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Abréviations 
DAN                Réseau dorsal de l’attention 

HD           Hémisphère dominant 

HND           Hémisphère non-dominant 

ICN                Réseau de connectivité intrinsèque 

ILF                 Faisceau longitudinal inférieur 

IFOF              Faisceau occipito-frontal inférieur 

IRMf               Imagerie par résonance magnétique fonctionnelle 

SLF                Faisceau longitudinal supérieur 

VAN              Réseau ventral de l’attention 
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Introduction 

1. Contexte 

1.1. Gliomes et chirurgie éveillée 

Les tumeurs primitives gliales, communément appelées gliomes, représentent l’entité la plus fréquente 

des tumeurs cérébrales chez l’adulte (70%) (1). Elles sont, de par leurs évolutions, schématiquement divisées en 

deux groupes : les gliomes dits de haut grade d’évolution rapide et de mauvais pronostic en l’absence de 

traitement ; et les gliomes dits de bas grade d’évolution lente, présentant un risque de dégénérescence à long 

terme. La chirurgie est la première étape du traitement des patients porteurs de gliomes. Chez ces patients, dont 

la médiane de survie se situe entre 14 mois et 13 ans en fonction du grade du gliome, il est essentiel de préserver 

la qualité de vie et d’éviter de nouveaux déficits neurologiques ou d’aggraver ceux déjà existants. 

Afin d’éviter des séquelles neurologiques lors de l’ablation des gliomes, la chirurgie éveillée a été 

développée (2). Cette technique chirurgicale consiste à réveiller les patients pendant l’intervention et à réaliser 

une cartographie cérébrale (corticale et sous-corticale) en inactivant temporairement des régions circonscrites du 

cerveau (environ 5 mm2) avec des stimulations électriques alors que le patient réalise une tâche (Figure 1). Si 

le patient montre des troubles comme un trouble du langage lors d’une tâche de dénomination, cela signifie que 

la région stimulée est éloquente et doit être préservée. Dans la pratique, pour réduire le risque épileptique, 

l’utilisation de cette technique est soumise à des contraintes strictes : la stimulation électrique ne doit pas excéder 

4 secondes et ne doit pas être appliquée plus de deux ou trois fois sur la même zone cérébrale. Les stimuli 

présentés dans les épreuves doivent alors obligatoirement être simples et brefs. La preuve que la chirurgie éveillée 

permet d’optimiser la résection chirurgicale tout en minimisant le risque de séquelles neurologiques a été apportée 

par de nombreuses publications (3–6). 

 

 

Figure 1 : Cartographie cérébrale par stimulation électrique en chirurgie éveillée 

 

Actuellement, le protocole de chirurgie éveillée évalue principalement les fonctions du langage qui sont 

préférentiellement sous-tendues par l’hémisphère dominant (HD), localisé à gauche chez la plupart des patients, 
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notamment les droitiers. Ainsi, seuls les patients présentant une tumeur de l’HD, sans troubles phasiques ou 

ayant récupérés sous traitement par corticoïdes, et dont l’exérèse de la tumeur pourrait induire une aphasie, 

bénéficient d’une chirurgie éveillée. Ce protocole est aussi proposé chez les patients atteints de tumeurs dans 

l'hémisphère controlatéral dit non-dominant (HND), lorsque la tumeur est localisée à proximité d’une zone 

fonctionnelle motrice (lobe frontal), mais dans ce cas, l’évaluation langagière n’est pas requise. En l’absence de 

risques moteurs dans l’HND, le protocole de chirurgie éveillée est peu proposé pour l’exérèse de la tumeur.  

Or, Il est aujourd’hui avéré que l’HND possède un rôle prépondérant dans de grandes fonctions cognitives, 

comme la cognition visuo-spatiale à laquelle on rattache les processus attentionnels et la cognition sociale (7–9). 

Des déficits de ces fonctions après une chirurgie de gliomes de l'HND sont connus. Ils peuvent avoir un impact 

significatif sur les relations sociales et la qualité de vie du patient. Leur préservation per-opératoire est délicate, 

notamment en chirurgie sous anesthésie générale. Une attitude séduisante serait d’effectuer une chirurgie éveillée 

pour préciser l’anatomie fonctionnelle per-opératoire et optimiser les résections chirurgicales. Différents tests 

neuropsychologiques évaluant ces fonctions sont disponibles en clinique courante. Contrairement à ceux utilisés 

pour l’évaluation langagière, ils ne sont pas adaptés aux contraintes strictes de la chirurgie éveillée. Cela explique 

pourquoi cette technique chirurgicale est peu proposée pour identifier et préserver les fonctions cognitives de 

l’HND. 

1.2. Gliomes et altération des fonctions cognitives de l’HND 

Une atteinte de la cognition visuo-spatiale et de la cognition sociale per-opératoire peut être à l’origine 

de déficits neurologiques polymorphes, impactant la qualité de vie des patients. 

1.2.1. Troubles de la cognition spatiale et des processus attentionnels  

Le trouble le plus connu de la cognition spatiale et des processus attentionnels est une négligence spatiale 

unilatérale, aussi appelée héminégligence (7). Selon la définition de Heilman & Valenstein, 1979, le syndrome 

d’héminégligence est défini comme « l’impossibilité de décrire verbalement, de répondre et de s’orienter aux 

stimulations controlatérales à la lésion hémisphérique, sans que ce trouble puisse être attribué à un déficit 

sensoriel ou moteur. ». Ce trouble doit donc être dissocié des troubles visuels purs (comme l’hémianopsie latérale 

homonyme) par le fait qu’il peut concerner différentes modalités sensorielles : visuelle, auditive, olfactive ou 

somesthésique(11). En raison du rôle majeur de l’HND dans les processus attentionnels, ce trouble apparaît 

quasiment exclusivement suite à des lésions de cet hémisphère. IL s’agit essentiellement d’une héminégligence 

gauche chez les patients droitiers.  

Avant même une évaluation « papier-crayon » pour diagnostiquer cette négligence, on peut repérer 

certains signes cliniques grâce à la seule observation des patients (Li & Malhotra, 2015). En effet, les patients 

atteints de ces troubles se comportent de manière caricaturale en ignorant la moitié gauche de l’environnement. 

Ils ne mangent pas ce qui se trouve dans la moitié gauche de l’assiette, ne se rasent pas la partie gauche du 

visage et ne répondent pas quand ils sont interrogés du côté gauche. En dessinant de mémoire ou en copie une 

fleur ou une maison, ils omettent les détails de gauche. Si on leur demande de marquer le milieu d’une ligne 

horizontale, ils le déplacent vers la droite. 
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Alors qu’il est généralement admis que l’héminégligence résulte d’une atteinte de l’HND, il n’y a pas de 

consensus quant à la localisation anatomique intra-hémisphérique des lésions. Des études ont utilisé la 

stimulation électrique per-opératoire avec un test de bissection de ligne modifié sur l’HND pour explorer les 

fonctions visuo-spatiales (7,13–15). Ces études signalent le rôle du gyrus temporal supérieur et du lobule 

pariétal inférieur, et plus particulièrement de sa portion contigüe avec le lobe temporal. Les neuroscientifiques 

désignent d’ailleurs souvent cette région comme « la jonction temporopariétale droite », témoignant ainsi leur 

difficulté dans la définition précise de ce carrefour fonctionnel (Figure 2). Ces études ont aussi montré par 

l’utilisation de la tractographie cérébrale par IRM en tenseur de diffusion, que des lésions des faisceaux blancs 

d’association sont fortement corrélês au symptomes d’héminégligence spatiale. On peut citer de nombreux 

faisceaux impliqués, comme des lésions du faisceau longitudinal supérieur III (SLF pour « superior longitudinal 

fasciculus »), du faisceau arqué, du faisceau fronto-occipital inférieur (IFOF pour « inferior fronto-occipital 

fasciculus) et du faisceau longitudinal inférieur (ILF pour « inferior longitudinal fasciculus) (Figure 2). 

 Certaines équipes ont évalué l’impact d’une chirurgie cérébrale dans l’HND sur la cognition visuospatiale. 

Emanuele et al. (16) ont évalué les fonctions visuo-spatiales en pré- et post-opératoire chez 14 patients porteurs 

d’une tumeur cérébrale dans l'HND. Ils ont observé une prévalence des troubles visuo-spatiaux de 42,86% avant 

chirurgie qui a augmenté à 57,14% après la chirurgie. Cette morbidité ne peut être prédite de manière fiable sur 

les données d’imagerie pré et per-opératoires. Ces résultats soulignent l’importance potentielle de la chirurgie 

éveillée dans l’HND. Tester l’attention visuo-spatiale en per-opératoire pourrait permettre de minimiser ces 

troubles post-opératoires. Ainsi on pourrait diminuer l’impact fonctionnel de la prise en charge chirurgicale. 

 

Figure 2 : Principaux faisceaux de la substance blanche impliqués dans les deux importantes fonctions 

cognitives de l’HND : cognition spatiale et cognition sociale (SLF : superior longitudinal fasciculus, IFOF : 

inferior fronto-occipital fasciculus, ILF : inferior longitudinal fasciculus). 

