of neurons sensitive to face 

identity, these neurons being nevertheless distributed continuously all 

along the IOG, latFG and the ATL. In other words, the FID function may 

well be truly continuously distributed along the (right) IOG, latFG and 

ATL, with local clusters of neuronal populations being most critical for 

the function. Supporting this latter point, rare transient behavioral dis- 

ruptions of FID due to intracerebral electrical stimulation appears to be 

confined to regions showing the largest face-selective and FID responses 

( Jonas et al., 2018 , 2014 ). 

4.3. The role of the anterior fusiform gyrus and surrounding sulci in FID 

Our investigation identified regions anterior to the latFG/FFA as be- 

ing involved in unfamiliar FID. Hence, the cortical maps showed that 

FID responses extended anteriorly and bilaterally in the ATL, up to about 

3 cm beyond the anterior part of the latFG (i.e. starting at Talairach y co- 

ordinate around − 40) but not covering the most anterior part of the ATL 

(i.e. anterior to around y = − 7 Talairach coordinate; see the discussion 

below). This region corresponds anatomically to the anterior fusiform 

gyrus and its 2 adjacent sulci, antCOS and antOTS (for simplicity, we 

will refer to this region as antFG + sulci). The effects of inversion are 

particularly large (i.e., 65%) in this antFG + sulci region, except in the 

right antCOS. While FID is strictly right lateralized in the posterior tem- 

poral lobe (IOG and latFG), FID is found bilaterally in the antFG + sulci, 

pointing to a functional difference from posterior FID regions. 

Since the antFG + sulci is located at the heart of the largest VOTC 

magnetic susceptibility artifact in fMRI (e.g., Axelrod and Yovel, 2013 ; 

Jonas et al., 2015 ; Rossion et al., 2018 ; Wandell, 2011 ), its contribution 

to FID and face processing in general has been largely unexplored. In 

fact, this region lies more anteriorly than the reported location of the 

most anterior face-selective activation in the latFG measured with fMRI 

(FFA1 / mFus; Pinsk et al., 2009 ; Weiner et al., 2014 ). It is also more 

anterior and lateral than the antFG region showing above chance decod- 

ing of individual faces as reported in a MVPA-fMRI study ( Nestor et al., 

2016 ). However, the antFG + sulci region has been singled out as show- 

ing categorical differences between unfamiliar and familiar faces dur- 

ing an orthogonal task in an early Positron Emission Tomography study 

( Rossion et al., 2001 ) and has been associated with reduced cortical vol- 

ume in low performers at face identity recognition ( Behrmann et al., 

2007 ). Intracerebral electrical stimulation of this region in the right 

hemisphere can also lead to temporary selective familiar face identity 

recognition impairments ( Jonas et al., 2015 ). The present findings sug- 

gest that this transient interruption could be due to a failure to individ- 

uate faces based on visual representations rather than access to specific 

semantic information about people. 

4.4. Lack of temporal pole FID responses: an effect of un familiarity? 

Despite extensive sampling of the ATL up to the temporal pole, FID 

responses are weak and rare in the most anterior part of the ATL (ante- 

rior to around − 7 Talairach y coordinate) and in the temporal pole (ex- 

cept in the left hemisphere in the proportion map). Over the last decade, 

ATL regions, in particular in the temporal pole, have been attributed 

a prominent role in face processing ( Avidan et al., 2014 ; Axelrod and 

Yovel, 2013 ; Rajimehr et al., 2009 ; Von Der Heide et al., 2013 ). Some 

studies, relying primarily on fMRI-MVPA reports of above chance unfa- 

miliar face identity decoding in this region, have even claimed it as 

a primary locus of face identity recognition ( Anzellotti et al., 2014 ; 

Kriegeskorte et al., 2007 ). However, the localization of decoding ef- 

fects is inconsistent across these studies, these effects are usually just 

above chance level and may not be specific to identity (e.g., decoding 

between a single male and female face picture in Kriegeskorte et al., 

2007 ). Most importantly, cortical damage to this region is not typically 
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associated with prosopagnosia – an impairment of face identity recogni- 

tion limited to the visual modality – but rather with multimodal seman- 

tic memory impairments, as in the right hemispheric fronto-temporal 

variant of semantic dementia ( Busigny et al., 2009 ; Evans et al., 1995 ; 

Gainotti et al., 2008 ; Lambon Ralph, 2014 ). Together with the present 

findings based on an extensive spatial sampling of the FID function in 

the ATL, this suggests that the temporal pole is not critical for visual 

face identity recognition. Instead, this region may be involved in the as- 

sociation of semantic information with specific face identities, including 

verbal labels ( Collins et al., 2016 ; Rice et al., 2018 ; Von Der Heide et al., 

2013 ). If this reasoning is correct, the same frequency-tagging approach 

as used here but with pictures of familiar(ized) faces ( Verosky et al., 

2020 ) should reveal an increased contribution of ATL regions including 

the temporal poles. 

4.5. Potential limitations and future extensions 

Although we isolated high-level visual responses supporting FID by 

comparing upright and inverted faces, the present frequency-tagging 

paradigm is based on the repetition of the exact same image (at different 

sizes) of a full-front face identity, interrupted periodically by other facial 

identities also presented at a full-front view. Hence, we did not evalu- 

ate FID responses across natural changes of viewing conditions, e.g. in 

head rotation and lighting direction ( O’Toole et al., 2006 ; Rossion and 

Michel, 2018 ; Tarr and Bülthoff, 1998 ). Scalp EEG data collected with 

this paradigm show that the FID response to unfamiliar faces remains 

robust through random variations in head pose (e.g., head tilted down, 

looking upward, to the side, etc.) throughout the stimulation sequence 

( Damon et al., 2020 ). The FID response is also strong when head orien- 

tation varies randomly in depth (i.e. full-front faces, profile, 3 4 profile 

faces, etc.) but decreases linearly over the right occipito-temporal cor- 

tex with increasing viewpoint variation ( Rossion et al., 2020 ), indicating 

that this response is viewpoint-dependent to some extent. Exploring the 

neural basis of this viewpoint-dependency with the present intracerebral 

recording approach would be highly valuable, in particular to evaluate 

whether there is a progressive increase of invariance to changes in view- 

ing conditions in FID responses from posterior (IOG) to more anterior 

(latFG or antFG) regions in the human brain (see Ramirez, 2018 ). 

An important issue to consider is that the data reported here was 

collected on a specific clinical population, namely patients with long- 

term drug-resistant epilepsy. Most participants tested here have tem- 

poral lobe epilepsy which may cause (visual) recognition deficits. Neu- 

ropsychological studies have shown that this population, on average, 

suffers from increased difficulties at encoding and recognizing familiar 

faces ( Drane et al., 2013 ). However, there is also a wide interindivid- 

ual variability in this function in the normal population ( Jenkins et al., 

2018 ), and there is currently no evidence that these face identity en- 

coding and recognition processes are qualitatively different in tempo- 

ral lobe epilepsy patients than in the normal population. Moreover, to 

our knowledge, there is no evidence that temporal lobe epilepsy pa- 

tients have difficulties to individuate unfamiliar faces ( Chiaravalloti and 

Glosser, 2004 ). A subset of 32 participants of our sample performed a 

behavioral delayed face matching task (experiment 4 of Busigny and 

Rossion, 2010 ) and showed large, normal range, face inversion effects 

both in accuracy rates and response times (Fig. S1). Also, most of our 

participants (84%) were tested at the Benton Face Recognition Test- 

c ( Rossion and Michel, 2018 ), reaching an average performance in the 

normal range. While 13 participants showed a score below normal range 

( < 39), the outcome of the proportion and amplitude analyses reported 

here was not affected by the inclusion of these participants (Fig. S5 and 

S6). This supports the view that lower performance (and higher reaction 

times) at explicit behavioral tasks of face individuation in some of these 

temporal lobe epilepsy patients are not due to specific face individu- 

ation deficits. Instead, these difficulties may be due to lower levels of 

education and general cognitive impairments (see Benton et al., 1983 ; 

Schretlen et al., 2001 for BFRT performance; see also Fig. S1 for perfor- 

mance at the face matching task in the present sample). 

Another related issue is that of the potential neuro-functional reorga- 

nization of face processing in this population of temporal lobe epilepsy 

patients. Here, contrary to weakly substantiated claims of such reorga- 

nization ( Mogi et al., 2019 ; Riley et al., 2015 ), our observations of large 

neural face inversion effects, right hemispheric lateralization and con- 

fined localization of FID responses in the IOG and latFG in our sample 

of patients are in general agreement with multiple sources of evidence 

from lesion studies, neuroimaging and effects of intracerebral or tran- 

scranial stimulation as reviewed in the introduction. In addition, there 

is a close correspondence between the present findings from temporal 

lobe epilepsy patients in SEEG and normal controls tested with the exact 

same experimental paradigm in scalp EEG. Specifically, the magnitude 

of the face inversion effect in the two key regions of the right IOG and 

latFG (53% and 56% reduction respectively) is strikingly similar to the 

effect found on the scalp over the right occipito-temporal region (53% 

reduction; Rossion et al., 2020 ). As for the right hemispheric lateraliza- 

tion index, it is at least as large in these two regions here (37% and 45% 

right IOG and latFG respectively) as it is on the scalp in neurotypical 

individuals (27%; Rossion et al., 2020 ). These observations do not only 

strengthen the validity of the present findings, but also neurophysiolog- 

ical data recordings in temporal lobe epilepsy patients to understand 

human face recognition and brain function in general. 

A future extension of this study would be to determine when and 

how unfamiliar FID is achieved in the human brain. Answering the 

question of the time-course of FID could be potentially addressed by 

analyzing the present data in the time-domain ( Rossion et al., 2020 ). 

However, unlike the frequency-domain approach used here, which pro- 

vides an objective compact measure of the function, the temporal de- 

composition of the response yields numerous deflections over time 

( Dzhelyova and Rossion, 2014 ; Rossion et al., 2020 ). Inside the brain, 

these local field potentials occur with opposite polarities in interlocked 

time-courses depending on the recording sites and reference electrode 

(e.g., Barbeau et al., 2008 ), making it extremely challenging to combine 

participants to obtain an intelligible representation across the whole 

neural circuitry. Determining how (i.e., neural mechanisms) unfamiliar 

FID is achieved in the human brain would require recording at lower- 

levels of neural organization to capture the activity of single units in 

humans ( Quian Quiroga, 2012 ; Rey et al., 2020 ). Importantly, the find- 

ings of the present study indicate that the neuronal code for human face 

individuation is unlikely to be cracked by focusing on small local pop- 

ulations of neurons but will rather require recordings at multiple VOTC 

locations, preferentially in the right hemisphere. 

5. Summary and conclusions 

In summary, our large scale human intracerebral investigation shows 

that fast, automatic and high-level unfamiliar face individuation in hu- 

mans is achieved by neural populations distributed within a strip of cor- 

tex running from the IOG and latFG to the antFG and surrounding sulci, 

with a right hemispheric dominance. These observations fully support 

the qualitative view of the face inversion effect. They also highlight 

the importance of probing the neural basis of human FID with unfa- 

miliar faces in order to isolate visual processes subtending this func- 

tion from the contribution of associated semantic, affective and verbal 

information. 
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Abstract
We report a comprehensive mapping of the human ventral occipito-temporal cortex (VOTC) for selective responses to
frequency-tagged faces or landmarks (houses) presented in rapid periodic trains of objects, with intracerebral recordings in
a large sample (N = 75). Face-selective contacts are three times more numerous than house-selective contacts and show a
larger amplitude, with a right hemisphere advantage for faces. Most importantly, these category-selective contacts are
spatially dissociated along the lateral-to-medial VOTC axis, respectively, consistent with neuroimaging evidence. At the
minority of “overlap” contacts responding selectively to both faces and houses, response amplitude to the two categories is
not correlated, suggesting a contribution of distinct populations of neurons responding selectively to each category. The
medio-lateral dissociation also extends into the underexplored anterior temporal lobe (ATL). In this region, a relatively high
number of intracerebral recording contacts show category-exclusive responses (i.e., without any response to baseline visual
objects) to faces but rarely to houses, in line with the proposed role of this region in processing people-related semantic
information. Altogether, these observations shed novel insight on the neural basis of human visual recognition and
strengthen the validity of the frequency-tagging approach coupled with intracerebral recordings in epileptic patients to
understand human brain function.

Key words: anterior temporal lobe, face categorization, frequency-tagging, fusiform gyrus, SEEG

Introduction
The human visual system is highly efficient at transforming
retinal input into meaningful categories, as exemplified by the
ease of detecting highly variable human faces among other
variable nonface objects (i.e., generic face categorization). Cat-
egorizing visual stimuli as faces is a challenging brain function
since, besides the inherent variability in face and nonface object

identity, each instance of a face or an object can produce an
infinite number of retinal inputs, resulting from changes in,
for example, size (distance), position, lighting, or orientation.
The neural basis of human face categorization has been studied
extensively in functional magnetic resonance imaging (fMRI)
studies, which consistently report larger responses to faces in
the lateral parts of the middle fusiform gyrus (latFG) and in the

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article-abstract/30/7/4026/5807625 by guest on 19 June 2020

https://academic.oup.com/


Spatially Dissociated Intracerebral Maps for Face- and House-Selective Activity Hagen et al. 4027

inferior occipital gyrus (IOG) of the ventral occipito-temporal
cortex (VOTC) (Puce et al. 1995; Kanwisher et al. 1997; Haxby et al.
2000; see Grill-Spector et al. 2017 for recent review).

These indirect measures of face-selective neural activity can
be complemented by direct intracranial recordings of brain
activity in human epileptic patients (Allison et al. 1994, 1999;
Halgren et al. 1994; Engell and McCarthy 2010; Vidal et al.
2010; Ghuman et al. 2014; Jonas et al. 2016; Kadipasaoglu et al.
2016; see Rossion et al. 2018 for review). These investigations
are valuable by the high temporal resolution that they
afford but also because they provide direct neural measures
without substantial regional variations in signal-to-noise ratio.
Moreover, they provide direct links with the causal effects of
electrical stimulation (e.g., Jonas et al. 2012; Parvizi et al. 2012).
However, these investigations remain rare and are often limited
in terms of the number of individual brains sampled as well
as their spatial range of investigation, which is determined by
strict clinical criteria. Moreover, the exact location/source of
the neurophysiological recordings remains uncertain (Katzner
et al. 2009; Herreras 2016). This important approach for human
neuroscience research therefore requires further validation by
testing large cohort of patients with objective quantification of
responses of interest across wide cortical regions, documenting
similarities and differences with other measures (Rossion et al.
2018).

In this context, a recent study isolated face categorization
responses with a frequency-tagging approach (fast period visual
stimulation [FPVS]) applied to 28 patients implanted with intrac-
erebral (i.e., depth) electrodes across the VOTC (Jonas et al.
2016). Although face-selective responses were found across the
whole VOTC, replicating previous intracranial observations with
more traditional stimulation approaches (e.g., Allison et al. 1999),
clusters of high-amplitude face-selective contacts with a peak in
the right lateral section of the middle fusiform gyrus were found,
supporting fMRI observations (i.e., evidence for the “fusiform
face area”, “FFA” with a direct neural measure). Moreover, face-
selective responses were found in several regions of the ventral
anterior temporal lobe (ATL), an underexplored region in fMRI
due to severe magnetic susceptibility artifacts (Wandell 2011;
Axelrod and Yovel 2013; Rossion et al. 2018). Notably, up to 40% of
population-level neural responses in the ATL showed responses
to faces without any significant response to nonface objects (i.e.,
“face-exclusive” contacts; Jonas et al. 2016).

Although this frequency-tagging approach has substantial
advantages in terms of sensitivity, objectivity, and quantifi-
cation, these observations raise at least two important unre-
solved issues. First, to what degree does the wide distribution
of face-selective responses in the human VOTC reflect a lack
of specificity of this approach? That is, could this wide distri-
bution be due to the recording of neural activity from distant
sources in intracerebral recordings (Herreras 2016; Dubey and
Ray 2019), or to the additional contribution of non-category-
selective responses triggered by the mere periodic repetition
of the same kinds of items in a continuous stream of variable
nonface objects, or else to a combination of these two factors?
Second, are face-exclusive contacts found predominantly in the
ATL truly category-selective—in particular limited to faces due
to their rich network of semantic associations (Collins et al.
2016; Rice et al. 2018)—or do they rather reflect some kind of
generic “oddball” responses to rare periodic events in such stim-
ulation sequences? These issues are important to resolve not
only to inform about the neural basis of face categorization and
visual categorization in general but also to better understand the

validity and limitations of the frequency-tagging approach in the
context of human intracerebral recordings.

The current study directly addresses these issues in a very
large group of individual human brains (N = 75) implanted with
intracerebral electrodes. Subjects viewed variable objects images
presented periodically at 6 Hz with either variable face or house
images interleaved as every fifth image in separate sequences
(Fig. 1). Hence, both face-selective and house-selective neural
responses were objectively identified and quantified at the face
stimulation frequency (6 Hz/5 = 1.2 Hz) and harmonics in differ-
ent stimulation sequences. Pictures of houses provide a robust
test to the issues at stake because it is known that houses,
as spatial landmarks or places, are associated with responses
in the medial regions of the VOTC such as the collateral sul-
cus (COS), the lingual sulcus, and the parahippocampal gyrus
(PHG) (Epstein and Kanwisher 1998; Weiner and Grill-Spector
2010; Epstein et al. 2014; Kadipasaoglu et al. 2016). Moreover,
faces and houses evoke quantitatively and qualitatively differ-
ent category-selective responses in scalp EEG (Jacques et al.
2016a). Hence, we hypothesized that face- and house-selective
responses (i.e., discriminating faces or houses from a variety of
other visual objects) would elicit largely spatially distinct maps
in the VOTC, with a predominance in lateral and medial tem-
poral regions, respectively. Moreover, we took advantage of an
extensive sampling of the ATL to test whether this spatial disso-
ciation extends to these anterior regions. Finally, based on grow-
ing evidence for the role of the ATL in person recognition and
semantics (e.g., Gainotti 2013; Rice et al. 2018), we hypothesized
exclusive responses in the ATL to be truly category-specific, and
with no or little response to houses on these contacts. Such
findings would not only shed important insight on the neural
basis of human face categorization but would also strengthen
the validity and the frequency-tagging approach combined with
human intracerebral recordings in temporal epileptic patients to
understand brain function.

Materials and Methods
Participants

The study included 75 patients (35 females, mean age:
32.3 ± 8.4 years, 68 right-handed) undergoing clinical intracere-
bral evaluation with depth electrodes (stereoelectroencephalog-
raphy [SEEG]) for refractory partial epilepsy, studied in the
Epilepsy Unit of the University Hospital of Nancy between 2013
and 2017. Patients were included in the study if they had at least
one intracerebral electrode implanted in the VOTC (Fig. 1C). The
data on periodic faces from 28 of the 75 patients were included
in the study of Jonas et al. (2016). They all gave written consent to
participate to the study, which was part of a protocol approved
by the ethics committee of the University Hospital of Nancy.

Intracerebral Electrode Implantation and Recording

Intracerebral electrodes were stereotactically implanted within
the participants’ brains for clinical purposes, that is, to delineate
their seizure-onset zones and to functionally map the surround-
ing cortex in the perspective of an eventual epilepsy surgery
(Bédos Ulvin et al. 2017). Each 0.8-mm-diameter intracerebral
electrode contains 8–15 independent recording contacts of
2 mm in length separated by 1.5 mm from edge to edge (for
details about the electrode implantation procedure, see Salado
et al. 2017). Intracerebral EEG was sampled at a 512 Hz with a
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Figure 1. FPVS and SEEG methods. (A) Example of natural images of faces and houses used in the experiment (actual face images not shown for copyright reasons).
(B) Images of living or nonliving objects were presented by sinusoidal contrast modulation at a rate of 6 stimuli per second (6 Hz) with different images of either faces

or houses presented in separate sequences every 5 stimuli (i.e., appearing at the frequency of 6 Hz/5 = 1.2 Hz). (C) Schematic coronal representation of the typical
trajectories of depth electrodes implanted in the VOTC (adapted from Jonas et al. 2016). Electrodes consist of 8–15 contiguous recording contacts (black rectangles)
spread along the electrode length, along the medio-lateral axis. Acronyms: ITG, inferior temporal gyrus; MTG, middle temporal gyrus; OTS, occipito-temporal sulcus;
CS, calcarine sulcus; LG, lingual gyrus; a, anterior; lat, lateral; med, medial.
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256-channel amplifier and referenced to either a midline
prefrontal scalp electrode (FPz, available in 66 participants) or an
intracerebral contact in the white matter (in nine participants).
The data were not re-referenced. Contacts located in brain
lesions visible on structural MRI were excluded from any
analysis (n = 67; 1.83% of all contacts).

Fast Periodic Visual Stimulation Paradigm

Stimuli
We used 200 grayscale natural images of various nonface objects
(from 14 nonface categories: cats [n = 9], dogs [n = 5], horses
[n = 5], birds [n = 24], flowers [n = 15], fruits [n = 28], vegetables
[n = 21], houseplants [n = 15], phones [n = 13], chairs [n = 15],
cameras [n = 6], dishes [n = 15], guitars [n = 15], lamps [n = 14]),
50 grayscale natural images of faces, and 50 grayscale natural
images of houses (see Fig. 1 for examples of stimuli). Each
image contained an unsegmented object, face, or house near
the center, which differed in terms of size, viewpoint, lighting
conditions, and background. Images were equalized for mean
pixel luminance and contrast (i.e., standard deviation across
pixels). Faces (or houses) represented 20% of the stimuli. Since
they appeared one out of five stimuli (20%), images of faces (or
houses) were repeated the same amount of time than images of
nonface objects. In a recording sequence, there were 227 cycles
displaying objects, and at each cycle an image was sampled
randomly from the 200 object stimuli. In contrast, there were
75 cycles displaying faces or houses, and at each cycle an image
was sampled randomly from the 50 face or 50 house stimuli,
respectively.

Experimental Procedure
Participants viewed continuous sequences of natural images of
objects presented at a fast rate of 6 Hz through sinusoidal con-
trast modulation. In separate sequences, images of either faces
or houses were presented periodically as every fifth stimulus
so that the frequency of face/house presentation was 1.2 Hz
(i.e., 6 Hz/5) (see Fig. 1, see also Videos 1 and 2 for an example
of visual stimulation). All images were randomly selected from
their respective categories. A sequence lasted 70 s: 66 s of stim-
ulation at full-contrast flanked by 2 s of fade-in and fade-out,
where contrast gradually increased or decreased, respectively.
During one sequence, there were 75 presentations of faces or
houses and 227 presentations of objects. During the sequences,
participants were instructed to fixate a small black cross which
was presented continuously at the center of the stimuli and to
detect brief (500 ms) color changes (black to red) of this fixation
cross. All but 19 participants saw the same number of sequences
of face and houses (minimum 1 sequence per condition). The
average number of sequences across all patients was 2.67 and
2.37 of face and house sequences, respectively. No participant
had seizures in the 2 h preceding FPVS recordings.

Frequency-Domain Processing
Signals corresponding to the face and house conditions were
processed the same way. Segments of SEEG corresponding to
stimulation sequences were extracted (74-s segments, −2 to
+72 s). The 74-s data segments were cropped to contain an
integer number of 1.2-Hz cycles beginning 2 s after the onset
of the sequence (right at the end of the fade-in period) until
approximately 65 s, that is, before stimulus fade-out (75 face
cycles ≈63 s). No artifact rejection was performed since EEG
artifacts generate broadband noise in the frequency domain

that locate mostly outside the narrow frequency bins containing
the signal measurements (1.2 Hz and associated harmonics;
Regan 1989; Jonas et al. 2016). Sequences of recorded voltage
(i.e., time domain) were averaged separately for each partici-
pant and condition. Averaging sequences in the time domain
before the fast Fourier transform (FFT) increases signal-to-noise
ratio by canceling out non-phase-locked noise. Subsequently,
FFT was applied to the full length of the cropped averaged
time sequences. The amplitude spectra were extracted for all
contacts by taking the modulus of the Fourier coefficients at
each frequency bin normalized (by dividing) by half of the num-
ber of time samples in the time series. No normalization was
performed on the time series prior to running the FFT. The
long recording sequence resulted in a spectrum with a high-
frequency resolution of 0.0159 (1/63 s). No data segments were
excluded from the analysis. No other processing was performed
to the data.

Selective Responses
The FPVS approach used here allows identifying and separating
two distinct types of responses in both conditions: 1) a base
response occurring at the base stimulation frequency (6 Hz)
and its harmonics as well as 2) a selective response at 1.2 Hz
and its harmonics (face-selective or house-selective response).
In both face and house conditions, selective responses signifi-
cantly above noise level at the face/house frequency (1.2 Hz) and
its harmonics were determined as follows: 1) the FFT spectrum
was cut into four segments centered at the face/house frequency
and harmonics, from the first until the fourth (1.2 Hz until
4.8 Hz), and surrounded by 25 neighboring bins on each side
(Fig. 2A); 2) the amplitude values in these four segments of FFT
spectra were summed (Fig. 2B); 3) the summed FFT spectrum
was transformed into a Z-score (Fig. 2C). Z-scores were com-
puted as the difference between the amplitude at the face/house
frequency bin and the mean amplitude of 48 surrounding bins
(25 bins on each side, excluding the 2 bins directly adjacent
to the bin of interest, i.e., 48 bins) divided by the standard
deviation of amplitudes in the corresponding 48 surrounding
bins. A contact was considered as showing a selective response
in a given condition if the Z-score at the frequency bin of face
or house stimulation exceeded 3.1 (i.e., P < 0.001 one-tailed:
signal > noise).

Classification of Significant Contacts
Based on the pattern of discrimination responses across the two
conditions (i.e., significant or not), we labeled each significant
contact as follows: 1) contacts showing a significant face dis-
crimination response, but not a significant house discrimination
response, were defined as “face” (+face, −house); 2) contacts
showing a significant house response, but not a significant
face discrimination response, were defined as “house” (−face,
+house); and 3) contacts showing significant discrimination
responses to both faces and houses were defined as “overlap”
(+face, +house).