 

1.2.2. Troubles de la cognition sociale 

La cognition sociale sous-tend le succès de toute interaction sociale. Elle regroupe trois grandes fonctions 

: le langage non verbal, la théorie de l’esprit et l’empathie (17). Comprendre les émotions exprimées par les 
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visages nous permet de préciser les états affectifs de nos interlocuteurs. Une mauvaise identification, une fausse 

reconnaissance ou une mauvaise interprétation des émotions peuvent générer des attitudes inadaptées. De ce 

fait, l’analyse des visages sont dotés d’une importance sociale considérable. 

Les techniques d’imagerie médicales telles que l’IRM fonctionnelle et la méthode de « voxel-based lesion 

symptom mapping » (VSLM) ont permis de mettre en évidence que la reconnaissance des émotions met en jeu 

un réseau de structures très largement distribuées dans le cerveau incluant le cortex occipito-temporal, 

l'amygdale, le cortex orbito-frontal et le cortex fronto-pariétal (Figure 2) (7,17–20). La reconnaissance de la peur 

se ferait en particulier par l'amygdale, celle du dégoût par le cortex insulaire et les ganglions de la base. Unger 

et al. (21) ont montré par tractographie que l’ILF et l’IFOF jouent tous deux un rôle important dans la 

reconnaissance des émotions (Figure 2). La latéralisation de ce réseau dans l’HND fait par contre encore débat 

(22).  Des études récentes, impliquant spécifiquement des patients atteints de tumeurs cérébrales, n’ont pas 

observé d’effets de la latéralisation sur la reconnaissance des émotions faciales (17,18). Par contre, une relation 

entre les déficiences dans la reconnaissance des émotions faciales et la localisation de la tumeur a été rapportée 

par Campanella et al., 2014. Ils ont observé que les patients présentant des tumeurs cérébrales temporales 

étaient significativement plus déficients que des patients présentant des tumeurs cérébrales frontales et 

pariétales. De même, deux études ont rapporté que la procédure chirurgicale entraînait une majoration des 

déficiences dans la reconnaissance des émotions faciales en particulier pour les patients porteurs de gliomes de 

bas grade (18,23). Ces résultats soulignent, là encore, la nécessité d’évaluer en peropératoire la reconnaissance 

des émotions faciales pour éviter un déficit du langage non verbal qui entraînerait des difficultés sociales et 

professionnelles. 

1.3. Évaluation des fonctions cognitives de l’HND 

La principale condition pour réaliser une chirurgie éveillée dans l’hémisphère droit est d’obtenir un test 

rapide (inférieur à 4 secondes), fiable, reproductible et sans ambiguïté. Hors les tests d’évaluations 

neuropsychologiques utilisés en clinique courante ne sont pas adaptés à la stimulation électrique en chirurgie 

éveillée. 

1.3.1. Tests d’évaluation des fonctions cognitives de l’HND en pré- et post-opératoire 

Une variété de tests standardisés et non standardisés existe pour évaluer les fonctions cognitives de 

l’HND en pré- et post-opératoire. Les principaux utilisés pour détecter les troubles de l’attention visuo-spatiale et 

de reconnaissance émotionnelle sont présentés ci-dessous. 

a) Évaluation de l’attention visuo-spatiale. 

Les tests de bissection de lignes et les tests de barrage sont des tests couramment utilisés pour évaluer les déficits 

visuo-attentionnels. 

Le test des cloches semble être le plus susceptible de détecter la présence d'une négligence (24). Ce test créé par 

(25)) présente 35 cloches parmi 280 autres objets de distraction sur une page (Figure 3 A). 

La distribution des cloches semble aléatoire, mais il y a en fait 5 cloches dans chacune des 7 colonnes (Figure 3B). Le 

but de ce test est d’évaluer le balayage visuel et d’identifier les personnes qui ont soit un déficit attentionnel ou une 

héminégligence visuelle. 
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Un score total de moins de 32 (plus de 3 omissions) suggère un déficit attentionnel. Une omission de 6 cloches ou plus 

dans la moitié droite ou dans la moitié gauche de la page indiquera une négligence spatiale unilatérale.  

 

Figure 3 : Test des cloches. A) Feuille de passation, B) Feuille de score 

 

b) Évaluation de la reconnaissance émotionnelle. 

Le test d’Ekman, élaboré en 1976 (Ekman & Friensen, 1976), est le test le plus connu pour l’évaluation de la 

reconnaissance faciale des émotions dite « en situation statique ou unimodale ». Il comporte 60 photographies en noir et blanc 

représentant les 6 émotions de base (joie, surprise, tristesse, colère, peur, dégoût) et la neutralité exprimées par 10 acteurs 

(6 femmes et 4 hommes) (Figure 4A). Le patient doit désigner le nom de l’émotion faciale exprimée sur chaque photographie 

sur une carte réponse (Figure 4B). 

Cet outil a été validé aux Etats-Unis, mais pas en France. En regard de l’étude de Diehl-Schmid et al. (27), il est 

considéré que tout score inférieur à 46/60 est pathologique. Le Greco (Groupe de Réflexion sur les Evaluations Cognitives) 

normalise et valide actuellement en France, dans le cadre des travaux du Grefex 2, une batterie de tests d’évaluation des 

fonctions socio-émotionnelles. Cette batterie de tests inclut notamment une version modifiée et abrégée du test d’Ekman 

contenant 36 photographies et un test pour la reconnaissance émotionnelle dite « en situation dynamique ou multimodale », 

le FEET [« French Emotion Evaluation Test », (28)]. Ce test, plus représentatif du quotidien du fait de sa caractéristique 

dynamique, est une adaptation française de l’« Emotion Evaluation Test » appartenant au TASIT [« The Awareness of Social 

Inference Test » ; (29)]. Il comprend 35 courtes séquences audio/vidéo (durée de chaque vidéo < 1 minute) dans lesquelles des 

acteurs professionnels jouent des scripts ambigus (texte) se référant à 7 émotions de base (peur, joie, tristesse, dégoût, 

surprise, colère, neutre). Le patient doit désigner le nom de l’émotion de base jouée dans chaque film sur une carte réponse.   
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Figure 4 : Test d’Ekman. A) Exemple de photographies représentant les 6 émotions de base (colère, peur, 

dégoût, surprise, joie, tristesse) et la neutralité, B) Exemple d’une carte réponse 

 

c) Tests d’évaluation des fonctions cognitives de l’HND en per-opératoire 

Comme indiqué précédemment, les tests standardisés et non standardisés évaluant les fonctions cognitives de l’HND en 

pré- et post-opératoire ne sont pas adaptés au cahier des charges de la chirurgie éveillée. Celui-ci exige des tests rapides, 

réalisables le temps d’une stimulation électrique du cortex (environ 4 secondes), et entrainant une réponse non ambigüe. 

Certains auteurs ont modifié des tests standardisés pour une utilisation en per-opératoire comme le test de bissection de lignes 

pour évaluer les fonctions-visuo-spatiales (7,13–15) et le test « Reading the Mind in the Eyes » pour évaluer la théorie de l’esprit 

affective (30,31). A notre connaissance, aucun test évaluant en per-opératoire la reconnaissance faciale des émotions n’a été 

développé. 

Nous avons initié dans le service de neurochirurgie, avec l’unité INSERM 1066 et l’équipe d'accueil EA7315 (Laboratoire 

Angevin de Recherche en Ingénierie des Systèmes) un programme sur la cartographie per opératoire des fonctions de 

l’hémisphère  mineur. Une partie de ce programme repose sur la création d’un test per-opératoire en réalité virtuelle utile 

pour tester la cognition visuo-spatiale ou sociale.  L’autre partie repose sur un travail d’anatomie et de neuro-imagerie visant 

à mieux connaître les faisceaux  blancs à préserver en per-opératoire. C’est ici que s’inscrit cette thèse d’université. 

 

2. L’apport des neurosciences dans l’exploration de 
l’hémisphère non dominant 

Les neurosciences ont utilisé les moyens d’imagerie moderne et de dissection pour explorer l’HND. Après 

un bref rappel des méthodes d’études de l’HND, nous ferons mention du principal réseau d’IRM de repos impliqué 

dans l’héminégligence spatiale et les processus attentionnel : le réseau ventral de l’attention. 

2.1. Méthodes d’études de l’HND 

2.1.1. ANATOMIE MACROSCOPIQUE DESCRIPTIVE 

La méthode de Klingler est une technique de dissection permettant d’explorer les fibres blanches cérébrales. 

La cristallisation de l’eau obtenue par congélation des hémisphères formolés, déstructure la substance grise 

(fortement hydraté à l’état normal), permettant de l’enlever en fine couche de la surface cérébrale. La congélation 

favorise également la dissociation mécanique des faisceaux de fibres blanches tout en respectant l’anatomie des 

principaux faisceaux permettant leur étude macroscopique (74). Les réseaux de fibres blanches connectant les 

gyri peuvent ainsi étudiés par cette méthode de Klingler. Il s’agit d’une méthode ex-vivo d’exploration des fibres 

blanches. 