Quantification of Response Amplitude
Baseline-corrected amplitudes were computed as the difference
between the amplitude at each frequency bin and the average
of 48 corresponding surrounding bins (up to 25 bins on each
side, i.e., 50 bins, excluding the 2 bins directly adjacent to
the bin of interest, i.e., 48 bins). Face- and house-selective
responses were quantified separately as the sum of the
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Figure 2. Intracerebral selective responses recorded in the VOTC. (A) Intracerebral
EEG frequency-domain responses recorded at an individual recording contact
(raw FFT amplitude) located in the right latFG in a single participant during a face

sequence. The anatomical location of the contact is shown in a coronal MRI slice.
Face-selective responses are observed at 1.2 Hz and harmonics. (B) Significant
face-selective responses were determined by first segmenting the FFT spectrum
into four segments centered at the frequency of face stimulation and its har-

monics up to 4.8 Hz (i.e., 1.2, 2.4, 3.6, and 4.8 Hz). Individual FFT segments are
shown in light-gray (horizontal gray bars on the x-axis in A represents the length
of each FFT segment). The four segments, containing both the signal and the

surrounding noise, were then summed (dark gray line). The 0 mark corresponds
to the face stimulation frequency. (C) Z-score transformation of the summed
FFT spectrum for statistical purpose. The Z-score at the face frequency exceeds
3.1 (P < 0.001), indicating that this contact shows a significant face-selective

response. The same procedure was used to identify house-selective responses.

baseline-subtracted amplitudes at the face/house frequency
from the 1st until the 14th (1.2 Hz until 16.8 Hz), excluding
the 5th and 10th harmonics (6 and 12 Hz) that coincided
with the base frequency (Jonas et al. 2016). Base response
amplitudes were quantified separately as the sum of the
baseline-subtracted amplitudes at the base frequency from the
first until the fourth (6 Hz until 24 Hz), separately for face and
house sequences.

Contact Localization in the Individual Anatomy

The exact position of each contact in the individual anatomy
was determined by fusing the postoperative CT scan with a T1-
weighted MRI. Contacts inside the gray matter were anatomi-
cally labeled in the individual anatomy using the same topo-
graphic VOTC parcellation as in Jonas et al. (2016) and Lochy et al.
(2018) based on anatomical landmarks (Supplementary Fig. 1).
Major VOTC sulci (COS and occipito-temporal sulcus) served
as medio-lateral divisions. Postero-anterior divisions were the

anterior tip of the parieto-occipital sulcus for the border between
occipital and temporal lobes and the posterior tip of the hip-
pocampus for the border between the posterior temporal lobe
(PTL) and ATL (Kim et al. 2000). We did not include the temporal
pole in our analyses (i.e., contacts anterior to the limen insu-
lae, Ding et al. 2009). Therefore, we considered contacts in the
ATL if they were located anteriorly to the posterior tip of the
hippocampus and posterior to the limen insulae.

Proportion and Amplitude Maps in Talairach Space

In a separate analysis, anatomical MRIs were spatially normal-
ized to determine Talairach coordinates of intracerebral contacts
(for transformation procedure, see Koessler et al. 2009). Talairach
coordinates of the intracerebral contacts were used to perform
group analyses and visualization. The cortical surface used to
display group maps was obtained from segmentation of the
Collin27 brain from AFNI (Cox 1996) which is aligned to the
Talairach space. Using Talairach coordinates, we computed
the local proportion and amplitudes of the discrimination
intracerebral contacts across the VOTC. Local proportion and
amplitudes of contacts were computed in volumes (i.e., “voxels”)
of size 15 × 15 × 200 mm (for the X, left–right; Y, posterior–
anterior; and Z, inferior–superior dimensions, respectively) by
steps of 3 × 3 × 200 mm over the whole VOTC. A large voxel
size in the Z dimension was used to collapse across contacts
along the inferior–superior dimension. For each voxel, we
extracted the following information across all participants in
our sample: 1) the number of recorded contacts located within
the voxel; 2) the number of contacts showing a significant
response for each type of discrimination; and 3) the mean
amplitudes in the significant contacts. For each voxel and each
type of discrimination (i.e., face, house, overlap), we computed
the proportion of significant contacts over recorded contacts
(proportions are crucial here since sampling differs across
regions), as well as the mean amplitudes over/in the significant
contacts. To ensure reliability and reproducibility, we only
considered voxels in which at least two participants showed
significant responses. Then, for each voxel, we determined
whether the proportion/amplitudes of significant contacts
was significantly above zero using a bootstrap procedure in
the following way: 1) sampling contacts from the voxel (the
same number as the number of recorded contacts in the voxel)
with replacement; 2) determining the proportion of significant
contacts for this bootstrap sample and storing this value; and 3)
repeating steps (1) and (2) 5000 times to generate a distribution
of bootstrap proportions and to estimate the P-value as the
fraction of bootstrap proportions equal to zero.

Bayesian Estimation

Bayesian estimation was used as a statistical tool for direct
comparisons between conditions (for information on Bayesian
estimation, see Kruschke 2013, 2014). This method assigns cred-
ibility to different parameter values (e.g., parameter = mean dif-
ference of face and house amplitudes in latFG) according to
their consistency with the data. The more consistent the data
is with a parameter value, the more credible that parameter
value is (and vice versa for parameter values not consistent
with the data). The posterior probability distribution expresses
the probability of parameter values given the data, from which
we computed 95% high-density confidence interval (95% HDI),
reflecting the 95% most likely parameter values given the data.
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A separate decision criterion was applied to yield a discrete
decision as to whether there was evidence for a difference larger
than 0. Specifically, a 95% HDI excluding a difference of 0 was
interpreted as sufficient evidence for a difference (i.e., 0 was not
among the 95% most likely values given the data), whereas a 95%
HDI including a difference of 0 was interpreted as insufficient
evidence for a difference (i.e., 0 was among the 95% most likely
values given the data).

Continuous data (e.g., amplitudes, Talairach coordinates) was
described by a normal distribution with the parameters mean
and standard deviation. A noninformative prior distribution
was specified by a uniform distribution. All dichotomous data
(described as proportions) was described by a binominal distri-
bution with the parameter theta. A noninformative prior dis-
tribution was specified using a beta distribution with shape
parameters a = 1 and b = 1. A No-U-Turn sampler (NUTS) Markov
chain Monte Carlo (MCMC) algorithm, implemented using the
Pystan package (Carpenter et al. 2017) in the Python program-
ming language, was used to estimate the posterior probability
distribution. For each estimation, four chains were initialized,
and each provided 100 000 samples. The burn-in period con-
sisted of 50 000 samples. The chains were checked for conver-
gence by inspecting the overlap of the different chains as plotted
in trace plots and density plots of the parameter values sampled
in each chain.

Results
Following Fourier transform of SEEG data, high SNR selective
responses (for faces and/or houses) were identified in the VOTC
exactly at the face/house presentation frequency (1.2 Hz) and
harmonics (see Fig. 2A for an example in the face condition).
Significant selective responses were determined based on a
combination of the first four harmonics (i.e., 1.2, 2.4, 3.6, and
4.8 Hz, Fig. 2B) and a Z-score transform (z > 3.1, P < 0.001, Fig. 2C).

We found 1154 contacts with category-selective responses
(for faces and/or houses) in 71 participants (among 3588 con-
tacts implanted in the VOTC of 75 participants; i.e., 32% of
recorded contacts). Among these contacts, 46.6% were selective
to faces only (face contacts, 537/1154, participants = 65) and
15.8% were selective to houses only (house contacts, 182/1154,
participants = 47). The remaining 37.7% contacts were selective
to both faces and houses (overlap contacts, 435/1154, partici-
pants = 54). An example of the response profile of each contact
type is shown in Figure 3. Each contact was localized in the indi-
vidual anatomy using a topographic parcellation of the VOTC
and in the Talairach space to perform group analyses and visu-
alization (Fig. 3; see Supplementary Fig. 1 for the parcellation;
Table 1 for contact count by hemisphere and region).

Latero-Medial Spatial Dissociation Between
Face and House Contacts

Bayesian estimation was used for subsequent inferential anal-
ysis (e.g., Kruschke 2013). For each contrast we report the dif-
ference in central tendencies and a 95% posterior high-density
confidence interval (HDI), which indicates the 95% most likely
parameter values given the data (e.g., difference of mean face
and house amplitudes in latFG). For a given contrast, a 95% HDI
excluding a difference of 0 was interpreted as sufficient evidence
for a difference (i.e., 0 was not among the 95% most likely values
given the data), whereas a 95% HDI including a difference of 0
was interpreted as insufficient evidence for a difference (i.e., 0

Figure 3. Classification and distribution of three types of selective contacts. Left:
Maps of all 3588 VOTC recording contacts across the 75 individual brains dis-

played in the Talairach space using a transparent reconstructed cortical surface
of the Colin27 brain. Each circle represents a single contact. Dark-gray-filled
circles correspond to selective contacts. Light-gray-filled circles correspond to
contacts on which no selective responses were recorded. Right: Examples of

baseline-corrected FFT spectra for each contact type (three individual contacts
in three different participants). Top: face contact selective to faces only; middle:
house contact selective to houses only; bottom: overlap contact selective to
both faces and houses. Their anatomical location is illustrated in the respective

coronal MRI slices. The letters below each hemisphere (R, L) refers to the
hemispheric side.

was among the 95% most likely values given the data). See the
Methods section for additional information on this approach.

Overall there was a larger proportion of significant face
than house contacts (propdiff = (537/3588) − (182/3588) = 9.89%,
95% HDI = [8.52, 11.27]). Moreover, for faces, there was a higher
proportion of significant contacts in the right as compared with
the left hemisphere (propdiff = (314/1682) − (223/1906) = 6.97%,
95% HDI = [4.61, 9.31]). In contrast, for houses, there was an
equal proportion of significant contacts in the right and the
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Table 1 Number of selective contacts and corresponding number of participants (in parentheses) in each anatomical region

Regions Left hemisphere Right hemisphere

Faces Houses Overlap Faces Houses Overlap

VMO 14(4) 15(6) 49(7) 25(6) 13(6) 33(4)
IOG 15(8) 5(2) 22(8) 37(11) 0(0) 39(11)
Total OCC 29 (8) 20 (6) 71 (9) 62 (13) 13 (6) 72 (12)
PHG 0(0) 1(1) 2(1) 0(0) 5(4) 1(1)
medFG 12(8) 23(11) 55(19) 17(10) 6(3) 48(14)
latFG 34(16) 10(8) 23(11) 43(15) 2(2) 32(13)
MTG/ITG 27(8) 6(4) 5(4) 27(10) 5(1) 3(1)
Total PTL 73 (19) 40 (16) 85 (20) 87 (21) 18 (8) 84 (18)
antPHG 0(0) 7(6) 1(1) 0(0) 6(4) 0(0)
antCOS 48(23) 17(10) 26(17) 41(16) 36(18) 31(14)
antFG 8(5) 2(1) 7(5) 7(3) 2(1) 16(6)
antOTS 43(20) 10(6) 23(12) 54(21) 6(3) 17(7)
antMTG/ITG 22(10) 4(4) 0(0) 63(16) 1(1) 2(1)
Total ATL 121 (32) 40 (20) 57 (22) 165 (29) 51 (20) 66 (19)

left hemispheres (propdiff = (82/1682) − (100/1906) = −0.37%,
95% HDI = [−1.8, 1.09]). Finally, there was a larger proportion
of face than house contacts in the occipital lobe (OCC)
(propdiff = (91/381) − (33/381) = 15.22%, 95% HDI = [10.04, 20.28]),
PTL (propdiff = (160/660) − (58/660) = 15.45%, 95% HDI = [11.51,
19.36]), and the ATL (propdiff = (286/2547) − (91/2547) = 7.65%,
95% HDI = [6.24, 9.08]).

To visualize and quantify the proportions of face and house
contacts at a group level, local proportions were computed and
projected on the cortical surface (Fig. 4A). Consistent with pre-
vious work (e.g., Spiridon et al. 2006; Kadipasaoglu et al. 2016),
we observed a medio-lateral spatial dissociation between house-
and face-selective contacts. The lateral regions of the VOTC
contained the largest proportion of face contacts, while the
medial regions contained the largest proportion of house con-
tacts (Fig. 4A). This was confirmed statistically by comparing the
percentage of house and face contacts along the X Talairach axis
(12 equally spaced bins with size 6 mm), which was computed
separately for each contact type by dividing the number of
contacts in each bin by the total number of contacts for that
specific contact type across all bins and converting to percent-
age (Fig. 5A; each curve sums to 100). This showed that the
center of mass for house contacts (meantalx = 28.39 mm) was
more medial than that of face contacts (meantalx = 38.79 mm;
meandiff = 10.40 mm, 95% HDI = [8.17, 12.61]; Fig. 5A).

Next, we compared the relative proportion of face and
house contacts within anatomical regions (e.g., latFG: face
or house contacts/total of face and house contacts). A larger
proportion of face than house contacts was observed in the
IOG (propdiff = (52/57) − (5/57) = 82.46%, 95% HDI = [67.64, 89.16]),
latFG (propdiff = (77/89) − (12/89) = 73.03%, 95% HDI = [60.58,
80.81]), MTG/ITG (propdiff = (54/65) − (11/65) = 66.15%, 95%
HDI = [50.35, 76.13]), antFG (propdiff = (15/19) − (4/19) = 57.90%,
95% HDI = [25.09, 75.18]), antCOS (propdiff = (89/142) − (53/142) =
25.35%, 95% HDI = [13.64, 35.93]), antOTS (propdiff = (97/113) −
(16/113) = 71.68%, 95% HDI = [60.70, 78.94]), and antMTG/ITG
(propdiff = (85/90) − (5/90) = 88.89%, 95% HDI = [79.01, 93.13];
Fig. 6A). In contrast, a larger proportion of house than face con-
tacts were observed in the PHG (propdiff = (0/6) − (6/6) = −100%,
95% HDI = [−96.64, −37.69]) and the antPHG (propdiff = (0/13) −
(13/13) = −100%, 95% HDI = [−98.27, −65.03]). Finally, an equal
proportion of face and house contacts was observed in the

ventromedial occipital (VMO) (propdiff = (39/67) − (28/67) = 16.42%,
95% HDI = [−0.6, 32.01]) and the medFG (propdiff = (29/58)
− (29/58) = 0%, 95% HDI = [−17.66, 17.67]). As illustrated in
Figure 6A, there was also a medial to lateral organization within
OCC, PTL, and ATL, as indicated by a decrease (or increase) in
the proportion of house (or face) contacts moving from medial
to lateral regions (logistic regression, where b reflects a change
in the odds of significant contacts moving from medial to lateral
regions [negative reflects a decrease and increase in house and
face contacts, respectively]: OCC: b = −2.1, 95% HDI = [−3.26,
−1.09]; PTL: b =−1.11, 95% HDI = [−1.55, −0.69]; ATL: b = −0.85,
95% HDI = [−1.1, −0.63]). Thus, in terms of proportions, house
and face contacts were organized across medial and lateral
regions, respectively, and were found in both posterior and
anterior parts of the VOTC. The anterior parts largely followed
the patterns of the more posterior regions of the VOTC.

We next quantified the selective response amplitudes
recorded in face and house contacts. For each contact, we
summed the baseline-subtracted amplitudes over harmonics
of the 1.2 Hz face/house-selective response (from the 1st until
the 14th, i.e., 1.2 Hz until 16.8 Hz, excluding the 5th and 10th
harmonics, i.e., 6 and 12 Hz that coincided with the base
frequency). Overall, the mean face-selective amplitude in face
contacts was larger than the mean house-selective amplitude
in house-selective contacts (meandiff = 20.60–15.56 = 5.04 μV,
95% HDI = [2.62, 7.48]). Moreover, for both faces and houses,
there was a higher selective amplitude in the right than the
left hemisphere (faces: meandiff = 22.27–18.24 = 4.03 μV, 95%
HDI = [0.48, 7.58]; houses: meandiff = 17.49–13.97 = 3.52 μV, 95%
HDI = [0.35, 6.66]). These observations are consistent with
recordings on the scalp (Jacques et al. 2016a).

To visualize and quantify the selective amplitudes of face
and house contacts at a finer spatial scale and group level,
local average amplitudes were computed and projected on
the cortical surface (Fig. 4B). Amplitudes also showed a medio-
lateral dissociation between house- and face-selective contacts
(Fig. 4B). This was confirmed statistically by first computing the
mean selective response amplitude within each X Talairach bin
(12 equally spaced bins with size of 6 mm) separately for each
contact type (Fig. 5B). Using the amplitude, for each contact
type, we generated a distribution of Talairach coordinates
proportional to the mean selective amplitude in each bin.
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Figure 4. Proportion and amplitude maps. (A) Maps of the local proportion of selective contacts relative to recorded contacts across VOTC for each contact type (face,
house, overlap), displayed on the cortical surface. (B) Maps of the local mean selective response amplitudes for face and house contacts. (C) Maps of the local mean face-
and house-selective response amplitudes in overlap contacts. Local proportions and amplitudes were computed in 15 × 15 voxels (for x- and y-dimensions, respectively)

using contacts collapsed over the Z dimension (inferior–superior) for better visualization. For the sake of replicability, only voxels containing significant responses
from at least two individual brains were considered. Black contours outline proportions and amplitude significantly above zero. The letters below each hemisphere
(R, L) refers to the hemispheric side.
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Figure 5. Medio-lateral organization to faces and houses across 6 equally spaced bins (width = 6 mm) along the Talairach coordinates. (A) Percentage of contacts as a
function of Talairach coordinates and contact type (hemispheres collapsed). The percentages were normalized by dividing the number of contacts in each bin by the
total contacts across all bins separately for each contact type, before converting to percentage (each curve sums to 100). (B) Average selective response amplitudes to

faces and houses as a function of X Talairach in face and house contacts (solid lines) and overlap contacts (dashed lines). (C) Face and house amplitude bias in face and
house contacts (solid line) and overlap contacts (dashed line). Bias was computed by subtracting the average house-selective from average face-selective amplitude
within each bin. Thus, amplitudes below and above 0 indicate house and face amplitude bias, respectively.

Specifically, for each X Talairach bin, we generated a number
of data points (with coordinates matching the center of the
X Talairach bin) that was directly proportional to the mean
selective amplitudes in that bin (e.g., for amplitude = 2 we
generated 2 coordinate data points; for amplitude = 4 we
generated 4 coordinate data points; and so on). In the resulting
distribution of X Talairach coordinates across bins, the mode
reflects the X Talairach coordinate with the highest amplitudes
(unlike the mode for the count data, which reflects the X
Talairach coordinate with the highest density of contacts).
Direct statistical comparison of the house- and face-scaled
coordinate data revealed that the house-selective amplitudes
centered more medially (meantalx = 29.66 mm) than did the face-
selective amplitudes (meantalx = 35.14 mm, meandiff = 5.48, 95%
HDI = [1.69, 9.27]; Fig. 5B). This medio-lateral dissociation was
also found in individual participants showing face- and house-
selective responses in the same anatomical regions (higher face-
selective responses in lateral regions and higher house-selective
responses in medial regions, Supplementary Fig. 2).

Next, we directly compared face and house amplitudes
within anatomical regions. Maximum face-selective response
amplitudes for face contacts were recorded in the latFG
(Fig. 6B), where, consistently with Jonas et al. (2016), the
response was larger in the right than the left hemisphere
(meandiff = 36.5 μV, 95% HDI = [19.77, 53.26], see Fig. 4B top).
This difference was not found in proportion of face contacts
(Fig. 4A top), as analyzed by statistically comparing the
proportion in right and left latFG voxels (P < 0.01, permutation
test). Direct comparisons between face- and house-selective
response amplitudes within each anatomical region (hemi-
sphere collapsed, Fig. 6B) showed that faces evoked larger
response in the IOG (meandiff = 6.73 μV, 95% HDI = [1.64, 11.76]),
latFG (meandiff = 26.22 μV, 95% HDI = [10.51, 41.95]), antOTS
(meandiff = 12.37 μV, 95% HDI = [7.63, 17.1]), and antMTG/ITG
(meandiff = 5.53 μV, 95% HDI = [0.85, 10.14]). In contrast, houses
evoked larger amplitudes in the PHG (meandiff = −17.91 μV,
95% HDI = [−21.72, −14.1]) and antPHG (meandiff = −14.17 μV,
95% HDI = [9.03, 19.24]), since there were no face contacts in
these regions (thus relative to 0). Finally, houses and faces

evoked equal amplitudes in the VMO (meandiff = 2.01 μV,
95% HDI = [−2.58, 6.59]), medFG (meandiff = −4.15 μV, 95%
HDI = [−8.99, 0.69]), MTG/ITG (meandiff = 2.48 μV, 95% HDI =
[−1.05, 6.0]), antCOS (meandiff = −1.65 μV, 95% HDI = [−5.53,
2.24]), and antFG (meandiff = 6.92 μV, 95% HDI = [−13.52, 26.89]).
Overall, the amplitude patterns were largely consistent with the
patterns observed in the proportion data.

Spatial Dissociation Between Face and House
Contacts is Maintained in the ATL

We examined whether the well-known face/house spatial
dissociations extend into the ATL, largely affected by a magnetic
artifact in fMRI. Figure 7A shows the distribution of face and
house contacts in the ATL as a function of X Talairach (medio-
lateral) and Y Talairach (postero-anterior) axes, where the
darkness of the lines indicate the density of the respective
contacts (face and house densities are relative to itself). A
medio-lateral dissociation was confirmed statistically in the
ATL by comparing mean X Talairach coordinates for face and
house contacts, which showed that the center of mass for
house contacts (meantalx = 31.42 mm) was more medial than
that of face contacts (meantalx = 40.34 mm; meandiff = 8.92 mm,
95% HDI = [6.36, 11.45]; Fig. 7A), which is in agreement with
our proportion and amplitude analyses across ATL anatomical
regions (see above). Moreover, a comparison of the mean Y
Talairach (postero-anterior) coordinates for face and house
contacts showed that the center of mass for house contacts
(meantaly = −23.11 mm) was more posterior than that of face
contacts (meantaly = −18.80 mm; meandiff = −4.31 mm, 95%
HDI = [1.94, 6.67]; Fig. 7A).

Next, we examined the medio-lateral and postero-anterior
dissociation between houses and faces in specific anatomical
regions of the ATL. To do so, we combined the Talairach coordi-
nates and the anatomical locations of face and house contacts
in the ATL. We considered the x-coordinates in the different
ATL anatomical regions to examine in which region the medio-
lateral transition of the ATL is likely to occur (Fig. 7B). Only the
antCOS, containing both numerous face and house contacts,
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Figure 6. Quantification of proportions and selective amplitudes in each anatomical region (hemispheres collapsed). (A) Relative percentage of face and house contacts
were computed in each region as the number of face (or house) contact out of the total of face and house contacts in that region. (B) Selective response amplitudes
were quantified in each region as the average of the selective response amplitudes across contacts, separately for face and house contacts. (C) Selective response

amplitudes were quantified in each region as the average of the response amplitudes across contacts, separately for face- and house-selective response amplitudes
in overlap contacts. (D) Relative proportion of face- and house-biased overlap contacts were computed in each region as the number of face (or house) biased contact
out of the total of overlap contacts in that region. Face and house bias were computed in each overlap contact by subtracting the house- from the face-selective
response amplitudes. An overlap contact with positive value was categorized as a face-biased overlap contact, whereas one with a negative value was categorized as a

house-biased overlap contact. Error bars represent SEMs. The number of significant contacts in each region is indicated by the number on top of each proportion bar.
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Figure 7. Spatial dissociation between face and house contacts in the ATL. (A) Contour plot showing distribution of face and house contacts along the medio-lateral

(x-axis) and postero-lateral axis (y-axis). Each distribution is computed relative to itself and darker contours indicate larger density of contacts. The central mass
for each distribution is plotted as a solid dot within the contour plot and as a vertical line on the x- and y-axis (light gray: face; dark gray: house). The central mass
coordinates of the entorhinal and perirhinal cortices extracted from the Brede Database are plotted within the figure. (B) x-coordinates of face and house contacts in
the different ATL anatomical regions. The boxplot displays three quartiles (Q1, median, Q2), and the whiskers extend to points that lie within 1.5 interquartile range

(IQRs) of the lower and upper quartile. ∗Indicates that the 95% HDI did not include 0. The number next to the error bar indicates the number of contacts. Note that
darker of contacts (relative to legend) indicate larger density along the X Talairach. (C) y-coordinates of face and house contacts in the different ATL anatomical regions.
Same convention as for panel B.

showed a medio-lateral dissociation, with the central mass
of houses (meantalx = 28.26 mm) being more medial than the
central mass of faces (meantalx = 30.47 mm; meandiff = 2.21 mm,
95% HDI = [0.3, 4.13]; Fig. 7A). No other regions in the ATL
contained a medio-lateral dissociation (all 95% HDIs included 0).
This shows that the antCOS is an anatomical landmark between
face- and house-selective regions in the ATL. Second, we
examined postero-anterior dissociations within regions of the
ATL (y-coordinates of face and house contacts in the different
ATL anatomical regions, Fig. 7C). Again, a dissociation was
found only in the antCOS, where the central mass of houses
(meantaly = −23.02 mm) was more posterior than that of face
contacts (meantaly = −19.03 mm; meandiff = 3.99 mm, 95%
HDI = [0.56, 7.38]; Fig. 7A). This dissociation was not found in any
other regions (all 95% HDIs included 0). The antPHG, containing
only house contacts, did not show very anterior house contacts
(except one, Fig. 7C). As it is shown in Fig. 7C, while face-selective
contacts are distributed all along the postero-anterior axis of
the antMTG/ITG, antOTS, antFG, and antCOS, the house contacts

are clustered in the posterior parts of the (medial) antCOS and
the antPHG (Fig. 7A,C).