2.1.2. TRACTOGRAPHIE 

La tractographie est une technique in-vivo d’étude des fibres blanches. Elle se propose de visualiser en trois 

dimensions le trajet des différents faisceaux composant la substance blanche du système nerveux. Cette méthode 

y parvient indirectement en étudiant la mobilité des molécules d’eau contrainte par l’anisotropie du milieu intra- 

et extracellulaire. En effet, ces molécules d’eau « piégées » entre les cellules se déplacent préférentiellement selon 
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l’axe principal des fibres nerveuses en raison notamment de la présence de la membrane plasmique et de la gaine 

de myéline qui s’opposent à leur mouvement. Ce coefficient d’anisotropie de diffusion de l’eau, dans un volume 

donné, variera en fonction des différentes directions, reflétant la trajectoire des fibres. Les faisceaux de substance 

blanche se composent d’un ensemble d’axones qui cheminent de manière compacte et cohérente de leur origine 

vers leurs cibles.   

2.1.3. IRM D’ACTIVATION  

L’IRM fonctionnelle d’activation détecte l’activation cérébrale par les variations du signal BOLD secondaires 

à la modification du rapport oxyhémoglobine sur désoxyhémoglobine. En effet, l’activation neuronale 

s’accompagne d’une augmentation locale de la consommation en oxygène porté par l’hémoglobine et d’une 

augmentation du débit sanguin artériel (couplage neuro-vasculaire). L’activation neuronale se traduit par une 

augmentation relative en oxyhémoglobine par rapport à la désoxyhémoglobine. Cette baisse de 

déoxyhémoglobine, agent paramagnétique, est accompagnée par une hausse transitoire du signal en pondération 

T2*.  

Lors de l’acquisition en IRM fonctionnelle d’activation, le sujet exécute une succession de tâches répétées 

selon un paradigme d’activation. L’activité cérébrale des zones d’intérêt impliquées dans le paradigme d’activation 

entraine des modifications hémodynamiques détectables en IRM : c’est le principe du contraste BOLD. L’analyse 

des variations du signal BOLD selon le modèle linéaire généralisé permet ensuite d’identifier les zones cérébrales 

spécifiquement activées par le paradigme de bloc (47,49,80). Il n’existe pas à l’heure actuelle de paradigme 

d’activation spécifique de l’HND, ce qui rend impossible sont utilisation dans l’exploration de l’HND. 

2.1.4. IRM FONCTIONNELLE DE REPOS 

Le principe général de l’IRM repose sur la résonance magnétique nucléaire qui utilise les propriétés 

physiques des noyaux d’hydrogène. L’IRM nécessite un champ magnétique B0 puissant et stable afin de créer une 

aimantation tissulaire. Le signal de résonance magnétique nucléaire est enregistré lors du retour à l’équilibre de 

l’aimantation.  

L’IRMf de repos (« resting state MRI ») met en évidence les fluctuations spontanées du signal. Il s’agit d’une 

technique permettant de récupérer le signal reflétant l’activité neuronale basale, en l’absence de tout stimulus. En 

pratique clinique, elle est adaptée aux populations ne pouvant pas réaliser de paradigme d’activation dans l’IRM 

(patients confus, présentant des troubles cognitifs, psychiatriques et enfants). Elle est également particulièrement 

utile pour explorer des fonctions cognitives non « stimulable » par des tests d’activation spécifiques, commes les 

fonctions cognitives supportées par l’HND. 

 L’acquisition est réalisée lorsque le sujet est au repos (ne réalisant aucune tâche). Différents réseaux de 

connectivité présentent différents signaux BOLD basses fréquences (<0.1 Hz) (49,66). Les zones cérébrales 

fonctionnellement connectées présentent ainsi une activation synchrones dans les basses fréquences, et peuvent 

être ainsi distinguées d’autres régions indépendantes (67). La découverte de ces réseaux de connectivité 

intrinsèque (ICN) par l’étude en IRMf de repos revient à Biswal (68). Les réseaux fonctionnels ont pu être isolés : 

l’audition, le réseau sensori-moteur, l’ensemble des réseaux attentionnels et cognitifs(48,69), dont le réseau du 

langage(70–72) et le réseau ventral de l’attention(73). Ces réseaux de connectivité intrinsèques sont supposés 

connectés par des fibres blanches intrahémisphériques. 
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Les études d’IRM fonctionnelle de repos chez des sujets sains(48) ont montré deux réseaux impliqués dans 

l’attention et l’orientation spatiale (46,49): le réseau ventral de l’attention (VAN) et le réseau dorsal de l’attention 

(DAN). Le DAN, bilatéral  est impliqué dans le contrôle volontaire de l’attention, alors que le VAN latéralisé à droite 

serait principalement actif pour des stimuli involontaires (47). Les composants pariétaux, frontaux, et temporaux 

des VAN et DAN sont structurellement connectés par des fibres d’association de la substance blanche 

périventriculaire (50,51). 

2.2. Synthèse des résultats de neuro-imagerie concernant 
l’héminégligence spatiale 

L’héminégligence est un concept hétérogène, à la fois anatomiquement et en terme de manifestation 

clinique (37). Les patients peuvent montrer des signes d’héminégligence sur un test mais pas sur d’autres (38–

40). En pratique clinique, l’héminégligence spatiale est habituellement diagnostiquée par une batterie de test  

explorant une grande variété de symptômes cliniques (par exemple l’épreuve de bissection de lignes, le dessin, 

la lecture et l’écriture). L’idée que l’héminégligence spatiale est un syndrome aux composantes multiples (34) est 

compatible avec les découvertes d’imageries qui ont révélées différents sites lésionnels (36,40) (théorie 

localisationniste). Alors que l’héminégligence est typiquement associée aux lésions du lobe pariétal(33), elle peut 

apparaitre pour les lésions frontales(41), temporale (42), thalamique(41,43) ou des noyaux gris centraux(42). 

Cette diversité anatomique a été expliquée par une récente méta-analyse suggérant que les différentes formes 

de négligence peuvent être associées à des sites lésionnels distincts connectés à la foi dans la substance grise et 

blanche(44,45) (théorie de la connectivité cérébrale).  

Ces symptômes d’héminégligences reflètent une interruption des systèmes cérébraux responsables de la 

conscience spatiale et du contrôle de l’attention, connus pour être reliés à des réseaux d’aires corticales et sous 

corticales, comme l’ont montré des recherches récentes après des AVC de l’hémisphère droit (46,47).  À la lumière 

des études de « lesions mapping » (40,46) et de méta-analyses (44,45), il existe un rôle important de la 

déconnexion des fibres pariéto-frontale et occipito-frontales dans l’hémisphère droit des patients héminégligents. 

Des recherches récentes ont montré que les faisceaux de fibres blanches connectant le réseau ventral de 

l’attention (VAN) sont souvent lésés chez les patients héminégligents.  Thiebaut de Schotten et al.(46) ont 

montrés que pour deux patients avec le même dommage cortical, la déconnexion du SLF III était prédictif de la 

présence d’une héminégligence. Il a aussi montré que la déconnexion du SLF III était corrélée aux performances 

de bissection de ligne.  La compréhension des données de neuro-imagerie sur l’héminégligence spatiale nécessite 

une intégration des données corticales (obtenues à partir de l’IRM de repos) et de leur connexion en fibres 

blanches (obtenue par IRM en tractographie). 

 

Dans le cadre d’une étude préliminaire en IRM fonctionnelle de repos, on a montré que l’activation du 

réseau ventral de l’attention (VAN) était fortement latéralisée dans l’hémisphère droit.  Le VAN présentait de 

fortes similarités dans ses localisations corticales avec le réseau du langage dans l’HND (Figure 5).  
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Figure 5.Données préliminaires : identification du réseau ventral de l’attention (VAN) dans l’hémisphère droit 

comparable au réseau du langage chez 30 sujets.  

 

 

Le SLF III et le faisceau arqué étant le principal support anatomique du réseau du langage dans l’HD, 

une hypothèse est formulée quant aux rôles de ces mêmes faisceaux dans l’héminégligence spatiale. Il est 

possible que les faisceaux d’association de substance blanche entre les régions corticales constitutives de la VAN 

présentent des similarités avec les faisceaux homologues du réseau cortical du langage dans l’hémisphère 

dominant. 

 

2.3. Organisation des fibres blanches cérébrales 

L’exploration de l’anatomie fonctionnelle de l’HND nécessite une connaissance des fibres blanches 

d’association intra-hémisphérique. Pour définir un réseau de fibres blanches appartenant au même faisceau il faut 

en définir ses points d’ancrages corticaux, la direction de ses fibres, sa profondeur et son rôle présumé. Il existe 

de nombreux débats de nomenclature concernant la description de ces faisceaux. Nous avons résumé les 

principaux faisceaux sur le tableau 1. Ainsi obtenir une analyse fine des ancrages corticaux du réseau ventral de 

l’attention, permettrait de mieux comprendre l’anatomie structurale et fonctionnelle de l’HND. Une meilleure 

connaissance des réseaux de fibres blanches impliqués dans la cognition visuo-spatiale permettrait d’affiner les 

tests réalisés au bloc opératoire en chirurgie éveillée. 
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Tableau 1: données anatomique des faisceaux d’association SLFs et du faisceau arqué. 

Faisceaux 

d’association du 

SLF et 

Faisceau arqué 

Régions inter-connectées Rôle fonctionnel 

Hémisphère dominant Hémisphère non 

dominant 

SLF I Précunéus avec le gyrus cingulaire antérieur Régulation de l’activité motrice, 

initiation motrice(53,58,59), 

activation au repos 

Régulation de 

l’activité motrice, 

initiation motrice, 

activation au repos 

SLF II Partie antérieure du lobe occipital moyen ou du 

gyrus angulaire avec le gyrus frontal moyen 

Orientation visuo-spatiale et 

attention(60,61) 

Orientation visuo-

spatiale et 

attention(60,61) 

Segment indirect 

postérieur du 

SLFIII 

Gyrus supra-marginal et gyrus angulaire avec le 

gyrus temporal moyen dans sa partie 

postérieure 

lecture(56,62) prosodie(56,62) 

Segment indirect 

antérieur du SLF 

III 

 

Partie postérieure et moyenne du gyrus 

temporal supérieur et partie moyenne du gyrus 

temporal moyen avec le cortex prémoteur 

ventral, la pars opercularis et triangularis 

Traitement du langage 

phonologique (56,62) 

Traitement du 

langage 

phonologique 

(56,62) 

Faisceau arqué 

 

Partie postérieure du gyrus temporal moyen et 

supérieur avec la partie postérieure du gyrus 

frontal inférieur (cortex prémoteur ventral, 

pars opercularis) et du gryus frontal moyen 

Traitement lexical et 

sémantique du langage (56,62) 

Attention 

visuospatiale, 

prosodie, et 

traitement de la 

musicalité 

phonologique(60,63

–65) 

 

3. Objectifs de la thèse 

Le parallélisme entre connectivité fonctionnelle et anatomie morphologique est peu connue dans l’HND. Le 

but de cette thèse est donc d’étudier le support structural du principal réseau fonctionnel de l’HND : le VAN.  

Comprendre le lien entre anatomie structurale et fonctionnelle de l’HND est un prérequis indispensable à 

son exploration peropératoire en chirurgie éveillée. L’objectif secondaire de cette thèse est de créer un test 

peropératoire explorant les principales fonctions cognitives de l’hémisphère non dominant. 
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4. Travaux réalisés 

L’objectif principal étant d’étudier le support structural et fonctionnel du VAN, nous avons d’abord étudié les 

métadonnées de la littérature concernant l’anatomie de l’hémisphère droit en intégrant les travaux de dissections, 

les articles anatomo-cliniques et les données de neurosciences (principalement de neuro-imagerie). Ainsi nous 

avons réalisé plusieurs travaux de revues de la littérature préliminaires : 

1. Une étude d’anatomie fonctionnelle (Right Hemisphere Cognitive Functions: From Clinical and 

Anatomic Bases to Brain Mapping During Awake Craniotomy. Part I: Clinical and Functional 

Anatomy , World Neurosurgery, IF 1,924, Article 1, page 20) visant à proposer une taxonomie des 

fonctions cérébrales supportées par l’hémisphère droit. Les différentes zones corticales et faisceaux de 

fibres blanches impliqués dans chacune des fonctions cognitives de l’hémisphère droit (la cognition visuo-

spatiale, la cognition sociale dont la reconnaissance faciale par exemple) ont été classées pour faciliter 

la compréhension de leur anatomie fonctionnelle. 
 

2. Une étude d’anatomie clinique (Right Hemisphere Cognitive Functions: From Clinical and 

Anatomic Bases to Brain Mapping During Awake Craniotomy. Part II : Neuropsychological task 

and Brain mapping, World Neurosurgery, IF 1,924, Article 2, page 21) harmonisant les données 

d’anatomie fonctionnelle précédemment étudiées avec les données neuropsychologiques et de sémiologie 

clinique.  

 

3. Une étude d’anatomie structurale permettant d’harmoniser la nomenclature anatomique entre les études 

de dissections et d’imagerie de l’hémisphère droit (articles 1 et 2, pages 20-21). Les études de 

dissection et d’imagerie structurale n’utilisaient pas nécessairement la terminologia anatomica 

concernant la disposition sulcogyrale et les fibres blanches intrahémisphériques. De même dans les 

études d’IRM fonctionnelle, la nomenclature anatomique est rarement appropriée : les auteurs utilisent 

parfois une terminologie floride concernant les zones d’activations corticales et la tractographie. Cet 

écueil, rend l’analyse des données de la littérature confusogène. Cette constatation nous a poussé à  

réaliser un travail inédit de revue systématique du principal faisceau de substance blanche : le faisceau 

arqué (Anatomical variability of the arcuate fasciculus: a systematical review, Surgical and 

Radiological Anatomy, IF 1,039, Article 3, page 23). Ce travail nous a permis d’extraire les métadonnées 

issues de 3 siècles de publications permettant de mieux définir le faisceau arqué dans sa disposition 

modale et ses variations décrites.  

 

4. Ces travaux visaient également à harmoniser les connaissances entre les travaux d’anatomie 

fonctionnelle, clinique et structurale en utilisant la taxonomie précédemment décrite (cognition visuo-

spatiale et cognition sociale dont la reconnaissance faciale, l’empathie, la théorie de l’esprit et la prosodie) 

en se basant sur la terminologia anatomica. Ces revues des connaissances ont soulevé une problématique 

concernant la disposition des réseaux fonctionnels dans l’hémisphère non dominants, suggérant une 

potentielle organisation en miroir entre le langage (dans l’hémisphère dominant) et la cognition visuo-

spatiale (dans l’HND). Cette observation issue des données de la littérature, confrontée à nos données 



BERNARD Florian | Anatomie fonctionnelle de la cognition visuo-spatiale    
 

18 

préliminaires concernant l’organisation du réseau ventral de l’attention (VAN) suggérait une possible 

organisation en miroir.  

 

5. Nous avons ainsi publié un travail anatomique expérimental (The ventral attention network : the 

mirror of the language network in the right brain hemisphere, Journal of Anatomy, IF 2,638, 

Article 4, page 25) explorant le réseau ventral de l’attention dont les ancrages corticaux pourraient 

répondre de manière controlatérale à ceux du réseau du langage. Ce principal réseau cognitif de 

l’hémisphère droit est impliqué dans la cognition visuospatiale. La connexion de ses ancrages corticaux 

(en miroir du réseau du langage) par des réseaux de fibres blanches était supposée. L’anatomie 

structurale du VAN a été étudiée par la comparaison de trois approches : en IRM fonctionnelle de repos, 

en macroscopie (étude anatomique des fibres blanches ex-vivo selon la technique de Klingler, et en IRM 

en tenseur de diffusion (pour une étude des fibres blanches in-vivo par tractographie). Réaliser cette 

étude nous a aussi permis d’en discuter les implications neurologiques et neurochirurgicales.  

 

La principale implication chirurgicale concerne l’application à la chirurgie éveillée de l’hémisphère droit, ce qui 

rejoint l’objectif secondaire de la thèse (« créer un test per-opératoire explorant les principales fonctions 

cognitives de l’hémisphère non dominant »). Une préservation du SLF III et du faisceau arqué droit pourrait 

permettre d’éviter une altération de la cognition visuospatiale.  

6. Notre expérience en cartographie peropératoire de l’hémisphère droit nous un permis de rapporter un 

symptôme rare mais typique de l’altération de la cognition visuo-spatiale : l’autoscopie (Oncology 

meets Art : a way to understand patients’ symptoms, Lancet Oncology, IF 35,38, Article 5, page 

26)  

7. Utiliser la chirurgie éveillée pour préserver l’HND, comme pour le langage dans l’HD, apparait être une 

idée réaliste. Pourtant ce champ thérapeutique se heurte à une contrainte : celle du test 

neuropsychologique peropératoire. En effet le développement d’un test neuropsychologique spécifique 

stimulant la cognition visuo-spatiale reste à développer pour pouvoir réaliser cette chirurgie éveillée. 

Dans ce sens, j’ai participé à un quatrième travail visant à l’utilisation des lunettes de réalité virtuelle en 

condition de chirurgie éveillée, pour réaliser de nouveaux tests neuropsychologiques dédiés à 

l’exploration des fonctions cognitives de l’hémisphère droit (Using a Virtual Reality social network 

during awake craniotomy to map the social cognition, Journal of Medical Internet Research, IF 4,8, 

Article 6, page 27).  Il a été étudié l’apport de la réalité virtuelle dans l’exploration de la cognition sociale 

en chirurgie éveillée. Cette publication utilisant un réseau social virtuel et un casque de réalité virtuelle 

nous a permis de mieux orienter le développement d’un test rapide et sensible adapté à la chirurgie 

éveillée.  