Dissociations Between Face and House Amplitudes
in Overlap Contacts

A large portion of contacts responded to both faces and houses
(overlap contacts, Fig. 3). They were equally distributed in both
hemispheres (propdiff = (213/1906) − (222/1682) = −2.02%, 95%
HDI = [−0.11 4.17]), and local proportion maps showed a wide
distribution across OCC and PTL (without a clear medial or
lateral bias) while density was low in the ATL (Fig. 4A). We first
characterize the spatial location of overlap contacts along the X
Talairach axis (medio-lateral). The statistical comparison of the
normalized percentages of overlap contacts with that of faces
and houses (the contact count in each bin divided by the sum
within contact type and converted to percentage) showed that
the central mass of overlap contacts (meantalx = 28.96 mm) dif-
fered from that of face (meandiff = 9.83 mm; HDI = [8.43, 11.26]),
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but not house contacts (meandiff =−0.57 mm; HDI = [−2.78, 1.62];
Fig. 5A).

What do the overlap contacts represent? Since these con-
tacts are selective to both faces and houses, they could reflect
domain-general responses that originate in mechanisms that
discriminate both face and house stimuli (or a repeating cate-
gory among less frequently repeated categories). According to
this account, overlap contacts should have similar response
profiles to both face and house stimuli. Alternatively, the over-
lap contacts could reflect dissociated face- and house-selective
responses originating from distinct neural sources close to the
same contact. In this latter scenario, one would expect faces and
houses to evoke dissociated responses (e.g., spatially dissociated
maximum amplitudes; noncorrelated amplitudes). To disentan-
gle these accounts, we quantified and compared in each overlap
contact the selective responses evoked separately by faces and
houses (sum over harmonics, as for face and house contacts and
computed local amplitude maps).

We first examined their amplitudes along the X Talairach
axis. Notably, the house and face amplitude profiles of the
overlap contacts mirrored the profiles measured for house
and face contacts in two ways. First, following the same
approach as with house and face contacts (generating the x-
coordinates proportional to its mean amplitude, see above)
revealed that the house-selective amplitudes centered more
medially (meantalx = 25.95 mm) than did the face-selective
amplitudes (meantalx = 32.31 mm, meandiff = 6.36 mm, 95%
HDI = [3.29, 9.50]; Fig. 5B). Second, within each bin, we subtracted
the mean amplitude between house and face responses (dashed
line) within the overlap contacts, as well as between house and
face contacts (solid line) (Fig. 5C). There was a strong correlation
between the bias reflected by the solid and dashed lines (r = 0.87,
n = 12, 95% HDI = [0.48, 0.99]; X Talairach bins with no data [i.e.,
60–66, 66–72 for overlap] was set to 0 to indicate neither face nor
house bias). For both analyses, we found similar results with
house-biased amplitudes centered more medially and face-
biased amplitudes more laterally. Such similarity is consistent
with the claim that the house and face sources measured
by the overlap contacts originate medially and laterally,
respectively.

Second, we computed maps separately for face- and house-
selective response amplitudes in overlap contacts (Fig. 4C). At
local levels, faces evoked maximum amplitude in the same
lateral regions (especially the right IOG and right latFG) as in face
contacts, whereas houses evoked maximum amplitude in some
of the same medial regions as in house contacts (Fig. 4C). Direct
comparisons between face and house response amplitudes
within each anatomical region showed that faces evoked larger
responses than houses in the IOG (meandiff = 20.51 μV, 95%
HDI = [11.03, 30.03]), latFG (meandiff = 20.62 μV, 95% HDI = [11.73,
29.55]), and antOTS (meandiff = 12.07 μV, 95% HDI = [4.65,
19.47]; Fig. 6C). In contrast, houses evoked larger response
amplitudes than faces in the VMO (meandiff = −4.21 μV,
95% HDI = [−7.59, −0.82]). Equal amplitudes were found in
the medFG (meandiff = −2.74 μV, 95% HDI = [−5.87, 0.39]),
MTG/ITG (meandiff = 0.09 μV, 95% HDI = [−11.84, 12.13]), antCOS
(meandiff = 0.22 μV, 95% HDI = [−3.78, 4.24]), and antFG (meandiff

= 6.20 μV, 95% HDI = [−7.56, 19.97]). Finally, there were too
few contacts to estimate the mean amplitudes in the PHG
(n = 3), antPHG (n = 1), and antMTG/ITG (n = 2). Collectively, these
patterns largely mirrored that of the face and house contacts
(compare Fig. 4B,C; compare Fig. 6B,C).

Third, we computed the proportion of face-biased contacts
(selective response amplitude face > house) and house-
biased contacts (selective response amplitude house > face)
among all overlap contacts across regions (Fig. 6D). We com-
pared the relative proportion of face- and house-biased
contacts within local regions (e.g., latFG: face- or house-biased
contacts/total of overlap contacts). A larger proportion of
face- than house-biased contacts was observed in the IOG
(propdiff = (52/61) − (9/61) = 70.49%, 95% HDI = [54.62, 79.83]),
latFG (propdiff = (46/55) − (9/55) = 67.27%, 95% HDI = [50.03,
77.63]), and antOTS (propdiff = (29/40) − (11/40) = 45%, 95%
HDI = [22.91, 61.04]; Fig. 6D). In contrast, a larger proportion
of house than face contacts were observed in the VMO
(propdiff = (34/82) − (48/82) =−17.07%, 95% HDI = [−31.34, −1.67])
and medFG (propdiff = (44/103) − (59/103) = −14.56%, 95%
HDI = [−27.53, −0.73]). An equal proportion of face and house
contacts was observed in the MTG/ITG (propdiff = (4/8) −
(4/8) = 0%, 95% HDI = [−41.32, 41.35]), antCOS (propdiff = (26/57) −
(31/57) = −8.77%, 95% HDI = [−26.17, 9.43]), and antFG (propdiff =
(11/23) − (12/23) = −4.35%, HDI = [−30.93, 23.36]). Finally, there
were too few contacts to estimate the relative proportions in the
PHG (n = 3), antPHG (n = 1), and antMTG/ITG (n = 2). Importantly,
across regions, the proportions of face- and house-biased
contacts correlated strongly with the respective proportions
of face and house contacts (compare Fig. 6A,D; r = 0.87, n = 11,
95% HDI = [0.48, 0.99]).

Finally, we correlated face- and house-selective response
amplitudes computed at the individual contact level. Across
all overlap contacts, the face- and house-selective response
amplitudes (1.2 Hz and harmonics) correlated weakly (r = 0.16,
n = 435, 95% HDI = [0.07, 0.25]; Fig. 8A), despite that the exact
same contacts showed an almost perfect correlation to the
base responses (i.e., 6 Hz and harmonics; r = 0.98, n = 435,
95% HDI = [0.96, 1], Fig. 8C). This suggests that while the base
response was largely generated by the same neural populations,
the selective response at the same contacts was generated
largely by dissociated neural populations. Even after removing
face- and house-selective amplitudes higher than z = 3 (Z-
score computed separately, 18 “outlier” contacts removed), the
correlation of category-selective response remained weak (i.e.,
r = 0.26, n = 417, 95% HDI = [0.17, 0.36], Fig. 8B) and substantially
lower than the correlation for base responses.

Taken together, these results showed that overlap contacts
reflected to a large extent dissociated face- and house-selective
responses that are both captured by a common contact, typically
located between face- and house-selective regions.

Category-Exclusive Responses

A previous SEEG-FPVS study (Jonas et al. 2016) found contacts
in the ATL that exhibited exclusive responses to faces, that is,
significant face responses without any significant general visual
response to nonface objects at the base frequency. However,
due to their anterior location, it could be speculated that these
responses (rather than being face-exclusive) reflected a domain-
general response to a predictable event (oddball faces) among
nonpredictable events (base objects). If the latter account is
correct, then the face-exclusive contacts should also be selective
to houses (i.e., overlap contacts with similar selective responses
for both categories). To detect exclusive contacts in our sample,
we assessed the significance of the base response (6 Hz and
harmonics) on each selective contacts (face, house, overlap)
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Figure 8. Amplitude correlations with overlap contacts. (A) Correlation between the face (y-axis)- and house (x-axis)-selective response amplitudes within the overlap

contacts. (B) Correlation between the face (y-axis)- and house (x-axis)-selective response amplitudes within the overlap contacts, after removing contacts with a
selective amplitude higher than z = 3 (18 contacts removed). (C) Correlation between the base response amplitudes in the face sequences (y-axis) and the base response
amplitudes in the house sequences (x-axis) within the overlap contacts.

using the same method as for the discrimination responses
(epoching the FFT spectrum into segments centered at the
base frequency and harmonics, from the first until the fourth,
i.e., 6 Hz until 24 Hz, summing the four FFT segments, trans-
forming the summed FFT spectrum into a Z-score). A selective
contact was considered as exclusive if the base response was
nonsignificant in both the face and the house conditions
(Z-score < 3.1).

In total, we found 225 exclusive contacts (19.50% of
significant contacts; 6.34% of total recorded; 59 unique patients).
Consistent with Jonas et al. (2016), most of these contacts
were located in the ATL (160/225 = 71.11%). We found exclusive
contacts specific to one category (face-exclusive = 160; house-
exclusive = 41) as well as exclusive contacts responsive to
both categories (overlap-exclusive = 24). An example of each
contact is shown in Figure 9. Most of the exclusive contacts
were specific to one category ([160 + 41]/225 = 89.33%). Out of
the total number of exclusive contacts, there was a much larger
proportion of face-exclusive than house-exclusive contacts
(propdiff = (160/225) − (41/225) = 52.89%, 95% HDI = [44.44, 59.98])
and a larger proportion of house-exclusive than overlap-
exclusive contacts (propdiff = (41/225) − (24/225) = 7.56%, 95%
HDI = [1.05, 14.01]). Out of the number of total selective
contacts within each contact type (e.g., face, house, and
overlap contact), there was no difference in the proportion
of face- and house-exclusive contacts (propdiff = (160/537) −
(41/182) = 7.27%, 95% HDI = [−0.31, 14.03]). However, the pro-
portions of face- and house-exclusive contacts were larger
than the proportion of overlap contacts (face vs. overlap:
propdiff = (160/537) − (24/435) = 24.28%, 95% HDI = [19.74, 28.56];
house vs. overlap: propdiff = (41/182) − (24/435) = 17.01%, 95%
HDI = [10.94, 23.74]). The spatial distribution of each exclusive
contact type (face, house, overlap) at group level is shown in
Figure 9.

Thus, the finding of mostly category-exclusive contacts con-
tradicts the claim that the exclusive contacts reflect domain-
general responses to a predictable event, but rather suggest a
change in response profile of category-specific (e.g., face, house)
processes toward anterior regions.

Discussion
The Functional Specificity of the FPVS-SEEG Approach

Testing 28 patients with the same paradigm as used here but
with faces as the only category of interest, Jonas et al. (2016)
reported clusters of high-amplitude face-selective contacts
with a peak in the right latFG, supporting the dominant role
of this region in face categorization as identified previously
with fMRI (e.g., Kanwisher et al. 1997). They also reported a
wide distribution of face-selective responses across the VOTC,
including the underexplored ATL. These findings are largely
replicated here with a much larger group of patients (N = 75),
providing a much denser sampling of the VOTC (3588 contacts
in the gray matter in the present study compared with 1678
contacts in Jonas et al. (2016)). Most importantly, the present
study goes well beyond previous evidence by showing that the
wide distribution of face-selective responses in the human
VOTC does not reflect a lack of specificity of the FPVS-SEEG
approach (i.e., responses to any highly familiar category appear-
ing periodically in a continuous stream of various nonface
objects and/or responses from very distant sources), for several
reasons. First, although face- and house-selective responses are
found in the VOTC, they elicit largely spatially distinct VOTC
maps, both in amplitude and proportion of significant contacts,
in lateral regions for faces and in medial regions for houses.
This observation is consistent with observations of fMRI studies
that have directly contrasted the two categories (e.g., Spiridon
et al. 2006, Tootell et al. 2008, Weiner and Grill-Spector 2010,
Nasr et al. 2011, Gomez et al. 2015) but also with the findings
of an intracranial (electrocorticography [ECoG]) study focusing
on more restricted regions and with smaller sample tested
(Kadipasaoglu et al. 2016). Second, most (62.4%) of the significant
contacts were selective to one category only, either faces or
houses. Third, the wide distribution of face-selective responses
was still present when considering only the contacts selective to
faces and not to houses. Fourth, there was a higher proportion
of significant face than house contacts and a higher amplitude
recorded on face contacts (consistent with observations made
on the scalp on neurotypical observers tested with the same
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Figure 9. Classification and distribution of three types of exclusive discrimi-

nation contacts. Left: Maps of all 3588 VOTC recording contacts across the 75
individual brains displayed in the Talairach space using a transparent recon-
structed cortical surface of the Colin27 brain. Each circle represents a single
contact. Dark-gray-filled circles correspond to selective contacts. These were

contacts that showed a significant selective response (to faces only, houses only
or both), but no significant response to other objects at the base frequency. Light-
gray-filled circles correspond to contacts on which no exclusive responses were
recorded. Right: Examples of summed FFT spectra showing both selective and

base responses for each contact type (three individual contacts in three different
participants). Top: face-exclusive contact selective to faces only with no base
responses; middle: house-exclusive contact selective to houses only with no

base responses; bottom: overlap-exclusive contact selective to both faces and
houses with no base responses. Their anatomical location is illustrated in the
respective coronal MRI slices.

approach, Jacques et al. 2016a), as well as a specifically higher
proportion in the right than in the left hemisphere only for face
contacts. This last result is in agreement with the long-standing
observation of a right hemispheric dominance for faces (Mead-
ows 1974; see Rossion 2014). Altogether, these observations

show that selective responses recorded with the SEEG-FPVS
approach are specific to the tested category and not merely
due or related to the periodic repetition of any category in a
continuous stream of various nonface objects (Quek and Rossion
2017).

Spatial Dissociation Between Face- and House-Selective
Responses Extends to the ATL

Previous fMRI and intracranial EEG studies comparing face- and
house-selective responses found a medio-lateral dissociation in
the posterior VOTC only (fMRI: Spiridon et al. 2006; Nasr et al.
2011; intracranial EEG: Jacques et al. 2016b; Kadipasaoglu et al.
2016). A recent fMRI study showed that place-selective voxels
in the medial VOTC are not found anteriorly to the anterior
tip of the midfusiform sulcus, that is, not anteriorly to the
latFG and medFG (Weiner et al. 2018). Here we found that this
spatial dissociation extends to the ATL, mostly because house
selectivity extends into the antPHG and antCOS (at least in their
posterior parts, as indicated by the group maps; Figs 3 and 4).
By combining the individual anatomy and the Talairach coordi-
nates, we found a medio-lateral dissociation within the antCOS,
showing that this sulcus is an anatomical landmark between
face- and house-selective regions in the ATL (houses, antPHG
and medial part of the antCOS; faces, lateral part of the antCOS,
antOTS, antFG, antMTG/ITG). Within the antCOS, we also found a
postero-lateral dissociation, with house contacts being clustered
in the posterior part of the antCOS. Moreover, in the antPHG,
containing only house contacts, these contacts are not located
very anteriorly. These observations are probably explained by
the fact that the anterior parts of the (medial) antCOS and
antPHG are known to be the location of the perirhinal cortex
and entorhinal cortex, respectively (Van Hoesen 1995; Van Hoe-
sen et al. 2000), both belonging to the medial temporal lobe
(MTL) memory system. This suggests that, along the postero-
anterior axis of the (medial) antCOS and antPHG, these are a
transition from a high-level visual area (house-selective) to the
MTL memory system involved in episodic memory. These results
also help clarifying the relationship between the face-selective
responses found in the antCOS belonging to the cortical face
network (the present data, Tsao et al. 2008; Rajimehr et al. 2009;
Rossion et al. 2012; Tanji et al. 2012; Jonas et al. 2016) and the
perirhinal cortex involved in episodic memory (e.g., see Collins
and Olson 2014). The present data suggest that these regions
are spatially segregated: while the face-selective responses are
located all along the lateral part of the antCOS, the perirhi-
nal cortex is restricted to the medial and anterior part of the
antCOS.

This spatial dissociation in the ATL has not been found
in fMRI studies, probably because the signal dropout affects
both face- and house-selective responses in this region (e.g.,
Spiridon et al. 2006; Nasr et al. 2011). Intracranial EEG studies
using ECoG with a high SNR in the ATL also failed to find such
dissociation in anterior regions of the temporal lobe (Jacques
et al. 2016b; Kadipasaoglu et al. 2016). For example, despite a
wide sampling across the VOTC, Kadipasaoglu et al. (2016) did
not report category-selective responses anteriorly to the anterior
tip of the middle fusiform sulcus, in the ATL (for faces or houses).
This could be because ECoG electrodes as used by Kadipasaoglu
et al. (2016) are restricted to the gyral surface and may
therefore be less sensitive to ATL category-selective responses
located mainly in sulci, as captured here with the SEEG
approach.
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The Overlap Between Face-Selective and
House-Selective Responses

In the current FPVS paradigm, responses to face stimula-
tion measured at 1.2 Hz and harmonics are “face-selective”
responses, that is, responses that reflect a contrast with nonface
objects presented in the FPVS sequence. This contrast response
is generalized across widely variable exemplars, providing
a generic face categorization response in the human brain
(see Rossion et al. 2018). However, interestingly, a proportion
of contacts that measured a selective response to faces also
recorded significant selective responses to houses. These
responses could either 1) reflect domain-general processes
that originate in populations of neurons that discriminate
any repeated category among other categories or 2) reflect
functionally distinct populations of neurons whose responses
are measured at the same recording contacts. Consistent with
the latter account, the low correlation between the amplitude
of face- and house-selective responses in the overlap contacts
provides no evidence that these responses originate from the
same domain-general underlying process. Moreover, the spatial
dissociation between the response amplitudes to faces and
houses in overlap contacts closely matched that of face and
house contacts (Figs 4 and 5), providing further evidence that the
overlap contacts reflect dissociated face- and house-selective
responses.

In the case of dissociated face- and house-selective responses
projecting to the same contact, two main scenarios could be
considered. First, category selectivity could gradually decrease,
so that adjacent category-selective populations of neurons
could be partly intermingled (Spiridon et al. 2006; Kadipasaoglu
et al. 2016). Second, face- and house-selective neurons could be
located in spatially distinct but nearby anatomical regions, and
some recording contacts may measure responses generated
by both regions due to volume conduction of the electrical
field (Buzsáki et al. 2012; Herreras 2016). Current fMRI findings
on spatial organization of category selectivity in VOTC is
compatible with both scenarios, with evidence for spatially
separated face-selective and house-selective regions but with
potentially graded selectivity along the medio-lateral axis
(Spiridon et al. 2006; Tootell et al. 2008). It is important to
note that some fMRI studies may have artificially increased the
spatial dissociation between face- and house-selective regions
since they directly contrasted faces and house stimuli (e.g.,
Tootell et al. 2008; Nasr et al. 2011). Further investigation will
be needed to disentangle the different scenarios.

How local electrophysiological activities recorded with
intracranial electrodes (using SEEG or ECoG) is a matter of
debate (e.g., Yoshor et al. 2007; Zaveri et al. 2009; Wennberg
2010; Dubey and Ray 2019). This issue is not specific to the
present FPVS approach and concerns intracranial EEG studies in
general. Here, according to one of the scenarios outlined above,
some responses could be related to volume conduction from
distant source. For example, a recent ECoG study in the monkey
visual cortex showed that the spatial spread was around 3 mm
(Dubey and Ray 2019). However, despite this uncertainty, the
FPVS-SEEG approach as used here is able to provide distinct
and valid category-selective maps across the whole VOTC, even
if different sources could project to the same electrode (Fig. 4).
Moreover, it validates with a direct measure of neural activity the
predominant face-selective activation in the right latFG found
in human neuroimaging, the so-called fusiform face area (FFA),
where the highest face-selective response amplitude was found.

Further support that our approach allows measuring local
neural sources comes from the observation that the sites where
impairments of face perception and/or recognition are observed
following intracerebral electrical stimulation are systematically
the sites that record the largest FPVS face-selective response
amplitudes among all the implanted electrodes (Jonas et al.
2014, 2018).

The Neural Basis of Face Categorization

Considering here only the contacts that showed a face-selective
response without any house-selective response (46.6% of signif-
icant contacts), they were widely distributed across the VOTC,
with the largest amplitude responses in the middle section of
the right lateral FG as previously observed, that is, correspond-
ing to the FFA in neuroimaging (Kanwisher et al. 1997), but
also in the IOG and the ATL of the right hemisphere (Fig. 4).
The wide distribution of face-selective responses refers to the
numerous brain regions showing a high face-selective response
amplitude and/or a high proportion of face-selective responses.
These regions include the IOG, the latFG, the antFG, the antOTS,
and the antCoS bilaterally, that is, a large a part of the human
VOTC running all along the fusiform gyrus from the OCC to the
ATL. These regions are thought to form a highly interconnected
face-selective network (Gschwind et al. 2011; Pyles et al. 2013;
Duchaine and Yovel 2015).

Nevertheless, it is important to stress that a wide distribution
as found here or in previous large-scale studies (e.g., Allison
et al. 1999 with ECoG) contrasts with the spatially separated
clusters identified by fMRI studies (Rossion et al. 2018). Two
hypotheses can be considered. On the one hand, the present
approach may artificially increase the width of the distribu-
tion of face-selective responses. Our data visualization, showing
maps with the superposition of all significant recording contacts
across participants (Fig. 3), may enhance the impression of dis-
tributed responses (relative to fMRI studies showing maps aver-
aged across participants). This impression is further increased
by the large interindividual variability of the location of face-
selective areas across individuals (e.g., Rossion et al. 2012; Zhen
et al. 2015; Gao et al. 2018). To control for this bias, in the present
study, we reported “proportion” maps of significant contacts (out
of total recorded contacts), which were not reported previously
(Jonas et al. 2016), highlighting the regions with the highest prob-
ability of face-selective responses. Moreover, as discussed above,
there is a possibility that some overlap contacts in the present
study may capture responses arising from distant source due
to volume conduction of the electrical field. The combination
of these two factors (data visualization and volume conduction)
may explain discrepancies with fMRI findings and offer a poten-
tial explanation for rare (among nonsignificant) and weak face-
selective responses in some regions (e.g., MTG/ITG, antMTG/ITG,
medFG, i.e., regions lateral or medial to the fusiform gyrus)
which are usually not disclosed in fMRI studies. On the other
hand, fMRI may not be sensitive enough to record all face-
selective responses of the VOTC. fMRI provides only a hemo-
dynamic (indirect) measure of neural activity, and therefore
smaller, scattered, face-selective responses in the VOTC may be
entirely missed by fMRI studies that identify only sufficiently
large clusters of activation near blood vessels. In contrast, our
approach provides electrophysiological face-selective responses
with a very high SNR (FPVS) on small electrodes implanted
directly inside the gray matter (SEEG). Moreover, fMRI is affected
by severe magnetic susceptibility artifacts that cause a strong
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signal dropout in the ATL, so that our approach identified many
more face-selective regions in the ATL (antCOS, antOTS, antFG,
antMTG/ITG).

In the present study, we report intracranial maps both for
amplitude and proportion of significant contacts in the VOTC for
the first time (Fig. 4). We believe that both types of analyses are
important and informative. First, both analyses showed largely
overlapping results, thus reinforcing each other. Amplitude and
proportion of face-selective responses were maximal in the
IOG and all along the fusiform gyrus (latFG, the antFG, the
antOTS, and the antCOS bilaterally), reinforcing the extent of the
face-selective network, centered on the lateral fusiform gyrus.
Second, both types of analyses provide complementary infor-
mation. For example, while the right latFG showed the largest
face-selective response amplitude, the bilateral IOG showed the
highest proportion (Fig. 4). The right IOG is a region where high
face-selective responses are usually observed in fMRI (Haxby
et al. 2000; Rossion et al. 2003; Duchaine and Yovel 2015; Gril-
l-Spector et al. 2017), whose lesion can produce prosopagnosia
(Rossion et al. 2003; Bouvier and Engel 2006) and whose transient
inactivation either by transcranial electrical stimulation (TMS;
Pitcher et al. 2007; Ambrus et al. 2017) or intracerebral electrical
stimulation (Jonas et al. 2012) can cause difficulties of face iden-
tity recognition. The amplitude recorded on a given SEEG contact
depends on several factors including the distance between the
source and the electrode, the spatial configuration of the cortical
source, etc. (Herreras 2016). Therefore, if all conditions are not
met to record the largest amplitude possible, the proportion
analysis can still identify an important region of the cortical face
network independently of the response amplitude.

Face-Exclusive Responses in the ATL

Importantly, the wide distribution of face-selective responses
refers also to the fact that these responses largely extend to the
ATL (Jonas et al. 2016), a region that is difficult to image with fMRI
due to strong magnetic artifacts caused by the proximity of the
ear canals (Wandell 2011; Axelrod and Yovel 2013; Rossion et al.
2018). In this region, face contacts largely outnumbered house
contacts (286 vs. 91). This region also showed the highest propor-
tion of so-called “exclusive” contacts (Jonas et al. 2016), that is,
contacts exhibiting significant categorization response (1.2 Hz
and harmonics) without a general visual stimulation response
to other objects at the base frequency (6 Hz and harmonics).

Given the anterior location of these exclusive contacts, it was
unknown whether they reflected a post-visual categorization
process evoked by any category or if they were truly part of
a face-selective process. For example, it is well known that a
post-visual categorization system(s) is capable of monitoring
events that differ in frequency, as, for example, reflected in the
robust P300 scalp EEG component located on posterior parietal
channels (e.g., Kutas et al. 1977; Donchin 1981). Consistent with
Jonas et al. (2016), here we identified a large proportion of
exclusive responses (19.5% of all significant contacts) that were
mostly located in the ATL (71.11% of all exclusive contacts). It
is important to note that the criteria to define a contact as
exclusive were stricter in the present study than in Jonas et al.
(2016) (no base response for the preferred category but also no
selective and base responses for the nonpreferred category).
Contrary to a general oddball detector account, we found that
most of the exclusive contacts were responsive to either only
faces or only houses (89.3% of all exclusive contacts). Notably,
most of the exclusive contacts (71.1%) responded to faces only.