8. L’utilisation de la réalité virtuelle pour stimuler des fonctions cognitives de l’hémisphère droit en chirurgie 

éveillée a été pour notre équipe une solution potentielle nécessitant un développement d’application 

spécifique (software dédié en réalité virtuelle). Pour cela les comités de protection des personnes nous 

ont demandé d’effectuer d’abord une étude de tolérance de la technologie étudiée auprès des patients 

opérés en chirurgie éveillée(Immersing patients in a virtual reality environment for brain 

mapping during awake surgery. Safety study, World Neurosurgery, IF 1,924, Article 7, page 31). 
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Il a donc fallu prouver l’innocuité de l’utilisation de casques de réalité virtuelle (hardware, mis en place 

au bloc opératoire), notamment en terme d’inconfort pour le patient (« maladie de la réalité 

virtuelle »/« virtual reality disease » en anglais), ou de potentiel risque comitial. Ma participation à ce 

travail a été mineure, puisqu’initié avant le début de ma thèse d’université. Il me parait important 

cependant d’en faire mention pour mettre en exergue l’innocuité de cette démarche. 

9. Les perspectives sont nombreuses. Intégrer les dernières avancées neuro-anatomiques, d’imagerie par 

IRM de repos et tractographie, chirurgicales et technologiques pourrait permettre d’explorer et de 

préserver la cognition visuospatiale de nos patients. Nous avons discuté les perspectives d’utilisation de 

la réalité virtuelle pour l’HND dans un essai scientifique (Replay « the Matrix for brain mapping 

during awake surgery, Behavorial and Brain sciences, IF 17,194, Article 8, page 33).   Nous avons 

ainsi pu replacer les travaux présentés dans cette thèse d’université dans une stratégie d’équipe centrée 

sur le développement d’une application dédiée à la chirurgie éveillée de l’hémisphère droit.
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1. État de l’art des fonctions cognitives de l’hémisphère 
droit : des bases anatomo-cliniques à la stimulation 
électrique corticale en chirurgie éveillée. 

1.1. Anatomie structurale et fonctionnelle de l’hémisphère non-
dominant.  

❖ Article n°1 : 

Right Hemisphere Cognitive Functions: From Clinical and Anatomic 
Bases to Brain Mapping During Awake Craniotomy Part I: Clinical and 
Functional Anatomy  

Bernard F, Lemée JM, Ter Minassian A, Menei P 
 
World Neurosurgery, (publié IF= 1,924) 

  



Right Hemisphere Cognitive Functions: From Clinical and Anatomic Bases to Brain

Mapping During Awake Craniotomy Part I: Clinical and Functional Anatomy

Florian Bernard1,3, Jean-Michel Lemée1,4, Aram Ter Minassian2,5, Philippe Menei1,4

INTRODUCTION

In terms of function, the dominant (usu-

ally the left) cerebral hemisphere is tradi-

tionally regarded as the more important

side of the brain. Neurosurgical decisions

regarding surgical approaches in clinical

practice are influenced by this paradigm.

Nevertheless, the notion of a minor right

hemisphere is now being challenged.1

Neurosurgeons are focusing more and

more on elaborate right-lateralized cere-

bral functions, rather than on the patient

as a whole. As they did few decades ago

with the executive and left lateralized

functions, they are trying to bring new

insights to right hemisphere mapping.

The nondominant hemisphere (usually

the right) is responsible for primary

cognitive functions such as visuospatial

and social cognition. Visuospatial cogni-

tion supports spatial awareness, percep-

tion, and representation of space. It allows

sensory events and spatial relationships to

be perceived and reported. Lesions on the

network underpinning visuospatial cogni-

tion are associated with different symp-

toms, the most significant of these being

unilateral neglect (UN). Social cognition is

the other main function of the right

hemisphere. Social cognition includes all

cognitive processes involved in social

interaction using nonverbal language

(such as facial emotion recognition and

emotional prosody), empathy, and theory

of mind (TOM).

Compared with language mapping in the

left hemisphere, few accounts of right

hemisphere per operative mapping have

been published.2-17 This lack of interest

could be explained by underestimation of

the cognitive role of the right hemisphere

but could also be caused by the complexity

of the functional anatomy and the diffi-

culties inherent in adapting standard

bedside tasks to awake surgery conditions.

It is possible to suggest a new model of

visuospatial and social cognition based on

parallel and interactive large-scale distrib-

uted networks, similar to that previously

developed for language. Just as in the lan-

guage model, these functions cannot be

reliably localized on anatomic criteria

alone, mostly because of variation between

individuals. For this reason, individual

brain mapping using direct electric stimu-

lation during awake craniotomy is essential

when looking to preserve these functions.

An understanding of semiology and

anatomic bases, along with an analysis of

the available cognitive tasks for visuospatial

and social cognition per operative map-

ping, allow neurosurgeons to better

appreciate the functional anatomy of the

right hemisphere and its relevance to tu-

mor surgery. In the first part of this 2-part

review, we discuss the anatomic and func-

tional basis of right hemisphere function.

THE COGNITIVE RIGHT HEMISPHERE: A

MIRROR SYSTEM?

In the right hemisphere, the cortical areas

and white matter fascicles involved in

The nondominant hemisphere (usually the right) is responsible for primary
cognitive functions such as visuospatial and social cognition. Awake surgery
using direct electric stimulation for right cerebral tumor removal remains chal-
lenging because of the complexity of the functional anatomy and difficulties in
adapting standard bedside tasks to awake surgery conditions. An understanding
of semiology and anatomic bases, along with an analysis of the available
cognitive tasks for visuospatial and social cognition per operative mapping allow
neurosurgeons to better appreciate the functional anatomy of the right hemisphere
and its relevance to tumor surgery. In this article, the first of a 2-part review, we
discuss the anatomic and functional basis of right hemisphere function. Whereas
part II of the review focuses primarily on semiology and surgical management of
right-sided tumors under awake conditions, this article provides a comprehensive
review of knowledge underpinning awake surgery on the right hemisphere.
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visuospatial and social cognition are

almost symmetric to those involved in

language with a perisylvian network.18 Is

this apparent symmetry total or partial?

This question has been a topic of debate

and has also raised some interesting

questions regarding determinism and

brain anatomy. Several diffusion tensor

imaging studies19,20 have reported a

heightened prevalence of leftward

asymmetry of perisylvian white matter

volumes. On the other hand, some

investigators have reported the presence

of the right arcuate fasciculus in only

40% of their patients, whereas others

have reported it in all patients.21

Anatomically, the white matter structure

can be considered mostly symmetric. The

same white matter fascicles as found in

the left hemisphere have been identified

(Figure 1). Most postmortem fiber

dissection studies have not reported a

significant difference between the left

and right white matter fascicles, either in

terms of the cortical connections23 or in

terms of fascicles volumes.23-25

Most of our knowledge about the

neuroanatomy of visuospatial and social

cognition has come from imaging studies

of patients with UN or from functional

magnetic resonance imaging (fMRI)

studies. As for language in the dominant

side, the right temporoparietal junction

(TPJ) and ventral frontal cortex (VFC) both

seem to play a significant role in all these

studies (Figure 2A). This anatomically

ambiguous terminology reminds us of

pioneering work in language anatomy

using the Broca-Wernicke-Lichtheim-

Geschwind model.29-31 The medial

ventral prefrontal cortex (mvPFC) is

involved too. No standardized anatomic

definitions exist for the localization of TPJ,

VFC, and mvPFC.24 Before describing the

anatomic substrate of the cognitive right

hemisphere, we propose to replace these

terms with more precise anatomic

definitions, based on standardized

terminologia anatomica nomenclature

(Table 1).32

The VFC is involved in visuospatial

cognition (see section on Neuroanatomy).

According to Vossel (Figure 2), the VFC

corresponds anatomically to the middle

frontal gyrus (MFG) and inferior frontal

gyrus (IFG), which is composed of the

precentral gyrus, pars opercularis,

triangularis, and orbitalis. The mvPFC is

involved in social cognition (facial

emotion recognition, empathy, and

TOM; see sections on Facial Emotion

Recognition, Emotional Prosody, and

Empathy and Theory of Mind). The

mvPFC is an anteromedial and inferior

part of the frontal lobe (Figure 3).

Although there is no universal agreement

on how it should be demarcated, it is

equivalent to the anterior cingulate gyrus,

the gyrus rectus, and the medial aspect

of the superior frontal gyrus in most

sources.33-35

Providing an anatomic definition of the

TPJ is more challenging, because it is not a

single unitary structure; rather, it consists

of multiple subregions with different

connectivity patterns.25,29 One of these

subregions is the inferior parietal lobule

(IPL), which consists of 2 major gyri: the

supramarginal gyrus (SMG) and the

angular gyrus (AG) (Figure 4A). The sulcal

patterns in the IPL vary greatly between

individuals, with the superior temporal

sulcus (STS) extending its caudal

branches into the IPL, and the SMG and

AG usually separated by the intermediate

parietal sulcus of Jensen.30,31 The TPJ is a

variably defined region located

approximately where the IPL meets the

superior temporal gyrus (STG) and is not

associated with any objective landmarks.