The current study thus provides additional evidence that
response profiles in the ATL are qualitatively different than in
the more posterior brain regions. These results suggest that the
ATL is involved in the highest stages of face categorization for
which faces should be processed independently of the context
and for which face information should be shared with other
modality-specific regions in order to build a common person-
related representation (face–name–voice association, linking
information specific to an individual face, etc.). This hypothesis
is consistent with a “hub” theory of semantic cognition in
which the ATL integrates modality-specific representations
into a shared crossmodal representation (Lambon Ralph 2014;
Rice et al. 2018). The response profile evolving from category-
selective to category-exclusive along the postero-anterior axis
may reflect that regions of the temporal lobe become gradually
crossmodal as direct connections from early visual areas
become sparser and connections with other modality-specific
regions increase (voice, name, etc.).

In summary, our large-scale intracerebral recording study
provides a global mapping of the human VOTC for selective
responses to frequency-tagged faces presented in rapid periodic
trains of nonface objects. Face- and house-selective contacts
were spatially dissociated along the medial to lateral VOTC
axis, even across overlap contacts which appeared to mea-
sure spatially distinct populations of neurons responding selec-
tively to each category, and this dissociation was present up
to the ATL. A high proportion of intracerebral recording con-
tacts in the ATL show exclusive responses to faces, indicat-
ing that this region is particularly important for higher-order
face-related processes independent of general visual responses.
Altogether, these observations shed light on the neural basis of
human face categorization and strengthen the validity of the
frequency-tagging approach coupled with intracerebral record-
ings in epileptic patients to understand visual categorization
and human brain function in general.
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Abstract

Despite being of primary importance for fundamental research and clinical studies,

the relationship between local neural population activity and scalp electroencepha-

lography (EEG) in humans remains largely unknown. Here we report simultaneous

scalp and intracerebral EEG responses to face stimuli in a unique epileptic patient

implanted with 27 intracerebral recording contacts in the right occipitotemporal cor-

tex. The patient was shown images of faces appearing at a frequency of 6 Hz, which

elicits neural responses at this exact frequency. Response quantification at this fre-

quency allowed to objectively relate the neural activity measured inside and outside

the brain. The patient exhibited typical 6 Hz responses on the scalp at the right

occipitotemporal sites. Moreover, there was a clear spatial correspondence between

these scalp responses and intracerebral signals in the right lateral inferior occipital

gyrus, both in amplitude and in phase. Nevertheless, the signal measured on the scalp

and inside the brain at nearby locations showed a 10-fold difference in amplitude

due to electrical insulation from the head. To further quantify the relationship

between the scalp and intracerebral recordings, we used an approach correlating

time-varying signals at the stimulation frequency across scalp and intracerebral chan-

nels. This analysis revealed a focused and right-lateralized correspondence between

the scalp and intracerebral recordings that were specific to the face stimulation is

more broadly distributed in various control situations. These results demonstrate the

interest of a frequency tagging approach in characterizing the electrical propagation

from brain sources to scalp EEG sensors and in identifying the cortical sources of

brain functions from these recordings.
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1 | INTRODUCTION

Since its first report and validation in humans (Adrian & Matthews,

1934) scalp electroencephalography (EEG) has been widely used to

study dynamic neurofunctional processes and their pathology in

large-scale brain networks (Lopes da Silva, 2013; Nunez & Srinivasan,

2005; Regan, 1989). Given that EEG noninvasively provides informa-

tion about the unfolding of brain processes at the millisecond time

resolution, understanding the relationship between scalp EEG signals

and their source(s) at the cortical level is important for fundamental

research. It is also of primary importance for clinical studies, in particu-

lar for the neurological study of epileptic patients, in order to define

and localize brain sources of epileptic seizures (Coito et al., 2019;

Gavaret, Badier, Marquis, Bartolomei, & Chauvel, 2004; Koessler

et al., 2010). Unfortunately, knowledge about the relationship

between scalp EEG signals and their cortical source(s) remains

severely limited, for several reasons. First, scalp EEG signals are atten-

uated by the electrical resistance of head tissues, which remain

unknown in human in vivo (especially the skull resistivity) and very dif-

ficult to estimate noninvasively and during in vivo measurements

(Goncalves et al., 2003; Koessler et al., 2017; Malmivuo & Suihko,

2004). Second, the distance from brain sources to scalp sensors

reduce the amplitude of EEG signal, making it difficult to capture and

estimate brain sources at the deepest portions of sulci or the medial

brain structures (Koessler et al., 2015; Seeber, Cantonas, Sesia, Visser-

vandewalle, & Michel, 2019; see also Pizzo et al., 2019 in MEG). Third

and perhaps most importantly, many brain sources (often co-activated

in interlocked time-courses) contribute to EEG recording. Electrical

signals generated by these co-activated sources are mixed when mea-

sured on the scalp with EEG sensors, making it difficult to assign a

specific source to a specific EEG signal characteristic (nonlinear rela-

tionship; Kovach, Oya, & Kawasaki, 2018) and requiring to solve an

undetermined inverse problem (Grech et al., 2008; Kaiboriboon,

Luders, Hamaneh, Turnbull, & Lhatoo, 2012; Michel et al., 2004).

In humans, the relationship between scalp EEG signals and

their cortical sources can be potentially addressed by comparing

simultaneous scalp and intracranial EEG recordings. These rare

studies derive from invasive investigations performed mainly with

foramen ovale or subdural electrodes (e.g., Alarcon et al., 1994;

Lantz, Holub, Ryding, & Rosen, 1996; Van Der Loo, Congedo,

Plazier, Van De Heyning, & De Ridder, 2007; Wennberg & Cheyne,

2014) and more rarely with intracerebral electrodes (Alarcon et al.,

1994; Gavaret, Dubarry, Carron, & Bartolomei, 2016; Koessler

et al., 2015). In the latter case, intracerebral EEG (also named

stereoelectroencephalography, SEEG) records electrical activity

directly from specific brain areas with high anatomical accuracy by

means of implanted multicontact electrodes. This technique is

used in the presurgical evaluation of drug-resistant epilepsies

(Chauvel, Gonzalez-Martinez, & Bulacio, 2019; Talairach &

Bancaud, 1973). Beyond its clinical significance, the recorded sig-

nal can be analyzed in parallel for research purposes (e.g., Allison,

Puce, Spencer, McCarthy, & Belger, 1999; Barbeau et al., 2008;

Halgren et al., 1994; Jacques et al., 2016; Jonas et al., 2016).

The few studies which investigated the relationship between simulta-

neously recorded scalp EEG and SEEG signals relied on event-related

potential (ERP) approaches, in which brain activity is recorded to the sud-

den occurrence of an event (external or internal such as epileptic spikes)

and then averaged in the time domain (Dubarry et al., 2014; Jacques

et al., 2019; Koessler et al., 2015; Merlet et al., 1998; Rosburg et al.,

2010). At least two main factors make it difficult to perform these studies

and therefore seriously limit their availability. First, relating scalp to intra-

cerebral EEG requires a high signal-to-noise ratio (SNR) on the scalp,

which typically results in long-duration experiments to collect data from a

large number of events (exogenous or endogenous; Luck, 2014). SNR is

particularly an issue in these clinical settings where recordings can take

place over several days without the possibility to fix or replace noisy scalp

electrodes. Second, the amplitude and shape of evoked responses in the

time domain are difficult to relate across scalp and intracerebral EEG

because of the diversity and the unknown spatiotemporal dynamic of

activated sources within the brain (Lopes da Silva, 2019).

One approach to overcome these difficulties would be to use a

stimulus presentation technique that provides high SNR and allows to

more objectively characterize the signal to be compared across

recordings. A potentially powerful approach that fits these criteria is

the frequency tagging approach where a stimulus is presented at a

(relatively fast) fixed frequency rate, for instance, a flickering light,

eliciting a neural response exactly at this frequency rate which can be

therefore objectively tracked and quantified in simultaneously

recorded scalp EEG and SEEG signals. This approach was discovered

shortly after the first descriptions of EEG recordings in humans

(Adrian & Matthews, 1934), that is, well before the first ERP record-

ings (Dawson, 1951; see Regan, 1972). It was already considered at

the time as offering a powerful mean to understand the nature and

the source(s) of EEG recordings, as stated by Adrian (1944):

“All the messages which reach the cortex will produce

their own electrical accompaniment, and this can be

recorded well enough if electrodes can be placed on

the surface of the brain. But if we can get no nearer

than the scalp, the potential changes generated in any

group of nerve cells will usually be obscured by those

of other groups nearby, and the record will then show

us nothing… Fortunately this difficulty can be over-

come, in part at least, by making all the cells work in

unison. This can be done, as far as vision is concerned,

by making the field more or less uniform and lighting it

with a flickering light. The nerve cells are then forced

to work in unison at the frequency of the flicker, and

we can record their electrical activity through the skull

up to frequencies of about 30 a second. This gives us a

method of tracing the visual messages in the brain, for

by means of the flicker rhythm they can be made easy

to recognize” (Adrian, 1944, p. 361).

Thanks to the subsequent application of Fourier analysis to EEG

recordings (Regan, 1966), these “frequency-tagged” neural responses
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can be investigated in the frequency domain in various sensory

modalities in neurotypical adults, but also in developmental and clini-

cal populations (Regan, 1989; see Norcia, Appelbaum, Ales, Cot-

tereau, & Rossion, 2015 for a recent review in vision research). The

main advantages of this approach are its objectivity (i.e., responses are

identified at a frequency known by the experimenter) and high sensi-

tivity (i.e., high SNR) (Norcia et al., 2015; Regan, 1989; Rossion, 2014).

Moreover, by carefully manipulating the nature of the stimulus prop-

erty that is periodically modulated, sensory processes, but also higher-

level brain processes such as face or word categorization for instance

(e.g., Lochy, Van Belle, & Rossion, 2015; Rossion & Boremanse, 2011),

can be selectively tracked in all modalities.

Despite these advantages, to our knowledge, the frequency-tagging

approach has never been applied to simultaneous EEG and intracerebral

recordings in order to shed light on the relationship between the two types

of signals.1 Here we report simultaneous frequency-tagged scalp and intra-

cerebral EEG responses in a unique epileptic patient implanted with three

intracerebral electrodes (27 recording contacts) in the right

occipitotemporal (OT) cortex and equipped simultaneously with 27 scalp

electrodes on the scalp surface. Thanks to a fast periodic (6 Hz) visual stim-

ulation with highly salient stimuli (faces), we objectively relate the quanti-

fied face-evoked responses observed inside and outside the brain.

Specifically, we address the following questions: (a) How do objectively

related signals recorded simultaneously inside the brain and on the scalp

differ in terms of amplitude and SNR? and (b) Can frequency-tagging signif-

icantly improve the precise identification of the sources of activity recorded

on the scalp?

2 | MATERIALS AND METHODS

The epileptic patient, as well as the recording settings, are identical to

those reported in Jacques et al. (2019). The patient has also been

described in Jonas et al. (2014). Therefore, a shortened version of the

methods is reported here.

2.1 | Case description

KV is a right-handed female suffering from refractory occipital epilepsy

related to a focal cortical dysplasia involving the right lingual gyrus and pos-

terior collateral sulcus. The patient was 32 year-old at the time of testing.

Her case was also reported as evidence of strong face identity repetition

suppression effects in the lateral cortex of right IOG using fast periodic

visual stimulation (FPVS) with unfamiliar faces (Jonas et al., 2014).

2.2 | Simultaneous intracerebral—Scalp EEG
recordings

The patient underwent simultaneous intracerebral and scalp EEG

recordings. The co-locations of these electrodes are shown in

Figure 1. The originality of electrode placements is a relatively dense

spatial coverage of the occipital-temporal cortex with both intracere-

bral (27 intracerebral contacts) and surface electrodes (including sO1,

sOz, sO2, sPO7, sPO8, sP9, sP10, sP5, sP6).

2.2.1 | Intracerebral electrodes

The patient was stereotactically implanted with three intracerebral mul-

ticontact electrodes targeting the right ventral OT cortex, according to

a well-defined and previously described procedure (Jonas et al., 2016;

Salado et al., 2018). Each intracerebral electrode consists of a cylinder

of 0.8 mm diameter and contains 8–11 independent recording contacts

of 2 mm in length separated by 1.5 mm from edge to edge and by

3.5 mm center to center (DIXI Medical, Besançon, France). Electrodes

D and L (eight recording contacts each: D1–D8 and L1–L8) sampled

the right inferior occipital gyrus and posterior collateral sulcus. Elec-

trode F (11 contacts, F1–F11) was more anterior and went from the

right inferior temporal gyrus to the lingual gyrus. All intracerebral con-

tacts except D8 were in direct contact with the gray matter. The

recording surface of contact D8 was located ~2 mm from the cortical

surface, likely within the meninges (Figure 1c,d).

2.2.2 | Scalp electrodes

Simultaneous scalp EEG recordings were acquired with 28 Ag/AgCl elec-

trodes of 10 mm diameter placed according to the 10–20 system

(Figure 1, Seeck et al., 2017) using sterile procedures, with a particular

spatial coverage of bilateral OT regions. Some of the posterior electrodes

were slightly displaced relative to the 10–20 positions due to the pres-

ence of depth electrodes. Scalp electrode positions were determined

using a 3D digitizer system (3 space Fastrak, Polhemus, Colchester, VT).

2.2.3 | Recordings

Simultaneous SEEG—scalp EEG signals were recorded at a 1,024 Hz

sampling rate with a 128-channel amplifier (SD LTM 128 Headbox;

Micromed, Italy). The reference electrode was a prefrontal midline

scalp electrode (sFPz). The recording of the periodic visual stimulation

experiment reported here was performed 2 days after the scalp elec-

trode placement. Due to the low diameter of the skull defect at the

penetration points of intracerebral electrodes (1.2 mm) and the low

electrical conductivity of the guidance screw (titanium), no leakage of

current was observed in scalp EEG recordings.

2.3 | FPVS

2.3.1 | Rationale

The main aspects of the procedure for this experiment have been pre-

viously described in three different studies comparing the
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presentation of trains of different faces to identical faces at a fixed

frequency rate (Jonas et al., 2014; Rossion & Boremanse, 2011;

Rossion, Prieto, Boremanse, Kuefner, & Van Belle, 2012). From a

methodological perspective, this FPVS approach—which leads to

so-called steady-state visual evoked potentials (SSVEPs, Regan,

1989, Regan, 1966)—has multiple advantages: objectivity of defini-

tion and quantification of the response of interest, high SNR, short

duration of the experiment, and recording of the response of inter-

est during a simple incidental task (Regan, 1989; Rossion, 2014),

making it a tool of choice for the study of patients implanted

with intracerebral electrodes. Here, faces were presented at a 6 Hz

rate because this frequency rate provides the largest repetition

suppression effect on the scalp over the right OT cortex (Alonso-

Prieto, Van Belle, Liu-Shuang, Norcia, & Rossion, 2013), as well as

in face-selective areas of the right inferior occipital gyrus and

middle section of the lateral fusiform gyrus (Gentile &

Rossion, 2014).

2.3.2 | Stimuli

Full-front color face pictures of 18 unfamiliar individuals (7� × 10� of

visual angle for the base face size) equalized for global luminance were

used. These face stimuli were the same as used in previous studies

(Alonso-Prieto et al., 2013; Rossion & Boremanse, 2011) and taken

from a well-known set of laser-scanned faces from the Tubingen Max

Planck Institute (MPI) database of laser-scanned (Cyberware TM)

human heads. They were cropped to remove external features (hair

and ears) but their overall shape was preserved.

2.3.3 | Procedure

In each condition, a face stimulus appeared and disappeared (sinusoi-

dal contrast modulation) on the screen, at a stimulation rate of six

faces per second (one face every 166.66 ms; Figure 2). A trigger was

F IGURE 1 Simultaneous recording of scalp and intracerebral EEG. (a) Scalp view from the posterior right hemisphere showing the position of
the scalp recording electrodes (shown in green) and the location on the scalp of the exit point of the three intracerebral electrodes (D, L, F, shown
as red dots). (b) Three/quarter posterior and profile views of 3D reconstruction of the patient's right hemisphere cortical surface, showing the
locations of the intracerebral electrodes (in red, only the most external contacts D8, L8, and F11 appear on the cortical surface) and the locations
of the scalp electrodes (green). (c) Axial views of the posterior half of the right hemisphere of the patient, showing the locations of intracerebral
contacts in the right OT cortex. Electrode L was slightly superior to D and F electrodes. All intracerebral contacts except D8 were in direct
contact with the gray matter. Contact D8 was located ~2 mm from the cortical surface. (d) 3D ventral views of the posterior half of the right

hemisphere of the patient, showing the anatomical location of the intracerebral contacts and scalp electrodes. The plots show the gray matter
cortical surface (left) and the corresponding white matter surface (right, the gray matter surface is represented as a dotted gray outline). Since
intracerebral contacts penetrate the brain tissue, contacts are only visible when stripping away the gray matter and keeping only white matter
surface. Acronyms: IOG: inferior occipital gyrus, OTS: occipitotemporal sulcus, (p)CoS: (posterior) collateral sulcus, FG, fusiform gyrus, LG: lingual
gyrus
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sent to the parallel port of the EEG recording computer at each mini-

mal level of visual stimulation (gray background), using a photodiode

placed on the left upper corner of a laptop monitor. In the same face

condition, a randomly selected face picture was presented repeatedly

during the whole stimulation duration (70 s). In the different faces con-

dition, the sequence started with the repeated presentation of a ran-

domly selected face picture for the first 15 s, after which the face

identity changed at every cycle for the remainder of the sequence

(i.e., from 16 to 70 s, see Rossion et al., 2012). In these different faces

condition, 18 individual faces of the same sex were used and pres-

ented in random order. The same face identity never appeared twice

in a row, so that the face identity change rate was always 6 Hz. To

minimize repetition suppression effects due to low-level visual cues,

the face stimulus changed substantially in size with each presentation,

that is, at a rate of 6 Hz, in all conditions (random face size between

82 and 118% of base face size). The experiment consisted of four

sequences of 70 s: each condition (same face or different faces) was

repeated two times (face gender: male or female). The order of condi-

tions was randomized. During each 70 s run, the patient was

instructed to fixate on a small black cross located centrally on the

face, slightly below the bridge of the nose. The fixation cross changed

color (black to red) briefly (200 ms) 6 to 8 times during each run and

the patient was instructed to report the color changes by pressing a

response key.

2.4 | Data processing and analyses

2.4.1 | Frequency domain analyses

All analyses were performed using Letswave 5 (Mouraux & Iannetti,

2008) and MATLAB v7.8 (The Mathworks, Inc.). Segments of 50 s of

recording during visual stimulation (i.e., 300 face stimulation cycles at

6.0 Hz) from 17 to 67 seconds were considered for analysis. These

segments were cropped to contain an exact integer number of

6 Hz cycles. Segments were averaged in the time domain separately

for each condition and a Fast Fourier Transform (FFT) was applied to

these averaged segments to compute the amplitude and phase spec-

tra at a high spectral resolution of 1/50 = 0.02 Hz. SNR was com-

puted from the amplitude spectra as the ratio between the

amplitude at each frequency bin and the average amplitude of the

corresponding 20 neighboring bins (up to 11 bins on each side,

i.e., 22 bins, but excluding the 2 bins directly adjacent to the bin of

interest, i.e., 20 bins, e.g., Rossion et al., 2012). Significant responses

above noise level at the stimulation frequency at each channel were

defined by computing Z-scores on the amplitude spectra, using the

mean and SD of the 20 neighboring bins around the frequency of

interest (e.g., Liu-Shuang, Norcia, & Rossion, 2014). Statistical com-

parisons between conditions were similarly made by computing Z-

scores on amplitude spectra obtained by subtracting the spectra

measured in the same face condition from the spectra measured in

the different faces condition.

2.4.2 | Time domain analyses

For this and further analyses, we only used data from the different

faces condition which generated the largest responses both in scalp

and intracerebral recordings. Each recording sequence from 17 to

67 s relative to sequence onset was divided into epochs of 1 s dura-

tion centered on the appearance of a face. Epochs containing blinks

were rejected and remaining epochs were averaged and the mean

amplitude was centered on zero (dc correction).

2.4.3 | Correlation between intracerebral and scalp
EEG signals

We examined the relationship between visually-driven signal recorded

at intracerebral contacts relative to scalp electrodes by correlating the

F IGURE 2 Fast periodic visual stimulation procedure and
experimental design. (a) Faces were presented in sequences of 70 s
using a sinusoidal contrast modulation at a rate of 6 Hz. Here, the
“different faces” condition is shown, with the face of a different
individual presented at full contrast every 0.167 s (1/6 s). The size of
faces changed at every cycle. (b) The two conditions used in the
study, in which either a different face was presented at every cycle

throughout the duration of the FPVS sequence (top) or the same face
was repeated for the whole sequence (bottom)
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variations of the 6 Hz response amplitude over time across all scalp

electrodes and intracerebral contacts (Figure 3).

We first applied a Morlet wavelet transform on the raw signal to

compute the time-varying amplitude envelope of the electrophysio-

logical signal around 6 Hz. The parameters of the mother wavelet

(central frequency: 6 Hz, full width at half maximum [FWHM] in the

frequency-domain = 0.8 Hz; FWHM in the time domain = 0.47 s) were

chosen to provide a relatively high frequency resolution while pre-

serving the dynamic in the amplitude variation over time. We kept the

amplitude envelope from 15 to 69 s from each recording sequence

and divided the envelope from each sequence in 9 segments of 6 s,

resulting in 18 segments in total (2 sequences with 9 segments). Then,

for each intracerebral contact, the signal in each segment was corre-

lated (Pearson's coefficient) with the corresponding segment in each

scalp electrode and the correlations were averaged across the 18 seg-

ments, resulting in a 27 (intracerebral) × 27 (scalp) correlation matrix.

We also computed the across-segments SD of the correlation coeffi-

cients. We determined whether correlations were significantly differ-

ent from zero using a randomization procedure in which, for each

electrode, we randomly shuffled (5,000 times) the order of the 6 s

segments prior to computing correlations and averaging the correla-

tions across segments. For each intracerebral contact correlated with

all scalp electrodes, we determined significance using a cluster-based

correction (cluster-mass) for multiple comparisons (Maris &

Oostenveld, 2007; Pernet, Latinus, Nichols, & Rousselet, 2015) with a

cluster-forming threshold of p < .05. Note that the wavelet analysis

used here removes the phase information so that the correlations

across channels are only determined by the variation of amplitude

across time at each channel. Disregarding the phase information for

this inter-channel correlation analysis is crucial to avoid correlations

being driven by simple phase coherence across channels triggered by

a common stimulation.

Even if we observe significant scalp-intracerebral correlations,

they could still occur because scalp and intracerebral channels are

sensitive to the same electrophysiological responses (i.e., generated

by a common cortical territory) unrelated to the FPVS stimulation. To

determine whether the pattern of scalp-intracerebral correlations

obtained using the original signal at the stimulation frequency during

FPVS (Ori@6 Hz) is specific to the signal with visual stimulation, we

compared this correlation pattern with patterns obtained in several

control situations: (a) NotchOri@6 Hz: Pattern of scalp-intracerebral

correlations with the visually-driven signal filtered-out from the origi-

nal signal using a narrow notch filter (butterworth notch filter order 4:

[5.9–6.1] Hz); (b) Ori@4 Hz: Pattern of correlations on the original sig-

nal using the amplitude envelope at another frequency than the stim-

ulation frequency (i.e., 4 Hz); (c) Rest@6 Hz: Pattern of correlations

obtained in (S)EEG recording where no periodic visual stimulation was

presented and the patient was resting with eyes open. In this third

control situation (rest), sections of the amplitude envelope

corresponding to eye blinks were removed prior to computing the

correlations. Correlations during rest were computed using 44 seg-

ments of 6 s.

We also used further benchmark tests for the control situations

to evaluate the effect of notch filtering and of using a different analy-

sis frequency on the correlation patterns. We reasoned that if the dif-

ference in the correlation patterns obtained in the Ori@6 Hz versus

the control situations is due to the notch filtering or to the use of a

different analysis frequency rather than to FPVS, then we should

observe similar differences when applying notch filtering or using a

different frequency on signal which does not contain a visually-driven

F IGURE 3 Procedure for correlating scalp and intracerebral 6 Hz
signals during periodic face stimulation. (1) we apply a wavelet
transform to the raw signal (top: 18 s of recording at two example
intracerebral contacts –D6, D8- and three scalp electrodes – sPO8,
sO2, sFz) to extract the variation of signal amplitude overtime at the
6 Hz frequency corresponding to the stimulation frequency (bottom:
raw (s)EEG signal band-pass filtered from 5.9 to 6.1 Hz for illustration
and 6 Hz wavelet amplitude envelope). This amplitude envelope is
divided into segments of 6 s duration. (2) The signal in each segment

is Pearson correlated across all channels. Here we show across-
channels correlation matrices for the three segments displayed above.
(3) Correlation coefficients computed for different segments are
averaged and (4) correlations between individual intracerebral
contacts and all scalp electrodes are visualized as scalp topographies.
Last, statistics are performed to isolate significant correlations
between intracerebral and scalp signals
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periodic response. The benchmark situations to evaluate the effect of

notch-filtering on the patterns of correlations were the following:

(a) NotchOri@4 Hz: correlations using amplitude envelope at 4 Hz

when the original signal has been notched filtered at 4 Hz ([3.9–4.1]

Hz); (b) NotchRest@6 Hz: correlations using amplitude envelope at

6 Hz when the signal during rest has been notched filtered at 6 Hz

([5.9–6.1] Hz). The benchmark situation to evaluate the effect of using

the amplitude envelope at a different frequency was the following:

(c) Rest@4 Hz: correlations using the amplitude envelope at 4 Hz from

the signal recorded during rest.

The pattern of correlations in the original, control and benchmark

situations were summarized and statistically compared by computing

an index of right-hemispheric lateralization: we subtracted the correla-

tions averaged over left-hemispheric OT scalp electrodes from the

correlations averaged over corresponding electrodes in the right

hemisphere (sO2, sPO8, sP4, and sP10). These indices were compared

against zero and against each other using a permutation test (10,000

permutations).

3 | RESULTS

3.1 | Patient KV shows a significant and typical
synchronization to 6 Hz face identity stimulation on
the scalp

Fast periodic face stimulation generated robust and significant (z-scor-

e > 2.33, p < .01, one-tailed) visual responses over patient KV's scalp

as evidenced by the distinct peak in the EEG spectrum at the 6 Hz

stimulation frequency (Figure 4a). As in typical subjects (Alonso-Prieto

et al., 2013; Rossion et al., 2012; Rossion & Boremanse, 2011), the

EEG response in the different faces condition was clearly strongest

over right OT electrodes (largest at sO2: 0.67 μV and sPO8: 0.63 μV).

In addition, scalp topographies of the identity adaptation effect

(i.e., larger amplitudes in the different faces relative to the same face

conditions) revealed an even more focused positive difference at right

OT electrodes (Figure 4b) with a maximum at sPO8 (0.23 μV). The

adaptation effect was statistically significant at two scalp electrodes,

sPO8 and sP10 (z-scores: 3.870 and 3.02, respectively; ps < .01, two-

tailed). These observations largely replicate findings from healthy sub-

jects using a similar experimental procedure (Alonso-Prieto et al.,

2013; Rossion et al., 2012; Rossion & Boremanse, 2011; see also Liu-

Shuang et al., 2014; Figure 4c), and suggest that patient KV's electro-

physiological responses related to (unfamiliar) face individuation are

typical. Further, this demonstrates that significant functional

responses can be obtained from the scalp with the FPVS approach in

single epileptic patient tested for a few minutes only.

3.2 | Corresponding spatial location of maximal
response amplitude to faces between scalp and
intracerebral EEG recordings

A detailed report of periodic intracerebral responses recorded in the

same face and different faces conditions in patient KV's right OT cortex

is described in Jonas et al. (2014). Here, for comparison with scalp

recordings, we will summarize responses measured in the different

faces condition and the effect of identity adaptation.

In intracerebral recordings, we found robust responses to the

visual presentation of different faces at the 6 Hz stimulation fre-

quency (Figure 5a,b) in ventral and lateral sections of the occipital and

posterior temporal cortex. SEEG Responses were significantly above

noise (all zs > 3.45, ps < .001) for all contacts except three adjacent

F IGURE 4 Scalp response to faces during FPVS in patient KV and
healthy participants. (a). SNR transformation of the frequency
amplitude spectrum (4 to 8 Hz) at one right-hemispheric OT scalp
electrodes (SPO8) in patient KV. A response with high SNR is
observed specifically at the 6 Hz stimulation frequency. (b) Patient
KV's scalp topographical distribution showing the 6 Hz SNR response
to faces in the “different face” condition (left) and the effect of
identity adaptation/repetition suppression (“different faces” minus
“same face,” right). Both topographies display the largest response
focused on the right OT region. (c) Scalp topographies in healthy
normal participants (averages over different groups of participant)
from multiple studies showing a dominance of the right hemispheric
OT cortex in the effect of identity adaptation across multiple
stimulation frequencies. In panel b, we purposely used the same
colormap as in the topographies shown in panel c for best comparison
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contacts of electrode F (F9 to F11). The largest responses were mea-

sured in contacts located in the posterior section of the collateral sul-

cus (D1 to D5 and L1 to L5, amplitude range: 0.7 to 6.9 μV, mean

amplitude: 2.8 μV, Figure 5b) and the lateral section of the inferior

occipital gyrus (D6 to D8 and L6 to L8, amplitude range: 4.4 to 7.6 μV,

mean amplitude: 5.8 μV). Responses in electrode F, going through the

CoS (F1 to F5), occipitotemporal sulcus (F6 to F10) and posterior infe-

rior temporal gyrus (F11) were overall much weaker (amplitude range:

0.4 to 2.5 μV, mean amplitude: 1.3 μV). SEEG responses also displayed

a significant face identity adaptation effect (larger response in the dif-

ferent faces condition; z > 2.33, p < .01 Figure 5c) at contacts in or

near the right lateral IOG (D5, D7, D8, L7, and L8: mean amplitude for

different faces: 5.8 μV, mean amplitude for same face: 3.2 μV) or more

anterior contacts in the CoS (F3) or in the OTS above the lateral fusi-

form gyrus (F7, F8, ~8 mm from the cortical surface of the lateral fusi-

form gyrus).

Importantly, there is a correspondence in the spatial location of

intracerebral contacts and scalp electrodes showing the strongest

response in the different faces condition, or the strongest effect of

adaptation. First, in the different faces condition (Figure 5b), the scalp

electrodes displaying the strongest scalp EEG responses were the

closest to the intracerebral contacts in lateral IOG (sPO8, sO2, sP6,

sP4 scalp electrodes; Euclidean distance to D8 = 27, 26, 32, and

43 mm, respectively; Euclidean distance to L8 = 28, 35, 33, and

46 mm, respectively). Second, the adaptation effect in intracerebral

recording was maximally measured at two separate cortical locations:

around the lateral IOG (D5, D7, D8, L7, and L8 contacts) and more

anteriorly in the OTS above the lateral fusiform gyrus (F7, F8 con-

tacts). Interestingly, this pattern of intracerebral response was associ-

ated with a maximal adaptation effect on the scalp over slightly more

anterior electrodes (e.g., sP10) compared to the response in the differ-

ent faces condition: scalp electrode sPO8 was closest to intracerebral

contacts in the lateral IOG and scalp electrode sP10 was closest to

intracerebral contacts in the lateral fusiform gyrus compared to con-

tacts in lateral IOG (Euclidean distances from sP10 = 35 mm to F8,

45 mm to L8, and 51 mm to D8).

3.3 | Strong amplitude and SNR attenuation in
scalp compared to intracerebral EEG

While we observed a spatial correspondence of the largest responses

in scalp and intracerebral recordings, the amplitude measured on the

scalp was very much attenuated relative to the intracerebral signal

(Figure 5a, compare top and bottom plots). Indeed, relative to intrace-

rebral contacts D8 and L8 where the amplitude at 6 Hz in the different

faces condition was 6.3 and 5.2 μV respectively, the amplitudes at the

closest scalp electrodes sO2 and sPO8 were 0.67 and 0.63 μV respec-

tively, which is between 7.7 and 9.9 times smaller than the

corresponding intracerebral signal. Interestingly, the SNR at the stimu-

lation frequency (i.e., 6 Hz) was less attenuated than the absolute sig-

nal amplitude when comparing scalp to intracerebral recordings. SNR

F IGURE 5 Intracerebral and scalp responses to faces in FPVS. (a) Amplitude spectrum (5–7 Hz) measured during FPVS at 6 Hz in the
“different faces” condition at the three most external intracerebral contacts of electrodes F, D, and L (top), and at three right OT scalp electrodes
closest to the intracerebral contacts shown above (bottom). The plots are displayed at the same amplitude scale to visualize the difference of
amplitude between intracerebral and scalp recording of the same visual response. (b) Ventral view of the posterior half of the patient KV's right
hemisphere (white matter surface, the gray matter surface is shown as a dotted gray outline) together with intracerebral contacts (small circles)
and selected surrounding scalp electrodes (large circles). Channels are colored as a function of the amplitude of response at 6 Hz in the “different
faces” condition. Note the difference in the color scale used for scalp and intracerebral data. (c) Same convention as for panel B but representing
the effect of identity adaptation
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was between 2 and 3.5 times lower in scalp (SNR = 8.3 and 8.1 for

sO2 and sPO8, respectively) compared to intracerebral (SNR = 29 and

16.7 for D8 and L8, respectively) recordings. This is due to the signal

amplitude being comparatively more attenuated from intracerebral to

scalp recordings than the mean noise amplitude in frequency bins

around 6 Hz (mean noise at D8/L8 = 0.26 μV; mean noise at

sO2/sPO8 = 0.08 μV; ratio of intracerebral to scalp noise = 3.4).

3.4 | Focal correspondence between intracerebral
and scalp EEG signals over the right occipitotemporal
cortex

3.4.1 | Phase investigation

For the remainder of the analyses, we will focus on the signal mea-

sured in the different faces condition, as it generated the strongest

responses over the right OT cortex, in contrast to the same face condi-

tion which generated low responses over OT regions and a maximal

response over medial occipital regions (Supplementary Figure S1) as

in previous publications (Alonso-Prieto et al., 2013; Rossion et al.,

2012; Rossion & Boremanse, 2011). This latter condition is therefore

sub-optimal to investigate the relationship between intracerebral and

scalp responses in the OT region. Moreover, this avoids relying on a

post hoc subtraction of conditions (i.e., adaptation effect), which pro-

vided an optimal opportunity to investigate the relationship between

simultaneously recorded intracerebral and scalp EEG.

To further characterize the relationship between intracerebral

and scalp recordings, we computed the phase of the signal at the stim-

ulation frequency for intracerebral and scalp channels and visualized

the signal in the time domain (Figure 6). Phase provides additional

information about response timing and allows to further characterize

the relationship between neighboring recording sites. For instance,

perfect phase alignment or phase-reversal (i.e., 180� difference) at

two separate recording sites is indicative of a common neural source

generating the signal measured at the two sites. This revealed that

although lateral contacts of the D and L electrodes (D5–D8 and L5–

L8) all exhibited strong visual responses at the stimulation frequency

(Figures 5 and 6), only the four most lateral contacts (D7–D8, L7–L8)

were in phase with the signal measured at nearby scalp electrodes

(Figure 6). The signal of adjacent—more medial—contacts (D5–D6,

L5–L6) was out of phase relative to the more lateral contacts. This is

clear when visualizing data in the time domain (Figure 6a), where the

crests and troughs of the responses measured at the most lateral

intracerebral contacts (D7–D8, L7–L8) are temporally aligned with

responses measured at the scalp, but misaligned with signal measured

F IGURE 6 Time domain and phase responses in intracerebral and scalp FPVS responses. (a) Time domain representation of the FPVS
responses to faces (“different faces” condition) in eight lateral intracerebral contacts of the L and D electrodes (top) and in three scalp electrodes
over the right OT cortex (bottom) in the vicinity of the intracerebral contacts shown on top. We highlight these eight intracerebral contacts since
they are the closest to scalp right OT electrodes, showed the highest 6 Hz response amplitude, and exhibited the closest correspondence with
signal measured at right OT scalp electrodes. Plots were obtained by cutting the recordings during FPVS sequences in segments of 1 s and
averaging over these segments. The waveforms manifest a sudden phase shift from most external contacts (D7–8, L7–8) to more internal
contacts (D5-6, L5-6). (b) Left: Polar plot representations of the phase of responses at channels shown in panel a (see panel A for channel legend).
Right: Ventral white-matter surface view of the posterior half of the patient KV's right hemisphere together with intracerebral contacts (small
circles) and selected surrounding scalp electrodes (large circles). Channels are colored as a function of the phase of the response at 6 Hz in the
“different faces” condition. Intracerebral contacts in gray (F9 to F11) showed no significant response to faces
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at more medial contacts (D5–D6, L5–L6). This is also reflected in the

phase of the frequency spectra (Figure 6b), where the phase values

are similar between D8/L8 and right OT scalp electrodes (sO2, sPO8,

sP10, mean phase difference: 11�), but very dissimilar between con-

tiguous contacts D5–D6 and D7–D8 (mean phase difference: 158�)

and between L5–L6 and L7–L8 (mean phase difference: 116�). The

observation of only a partial phase opposition between these two

groups of intracerebral contacts (i.e., rather than a phase difference

close to 180�) suggests that the signal measured at these two groups

arises from partly distinct generators. Only one of these neural gener-

ators, the generator contributing to the signal at lateral IOG contacts

(D7–D8, L7–L8), also contributes to the EEG signal measured at OT

scalp electrodes.

3.4.2 | Correlation investigation

To directly and formally quantify the relationship between scalp and

intracerebral signals, we correlated the variations of the 6 Hz

response amplitude over time across all scalp and intracerebral

contacts (Figure 3, methods). As a reminder, this analysis disregards

phase information so that only coordinated temporal variation of

amplitude across channels could result in meaningful correlation coef-

ficients. This was done to avoid correlations (positive or negative)

driven simply by phase coherence across channels triggered by a com-

mon visual stimulation.

While the temporal variations of the amplitude of the 6 Hz

response were strongly correlated between contacts D5–D6/L5–L6

and between contacts D7–D8/L7–L8, the 6 Hz signal was not corre-

lated between these two groups of adjacent contacts. Specifically,

correlations were high between contacts D5, D6, L5, and L6 (both

within electrode: r = 0.84 ± 0.07 and 0.82 ± 0.13 for D5–D6 and L5–

L6, respectively, and across the D and L electrodes: r = 0.5 ± 0.26 and

0.42 ± 0.22 for D5–L5 and D6–L6, respectively) and between con-

tacts D7, D8, L7, and L8 (within electrode: r = 0.97 ± 0.03 and 0.76

± 0.16 for D7–D8 and L7–L8, respectively, and across the D and L

electrodes: r = 0.5 ± 0.23 and 0.68 ± 0.16 for D7–L7 and D8–L8,

respectively). In contrast, there was no meaningful correlation

between signals at immediately adjacent contacts D6–D7 (r = 0.08

± 0.28) and L6–L7 (r = 0.02 ± 0.27). Thus, these analyses support our

F IGURE 7 Correlations between intracerebral and scalp signals during FPVS. (a) Scalp topographical maps of the unthresholded Pearson
correlation coefficients between the signal around 6 Hz measured at each intracerebral contact and each scalp electrode. Each map represents
the correlations of one intracerebral contact with all scalp electrodes. Different intracerebral electrodes (D, L, F) are shown in rows and adjacent
recording contacts are shown in columns (see Figure 1 for anatomical location of the contacts). (b) Topographical maps showing only significant
correlation coefficients (p < .05, cluster-based correction for multiple comparisons). White indicates no significant correlation
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view that despite the partial phase opposition between contacts D5–

D6/L5–L6 and contacts D7–D8/L7–L8 (Figure 6), the signal measured

at these two groups of contacts arises from different cortical

generators.

In addition, these analyses confirmed and refined our observation

above that signal measured at right OT scalp electrodes arises mainly

from regions in the lateral IOG around contacts D7–D8 and L7–L8

rather than from more medial cortical regions around contacts D5–

D6, L5–L6. Indeed, we observed a very focal pattern of positive corre-

lations between contacts D/L 7–8 and right OT scalp electrodes clos-

est to the location of the corresponding intracerebral contacts

(Figure 7a). Statistical analyses indicated that the 6 Hz signal at each

of these four intracerebral contacts was significantly correlated with a

cluster of 4 to 5 scalp electrodes. D7, D8, L7, and L8 were each signif-

icantly correlated with sPO8, sO2, sP10, and sP4, and L7 was also sig-

nificantly correlated with sP6. Among these channels, Pearson's

coefficients ranged from 0.32 (SD across segments: ± 0.25) to 0.37

± 0.23 for sPO8, from 0.28 ± 0.28 to 0.36 ± 0.22 for sO2, from 0.19

± 0.22 to 0.25 ± 0.19 for sP4 and from 0.17 ± 0.29 to 0.21 ± 0.31 for

sP10. In contrast, correlations of the same scalp electrodes with intra-

cerebral contacts D5–D6, L5–L6 were around zero (range of correla-

tions: −0.11 ± 0.25 to −0.02 ± 0.22). Moreover, these positive

correlations were restricted to the right hemisphere: the correlations

for contacts D7–D8, L7–L8 with electrodes in the OT left hemisphere

(sO1, sPO7, sP9, sP7) ranged from −0.08 to 0.11 (mean

r = 0.01 ± 0.24).

Correlations were slightly but significantly higher (t[8] = 7.6,

p < .001) for the most external contact (D8, L8, mean r across chan-

nels: 0.28) relative to the immediately adjacent more internal contact

(D7, L7, mean r across channels: 0.25).

Over the more anterior F electrode, only the signal from F11

tended to be correlated with surrounding scalp electrodes (Figure 7a,

sP10: r = 0.2 ± 0.25; sP6: r = 0.2 ± 0.3; sPO8: r = 0.18 ± 0.33; sT8:

r = 0.14 ± 0.3). However, these correlations did not reach significance

at the cluster level.

3.5 | Focal and right-lateralized intracerebral-scalp
correlations are specific to the FPVS signal

The observed correlations suggest that these scalp and intracerebral

channels pick up electrophysiological responses coming from the

same cortical region responding to the periodic visual stimulation.

However, these correlations may also be driven by a general electro-

physiological activity (i.e., unrelated to the stimulation) coming from

cortical territories to which both intracerebral contacts and scalp elec-

trodes are sensitive to, given their spatial proximity. If this is the case,

we should observe the same correlation pattern with or without the

presence of a visually-driven response in the recorded electrophysio-

logical signal. We, therefore, compared the patterns of scalp-

intracerebral correlations obtained at the stimulation frequency during

periodic visual stimulation (Ori@6 Hz) with a series of “control” situa-

tions: (a) NotchOri@6 Hz: Pattern of correlations when the visually-

driven signal has been selectively filtered-out; (b) Ori@4 Hz: Pattern of

correlations at another frequency than the stimulation frequency

(4 Hz); (c) Rest@6 Hz: Pattern of correlations obtained using 6 Hz sig-

nal recorded during a rest period. These analyses revealed that

intracerebral-scalp correlations were more focal when a visually-

driven periodic response was present in the electrophysiological sig-

nal. Specifically, in the three control conditions, while the patterns of

scalp correlations measured for intracerebral contacts D7–D8 and

L7–L8 were overall similar to the one observed at 6 Hz using the orig-

inal signal, these patterns were all more widespread and included sig-

nificant correlations on the scalp both in the right and the left

hemisphere (Figure 8). This observation was reflected in the larger

number of scalp electrodes significantly correlated with each intrace-

rebral contacts—D7, D8, L7, and L8—in the three control situations

(mean number of significant scalp electrodes across D7, D8, L7, and

L8 = 9.25 to 14.5, Figure 9a) compared to the original FPVS condition

F IGURE 8 Correlations between scalp and intracerebral signals
during FPVS and control situations. Topographical maps of significant
correlations (p < .05, cluster-based correction for multiple
comparisons) between signal at four intracerebral contacts in the
lateral IOG and scalp electrodes. Maps of correlations are shown
when using the original signal at around 6 Hz during FPVS (Ori@6 Hz,
top row), when using signal in which the visually-driven signal has
been filtered-out (NotchOri@6 Hz, second row), when using another
frequency (4 Hz) than the stimulation frequency (Ori@4 Hz, third
row), and when using 6 Hz signal recorded during rest (Rest@6 Hz,
bottom row)
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(Ori@6 Hz: 4.25 significant scalp electrodes). In addition, the right

hemispheric dominance of the correlations pattern when using the

original signal at 6 Hz was assessed and compared to control condi-

tions by subtracting the correlations averaged over left-hemispheric

OT scalp channels from the correlations averaged over corresponding

electrodes in the right hemisphere (sO2, sPO8, sP4, sP10). This rev-

ealed that, while scalp correlations were significantly stronger in the

right than in the left hemisphere in all conditions (all p's < .02, one-

tailed permutation test, Figure 9b), the right hemispheric domi-

nance was significantly stronger when using the signal at 6 Hz in

the original signal where periodic visual stimulation is present

(Ori@6 Hz: right hemispheric dominance = 0.24 ± 0.16) compared

to the three control situations (0.09 ± 0.14, 0.1 ± 0.1, 0.1 ± 0.13,

all p's < .005, one-tailed permutation test). In contrast, there was

no significant difference among any of the control and additional

benchmark situations (p’s > 0.5, Figure 9b, see methods for bench-

mark situations).

4 | DISCUSSION

This study shows that a few minutes of periodic visual stimulation suf-

fice to generate a robust signal, objectively identifiable at the exact

frequency of stimulation (and harmonics) in the frequency spectrum

of both SEEG and EEG signals recorded simultaneously. Here we find

in the single epileptic patient tested that the response peaks over the

right occipitotemporal scalp region, as in neurotypical participants

tested with this paradigm (Figure 4), suggesting the generalizability of

the present observations to the normal population. By combining

FPVS with correlation analyses we thus provide an original approach

to investigate the relationship between functional brain electrophysio-

logical activity measured simultaneously inside the brain and on the

scalp.

Quantification of the 6 Hz response in the frequency domain is

straightforward and reveals a tenfold decrease of amplitude at 6 Hz

between the most external intracerebral contacts and the nearest

scalp EEG electrodes (i.e., 25–30 mm), providing unique information

about skull attenuation of electrophysiological activity (Oostendorp,

Delbeke, & Stegeman, 2000; Wendel, Vaisanen, Seemann, Hyttinen, &

Malmivuo, 2010). The choice of the 6 Hz stimulation frequency was

dictated by previous studies showing robust responses at this fre-

quency for face stimulation, in particular when different face identi-

ties are presented at every stimulation cycle (Alonso-Prieto et al.,

2013). Note that this attenuation might even be underestimated,

given that the intracranial sampling was limited and that larger

responses might have been found at other nearby locations inside the

brain. Nevertheless, the attenuation in SNR between intracerebral

and surface EEG responses was of “only” 2–3.5. This reduced ratio

indicates that the electrophysiological noise, as computed as in the

present study, is significantly larger inside than outside the brain. A

major factor contributing to this reduction of the ratio between

amplitudes and SNR is that, rather than being computed over a pre-

stimulus baseline as in standard ERP studies, electrophysiological

noise is computed here within a small theta range frequency around

the signal of interest that is, 6 Hz (Meigen & Bach, 1999; Rossion

et al., 2012; Srinivasan, Russell, Edelman, & Tononi, 1999). Hence,

EEG noise is “free” of alpha activity, environmental noise, eye and

muscle artifacts, and so forth which typically greatly contaminate

scalp EEG signals (Luck, 2014). Additionally, the cortical surface to

which an EEG scalp electrode is sensitive to is likely larger than that

of an SEEG electrode. Noise in scalp EEG might thus be smaller

F IGURE 9 Scalp-intracerebral correlations are more focal and
right-lateralized during the periodic presentation of faces. (a) The bars
represent the number of scalp electrodes significantly correlated with
intracerebral signal averaged over contacts D7, D8, L7, L8 in the
original, control, and benchmark situations. A lower number means
fewer scalp electrodes were significantly correlated with intracerebral
signal. (b). The bars represent the difference in scalp-intracerebral
correlations between posterior right- and left-lateralized scalp
electrodes in the original, control, and benchmark situations.
Correlations between scalp electrode and intracerebral contacts D7,
D8, L7, L8 were first averaged across intracerebral contacts, then
averaged separately for right and left posterior scalp electrodes, and

finally averaged correlations in the two groups were subtracted (right
minus left). Error bars represent the SE of the mean across the
18 segments used to compute correlations. The correlations are
higher in the right hemisphere for all comparisons but the right-
hemisphere dominance is significantly larger (all p's < .005) for the
original FPVS condition. In contrast, the comparisons across control
and corresponding benchmark situations are not significant
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compared to SEEG by virtue of averaging uncorrelated electrophysio-

logical “noise” over a larger surface.

The narrow band of the 6 Hz signal allows objective and finer-

grained tracking of the phase and identification of the intracerebral

electrodes generating that signal on the scalp. Using FPVS in relation

with our correlation approach, we found that activity recorded over

right OT scalp regions directly relates to the activity measured at

intracerebral contacts located in the inferior occipital gyrus either in

the cortex (D7, L7, L8) or in the meninges (D8). This latter intracere-

bral contact likely receives electrical field propagation from the nearby

cortex (i.e., about 2 mm distance) (Zaveri, Duckrow, & Spencer, 2009).

This strongly suggests that one major neural source for the 6 Hz FPVS

signal measured on the scalp is located in the inferior occipital gyrus

at or near contacts D7–D8 and L7–L8. Other sources in neighboring

location likely also contribute to the measured scalp activity, but they

could not be captured here due to the limited intracerebral sampling

in the clinical case. Nevertheless, the main contribution of lateral brain

sources to scalp EEG by comparison to medial sources is in line with

previous studies in epilepsy and especially in mesial temporal lobe epi-

lepsy (Koessler et al., 2015; Merlet et al., 1998).

The identification of the right OT scalp region is similar to our

findings in a previous study measuring the relationship between the

face-evoked N170 potential on the scalp and in the cortex in the same

epileptic patient (Jacques et al., 2019). However, this relationship was

relatively more widespread on the scalp in the previous ERP study

(see Figures 5 and 6 in Jacques et al., 2019) compared to the current

study. Specifically, in the previous study, significant correlations

involved up to six scalp electrodes (right OT and medial occipital)

when correlating N170 latency and up to 11 scalp electrodes (bilateral

OT and medial occipital) when correlating N170 amplitude, while the

relationship found here with the frequency-tagging approach was

restricted to four scalp electrodes (Figure 7).

Notwithstanding this comparison across studies of the spatial

spread of the correlations on the scalp, it should be noted that dif-

ferences in the experimental design, in the type of signal used to

compute the correlations and in the analyses schemes prevent a

more formal comparison across the current and the previous study.

For instance, in the current study, the use of FPVS allows taking into

account the amplitude variations in a relatively narrow frequency

range (i.e., around 6 Hz), which is less affected by ongoing broad-

band EEG noise (mostly in the theta and alpha range) compared to

when using the ERP signal as in the previous study. Such broadband

noise in the ERP signal may be correlated across a large cortical sur-

face (e.g., Buzsáki, 2002; Klimesch, 1999; Miller, Foster, & Honey,

2012), therefore being picked up simultaneously by intracerebral

contacts in the IOG and by many posterior scalp electrodes,

resulting in a broad correlation pattern on the scalp. Therefore,

while the cortical regions involved in generating the N170 and the

6 Hz FPVS face signals are likely similar given the overall similarity

in the scalp topographies of the correlations (irrespective of their

spatial spread) across the two studies, the FPVS approach allows

revealing a more focused relationship between scalp and intracere-

bral recordings.