The term TPJ has been used for

activations observed in the IPL as well as

Figure 1. White matter fiber tract involved in right hemisphere cognitive

functions. In the perisylvian area, the main long association fiber pathway is

the superior longitudinal fasciculus (SLF), which has 3 parts: SLF I (dorsal), II

(middle), and III (ventral). The SLF I (dorsal pathway) is positioned within the

superior frontal gyrus, the SLF II (middle pathway) within the middle frontal

gyrus, and the SLF III (ventral pathway) within the inferior frontal gyrus.

Starting at the lateral surface and moving medially, the components of the

SLF are encountered in reverse order: SLF III, SLF II, and then SLF I. The SLF

III (so-called arcuate fasciculus [AF]) is the most superficial. The SLF III

generally extends from the supramarginal gyrus to the pars opercularis. The

inferior occipitofrontal fasciculus (IFOF) forms part of the extreme and

external capsule and travels under the ventral insular cortex from the

posterotemporal to the prefrontal regions. The middle longitudinal fasciculus

(MdLF) travels from the upper portions of the occipital lobe to the superior

temporal gyrus.22 MdLF covers the IFOF, which is situated deeper and

slightly inferiorly. Whereas MdLF fibers continue at a relatively superficial

level to reach anterior portions of the temporal lobe, the IFOF penetrates the

deep temporal white matter to reach the insular lobe. The uncinate fasciculus

(UF) connects the anterotemporal lobe with the orbitofrontal area. The

inferior-longitudinal fasciculus (ILF) connects the occipital lobe and anterior

temporal lobe, running along the lateral walls of the temporal horn of the

lateral ventricle.

2 www.SCIENCEDIRECT.com WORLD NEUROSURGERY, https://doi.org/10.1016/j.wneu.2018.05.024

LITERATURE REVIEW

FLORIAN BERNARD ET AL. RIGHT HEMISPHERE COGNITIVE FUNCTIONS



in dorsal parts of the posterior STG.

Occasionally, activations extending as far

as the middle temporal gyrus (MTG) and

lateral occipital lobe have also been

labeled TPJ. Most investigators would

probably define the TPJ as a small region

that overlaps only the most ventral part

of the IPL at the true intersection of the

AG, SMG, and posterior part of the STG

(Figure 4B). There is no consensus on

the anatomic definition of the extent and

precise location of the TPJ, and many

other labels are used to describe

activations around this region (e.g., IPL,

ventral parietal cortex, lateral parietal

cortex, AG, SMG, and posterior STS).

Also, although the IPL and TPJ overlap,

they are not synonymous with each other

even in the most conservative definition

of the TPJ. This situation may be

explained by the insufficient spatial

resolution of fMRI, lack of precision in

tasks relating to the computation of that

region, variations between individuals,

and the application of spatial

normalization techniques. It may also be

because higher-order cognitive activity

may not subdivide cleanly along anatomic

borders.36 Although these differences can

seem small from study to study, they

have played a critical role in the debate

on functional specialization.36

VISUOSPATIAL COGNITION

Semiology

UN is highly heterogenous in terms of

severity and in its manifestations (for de-

tails, see Part II of the review).32 It does

not constitute a unitary syndrome but a

complex set of signs and symptoms. In

most fMRI studies of right hemisphere

strokes, UN could be defined as a

common set of core symptoms,

including biased gaze orientation and

search (gaze direction, exploration, and

cancellation biases), combined with an

anosognosia regarding these symptoms.

UN has been used in several studies as a

generic term and is not representative of

the heterogeneity and variability of

symptoms observed after a lesion of the

visuospatial cognition anatomic substrate.

Neuroanatomy

Most knowledge about the neuroanatomy

of visuospatial cognition comes from im-

aging studies of patients with UN, mostly

after a stroke. Studies based on structural

brain imaging suggest that 3 major cortical

areas straddling the sylvian fissure may be

responsible for the core deficit described

in section on Semiology (Figure 2A,

Table 2):

! the VFC33-35

! the TPJ35,37-40

! the STG, MTG, and underlying

insula.35,37,38

These cortical areas also play a role in

the human left hemisphere when patients

Figure 2. (A) Neuroanatomy of spatial neglect. Three major

cortical areas straddling the sylvian fissure are involved: the

temporoparietal junction (TPJ), the ventral frontal cortex (VFC),

the superior temporal gyrus (STG), and the middle temporal

gyrus (MTG). Egocentric functions are mostly localized near the

STG, whereas allocentric (object-centered) functions appear

more inferiorally/ventrally (temporo-occipital junction, MTG,

inferior temporal gyrus, and underlying structures). (B)

Relationships between white matter anatomy, cortical

connections, and functional cortical indicators of neglect. The

TPJ with the VFC are connected via superior longitudinal

fasciculus (SLF) II, SLF III, and inferior fronto-occipital fasciculus

(IFOF). The VFC are connected with superior/middle temporal

cortex via SLF III segment, the so-called arcuate fasciculus, and

IFOF. The superior temporal cortex is connected with the TPJ

via middle longitudinal fasciculus (MdLF) and inferior

occipitofrontal fasciculus (IFOF). The SLF II extends from the

occipital lobe and/or the upper part of the angular gyrus to the

middle part of the middle frontal gyrus. The SLF III is the most

superficial long association fiber.23 The SLF extends from the

supramarginal gyrus to the pars opercularis.26-28 The MdLF

extends from the occipital lobe and the angular gyrus to the

superior temporal gyrus. The IFOF extends from the occipital

lobe to the superior, medial, and inferior frontal gyrus. It is

deeper than SLF III and inferior longitudinal fasciculus (ILF). The

inferior longitudinal fasciculus extends from the occipital lobe to

the anterior temporal lobe. UF, uncinate fasciculus.
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show spatial neglect after a left-

hemisphere stroke.

Tract tracing, myelin staining, and diffu-

sion tensor imaging techniques suggest the

presence of a dense perisylvian network

interconnecting these 3 cortical sites37

(Figure 2B, Table 2): the VFC with the STG

and MTG cortex (via superior longitudinal

fasciculus [SLF] III and inferior fronto-

occipital fasci [IFOF]), the VFC

with the TPJ (via SLF II, SLF III, and IFOF),

and the STGwith the TPJ (via posterior parts

of the middle longitudinal fasciculus and

IFOF). The role of these connections (in

particular the SLF III and IFOF) in the brain

lesions of patients with spatial UN has been

reported in single or small sample case

studies26,55-57 as well as in a recent group

study37 that applied a statistical voxelwise

lesion-behavior mapping approach to a

large cohort of patients with an acute right-

hemispheric stroke. As previously described

in relation to language in the left hemi-

sphere, network dysfunction induced by

damage to white matter tracts could provide

a more detailed explanation of why UN de-

velops as a disconnection syndrome in large

networks of connected brain areas.58

Neurons in these perisylvian cortical re-

gions provide information about the

position and motion of our body in space,

playing an essential role in adjusting body

position relative to external space.59-62 The

right perisylvian neural network is thus

important for the neural transformation of

converging vestibular, auditory proprio-

ceptive, and visual inputs into higher-order

(egocentric) spatial representations.60,63 It

has been suggested64 that other additional

functions may be associated with lesions

of these brain regions, such as a bias in

spatial attention and deficits in arousal,

reorienting, and detection.

Recently, a functional model of visuo-

spatial attention, deduced from resting

Table 1. Relationships Between Right Hemisphere Functional Areas, Their Anatomic Definitions and Functions

Functional Area

Terminologia Anatomica:

Gyral Definition Right Hemisphere Function

Ventral frontal cortex MFG

IFG

Visuospatial cognition

Temporo-parietal Junction (Figure 4) SMG

AG

STG

Visuospatial cognition

Social cognitions (empathy, theory of mind)

Medial ventral pre-frontal cortex (Figure 3A, B) Antero-medial and inferior part of the frontal

lobe:

Anterior cingulate gyrus

Gyrus rectus

Medial SFG

Social cognition (facial emotion recognition,

empathy and TOM)

Facial network (Figure 6) Bilateral occipito-temporal cortex (fusiform gyrus

and inferior occipital area)

Right posterior part of the superior temporal

sulcus57-60

IFG, orbitofrontal gyrus62

mvPFC61 (anterior cingulate gyrus, gyrus rectus

and medial SFG)

Facial emotion recognition

Emotional prosody network (Figure 7) IFG

Right SMG

STG

Emotional prosody

Empathy network Bilateral mvPFC (see above)

Bilateral TPJ (see above)

STS

Other: paracingulate IFG, cingulate gyrus and

amygdala

Empathy

Theory of mind network Bilateral mvPFC (see above)

Bilateral TPJ (see above)

STS

Lateral orbitofrontal gyrus

Other: MFG, cuneus precuneus and STG

Theory of mind

MFG, middle frontal gyrus; IFG, inferior frontal gyrus; AG, angular gyrus; STG, superior temporal gyrus; TOM, theory of mind; SFG, superior frontal gyrus; mvPFC, medial ventral prefrontal cortex;

SMG, supramarginal gyrus; TPJ, temporoparietal junction; STS, superior temporal sulcus.
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state fMRI, has been suggested. This

model represents the connectivity of vi-

suospatial attention and should not be

interpreted as an anatomic substrate

(Figure 5). This functional model is

composed of:

! The dorsal attentional network (DAN),

which rostrocaudally includes the fron-

tal eye field, the precuneus, the superior

Figure 3. Anatomy of the medial ventral prefrontal cortex

(mvPFC), involved in facial emotion recognition, empathy, and

theory of mind. (A) Medial view; (B) basal view. The medial

ventral prefrontal cortex consists of the anterior cingulate gyrus,

the medial aspect of the superior frontal gyrus (separated from

the anterior cingulate gyrus by the cingulate sulcus), and the

gyrus rectus. The gyrus rectus is dorsally delimited from the

superior frontal gyrus by the suborbital sulcus, which is

positioned parallel to the ventral part of the cingulate sulcus.