In addition, we demonstrate that the relationship between scalp

and intracerebral channels at 6 Hz is significantly more focal and

right-lateralized during FPVS as compared to rest EEG or during stim-

ulation but considering a frequency range outside the stimulation fre-

quency (i.e., around 4 Hz). Hence, this relationship is specific to the

stimulation frequency and cannot be attributed to general factors

such as an increase of arousal during visual stimulation for instance.

Moreover, other benchmark control situations (Figure 9) further indi-

cate that the specificity of this relationship during FPVS is not driven

by analyses or testing parameters. Note that since we did not stimu-

late with other frequencies, whether 6 Hz provides the tightest corre-

lation between scalp and intracerebral activity cannot be determined

in the present study—although this is likely given the particularly large

response that it generates in this paradigm (Alonso-Prieto

et al., 2013).

A peculiar observation is the broader pattern of correlations for

control situations, such as when using a different frequency of analy-

sis (i.e., Ori@4 Hz), compared to when using FPVS. One might have

expected no or reduced correlations in control situations when no

visual response is present in the signal at the frequency of analyses.

The observation of a correlation for the control situations likely stems

from the close spatial proximity between scalp right OT electrodes

and the most lateral intracerebral contacts, which makes it likely that

these recording channels are sensitive to a similar cortical territory.

This would result in correlations across channels inside the brain and

on the scalp stemming from the fact that they are sensitive to the

same ongoing cortical EEG activity unrelated to a visual response

(i.e., “noise”). As indicated above, this EEG “noise” in the theta and

alpha range (e.g., Buzsáki, 2002; Klimesch, 1999; Miller et al., 2012) is

more likely to correlate across a larger brain surface than neural signal

related to the visual stimulation, therefore being measured over a

broader scalp surface. This would yield patterns of correlations that

are more broadly distributed on the scalp over both hemispheres. This

phenomenon is also likely to take place in the control situation where

the visually-driven signal at 6 Hz was removed using a very narrow

notch filter (i.e., NotchOri@6 Hz). In this particular situation, one pos-

sibility is that when the visually-driven 6 Hz signal is filtered out, the

variations of the wavelet amplitude envelope across time (which is

used to obtain the correlations) are related to other frequencies

around 6 Hz (i.e., theta range) that fall within the frequency band-

width of the wavelet at 6 Hz (full width at half maximum in the

frequency-domain at 6 Hz is 0.8 Hz), resulting in broad scalp correla-

tion patterns. In contrast, when visually-driven signal at 6 Hz is pre-

sent (Ori@6 Hz), it completely dominates over surrounding

frequencies in the amplitude envelope, allowing to reveal the more

local neural activity specifically related to face periodic stimulation.

Several studies (Cosandier-Rimele, Merlet, Badier, Chauvel, &

Wendling, 2008; Ebersole, 1997; Ramantani et al., 2014; Tao, Ray,

Hawes-Ebersole, & Ebersole, 2005) have shown that a large cortical

surface from 6 to 30 cm2 is required to generate detectable scalp EEG

signals. According to a recent computational study (Cosandier-Rimele

et al., 2008), a cortical surface of 26cm2 is required to obtain a SNR

equal to eight in scalp EEG, corresponding roughly to the SNR
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observed in our study. However, the FPVS approach is known to gen-

erate extremely high SNR responses on the scalp, so that more focal

sources in the lateral section of the inferior occipital gyrus,

corresponding to smaller cortical patches, may have been sufficient to

generate this response. While fMRI studies indicate that the (right)

IOG plays a key role in (unfamiliar) face individuation responses in the

human brain (e.g., Gauthier, Tarr, Moylan, Skudlarski, & Gore, 2000;

Schiltz et al., 2006), these responses are not confined to this region

but extend to more anterior regions of the lateral fusiform gyrus.

Although these regions may also contribute to the signal recorded on

the scalp, the cortical orientation of the lateral fusiform gyrus makes it

unlikely for this region to majorly contributes to the EEG measured

over lateral OT cortex scalp regions (Jacques et al., 2019).

While simultaneous scalp and intracerebral studies very often rely

on relatively complex signal processing methods (e.g., blind source

separation) to extract biomarkers from scalp background activity

(Koessler et al., 2015; Pizzo et al., 2019), the spontaneous visibility

(i.e., even without averaging method or baseline correction method)

of the scalp responses during FPVS highlights the interest of this

approach to clarify the scalp EEG correlates of focal cortical genera-

tors. Therefore, compared to signal analysis performed in time domain

and on spontaneous activity (like epileptic spikes or seizures), FPVS in

combination with our correlation approach may represent a major tool

in order to understand and characterize the link between cortical

source activity and scalp EEG signals. Moreover, our observation of

robust intracerebral vs. scalp EEG correlations with just two

sequences of stimulation (2 × 50 s of data) is a clear advantage over

more conventional stimulation approach in clinical settings where

these recordings take place. Given that we report data from a single

patient implanted with three intracerebral electrode arrays, this

approach should be further validated to ensure its applicability in dif-

ferent experimental research domains and settings. Nevertheless, the

frequency-tagging approach is readily used to measure a wide range

of responses in the visual domain (e.g., to luminance or contrast

changes, but also visual words, quantities, or objects, Norcia et al.,

2015) and in other modalities (e.g., low-level and high-level auditory

responses: Fujiki, Jousmaki, & Hari, 2002; Nozaradan, Peretz, Missal, &

Mouraux, 2011; somatosensory responses: Colon, Legrain, Huang, &

Mouraux, 2015), as well as their modulation by attentional factors

(Chen, Seth, Gally, & Edelman, 2003; Colon et al., 2015; Morgan,

Hansen, & Hillyard, 1996; Yan, Liu-Shuang, & Rossion, 2019). This

suggests that the original approach introduced here could be

extended to larger samples of individual brains and other brain func-

tions, pending appropriate adaptation in the stimulation and analyses

parameters. Moreover, this approach could be extended to under-

stand functional connectivity between intracerebral contacts in close

or remote regions with a wider sampling across the brain.
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ENDNOTE
1 A recent study recorded 48-channel ECoG and 27-channel scalp-EEG

data simultaneously during light flickering in a single patient

(Wittevrongel et al., 2018). However, due to insufficient quality of the

simultaneously recorded scalp-EEG (dried conductive gel, as well as the

influence of scarred and swollen tissue with the particularly invasive

ECoG procedure), the patient's scalp-EEG was excluded from further

analysis.
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A B S T R A C T   

Patients with chronic mesial temporal lobe epilepsy have difficulties at identifying familiar faces as well as at 
explicit old/new face recognition tasks. However, the extent to which these difficulties can be attributed to visual 
individuation of faces, independently of general explicit learning and semantic memory processes, is unknown. 
We tested 42 mesial temporal lobe epilepsy patients divided into two groups according to the side of epilepsy 
(left and right) and 42 matched controls on an extensive series of individuation tasks of unfamiliar faces and 
control visual stimuli, as well as on face detection, famous face recognition and naming, and face and non-face 
learning. Overall, both patient groups had difficulties at identifying and naming famous faces, and at explicitly 
learning face and non-face images. However, there was no group difference in accuracy between patients and 
controls at the two most widely used neuropsychological tests assessing visual individuation of unfamiliar faces 
(Benton Facial Recognition Test and Cambridge Face Memory Test). While patients with right mesial temporal 
lobe epilepsy were slowed down at all tasks, this effect was not specific to faces or even high-level stimuli. 
Importantly, both groups showed the same profile of response as typical participants across various stimulus 
manipulations, showing no evidence of qualitative processing impairments. Overall, these results point to largely 
preserved visual face individuation processes in patients with mesial temporal lobe epilepsy, with semantic and 
episodic memory difficulties being consistent with the localization of the neural structures involved in their 
epilepsy (anterior temporal cortex and hippocampus). These observations have implications for the prediction of 
neuropsychological outcomes in the case of surgery and support the validity of intracranial electroencephalo-
graphic recordings performed in this population to understand neural mechanisms of human face individuation, 
notably through intracranial electrophysiological recordings and stimulations.   

1. Introduction 

Face identity recognition is critical for social interactions in the 
human species and constitutes one of the most impressive functions of 
the adult human brain. Unfortunately, face identity recognition is also 
frequently affected in a variety of neurological conditions, e.g. following 
acquired brain damage (Benton and Van Allen, 1972; Valentine et al., 
2006; Barton, 2008), surgery for temporal glioma (Papagno et al., 
2017), Alzheimer’s disease (Tippett et al., 2003; Pal et al., 2019), 
fronto-temporal semantic dementia (Luzzi et al., 2017; Pozueta et al., 
2019), or temporal lobe epilepsy (Seidenberg et al., 2002; Drane et al., 

2013). 
Recognizing the identity of familiar people based on their faces re-

quires first and foremost to decode the idiosyncratic visual features of 
these faces (i.e. face individuation). Efficient face individuation is often 
required when we first encounter people or when they have not yet been 
encoded in long-term memory, i.e. when they are unfamiliar. Since most 
human societies are characterized by the presence of numerous in-
dividuals and a tendency to change the number of individuals over time, 
visual individuation of unfamiliar faces occurs frequently and is key to 
our social interactions (Rossion, 2018). 

In neurotypical individuals, the neural basis of visual face individ-
uation has been primarily investigated with functional MRI (fMRI). In 
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particular, fMRI-adaptation studies have found face individuation ef-
fects in pre-defined face-selective regions of the posterior ventral 
occipito-temporal cortex (VOTC) such as the inferior occipital gyrus 
(“Occipital Face Area”) and the middle fusiform gyrus (“Fusiform Face 
Area”) (Gauthier et al., 2000; Schiltz et al., 2006; Davies-Thompson 
et al., 2009; Ewbank et al., 2013; Fox et al., 2013; Hermann et al., 2017; 
Hughes et al., 2019; Rostalski et al., 2019). These studies usually use 
pictures of unfamiliar faces to rule out the automatic involvement of 
affective and semantic memory processes, as well as name retrieval. In 
contrast, the processing of familiar (i.e. famous and personally familiar) 
faces has been consistently shown to involve more anterior regions of 
the VOTC, such as the anterior and medial temporal regions (Sergent 
et al., 1992; Gorno-Tempini et al., 1998; Leveroni et al., 2000; Gorno--
Tempini and Price, 2001; Elfgren et al., 2006; Gobbini and Haxby, 2007; 
Natu and O’Toole, 2011; Sugiura et al., 2011; Von Der Heide et al., 
2013; Duchaine and Yovel, 2015; Ramon et al., 2015, Rice et al., 2018b), 
in line with episodic, semantic and emotional contents evoked by 
familiar faces (Brambati et al., 2010; Sugiura et al., 2011; Ross and 
Olson, 2012). 

Mesial temporal lobe epilepsy (MTLE) is the most frequent focal 
epilepsy referred for epilepsy surgery (Schuele and Lüders, 2008; 
Spencer and Huh, 2008; Tatum, 2012; see also Ladino et al., 2014). 
Intracranial electroencephalographic (iEEG) recordings have shown 
that MTLE frequently affects the temporal pole, the amygdala, the head 
and body of the hippocampus, the rhinal cortex, and the ventral anterior 
temporal cortex (including the anterior parts of the fusiform and inferior 
temporal gyri) (Maillard et al., 2004). These structures are typically 
involved in anterior temporal lobectomy, one of the most frequent 
surgical procedure in refractory MTLE (Brotis et al., 2019). Several 
studies have shown that patients with MTLE are impaired at recognizing 
familiar faces (Seidenberg et al., 2002; Viskontas et al., 2002; Glosser 
et al., 2003; Griffith et al., 2006). More precisely, left-sided MTLE has 
been more consistently related to difficulties at naming famous faces, 
while right-sided MTLE has been frequently linked to difficulties at 
judging familiarity, or providing semantic information about a face 
(Gainotti, 2007; Drane et al., 2008, 2013). A similar pattern of famous 
face identification difficulties has also been found in MTLE patients 
following ATL resection (Glosser et al., 2003; Drane et al., 2008, 2013; 
Lambon Ralph et al., 2012, Rice et al., 2018a). Additionally, these pa-
tients exhibit difficulties at explicitly encoding and subsequently 
recognizing pictures of unfamiliar faces, regardless of the epileptogenic 
focus side (Milner, 1968; Chiaravalloti and Glosser, 2004). 

The extent to which famous face recognition difficulties in MTLE can 
be attributed to the process of visual individuation of faces, indepen-
dently of general explicit learning and semantic memory processes, re-
mains unknown. Clarifying this issue is important both for clinical and 

fundamental research. From a clinical standpoint, a comprehensive view 
of the neuropsychological performance of epileptic patients before epi-
lepsy surgery is critical to predict the neurocognitive outcome after 
surgery (Potter et al., 2009; Sherman et al., 2011; Helmstaedter, 2013). 
Indeed, post-operative cognitive outcome depends, among other vari-
ables, on the relationship between the location of the epileptogenic zone 
(i.e. the region to be resected to cure the patient) and the pre-operative 
neuropsychological profile. According to the model of functional ade-
quacy, the postoperative decline is expected to be high when there is 
adequacy between the brain region planned to be resected and high 
pre-operative performance on the cognitive functions supported by this 
region (Chelune, 1995; Helmstaedter, 2004). At the level of fundamental 
research, there is increasing evidence for limitations of animal models, 
in particular the macaque brain, to understand the neural mechanisms of 
human face (identity) recognition (Rossion and Taubert, 2019; Griffin, 
2020). In this context, iEEG recordings of face processing in human 
epileptic patients may become increasingly informative (e.g. Allison 
et al., 1999; Davidesco et al., 2014; Jonas et al., 2016; see Rossion et al., 
2018 for review). Therefore, a comprehensive view of face recognition 
performance in these patients is needed to validate the results obtained 
with iEEG recordings. This issue of potential deficits in visual individ-
uation of faces in MTLE patients remains unsolved, mainly because very 
few studies have assessed face individuation with unfamiliar faces in 
these patients (Hermann et al., 1997; Seidenberg et al., 1998; Glosser 
et al., 2003; Chiaravalloti and Glosser, 2004; Griffith et al., 2006), and 
these studies have used only a single test (most often the Benton Facial 
Recognition Test, BFRT, Benton and Van Allen, 1968). While these 
studies found that both left and right MTLE patients performed in the 
normal range at this test, with sometimes a trend towards higher scores 
for left MTLE patients, they never recorded response times (RT) at this 
task, an important variable to consider in individual face matching tasks 
(Delvenne et al., 2004; Rossion and Michel, 2018). 

In the present study, we went well beyond the state-of-the-art by 
testing 42 MTLE patients and their matched controls on a series of 
individuation tasks with unfamiliar faces and control visual stimuli and 
by reporting both accuracy and response times. The entire cohort of 
participants was also tested with a face detection task, face and non-face 
explicit learning tasks, and a famous face recognition and naming task, 
in order to provide a comprehensive overview of their face recognition 
performance. 

2. Materials and methods 

2.1. Participants 

Forty-three consecutive pre-surgical patients with refractory MTLE 
were prospectively enrolled between 2013 and 2017 at the University 
Hospital of Nancy. The inclusion criteria were: (1) age above 18 years; 
(2) left or right MTLE as assessed by non-invasive examinations (struc-
tural MRI, EEG-video, positron emission tomography, single photon 
emission computed tomography) for all patients and stereotaxic-EEG 
(SEEG) for 24 out of 42 patients (when non-invasive examinations 
were inconclusive about the location of the epileptogenic focus); (3) 
normal basic visual functions (as measured by the Visual Object and 
Space Perception battery). 

Among the 43 patients screened, one patient was later excluded 
because of insufficient data about the location of the epileptic focus. 
Therefore, 42 patients were included in the subsequent analyses (21 
males, 21 females; mean age 37.05 ± 11.68). Thirty-nine patients were 
right-handed (93%) and three patients were left-handed (7%) as 
measured by the Edinburgh Handedness Inventory (Oldfield, 1971). All 
but 2 (left) MTLE patients had their intellectual efficiency assessed 
through the WAIS-R or WAIS-IV (Wechsler Adult Intelligence Scale) and 
showed a normal IQ (>70). All patients gave written informed consent 
and the study (ATENA-F, trial N◦2013-A00515-40, ClinicalTrials.gov 
identifier NCT02888925) was approved by the local ethical committee 

List of abbreviations 

BFRT-c Benton Facial Recognition Test computerized 
CFMT Cambridge Face Memory Test 
iEEG intracranial electroencephalography 
fMRI functional magnetic resonance imaging 
FRI face recognition index 
HR head rotation 
LD lighting direction 
MTLE mesial temporal lobe epilepsy 
NAI name access index 
NC normal controls 
RT response times 
SEEG stereotaxic electroencephalography 
VOTC ventral occipito-temporal cortex 
WAIS Wechsler Adult Intelligence Scale  
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(CPP Est III, 13.05.02). 
Two groups of patients were distinguished according to the lateral-

ization of the epileptogenic focus: a left MTLE group (17 patients, 9 
females; mean age 36.41 ± 12.49) and a right MTLE group (25 patients, 
12 females; mean age 37.48 ± 11.34). The side of the epileptogenic 
focus was assessed by non-invasive examinations (structural MRI, EEG- 
video, positron emission tomography, single photon emission computed 
tomography) and, when available, SEEG recordings (24/42 patients). 
The two patient groups were not statistically different on gender, age at 
inclusion, handedness, educational level, age at epilepsy onset, duration 
of epilepsy, number of antiepileptic drugs, structural status of the hip-
pocampus (presence or not of hippocampal sclerosis), or total IQ 
(Table 1). However, left MTLE patients were significantly faster in 
processing speed (as measured by the Coding test from the WAIS) than 
right MTLE patients (Table 1). 

Patients were matched individually to normal controls (NC) on age 
range (±5 years), gender, handedness, and level of education (<12, 12 
to 14 or > 14 academic years). Of these 42 NC, 37 were included in the 
present protocol (ATENA-F, N◦ 2013-A00515-40) and 5 were controls 
from a previous single-case study (Jonas et al., 2018) who were tested 
with the same tasks as in the present study. We constituted two NC 
groups: the left NC group matched to left MTLE patients (17 controls, 9 
females; mean age 35.88 ± 12.44), and the right NC group matched to 
right MTLE patients (25 controls, 12 females; mean age 37.12 ± 11.92). 
None of the control participants had a history of neurological or psy-
chiatric disease, drug or alcohol abuse, nor did they have cognitive 
complaints. All NC gave written consent before their inclusion and 
received financial compensation for their participation in the study. 

2.2. Neuropsychological tests 

2.2.1. General procedure 
Participants were assessed with a set of seven behavioral 

experiments. The order of administration was the same for each 
participant: (1) the electronic version of the Benton Face Recognition 
Test-computerized (BFRT-c); (2) Old/New face recognition task; (3) 
Old/New recognition task with birds; (4) Face and car delayed matching 
task with upright and inverted orientations; (5) Mooney face test; (6) 
Famous face identification test (CELEB); and (7) Cambridge Face 
Memory Test (CFMT). Testing lasted for approximately 2 h. 

The behavioral tasks were created and tested using E-prime 1.1, 
except for the CFMT test, running in Java, and the CELEB task running 
with its own software (https://www.ipsp.ucl.ac.be/recherche/projets/ 
Celeb/setup.exe). Participants were seated in front of a computer 
screen, at a distance of about 50 cm. In all tests but the BFRT-c and 
CELEB, participants had to respond by pressing a button on the 
keyboard. In the BFRT-c, participants had to respond by clicking with 
the mouse on on-screen images. In the CELEB, the experimenter was 
responsible for pressing a button on the keyboard when the participant 
correctly named the famous face and for writing down semantic infor-
mation when the name was not automatically retrieved by the 
participant. 

2.2.2. Face detection 
Mooney face test. This test assesses the ability to categorize a visual 

stimulus as a “face” without being able to rely on local features (i.e. 
requiring to perceive the stimulus as a global configuration; Moore and 
Cavanagh, 1998; Rossion et al., 2011). The stimuli and procedure were 
the same as those used in experiment 16 of Busigny et al. (2010). 

Stimuli. Eighty Mooney faces (two-tone, thresholded, black and 
white) were selected from the dataset created by Schurger and col-
leagues (http://www.princeton.edu/artofscience/gallery/view.php% 
3Fid=77.html) and based on Mooney’s original stimuli (Mooney, 
1957). When a Mooney face is presented upside-down, the face is usu-
ally not perceived. 

Procedure. Mooney faces were individually presented upright and 
upside-down in the middle of the screen. They were randomly displayed 
in two blocks of 80 trials. The subject had to decide whether the image 
depicted a face or not. We considered a correct response when partici-
pants pressed the button “yes” for upright Mooney faces (80 trials), and 
“no” for upside-down Mooney faces (80 trials). Every response was 
followed by the apparition of a central cross (300 ms) and a gray screen 
(300 ms). 

One control participant (matched with a left MTLE patient) was not 
tested with this task because of technical issues. 

2.2.3. Face and non-face individuation 
Benton Facial Recognition Test-computerized (BFRT-c). This 

test, developed by Benton and Van Allen (1968), is the oldest unfamiliar 
face matching test in neuropsychology, used in numerous clinical and 
experimental studies. It requires to match simultaneously presented 
pictures of unfamiliar faces, against distractor faces. It was performed in 
a computerized version (Rossion and Michel, 2018). 

Stimuli. As in the original test, stimuli were grayscale male or female 
face photographs with neutral expressions and unfamiliar to the 
participants. 

Procedure. A full-front target was always presented in the upper part 
of the screen with six probes organized in two rows below it. Participants 
were instructed to match as fast as possible the face at the top of the 
screen to the face(s) presented among distractors The experiment was 
composed of 22 trials split into two parts (6 trials in Part 1 and 16 in Part 
2). In Part 1, targets and probes were all full-front stimuli taken under 
the same lighting conditions, and participants were instructed to match 
the target face with the same identical face presented among five dis-
tractors. In Part 2, targets were full-front while probes were pictures 
taken under different lighting conditions (8 items, lighting direction or 
LD items) and head orientations (8 items, head rotation or HR items) and 
participants were instructed to match the target face to 3 different ex-
emplars of the same face among 3 distractors. Each trial was separated 

Table 1 
Demographic and clinical characteristics of MTLE patients. Values are 
shown as mean ± standard deviation or as the number of patients per category. 
Independent t-tests, Mann-Whitney U and chi-square’s results are shown. Sta-
tistical comparisons in bold are significant at p < .05.  

Characteristics Left MTLE 
(n=17) 

Right 
MTLE 
(n=25) 

Statistical 
comparisons 

Gender (N) Male 8 13 χ=0.099, p=.753 
VCramer= 0.049 Female 9 12 

Age at inclusion (years) 36.41 ±
12.49 

37.48 ±
11.34 

t=− 0.288, 
p=.775 
dCohen= 0.135 

Handedness (N left/right) 2/15 1/24 χ=0.920, p=.338 
VCramer= 0.148 

Educational 
Level (N) 

< 12 
academic 
years 

7 13 χ=2.293, p=.318 
VCramer= 0.234 

12-14 
academic 
years 

3 7 

> 14 
academic 
years 

7 5 

Age at epilepsy onset (years) 19.88 ±
16.65 

14.56 ±
9.95 

U=181, p=.419 
dCohen= 0.251 

Duration of epilepsy (years) 16.53 ±
12.8 

22.92 ±
13.94 

U=157, p=.155 
dCohen= 0.450 

Number of anti-epileptic drugs 
(N) 

2.18 ±
1.13 

2.28 ±
0.89 

U=185.5, p=.440 
dCohen= 0.215 

Presence of hippocampal 
sclerosis (N yes/no) 

7/10 13/12 χ=0.475, p=.491 
VCramer= 0.106 

Total IQ 100.13 ±
17.87 

90.28 ±
11.39 

U=126, p=.085 
dCohen= 0.565 

Processing speed (percentile 
Coding test) 

48.2 ±
32.1 

27.4 ±
23.17 

U¼117, p¼.047 
dCohen¼ 0.816  

A. Volfart et al.                                                                                                                                                                                                                                 

https://www.ipsp.ucl.ac.be/recherche/projets/Celeb/setup.exe
https://www.ipsp.ucl.ac.be/recherche/projets/Celeb/setup.exe
http://www.princeton.edu/artofscience/gallery/view.php%3Fid=77.html
http://www.princeton.edu/artofscience/gallery/view.php%3Fid=77.html


Neuropsychologia 147 (2020) 107583

4

from the following one by a blank interval of 500 ms. Accuracy was 
scored on a total of 54, and the total time taken by participants to 
complete the test was measured in seconds (Rossion and Michel, 2018). 

Cambridge Face Memory Test (CFMT). The CFMT was originally 
developed by Duchaine and Nakayama (2006) to evaluate face identity 
recognition difficulties of developmental origin and has become one of 
the most widely used tests in the literature. It requires to explicitly 
encode pictures of six individual faces that have to be matched to pic-
tures of the same individuals, against distractor faces. The stimuli and 
procedure used here were the same as those used in Duchaine and 
Nakayama (2006). 

Stimuli. The stimuli were 52 faces of young men with cropped hair 
and neutral expressions taken under different viewpoints and lightings. 
Six individuals were designated as targets (with 12 images for each 
target face) while the other 46 individuals were used as distractors. 

Procedure. The CFMT starts with a brief practice (3 trials) followed 
by a learning step in which participants are asked to learn six unfamiliar 
target faces. Each target face is first presented under three different 
viewpoints and participants have to subsequently recognize it among 
two distractors (6 target faces x 3 trials each, i.e. 18 trials). In this first 
step, target faces in the forced-choice task are identical to the studied 
items. In a second step, participants are asked to perform the same task 
with novel images of the target faces in which viewpoints and lighting 
conditions are different from the learning step (30 trials). In the last step, 
participants have to perform the task while Gaussian noise is added on 
target and distractor faces to obscure facial features (24 trials). Total 
accuracy on the CFMT is scored on 72. Note that three right MTLE pa-
tients were not tested with this task because of time constraints. 

Face and car delayed matching task with upright and inverted 
orientations. This task also requires matching individual face and non- 
face items against a distractor, across orientation changes, and with a 
brief delay between the presentation of the stimuli to match. The stimuli 
and procedure are identical to experiment 4 in Busigny and Rossion 
(2010). 

Stimuli. One full-front and one 3/4 profile grayscale photographs of 
36 individuals (18 females) and 36 cars were used. The target picture 
was always a full-front picture, and the probe a left 3/4 profile picture. 

Procedure. Each trial began with a white screen (1000 ms), followed 
by the target (2000 ms) and a blank interval (1000 ms). After this in-
terval, two 3/4 profile probes were presented. Participants were 
instructed to find the probe that corresponded to the previously shown 
target. Each trial was presented both at upright and upside-down ori-
entations. In total, the experiment consisted of 144 trials (36 per con-
dition and orientation). As in Busigny and Rossion (2010), an index of 
inversion effect was computed to quantify the performance decrease 
related to inversion by combining both accuracy and correct response 
times. This was done by first calculating the inverse efficiency, i.e. the 
average response times of the correct trials divided by accuracy in each 
condition (face upright, face inverted, car upright and car inverted). The 
index of inversion effect for faces and cars was then calculated using the 
following formula: (Inverse efficiency Upright - Inverse efficiency 
Inverted)/(Inverse efficiency Upright + Inverse efficiency Inverted). 

2.2.4. Old/New individual recognition tasks with face and non-face items 
These tasks evaluate the ability to encode a series of individual faces 

or birds in a separate test, and then to recognize these items against 
distractors in a subsequent recognition stage. 

Old/New faces. The stimuli and procedure was identical to experi-
ment 3 in Busigny et al. (2010). 

Stimuli. Stimuli were 60 color uncropped unfamiliar face pictures 
(30 females, 30 males). Thirty faces were selected as targets, while the 
30 other faces were used as distractors (matched with the target in 
gender, hairstyle, and skin color). 

Procedure. Participants were first presented with each of the 30 
target faces for 4 seconds and were asked to explicitly learn them. Next, 
in a forced-choice recognition task, participants were presented with 30 

pairs of faces (= 30 trials). For each pair, one face had been learned 
during the first step while the other face was a similar-looking distractor. 
Participants were instructed to select the learned face. 

Old/New birds. The procedure was the same as for the Old/New 
faces test except that faces were replaced by images of birds. Birds’ 
images were presented in grayscale to avoid simple matching based on 
color differences (color varying substantially across birds in the original 
images). Distractor items were matched with the target in general 
appearance, all pairs depicting birds from the same bird family, thus 
making it difficult to rely on a verbal strategy to retrieve the target item. 

2.2.5. Famous face recognition and naming 
CELEB test. This test assesses (French) famous face identification 

through naming, retrieval of semantic knowledge, and multiple-choice 
face-to-name matching (Busigny et al., 2014). An advantage of this 
test is that it provides two indexes evaluating famous face identification 
and naming independently. The same procedure as in Busigny et al. 
(2014) was used. 

Stimuli. Sixty photographs of famous faces without external facial 
cues were presented. They were mostly from the French-speaking 
community (singers, actors, politicians, etc.). Stimuli were displayed 
on a black background in the middle of the screen. 

Procedure. Each famous face was displayed for 30 seconds and the 
participant had to name the person (naming step). If naming was cor-
rect, the next face was presented; if not, the subject performed 2 addi-
tional steps on this face (description and designation steps). First, the 
subject had 30 additional seconds to give as much information as 
possible, i.e. occupation, age, nationality, etc. (description step). Sec-
ond, after these 30 seconds, the participant was provided with a 
multiple-choice and asked to find the correct name among four dis-
tractors (designation step). A face was considered to be correctly iden-
tified if the participant correctly named the face (naming step) or if the 
face was well-described and correctly-designated. At the end of the task, 
a final step was performed for all faces that were not correctly identified 
(knowledge step). Here, the experimenter provided the correct name 
and asked the participants if they know this person. If the person was not 
known, it was removed from the calculation of indexes. 

Scores and indexes. Three scores were computed. The denomination 
score was the number of correctly-named faces. The recognition score 
represented the total of recognized faces, i.e. the number of correctly- 
named faces plus the number of faces correctly-described and 
correctly-designated. The knowledge score was the total of famous faces 
that were really known to participants. Based on these three scores, two 
indexes were computed. The Facial Recognition Index (FRI), repre-
senting the ability to recognize famous people from their face, corre-
sponded to the recognition score divided by the knowledge score 
(multiplied by 100). The Name Access Index (NAI), representing the 
ability to retrieve a proper name based on a face, corresponded to the 
denomination score divided by the recognition score (multiplied by 100) 
(Busigny et al., 2014). Response times were recorded for the naming step 
only (correctly-named faces). 

2.3. Statistical analysis 

Statistical analyses were conducted using the SPSS software (IBM 
SPSS Statistics, Version 20.0; Armonk, NY: IBM Corp.). All tests were 
two-sided, and the alpha-level was set at p < .05. Analyses were carried 
out using chi-square tests for categorical variables and two independent 
samples t-tests or non-parametric Mann-Whitney U-tests for continuous 
variables, depending on whether the data were or were not normally 
distributed (as assessed by the Shapiro-Wilk test). Estimation of effect 
size is reported using Cramer’s V for categorical variables and Cohen’s 
d for continuous variables. 
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3. Results 

3.1. Group level 

The results are summarized in Fig. 1. All data and statistical results 
are available in Table 2. The following analysis focuses on the com-
parison of accuracy and correct RT between left and right MTLE patients 
and their respective NC (Fig. 1, Table 2). Direct comparisons between 
right and left MTLE patients are also reported (Fig. 1, Table 2). 

3.1.1. Face detection 
Left and right MTLE patients did not differ in accuracy rates from 

their respective NC groups at the Mooney face test. Whereas left MTLE 
patients were not different from their NC in RT, right MTLE patients 
showed significantly longer RT. 

3.1.2. Unfamiliar face and non-face individuation 
Left and right MTLE patients did not differ in accuracy at the BFRT-c 

and CFMT from their respective NC groups. At the delayed matching 
task with pictures of cars, both patient groups showed normal accuracy 
performance compared to their NC group. For faces, left MTLE patients 
performed in the normal range in accuracy. Right MTLE patients had a 
slightly (i.e. 4%) but significantly lower accuracy at matching upright 
faces only. However, there was no interaction with stimulus inversion, 
both patient groups showing normal face inversion indexes. 

Right MTLE patients were significantly slower than their NC group 
on all measures (BFRT-c; delayed matching task with faces and cars, 
both orientations). In contrast, left MTLE patients were only slower on 
the delayed matching task with inverted cars. Interestingly, in both 
patient groups, RT on the BFRT-c correlated with the Coding test of the 
WAIS assessing visuospatial processing speed (r = -0.56, p = .02, and r 
= -0.51, p = .01, for left and right MTLE groups respectively) (Tables 3 
and 4). 

3.1.3. Old/New recognition tasks 
Both patient groups had lower accuracy than their NC on the old/ 

new tasks, both with face and bird stimuli. Right MTLE patients were 
also significantly slower than their NC on these two tasks while left 
MTLE were unimpaired (Table 2). 

3.1.4. Famous face recognition and naming 
Right MTLE patients showed lower performance than their NC in 

identifying famous people from their face (FRI, CELEB test) but had no 
difficulty in naming those that they could identify (NAI, CELEB test). In 
contrast, left MTLE patients did not differ in identifying famous people 
from their face but showed lower performance than their NC in naming 
famous faces. Right and left MTLE did not differ from their respective NC 
groups in RT on naming (correctly-named famous faces). 

3.2. Interim summary 

The latter finding that left MTLE patients had difficulties at naming 
famous faces, while right MTLE patients were impaired at identifying 
famous persons from their face, is consistent with previous studies 
(Drane et al., 2008, 2013). Moreover, both left and right MTLE patients 
were impaired at explicitly learning face and bird images, in line with 
visual episodic memory deficits in MTLE (Chiaravalloti and Glosser, 
2004; Helmstaedter, 2013). However, a novel aspect of the present study 
is that left and right MTLE patients had no difficulties at individuating 
pictures of unfamiliar faces (BRFT-c, CFMT, face matching), at least 
when accuracy only is considered. Right MTLE performed more slowly 
than NC in all tasks (except at naming famous faces in the CELEB test, 
after identification). This slowing down was not specific to faces since it 
was always found for both face and non-face items, without any evi-
dence of a more severe effect for faces. Moreover, right MTLE patients 
were also significantly slower than the left MTLE patients at the general 
Coding test. 

3.3. Interindividual variability in unfamiliar face and non-face 
individuation tasks 

Although no clear difference was found between patients and con-
trols in unfamiliar face individuation tasks at the group level, there was 
an increase of interindividual variability in patients as compared to their 
NC for some of these tasks (BFRT-c, face and car delayed matching task 
and CFMT), as shown by Levene’s tests. Left and right MTLE patients had 
more variable accuracy on the delayed matching task with upright cars 
than their respective NC (F = 4.175, p = .049, and F = 4.879, p = .032, 
respectively). Right MTLE patients also had more variable response 
times on the BFRT-c (F = 8.793, p = .005), delayed matching with up-
right and inverted cars (F = 7.659, p = .008, and F = 7.056, p = .011, 
respectively) and with inverted faces (F = 5.551, p = .023). 

Fig. 1. Accuracy and correct RT of patients and NC in the face and object 
recognition tasks. Significant differences between patient groups and their 
respective NC groups, and between left and right patient groups on independent 
t-tests or Mann-Whitney U tests (p < .05) are noted with diamonds and aster-
isks, respectively. A. Accuracy is reported in percentages. BFRT-c and CFMT 
total scores were converted in percentages for visual purposes. B. RT are re-
ported in milliseconds. BFRT-c is not represented because response times were 
measured in seconds. 
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To further understand the nature of this interindividual variability in 
unfamiliar face and non-face individuation tasks (BFRT-c, CFMT, face 
and car delayed matching task), we correlated the patients’ performance 
(accuracy and RT) on these tasks with their demographic and clinical 
characteristics (all correlations are found in Tables 3 and 4 for left and 
right MTLE patients respectively). Note that in the following analysis, 
we did not correct our statistical threshold for multiple comparisons (6 
× 13 = 78 comparisons for each patient group) because this led to a 
highly conservative threshold (FDR-corrected). This analysis should be 
interpreted with caution because of the weak statistical power due to the 
small sample of subjects, especially in the left MTLE group. However, we 
report confidence intervals for each correlation in Tables 3 and 4. In 
right MTLE patients, duration of epilepsy was significantly and nega-
tively correlated with accuracy at the BFRT-c and delayed matching 
with upright faces and cars, and inverted cars (Tables 3 and 4). In left 
MTLE patients, no correlation was found between epilepsy duration and 
any of these individuation tasks. Total IQ was positively correlated with 

several scores in both left (delayed matching with faces) and right 
(BFRT-c, delayed matching with upright faces and inverted cars, face 
inversion index, CFMT) MTLE patients, indicating that patients with a 
lower IQ also had lower performance on these tasks. 

There were also significant negative correlations of RT in the BFRT-c 
with total IQ and the Coding test in both left and right MTLE patients. A 
significant positive correlation was also found between age at inclusion 
and BFRT-c RT in right MTLE patients only (Table 4), indicating that 
older patients had longer RT. RT in the delayed matching task with faces 
and cars were not correlated with IQ or processing speed, except for the 
RT at matching upright faces which were correlated with processing 
speed in left MTLE patients only. 

3.4. Do MTLE patients differ qualitatively from normal controls? 

Although no clear difference was found between patients and con-
trols in unfamiliar face individuation tasks at the group level (i.e. at a 

Table 2 
Performance of patients and controls on face and non-face recognition tasks. Values are shown as mean ± standard deviation. Independent t-tests’ or Mann-Whitney 
U’s results, as well as effect sizes (Cohen’s d), are shown for each comparison between left MTLE/left NC groups and right MTLE/right NC groups. Significant values at 
p < .05 (two-tailed) are shown in bold. Acc = accuracy, RT = response times, Up = upright, Inv = inverted.  

Cognitive tasks Left MTLE 
(n=17) 

Left NC 
(n=17) 

Comparison MTLE/ 
NC 

Right MTLE 
(n=25) 

Right NC 
(n=25) 

Comparison MTLE/ 
NC 

Comparison left/right 
MTLE 

Mooney Face Test Acc (%) 90.08 ± 4.7 90.76 ±
5.8 

U=116.5, p=.482 
dCohen= 0.246 

89.27 ± 7.1 91.64 ± 4.7 U=246.5, p=.200 
dCohen= 0.368 

U=212.5, p=1 
dCohen= 0 

RT (ms) 1528 ± 749 1364 ±
913 

U=99, p=.183 
dCohen= 0.477 

1728 ± 725 1232 ± 671 U¼176, p¼.008 
dCohen= 0.808 

U=164.5, p=.219 
dCohen= 0.387 

BFRT-c Acc 
(/54) 

42.35 ± 2.4 44.06 ±
2.9 

t=− 1.821, p=.078 
dCohen= 0.624 

42.64 ± 4.8 44.56 ± 3.4 t=− 1.631, p=.110 
dCohen= 0.461 

t=− 0.255, p=.800 
dCohen= 0.080 

RT (s) 275 ± 81 243 ± 80 t=1.176, p=.248 
dCohen= 0.403 

397 ± 255 246 ± 82 U¼176, p¼.008 
dCohen= 0.808 

U=148.5, p=.101 
dCohen= 0.523 

Delayed 
Matching 
Task 

Cars Acc Up 
(%) 

95.09 ± 8.0 96.55 ±
3.3 

U=131.5, p=.637 
dCohen= 0.154 

94.34 ± 3.9 93.55 ± 7.9 U=278.5, p=.501 
dCohen= 0.187 

U=146.5, p=.082 
dCohen= 0.541 

Acc Inv 
(%) 

92.15 ± 9.4 95.58 ±
4.0 

U=113.5, p=.276 
dCohen= 0.373 

92.32 ± 6.3 92.55 ±
10.2 

U=256.5, p=.267 
dCohen= 0.311 

U=200.5, p=.755 
dCohen= 0.095 

RT Up 
(ms) 

1305 ± 528 1096 ±
227 

U=118, p=.361 
dCohen= 0.317 

1756 ± 785 1238 ± 279 U¼151, p¼.002 
dCohen= 0.989 

U¼97, p¼.003 
dCohen= 1.027 

RT Inv 
(ms) 

1469 ± 563 1188 ±
258 

U¼77, p¼.020 
dCohen= 0.870 

1887 ± 799 1360 ± 298 U¼159, p¼.003 
dCohen= 0.929 

U¼117, p¼.014 
dCohen= 0.816 

Index 8.39 ± 5.5 4.68 ± 3.8 t¼2.277, p¼.030 
dCohen= 0.781 

5.49 ± 4.3 5.42 ± 4.7 t=0.057, p=.955 
dCohen= 0.016 

t=1.900, p=.065 
dCohen= 0.597 

Faces Acc Up 
(%) 

90.51 ± 8.3 91.32 ±
5.3 

U=139, p=.848 
dCohen= 0.065 

86.79 ± 7.5 91.32 ± 7.9 U¼193, p¼.02 
dCohen= 0.694 

U=145.5, p=.084 
dCohen= 0.549 

Acc Inv 
(%) 

78.43 ±
10.7 

80.55 ±
6.9 

t=− 0.687, p=.497 
dCohen= 0.236 

72.10 ± 9.0 74.22 ± 8.6 t=− 0.843, p=.403 
dCohen= 0.238 

t¼2.064, p¼.046 
dCohen= 0.649 

RT Up 
(ms) 

1682 ± 605 1475 ±
550 

U=110, p=.235 
dCohen= 0.416 

2463 ±
2298 

1649 ± 480 U¼178, p¼.009 
dCohen= 0.794 

U¼124, p¼.023 
dCohen= 0.747 

RT Inv 
(ms) 

1958 ± 715 1909 ±
713 

U=133, p=.692 
dCohen= 0.136 

2814 ±
2324 

1856 ± 394 U¼174, p¼.007 
dCohen= 0.144 

U¼119, p¼.017 
dCohen= 0.796 

Index 14.34 ± 6.2 15.35 ±
10.7 

t=− 0.336, p=.740 
dCohen= 0.115 

16.44 ± 9.9 16.53 ±
10.1 

t=− 0.031, p=.975 
dCohen= 0.009 

t=− 0.846, p=.403 
dCohen= 0.266 

CELEB FRI (%) 71.27 ±
20.2 

80.29 ±
19.1 

U=102, p=.143 
dCohen= 0.519 

63.65 ±
24.3 

83.15 ±
17.2 

U¼150.5, p¼.002 
dCohen= 0.993 

t=1.065, p=.293 
dCohen= 0.335 

NAI (%) 81.65 ±
18.0 

91.41 ±
5.7 

U¼85.5, p¼.042 
dCohen= 0.744 

85.20 ± 9.1 83.31 ±
13.4 

U=311, p=.977 
dCohen= 0.008 

U=205, p=.847 
dCohen= 0.059 

RT (ms) 5848 ±
2809 

5117 ±
1148 

U=136, p=.770 
dCohen= 0.101 

6321 ±
2447 

5409 ±
1992 

t=1.444, p=.155 
dCohen= 0.408 

U=177, p=.363 
dCohen= 0.284 

CFMT Intro Acc 
(/18) 

17.00 ± 1.8 17.76 ±
0.6 

U=122.5, p=.308 
dCohen= 0.262 

16.90 ± 2.1 17.44 ± 1.1 U=232, p=.289 
dCohen= 0.270 

U=167, p=.516 
dCohen= 0.366 

No 
Noise 

Acc 
(/30) 

18.24 ± 4.4 19.18 ±
4.4 

t=− 0.621, p=.539 
dCohen= 0.213 

17.95 ± 5.4 18.96 ± 5.0 t=− 0.661, p=.512 
dCohen= 0.193 

t=0.173, p=.863 
dCohen= 0.056 

Noise Acc 
(/24) 

11.94 ± 4.1 12.35 ±
4.0 

t=− 0.294, p=.771 
dCohen= 0.101 

12.20 ± 4.7 13.40 ± 4.2 t=− 0.905, p=.370 
dCohen= 0.264 

t=− 0.200, p=.843 
dCohen= 0.064 

Total Acc 
(/72) 

47.18 ± 9.1 49.41 ±
8.0 

t=− 0.759, p=.453 
dCohen= 0.260 

47.10 ±
10.9 

49.80 ± 8.8 t=− 0.945, p=.350 
dCohen= 0.276 

t=0.026, p=.979 
dCohen= 0.008 

Old/New Tasks Faces Acc (%) 79.12 ±
11.5 

89.66 ±
7.2 

t¼-3.206, p¼.003 
dCohen= 1.099 

80.40 ±
10.8 

88.54 ± 8.3 U¼170.5, p¼.005 
dCohen= 0.846 

U=197.5, p=.699 
dCohen= 0.119 

RT (ms) 2484 ±
1184 

2325 ±
900 

U=142, p=.931 
dCohen= 0.030 

3583 ±
2114 

2034 ± 549 U¼131, p<.001 
dCohen= 1.149 

U¼128, p¼.030 
dCohen= 0.709 

Birds Acc (%) 70.39 ± 8.2 83.34 ±
6.5 

t¼-5.099, p<.001 
dCohen= 1.749 

72.92 ± 8.4 83.37 ± 9.1 t¼-4.208, p<.001 
dCohen= 1.190 

t=− 0.964, p=.341 
dCohen= 0.303 

RT (ms) 2433 ± 710 2374 ±
1029 

U=119, p=.380 
dCohen= 0.305 

3514 ±
1715 

2152 ± 606 U¼108, p<.001 
dCohen= 1.356 

U¼108, p¼.007 
dCohen= 0.907  
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quantitative level), we explored the possibility that they differ qualita-
tively (i.e. accuracy or RT pattern across items). We therefore performed 
an item-by-item analysis on the second part of the BFRT-c (matching the 
target with its 3 corresponding probes). We focused on the BRFT-c for 
two main reasons: (1) normative data from 307 participants are avail-
able with this test, including mean accuracy and RT for each item 
(Rossion and Michel, 2018); (2) the BFRT-c is characterized by a large 
variability in difficulty across items (Rossion and Michel, 2018). 

In the normative study of the test (Rossion and Michel, 2018), mean 
accuracy scores and RT across 307 typical participants were computed 
for each of the 16 items of the second part of the BFRT-c, ranking the 
items from the easiest to the most difficult. Here, we followed the same 
procedure as in Rossion and Michel (2018) and considered the mean 
accuracy score and mean RT for each item of this second part (n = 16) in 
both patient and NC groups. Consistent with the results observed in 
Rossion and Michel (2018) (these results are shown in Figs. 2A and 3A), 
items with changes in head rotation (HR items) showed higher accuracy 

scores and lower RT than items with changes in lighting direction (LD 
items) in both left and right MTLE patients and in their NC (Fig. 2B and C 
for accuracy; Fig. 3B and C for RT). To statistically assess that the dif-
ference between LD and HR items was the same across patients and their 
matched NC, we calculated two indexes reflecting the difference in ac-
curacy or response times between these two types of items for each 
participant. We subtracted the mean accuracy score of LD items from the 
mean accuracy score of HR items and divided it by the mean accuracy of 
all items. We followed the same principle with RT, but subtracted the 
mean RT of HR items from the mean RT of LD items, to obtain a positive 
index. We then compared the accuracy and RT difference indexes of the 
patients and their NC. No difference was found between the right MTLE 
patients and their NC (accuracy: t = -0.780, p = .439; RT: t = 1.298, p =
.202), or between the left MTLE patients and their NC (accuracy: t =
-0.454, p = .653; RT: t = -0.554, p = .584). The same comparison per-
formed between MTLE patients and the 307 participants of the norma-
tive data did not reveal any difference between groups (accuracy 

Table 3 
Correlations in left MTLE patients. Correlations of clinical and demographic variables with the accuracy scores and response times at the face and non-face indi-
viduation tasks in left MTLE patients. Pearson r and associated p-values are displayed, as well as 95% confidence intervals. Values in bold are significant at p < .05 (not 
corrected for multiple comparisons). Acc = accuracy, RT = response times, CI95% = 95% confidence intervals.  

Correlations in left MTLE patients Age at inclusion Age at epilepsy 
onset 

Epilepsy duration Number of 
antiepileptic drugs 

Total IQ Processing speed 
(percentile Coding test) 

BFRT-c Acc r = 0.169, 
p = .517 CI95% =

-0.339/0.601 

r = -0.023, 
p = .930 CI95% =

-0.498/0.463 

r = 0.195, 
p = .453 CI95% =

-0.315/0.618 

r = 0.315, 
p = .218 CI95% =

-0.195/0.691 

r = -0.261, 
p = .312 CI95% =

-0.682/0.290 

r = 0.003, 
p = .991 CI95% =

-0.510/0.514 
RT r = 0.051, 

p = .846 CI95% =

-0.440/0.519 

r = 0.273, 
p = .289 CI95% =

-0.239/0.666 

r = -0.305, 
p = .234 CI95% =

-0.685/0.206 

r = -0.046, 
p = .861 CI95% =

-0.515/0.444 

r = -0.497, 
p = .042 CI95% =

-0.804/0.020 

r = -0.557, 
p = .020 CI95% =

-0.832/-0.062 
Delayed 

Matching 
Task 

Cars Acc 
Up 

r ¼ -0.544, 
p ¼ .024 
CI95% ¼ -0.812/- 
0.086 

r ¼ -0.751, 
p ¼ .0005 
CI95% ¼ -0.905/- 
0.423 

r = 0.446, 
p = .073 
CI95% = -0.044/ 
0.763 

r = 0.331, 
p = .194 
CI95% = -0.178/- 
0.009 

r = 0.341, 
p = .180 
CI95% = -0.207/ 
0.726 

r = 0.202, 
p = .437 
CI95% = -0.346/0.647 

Acc 
Inv 

r ¼ -0.488, 
p ¼ .047 
CI95% ¼ -0.785/- 
0.009 

r ¼ -0.577, 
p ¼ .015 
CI95% ¼ -0.828/- 
0.133 

r = 0.274, 
p = .287 
CI95% = -0.238/ 
0.667 

r = 0.220, 
p = .396 
CI95% = -0.291/ 
0.634 

r = 0.358 
p = .158 
CI95% = -0.189/ 
0.735 

r = 0.257, 
p = .319 
CI95% = -0.294/0.680 

RT Up r ¼ 0.531, 
p ¼ .028 
CI95% ¼ 0.068/ 
0.806 

r = 0.455, 
p = .066 
CI95% = -0.033/ 
0.768 

r = -0.074, 
p = .778 
CI95% = -0.536/ 
0.422 

r = -0.368, 
p = .146 
CI95% = -0.721/ 
0.137 

r = -0.037, 
p = .888 
CI95% =-0.539/ 
0.484 

r = -0.306, 
p = .232 
CI95% = -0.707/0.245 

RT 
Inv 

r = 0.431, 
p = .084 
CI95% = -0.063/ 
0.755 

r = 0.287, 
p = .264 
CI95% = -0.225/ 
0.674 

r = 0.048, 
p = .855 
CI95% = - 0.443/ 
0.517 

r = 0.351, 
p = .167 
CI95% = -0.156/ 
0.711 

r = -0.030, 
p = .909 
CI95% = -0.534/ 
0.490 

r = -0.315, 
p = .218 
CI95% = -0.712/0.235 

Index r ¼ -0.560, 
p ¼ .019 
CI95% ¼ -0.820/- 
0.108 

r ¼ -0.612, 
p ¼ .009 
CI95% ¼ -0.844/- 
0.186 

r = 0.250, 
p = .333 
CI95% = -0.262/ 
0.652 

r = 0.058, 
p = .825 
CI95% = -0.435/ 
0.524 

r = -0.142, 
p = .587 
CI95% = -0.610/ 
0.399 

r = -0.165, 
p = .527 
CI95% = -0.624/0.379 

Faces Acc 
Up 

r = -0.127, 
p = .627 
CI95% = -0.573/ 
0.377 

r = -0.125, 
p = .633 
CI95% = -0.571/ 
0.378 

r = 0.039, 
p = .882 
CI95% = -0.450/ 
0.510 

r = -0.104, 
p = .691 
CI95% = -0.557/ 
0.396 

r ¼ 0.492, 
p ¼ .045 
CI95% ¼ -0.027/ 
0.802 

r ¼ 0.598, 
p ¼ .011 
CI95% ¼ 0.123/0.850 

Acc 
Inv 

r = -0.120, 
p = .646 
CI95% = -0.568/ 
0.383 

r = -0.159, 
p = .542 
CI95% = -0.594/ 
0.348 

r = 0.090, 
p = .731 
CI95% = -0.408/ 
0.547 

r = 0.004, 
p = .988 
CI95% = -0.477/ 
0.484 

r ¼ 0.545, 
p ¼ .024 
CI95% ¼ 0.045/ 
0.826 

r ¼ 0.650, 
p ¼ .005 
CI95% ¼ 0.206/0.872 

RT Up r = 0.199, 
p = .444 
CI95% = -0.311/ 
0.620 

r = 0.295, 
p = .250 
CI95% = -0.216/ 
0.679 

r = -0.189, 
p = .467 
CI95% = -0.614/ 
0.321 

r = -0.232, 
p = .370 
CI95% = -0.641/ 
0.280 

r = -0.291, 
p = .257 
CI95% = -0.699/ 
0.260 

r ¼ -0.545, 
p ¼ .024 
CI95% ¼ -0.826/-0.045 

RT 
Inv 

r = 0.119, 
p = .649 
CI95% = -0.383/ 
0.567 

r = 0.263, 
p = .308 
CI95% = -0.249/ 
0.660 

r = -0.225, 
p = .385 
CI95% = -0.637/ 
0.287 

r = -0.273, 
p = .289 
CI95% = -0.666/ 
0.239 

r = -0.186, 
p = .475 
CI95% = -0.637/ 
0.361 

r = -0.331, 
p = .194 
CI95% = -0.721/0.218 

Index r = -0.100, 
p = .702 
CI95% = -0.554/ 
0.400 

r = -0.069, 
p = .792 
CI95% = -0.532/ 
0.426 

r = -0.008, 
p = .975 
CI95% = -0.487/ 
0.474 

r = -0.260, 
p = .313 
CI95% = -0.658/ 
0.252 

r = -0.133, 
p = .611 
CI95% = -0.604/ 
0.407 

r = 0.088, 
p = .737 
CI95% = -0.444/0.574 

CFMT Total Acc r = -0.172, 
p = .509 
CI95% = -0.603/ 
0.336 

r = -0.329, 
p = .197 
CI95% = -0.699/ 
0.180 

r = 0.260 
p = .313 
CI95% = -0.252/ 
0.658 

r = -0.131, 
p = .616 
CI95% = -0.575/ 
0.373 

r = 0.206, 
p = .428 
CI95% = -0.342/ 
0.650 

r = 0.370, 
p = .144 
CI95% = -0.175/0.742  
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indexes: t = -0.390, p = .697 and t = 1.350, p = .189 for the comparison 
of the normative data with left and right MTLE patients, respectively; RT 
indexes: t = 1.445, p = .149 and t = -0.414, p = .682 for left and right 
MTLE patients, respectively). 