Figure 4. Anatomy of the temporoparietal junction. The inferior

parietal lobule (IPL, hatched in A) consists of the angular gyrus

(AG) and the supramarginal gyrus (SMG) (white outlines, B),

separated by the intermediate sulcus of Jensen (black line, A, B).

The posterior branches of the superior temporal sulcus (STS)

reach into the IPL (A). The TPJ (hatched in B) is usually defined

as the cortical regions around the posterior superior temporal

sulcus and superior temporal gyrus (STG) and ventral angular

gyrus and supramarginal gyrus.
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parietal lobule, and the intraparietal

sulcus. The DAN is represented

bilaterally.

! The ventral attentional network (VAN),

which rostrocaudally includes the MFG

and IFG and the TPJ. The VAN is later-

alized to the nondominant hemisphere.

The SLF anatomically supports these 2

frontoparietal functional networks. The

SLF I connects brain regions within the

DAN. The SLF III connects regions within

the VAN network. The SLF II connects

parietal regions of the VAN with the pre-

frontal regions of the DAN, allowing these

2 networks to communicate.

Spatial neglect can also be observed

after injury of other deep structures.

Specifically, lesions of the caudate nu-

cleus,65,66 the putamen,67 and the

thalamic pulvinar67 have been associated

with spatial neglect. It has long been

debated whether damage to these

subcortical structures directly causes the

disturbance, whether these injuries

disrupt the subcortical-cortical pro-

jections, or whether the relationship is

indirect, with subcortical damage leading

to knock-on functional or metabolic ab-

normalities in cortical areas. Using

perfusion-weighted imaging, recent

studies have shown that cognitive disor-

ders after such subcortical lesions are

induced by the dysfunction of structurally

intact but abnormally perfused cortical

tissue.68 Perfusion-weighted imaging

showed that strokes centering on the right

basal ganglia, which cause spatial neglect,

induce abnormal perfusion in circum-

scribed areas of intact cortex, typically

involving regions known to cause spatial

neglect when damaged directly by cortical

infarction. The data thus suggest that

spatial neglect after a right basal ganglia

lesion is typically caused by dysfunction of

(part of) the cortical perisylvian network.

There is increasing evidence that the

behaviorally dissociating symptoms

observed after right hemisphere injury

correlate with changes to underlying

anatomy. Any lesion of the perisylvian

network described earlier could induce the

core egocentric symptoms termed spatial

neglect. Nevertheless, studies of patients

who have had both acute and chronic

cortical injury have yielded differing re-

sults; egocentric deficits appeared near the

STG, whereas allocentric (object-centered)

deficits appeared more frequently in pos-

terior and inferior areas (temporo-occipi-

tal junction)11,38,69-71 (Figure 2A).

Moreover, allocentric deficits seemed to

correlate with cortical injury to the MTG

and inferior temporal gyrus and

underlying structures (including

parahippocampal gyrus).72 This

observation is consistent with

suggestions by Medina et al.71 that

object-based deficits may result from

more ventral injury and supports findings

that injury near the parahippocampal area

is associated with spatial neglect39

(Figure 2A). A recent study58 showed that

the white matter pathways are also

associated with functionally dissociable

neglect components, explaining the

polymorphism of the neglect even as a

disconnection syndrome. However, these

observations are still limited by anatomic

imprecision.

SOCIAL COGNITION

Neuroanatomy of Social Cognition

Facial Emotion Recognition. As described

previously, social cognition includes

nonverbal language, empathy, and TOM.

Among the nonverbal cues involved in the

TOM process, facial emotion recognition

is considered one of the most important

(Table 2). Lesion and functional imaging

studies have connected the ability to

recognize emotion in facial expressions

to several cortical and subcortical

structures, aptly named the face network

(FN).73

This large-scale FN includes (Figure 6,

Table 2):

! right and left sectors of the occipito-

temporal cortex

! the right posterior part of the STS

! the right IFG, orbitofrontal, and mvPFC.

Regarding the occipitotemporal cortex,

neuroimaging studies have identified at

least 2 bilateral areas of the visual cortex

that respond more to pictures of faces

than objects in normal human individuals.

These areas include the middle fusiform

gyrus (the fusiform face area) and, more

posteriorly, the inferior occipital cortex

(occipital face area), with right-

hemisphere dominance.

The right posterior part of the STS plays

a hublike role in facial expression recog-

nition.41 The right posterior part of the

STS has been highlighted as a key neural

locus for perception of biological motion,

particularly eye or mouth movement and

body language. Previous neuroimaging

studies have suggested the existence of a

distinct neural substrate for the

processing of static and dynamic facial

stimuli.42,43 Inhibition of the right

posterior part of the STS by transcranial

magnetic stimulation in healthy

volunteers disrupts their natural tendency

to focus on the eyes, thus indirectly

affecting their gaze perception.

Conversely, stimulation of the right

posterior part of the STS using

transcranial direct current stimulation

improves the recognition of emotional

states, but only those showing negative

emotions (e.g., sadness and anger).44

Although their relative functions in face

processing remain unclear, these regions

provide outputs to (laterally to medially)

the right IFG, orbitofrontal, and mvPFC.45

It has been suggested that the right IFG

may contribute to the ability to recognize

facial expressions via a mechanism

involving mimicking the other person’s

facial expression through mirror neurons.

Anodal transcranial direct current

stimulation of the right orbitofrontal

cortex enhances facial expression

recognition.46

Other deeper structures have been

implicated in the FN, such as the basal

ganglia, the insula, and the amygdala.

Older studies have reported that some of

these structures making up the FN could

be specifically involved in the analysis of a

given emotion (e.g., there are connections

between angry faces and the orbitofrontal

cortex,74 fearful faces and the

amygdala,75,76 disgusted faces, and the

insular and/or basal ganglia).77

As with language and visuospatial

cognition, the FN supporting facial

emotion recognition is made up of cortical

areas connected by white matter tracts.

Recent studies suggest that the fiber tracts

connecting visual and emotion-related

structures also play a role, specifically the

IFOF and the inferior longitudinal fascic-

ulus (ILF).47-49 A combined transcranial

magnetic stimulation/fMRI study78

confirmed the existence, already shown

in nonhuman primates, of a
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corticoamygdala pathway for processing

face information, projecting from the

right posterior part of STS, via the right

anterior part of STS, into the amygdala.

A recent fMRI study50 indicated that

uncinated fasciculus is related to the

ability to decode facial emotion

expressions.

Emotional Prosody. Emotional prosody is

another important nonverbal cue involved

in social cognition. If emotional prosody is

lateralized on the right hemisphere, lin-

guistic prosody (which allows us to deter-

mine whether a sentence is a statement or a

question, for instance) is processed in both

hemispheres, with a left predominance.79

In imagery studies, emotional prosody

strongly but not exclusively activates the

region around the right STG and IFG

(Figure 7, Table 2). A study using

functional near-infrared spectroscopy80

examined the brain response of neonates

as they listened passively to fearful, angry,

happy, and neutral prosodies. It was

found that whereas the right temporal

cortex (mainly located in the MTG and

STG) showed enhanced response to

emotional, as opposed to neutral,

prosody, a right parietal area (located in

the SMG) showed a heightened sensitivity

to fearful, as opposed to happy and

neutral, prosody.

These cortical areas communicate

through a dorsal and a ventral white matter

pathway.51-53,81,82 Using a fiber tracking

approach, the dorsal pathway was identi-

fied as fibers belonging to the SLF III/

arcuate fasciculus, connecting the posterior

part of the STG to the pars opercularis

(IFG); the ventral pathway was identified as

the ILF/IFOF in the posterior part and the

extreme capsule in the anterior part, con-

necting the anterior part of the STG to the

IFG. A study of traumatic brain injury54 has

confirmed the importance of these ventral

paths (ILF and IFOF) but also of the

cingulate gyrus in emotional prosody

performance. Further work is needed for a

conclusive assessment of these

anatomofunctional hypotheses.