Moreover, mean accuracy scores correlated negatively with mean RT 
in both left and right MTLE patients (r = -0.760, p < .001, and r =
-0.793, p < .001, respectively), as well as in left and right NC (r = -0.864, 
p < .001, and r = -0.880, p < .001, respectively), indicating that items 
with the highest accuracy scores were also the ones with the shortest 
response times (see Figs. 2 and 3), as found in normative data (Rossion 
and Michel, 2018). 

Finally, we calculated the inverse efficiency of each item for both 
patient and NC groups to take into consideration speed-accuracy trade- 
offs. This was done by dividing the RT by mean accuracy for each item in 
each group (Townsend and Ashby, 1978, 1983; see also Bruyer and 
Brysbaert, 2011). There was a strong positive correlation across items 
between patients and NC, for both left and right MTLE patients (r = 0.91, 

p < .001 and r = 0.90, p < .001, respectively), indicating that items that 
were better succeeded (high accuracy and low RT) in NC were also those 
that were better succeeded in MTLE patients (Fig. 4A and B). Results of 
both MTLE patient groups were also similar to the results of the large 
normative sample of 307 younger participants (Rossion and Michel, 
2018) as shown by strong positive correlations between inverse effi-
ciency scores of left MTLE and normative data (r = 0.90, p < .001), and 
right MTLE and normative data (r = 0.97, p < .001) (Fig. 4C). Alto-
gether, these results show that MTLE patients do not differ qualitatively 
from normal controls at unfamiliar face individuation. 

4. Discussion 

The present study is the first to systematically assess a range of face 
and non-face recognition abilities in patients presenting with left or right 
MTLE. Our main findings are that: (1) MTLE patients present with 
famous face identification and learning difficulties, in line with previous 

Table 4 
Correlations in right MTLE patients. Correlations of clinical and demographic variables with the accuracy scores and response times at the face and non-face indi-
viduation tasks in right MTLE patients. Pearson r and associated p-values are displayed, as well as 95% confidence intervals. Values in bold are significant at p < .05 
(not corrected for multiple comparisons). Acc = accuracy, RT = response times, CI95% = 95% confidence intervals.  

Correlations in right MTLE patients Age at inclusion Age at epilepsy 
onset 

Epilepsy duration Number of 
antiepileptic drugs 

Total IQ Processing speed 
(percentile Coding test) 

BFRT-c Acc r = -0.274, 
p = .185 CI95% =

-0.604/0.136 

r = 0.285, 
p = .167 CI95% =

-0.124/0.611 

r = -0.425, 
p = .034 CI95% =

-0.702/-0.036 

r = 0.034, 
p = .872 CI95% =

-0.366/0.423 

r = 0.454, 
p = .023 CI95% =

0.072/0.720 

r = 0.163, 
p = .436 CI95% =

-0.248/0.524 
RT r = 0.476, 

p = .016 CI95% =

0.099/0.733 

r = 0.070, 
p = .739 CI95% =

-0.334/0.453 

r = 0.340, 
p = .096 CI95% =

-0.064/0.648 

r = 0.294, 
p = .154 CI95% =

-0.114/0.617 

r = -0.478, 
p = .016 CI95% =

-0.734/-0.102 

r = -0.512, 
p = .009 CI95% =

-0.754/-0.146 
Delayed 

Matching 
Task 

Cars Acc 
Up 

r ¼ -0.563, 
p ¼ .003 
CI95% ¼ -0.784/- 
0.216 

r = 0.159, 
p = .448 
CI95% = -0.252/ 
0.521 

r ¼ -0.569, 
p ¼ .003 
CI95% ¼ -0.787/- 
0.224 

r = 0.140, 
p = .504 
CI95% = -0.270/ 
0.507 

r = 0.197, 
p = .345 
CI95% = -0.215/ 
0.549 

r = -0.077, 
p = .714 
CI95% = -0.458/0.328 

Acc 
Inv 

r ¼ -0.537, 
p ¼ .006 
CI95% ¼ -0.769/- 
0.180 

r = 0.277, 
p = .180 
CI95% = -0.133/ 
0.606 

r ¼ -0.636, 
p ¼ .0006 
CI95% ¼ -0.824/- 
0.322 

r = -0.345, 
p = .091 
CI95% = -0.651/ 
0.058 

r ¼ 0.400, 
p ¼ .047 
CI95% ¼ 0.006/ 
0.687 

r = 0.309, 
p = .133 
CI95% = -0.098/0.627 

RT Up r ¼ 0.650, 
p ¼ .0004 
CI95% ¼ 0.343/ 
0.831 

r = -0.017, 
p = .936 
CI95% = -0.409/ 
0.381 

r ¼ 0.543, 
p ¼ .005 
CI95% ¼ 0.188/ 
0.772 

r = 0.339, 
p = .097 
CI95% = -0.065/ 
0.647 

r = -0.256, 
p = .217 
CI95% = -0.763/- 
0.165 

r = -0.382, 
p = .059 
CI95% = -0.675/0.015 

RT 
Inv 

r ¼ 0.669, 
p ¼ .0002 
CI95% ¼ 0.372/ 
0.842 

r = 0.005, 
p = .981 
CI95% = -0.391/ 
0.399 

r ¼ 0.544, 
p ¼ .005 
CI95% ¼ 0.190/ 
0.773 

r = 0.313, 
p = .128 
CI95% = -0.094/ 
0.630 

r = -0.232, 
p = .256 
CI95% = -0.574/ 
0.180 

r = -0.385, 
p = .057 
CI95% = -0.677/0.012 

Index r = 0.042, 
p = .842 
CI95% = -0.359/ 
0.430 

r = -0.152, 
p = .468 
CI95% = -0.516/ 
0.259 

r = 0.150, 
p = .474 
CI95% = -0.260/ 
0.515 

r = 0.066, 
p = .754 
CI95% = -0.338/ 
0.449 

r = -0.141, 
p = .501 
CI95% = -0.508/ 
0.269 

r = -0.153, 
p = .465 
CI95% = -0.517/0.258 

Faces Acc 
Up 

r = -0.328, 
p = .109 
CI95% = -0.640/ 
0.077 

r = 0.225, 
p = .279 
CI95% = -0.187/ 
0.569 

r ¼ -0.429, 
p ¼ .032 
CI95% ¼ -0.705/- 
0.041 

r = -0.185, 
p = .376 
CI95% = -0.541/ 
0.227 

r ¼ 0.668, 
p ¼ .0003 
CI95% ¼ 0.371/ 
0.841 

r ¼ 0.413, 
p ¼ .040 
CI95% ¼ 0.021/0.695 

Acc 
Inv 

r = -0.260, 
p = .209 
CI95% = -0.594/ 
0.151 

r = 0.173, 
p = .408 
CI95% = -0.238/ 
0.532 

r = -0.333, 
p = .104 
CI95% = -0.643/ 
0.071 

r = -0.241, 
p = .546 
CI95% = -0.581/ 
0.170 

r = -0.016, 
p = .939 
CI95% = -0.408/ 
0.381 

r = 0.036, 
p = .864 
CI95% = -0.364/0.425 

RT Up r = 0.382, 
p = .059 
CI95% = -0.015/ 
0.675 

r = 0.042, 
p = .842 
CI95% = -0.359/ 
0.430 

r = 0.281, 
p = .174 
CI95% = -0.128/ 
0.608 

r = 0.083, 
p = .693 
CI95% = -0.323/ 
0.463 

r = -0.238, 
p = .252 
CI95% = -0.579/ 
0.173 

r = -0.319, 
p = .120 
CI95% = -0.634/0.087 

RT 
Inv 

r ¼ 0.432, 
p ¼ .031 
CI95% ¼ 0.044/ 
0.706 

r = 0.051, 
p = .809 
CI95% = -0.351/ 
0.437 

r = 0.315, 
p = .125 
CI95% = -0.091/ 
0.631 

r = 0.185, 
p = .376 
CI95% = -0.227/ 
0.541 

r = -0.226, 
p = .277 
CI95% = -0.570/ 
0.186 

r = -0.326, 
p = .112 
CI95% = -0.639/0.079 

Index r = -0.003, 
p = .989 
CI95% = -0.398/ 
0.393 

r = 0.065, 
p = .757 
CI95% = -0.339/ 
0.449 

r = 0.049, 
p = .816 
CI95% = -0.353/ 
0.436 

r = 0.244, 
p = .240 
CI95% = -0.167/ 
0.583 

r ¼ 0.408, 
p ¼ .043 
CI95% ¼ 0.015/ 
0.692 

r = 0.234, 
p = .260 
CI95% = -0.177/0.576 

CFMT Total Acc r = -0.181, 
p = .386 
CI95% = -0.560/ 
0.260 

r = -0.016, 
p = .939 
CI95% = -0.435/ 
0.408 

r = -0.141, 
p = .501 
CI95% = -0.531/ 
0.298 

r = -0.194, 
p = .353 
CI95% = -0.569/ 
0.248 

r ¼ 0.413, 
p ¼ .040 
CI95% ¼ -0.010/ 
0.711 

r = 0.307, 
p = .135 
CI95% = -0.132/0.645  
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Fig. 2. Mean accuracy scores per item of the second part of the BFRT-c. Items are ordered from the highest to the lowest score. Light gray represents LD items, 
dark gray represents HR items. A. Normative data on 307 young adult participants from Rossion and Michel (2018). B. Mean accuracy scores per item in the left 
MTLE patients and their matched NC. C. Mean accuracy scores per item in the right MTLE patients and in their matched NC. 
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Fig. 3. Mean response times per item of the second part of the BFRT-c. Items are shown from the fastest to the slowest RT. Light gray represents LD items, dark 
gray represents HR items. A. Normative data on 307 young adult participants from Rossion and Michel (2018). B. Mean RT per item in the left MTLE patients and 
their matched NC. C. Mean RT per item in the right MTLE patients and in their matched NC. 
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evidence (Chiaravalloti and Glosser, 2004; Drane et al., 2008, 2013); (2) 
despite this, left and right MTLE patient groups do not differ on accuracy 
scores at unfamiliar face individuation tasks compared to their respec-
tive NC groups; (3) MTLE patients do not differ qualitatively from NC at 
unfamiliar face individuation; and (4) right MTLE patients show a 
general increase of RT in all tasks, suggesting a slowdown at explicit 
behavioral tasks for visual material, unspecific to unfamiliar face 
individuation. 

4.1. Unfamiliar face individuation is preserved in MTLE patients 

The most important and original finding of our study is that at the 
group level both left and right MTLE patients do not differ in accuracy 
compared to their NC on unfamiliar face and non-face individuation 
tasks (BFRT-c, CFMT, and delayed face and car matching task). Impor-
tantly, there was no difference in accuracy between patient and NC 
groups on the two most widely used neuropsychological tests to inves-
tigate face recognition in the scientific literature, i.e. the BFRT and 
CFMT (Benton et al., 1983; Duchaine and Nakayama, 2006). Only a 
significant 4% decrease in accuracy at matching upright faces was found 
in right MTLE patients at the delayed matching task. However: (1) this 
decrease, even if it is significant, remains very small (91.32% of correct 
responses in right NC compared to 86.79% in right MTLE patients), (2) it 
may be due to the nature of a task that, contrary to the BFRT-c, requires 
to hold individual face representations in memory for 1000 ms, and (3) 
total IQ might play a role in this small decrease, knowing that we found a 
strong positive correlation between IQ and accuracy at matching upright 
faces in right MTLE patients and that these patients had a mean IQ 10 
points lower than left MTLE patients (even though the difference was not 
significant). 

Although patient and NC groups did not differ on accuracy scores at 
the group level, some of the scores were correlated across individuals 
with clinical and demographic characteristics (Tables 3 and 4). In right 
MTLE patients, both the upright face matching and the BFRT-c accuracy 
scores were negatively correlated with epilepsy duration, suggesting 
that a slightly lower performance at these two face individuation tasks in 
some individuals could be associated with a longer epilepsy duration. 
More generally, total IQ was positively correlated with several scores in 
both left (delayed matching with upright and inverted faces) and right 
(BFRT-c, delayed matching with upright faces and inverted cars, face 
inversion index, CFMT) MTLE patients, suggesting that their perfor-
mance may be related to difficulties to understand the instructions of 
explicit behavioral tasks. 

4.2. MTLE patients do not differ qualitatively from normal controls 

In the delayed face and car matching task, MTLE patients showed a 
classical face inversion effect (i.e. lower accuracy and higher RT for 
inverted faces compared to upright faces) with the same magnitude as 
their NC (similar index of face inversion effect between MTLE patients 
and their NC). Face inversion is known to dramatically affect behavioral 
individuation of faces in neurotypical human adults (Yin, 1969; Freire 
et al., 2000; see Rossion, 2008 for review) and this effect is abolished in 
brain-damaged prosopagnosic patients (as reviewed in Busigny and 
Rossion, 2010). A preserved face inversion effect in left and right MTLE 
patients therefore provides strong evidence that this clinical population 
is not qualitatively impaired at unfamiliar face individuation. Moreover, 
the magnitude of the face inversion effect was higher than for non-face 
stimuli, as is also observed in neurotypical human adults (Busigny and 
Rossion, 2010; Rossion and Curran, 2010). 

We further explored potential qualitative differences using the BFRT- 
c data. The normative study of Rossion and Michel (2018) showed 
higher accuracy and lower RT on HR items than on LD items. However, 
the well-known prosopagnosic patient PS, although she achieved a 
borderline score of 39/54 (Busigny and Rossion, 2010), showed almost 
no advantage for HR items compared to LD items at the BFRT-c 
(Liu-Shuang et al., 2016; Rossion and Michel, 2018). Importantly, the 
same profile as in normative data was found here in left and right MTLE 
as well as in their respective NC. Moreover, items that were better 
performed (high accuracy and low RT) by MTLE patients were also those 
that were better performed by their respective NC and by the normative 
population (N = 307, Rossion and Michel, 2018). 

Fig. 4. Correlations of inverse efficiency scores for each item of the sec-
ond part of the BFRT-c. Each data point represents one of the 16 items of the 
second part of the BFRT-c. A. Correlation between inverse efficiency scores of 
left MTLE and their respective NC. B. Correlation between inverse efficiency 
scores of right MTLE and their respective NC. C. Correlation between inverse 
efficiency scores of left and right MTLE and inverse efficiency scores of 307 
neurotypical participants from the normative data in Rossion and Michel 
(2018). IE = inverse efficiency. 
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4.3. Semantic and episodic memory in MTLE patients 

As in previous studies, we found that MTLE patients had lower per-
formance at famous face recognition compared to normal controls 
(Seidenberg et al., 2002; Viskontas et al., 2002; Glosser et al., 2003; 
Griffith et al., 2006). Specifically, left MTLE patients were impaired at 
naming famous faces while right MTLE patients were impaired at 
explicitly recognizing famous faces (i.e. both by naming and providing 
semantic information from a face), consistently with previous studies 
(Drane et al., 2008, 2013). Since the very same patients were not 
impaired at individuating unfamiliar faces, their famous face recogni-
tion deficit does not appear to be due to visual face individuation, but 
rather to semantic memory impairment. This hypothesis is consistent 
with the functions of the ventral anterior and polar temporal cortex, 
which is affected in MTLE (Maillard et al., 2004). Numerous neuro-
imaging and lesion studies have provided evidence for a strong 
involvement of the bilateral ventral anterior temporal cortex and tem-
poral pole in semantic processing (Rice et al., 2015, 2018; Hoffman and 
Lambon Ralph, 2018). In particular, lesion studies (in patients after 
surgical resection of the anterior temporal lobe or presenting with a 
neurodegenerative disease such as semantic dementia) found relative 
differences in semantic performance depending on the side of the lesion 
(Snowden et al., 2004, 2012; Butler et al., 2009, Rice et al., 2018a). 
Damage to the left ventral anterior and polar temporal regions has been 
shown to cause relatively more difficulties with verbal semantic pro-
cessing (as naming) while damage to the right ventral anterior and polar 
temporal regions leads to more relative difficulties with non-verbal se-
mantics (as recognizing famous faces). The differential involvement of 
left and right anterior temporal lobes in semantics is consistent with our 
results showing greater difficulties at naming famous faces in left MTLE 
patients and greater difficulties at explicitly recognizing famous faces in 
right MTLE patients. 

Interestingly, we also found that both left and right MTLE patients 
had lower performance (around 10% less in accuracy compared to NC) 
at explicitly encoding and retrieving visual items. This decrease in 
performance affected both face and non-face (birds) items, showing that 
this impairment was not specific to faces. These results are consistent 
with well-known visual episodic memory deficits in this population 
(Helmstaedter, 2013; Brissart et al., 2018; Ono et al., 2019), related to 
dysfunctions of the hippocampus and rhinal cortex, which are always 
affected (to a greater or lesser extent) in MTLE. Moreover, the fact that 
both left and right MTLE patients present with visual learning diffi-
culties is consistent with the view that there is no strict relationship 
between the lateralization of the epileptogenic focus and the perfor-
mance at memorizing visual information (Lee et al., 2002; Saling, 2009). 

4.4. Response times increase in right MTLE patients 

Right MTLE patients showed a general increase of RT in virtually all 
tasks that were tested in the present study. RT is an important variable to 
consider in individual face matching tasks, as it may reveal impairments 
beyond accuracy measures, for instance in patients with prosopagnosia 
(Davidoff and Landis, 1990; Farah, 1990; Delvenne et al., 2004). How-
ever, and importantly, RT increases in right MTLE patients in the present 
study were not specific to the type of stimuli (increase in RT for face and 
non-face items) or to the task (increase in RT for detection, individua-
tion, and learning tasks). Right MTLE patients were also slowed down 
compared to left MTLE patients at a simple visuospatial task, evaluating 
general processing speed. Specifically for the BFRT-c, the performance 
on the Coding test was negatively correlated with the RT at this task, 
suggesting that the slowing down of right MTLE patients at the BFRT-c 
was partly related to a general slowing down in visuospatial processing 
speed rather than to difficulties at individuating unfamiliar faces. This is 
supported by the fact that the Coding test was not correlated with the RT 
on other face or non-face individuation tasks that require less visuo-
spatial processing compared to the BFRT-c (2 images to explore in the 

delayed matching task, 3 in the CFMT, as compared to 6 in the BFRT-c). 
Overall, our observations suggest that the general increase of RT in 

right MTLE patients does not reflect impairment at unfamiliar face 
individuation per se but rather a general slowdown at all visual tasks, 
related to the right hemispheric lateralization of epilepsy. Cerebral 
asymmetry in RT in brain-damaged populations has been previously 
demonstrated (see Benton, 1986). A plausible explanation for this 
asymmetry relies on the more prominent role of the right hemisphere in 
sustaining visuospatial attention. According to this hypothesis, the right 
hemisphere has a crucial role in maintaining directed attention towards 
a task (Heilman and Van Den Abell, 1979; Mesulam, 1981; Whitehead, 
1991; Thiebaut de Schotten et al., 2011), and right-lateralized damage is 
thus more susceptible to cause attentional deficits (Mesulam, 1981). 
Consistently, early studies have shown that patients with 
right-lateralized lesions had increased RT on simple visual reaction tasks 
(e.g., pressing a button when a light appeared) compared to patients 
with left-lateralized lesions (Arrigoni and De Renzi, 1964; De Renzi and 
Faglioni, 1965; see Benton, 1986). 

Another possibility to explain the slower RT of right MTLE patients is 
related to intellectual efficiency. Although the difference was not sig-
nificant, right MTLE patients exhibited on average a 10 points lower 
total IQ than left MTLE patients, which could be of importance when 
understanding instructions of the tasks and responding appropriately to 
them. This is in line with numerous studies showing a strong association 
between processing speed and intellectual efficiency and indicating that 
lower IQ scores are associated with longer response times during simple 
reaction tasks or choice reaction tasks (Deary et al., 2001; Schweizer, 
2001; Jensen, 2006; Sheppard and Vernon, 2008; see also Frischkorn 
et al., 2019). Hence, the general slowing-down observed in our popu-
lation of right MTLE patients could be related to an alteration of vi-
suospatial attentional networks or to more general cognitive factors (i.e. 
as measured by the IQ score; see Table 4) rather than visual face indi-
viduation processing per se. 

A promising avenue to clarify this issue with MTLE patients in future 
studies is the use of implicit measures of face individuation, as provided 
by EEG frequency tagging (Norcia et al., 2015). In particular, sensitive 
and objective measures of unfamiliar face individuation can be obtained 
in a few minutes of testing with an oddball paradigm (Liu-Shuang et al., 
2014; reviewed in Rossion et al., 2020) showing high test-retest reli-
ability (Dzhelyova et al., 2019) and specific sensitivity to severe 
impairment in face identity recognition (i.e. prosopagnosia, Liu-Shuang 
et al., 2016). If the slowing down of right MTLE patients is not specific to 
visual individuation of faces per se, this population should present with 
typical frequency-tagged EEG responses in this paradigm. 

4.5. The validity of iEEG recordings to understand visual face recognition 

Over the last decade, iEEG recordings (either with subdural elec-
trodes in electrocorticography, or with depth intracerebral electrodes in 
SEEG) in patients with epilepsy have become increasingly used to un-
derstand the neural basis of face recognition, and in particular the 
mechanisms of visual face individuation (Allison et al., 1999; Davidesco 
et al., 2014; Engell and McCarthy, 2014; Ghuman et al., 2014; Jonas 
et al., 2016; Kadipasaoglu et al., 2016; Hagen et al., 2020; Jacques et al., 
2020; Rangarajan et al., 2020). Since iEEG recordings are performed in 
patients with drug-resistant epilepsy and MTLE is the most frequent 
focal epilepsy referred for epilepsy surgery (Schuele and Lüders, 2008; 
Spencer and Huh, 2008; see also Ladino et al., 2014), MTLE patients are 
the most included patients in iEEG studies. Therefore, it is legitimate to 
ask whether iEEG recordings in epileptic patients provide a valid model 
to understand normal face recognition (Rossion et al., 2018). Several 
sources of evidence provide support for the validity of human iEEG to 
inform about normal visual face individuation. For example, despite 
mixed evidence of general decreases of neuroimaging signal in some 
regions (Riley et al., 2015), MTLE patients appear to show a typical 
localization of posterior cortical face-selective activations in fMRI 
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(Jacques et al., 2016; Weiner et al., 2016). Moreover, in this population, 
the largest face-selective responses in iEEG are found in the lateral 
section of the right middle fusiform gyrus (Jonas et al., 2016; Hagen 
et al., 2020), as in typical brains in fMRI (Kanwisher et al., 1997). The 
present behavioral study significantly adds to these sources of evidence 
by showing that left and right MTLE patients have normal quantitative 
and qualitative performance at individuating unfamiliar faces, sug-
gesting that these patients present with a typical neurofunctional orga-
nization of face individuation. 
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