Empathy and Theory of Mind. TOM, also

known asmentalizing, draws on the ability to

understand and predict the mental states of

others, based on 1) their emotions and feel-

ings (affective TOM) and/or 2) their in-

tentions, thoughts, and beliefs (cognitive

TOM).83-86 TOM is a key aspect of social

cognition and constitutes an important pre-

requisite for adequate social interactions.87

The 2 extremes of TOM abnormalities are

known as undermentalizing (insufficient

Table 2. Functional and Structural Anatomic Support of Right Hemisphere Functions

Right Hemisphere Function

Functional Anatomic Area

(Structural Magnetic Resonance

Imaging)

Terminologia Anatomica Gyral

Definition

Fiber Tracts (Tract Tracing, Myelin

Staining, Diffusion Tensor Imaging

Tractography)

Visuospatial cognition (Figure 2A and

B)

Ventral frontal cortex33-35 MFG, IFG SLF II, SLF III, MdLF, IFOF37

Temporoparietal junction35,37-40 SMG, AG, STG

Other areas35,37,38 STG, MTG, insula

Social cognition

Facial emotion recognition Facial network Bilateral occipitotemporal cortex

(fusiform gyrus and inferior occipital

area)

Right posterior part of the superior

temporal sulcus41-45

Right IFG, orbitofrontal gyrus46

mvPFC45 (anterior cingulate gyrus, gyrus

rectus and medial SFG)

IFOF, ILF,47-49 UF50

Emotional prosody Emotional prosody network Right SMG, STG, and IFG Dorsal pathway (SLF III/AF)51-53

Ventral pathway (ILF/IFOF)54

Empathy Empathy network Bilateral mvPFC (see Table 1)

Bilateral TPJ (see Table 1)

STS

Other: paracingulate IFG, cingulate gyrus,

and amygdala

—

Theory of mind Theory of mind network Bilateral mvPFC (see Table 1)

Bilateral TPJ (see Table 1)

STS

Lateral orbitofrontal gyrus

Other: MFG, cuneus precuneus and STG

—

MFG, middle frontal gyrus; IFG, inferior frontal gyrus; SLF, superior longitudinal fasciculus; MdLF, middle longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; SMG, supramarginal

gyrus; AG, angular gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus; ILF, inferior longitudinal fasciculus; UF, uncinate fasciculus; SFG, superior frontal gyrus; AF, arcuate

fasciculus; mvPFC, medial ventral prefrontal cortex; TPJ, temporoparietal junction; STS, superior temporal sulcus.
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TOM) and overmentalizing (excessive TOM),

which, respectively, refer to deficits

commonly encountered in patients with

autism84 and schizophrenia.88 Empathy lies

in the individual’s ability to reason, predict

the consequences of emotions, and to

produce a compassionate response

accordingly.86,89-91 This skill requires them

to view a situation from another person’s

perspective (other-oriented emotions),

which often leads to altruistic behavior. In

contrast, self-oriented emotions, such as

personal distress, primarily focus on the

empathizer’s feelings in a way that might

interfere with prosocial behavior. Therefore,

they are not considered to constitute

empathy.92

Empathy and TOM are complex pro-

cesses correlating with bihemispheric

corticolimbic activations involved in

emotional cue processing, self-other/

same-different discrimination, assuming

another person’s perspective, emotional

arousal, and decision making. Obviously,

isolating a precise network supporting

these functions is difficult, if not impos-

sible. Nevertheless, attempts have been

made to do so using fMRI (Table 2). One

fMRI study93 suggested that TOM and

empathy stimuli are associated with

overlapping but distinct neuronal

networks. Common areas of activation

included the mvPFC the TPJ and STS

(see section on “The Cognitive Right

Hemisphere: A Mirror System”).

Compared with the empathy condition,

TOM stimuli showed increased

activations in the lateral orbitofrontal

cortex, MFG, cuneus, and STG. The

cuneus is 1 of the 2 occipital gyri visible

at the medial aspect of the brain, along

with the lingual gyrus. It forms a triangle

located between the parieto-occipital

fissure anteriorly and the calcarine sulcus

ventrally.94 Empathy, on the other hand,

was associated with enhanced activations

of the paracingulate IFG, anterior and

posterior cingulate gyrus, and amygdala.

It was therefore suggested by the

investigators that TOM and empathy

both rely on networks associated with

making inferences about the mental

states of others. However, empathetic

responses require the use of additional

networks involved in emotional

processing.

More recently, meta-analyses of fMRI

studies for different paradigm-classes or

experiments have suggested an interesting

way of identifying a core network.95,96

Three cortical areas have been identified

for TOM:

! The right and left TPJ. The right TPJ

could constitute a relay between the

VAN and the TOM networks.97

However, some studies have suggested

that the right TPJ contains 2

functionally fractionated subregions:

whereas the posterior part of the right

TPJ seems exclusively involved in the

social domain, the anterior part of the

right TPJ is involved in both attention

and TOM, indicating an attentional

shift in the role of this region.98

! The bilateral mvPFC. Strong activation of

the mvPFC was previously recognized in

early studies on TOM, which led to the

initial assumption that it was specifically

linked to forming reasoned opinions.

The precuneus (also called the parietal

lobe or medial P1) is located dorsally to the

subparietal sulcus, posteriorly to the

marginal part of the cingulate sulcus, and

anterodorsally to the parieto-occipital

fissure.94 Little evidence concerning the

precuneus exists from patient and brain

stimulation research, mainly because of

its hidden location along the falx.

Despite strong agreement that activation

of the precuneus is one of the most

robust correlates of TOM, the area has

received relatively little attention in

functional accounts. Convergent research

shows that the precuneus is involved in

visuospatial mental imagery. Based on

these findings, it has been suggested

Figure 5. The components of the dorsal (dashed lines) and

ventral (straight lines) attention system in the human brain.

Whereas there is evidence for a bilateral organization of the

dorsal system (left and right), the ventral system may be more

lateralized to the right hemisphere (right). FEF, frontal eye fields;

IPS, intraparietal sulcus; VFC, ventral frontal cortex; TPJ,

temporoparietal junction; V, visual cortex.
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that 1 main function of the precuneus in

TOM is mental imagery used to represent

the perspective of another person.99

Remarkably, available data suggest that

distinct frontal circuits modulate TOM

subcomponents. whereas the mvPFC

appears to be particularly involved in

processing affective TOM,100 the

ventrolateral prefrontal and dorsolateral

prefrontal cortices seem to be chiefly

implicated in mediating cognitive TOM.100

CONCLUSIONS

We reviewed current models of visuospa-

tial and social cognition based on parallel

and interactive large-scale distributed

networks that show the complexity of

functional anatomy of the nondominant

hemisphere. As in the left hemisphere

with language, eloquent cortical and

subcortical structures involved in visuo-

spatial and social cognition vary between

patients. A broad field of research that

Figure 6. The facial network. (A) Left hemisphere, lateral view

after splitting the sylvian fissure to expose the insula. (B) Right

hemisphere, lateral view after splitting the sylvian fissure to

expose the insula. (C) Brain, basal view. (D) Coronal section at

the level of thalamus. Lesion and functional imaging studies

have identified several cortical and subcortical structures

responsible for the ability to recognize facial expressions of

emotion, sometimes called the face network (FN). This FN

includes: 1) the occipital face area (OFA, AeC) and fusiform face

area (FFA, C); 2) the right posterior superior temporal sulcus

(STS, B); 3) the right frontal area including laterally to medially

the inferior frontal gyrus (IFG), the orbitofrontal and the medial

ventral prefrontal cortex (mvPFC) (B, C); and 4) other deeper

structures have been identified as part of the FN, such as the

basal ganglia (BG), the insula, and the amygdala (D). As in

language and visuospatial cognition, the network supporting

facial emotion recognition is constituted by cortical areas

connected through white matter tracts (BeD). Recent

studies47-49 have suggested the involvement of fiber tracts

connecting visual and emotion-related structures, specifically

the inferior-longitudinal fasciculus (ILF), the inferior

fronto-occipital fasciculus (IFOF), and the uncinate fasciculus

(UF).
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would allow a better understanding of the

behaviorally and anatomically dissociable

right hemisphere syndromes using awake

surgery is opening up for neurosurgeons.
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Right Hemisphere Cognitive Functions: From Clinical and Anatomical Bases to Brain

Mapping During Awake Craniotomy. Part II: Neuropsychological Tasks and Brain

Mapping

Jean-Michel Lemée1,3, Florian Bernard1,4, Aram Ter Minassian2,5, Philippe Menei1,3

INTRODUCTION

Traditionally, the dominant (usually left)

cerebral hemisphere is regarded as the

most important side in terms of func-

tionality. Current neurosurgical decisions

regarding the surgical approach in clinical

practice are influenced by this paradigm.

Nevertheless, the view of a “minor” right

hemisphere is now being challenged by

postoperative neuropsychological evalua-

tions revealing very often cognitive and

behavioral deficits after right hemisphere

surgery.1-3 Neurosurgeons are more

sensitized to these defects and the better

understanding of anatomical basis of the

brain connectome and focus on elaborate

right-lateralized cerebral functions replac-

ing the patient as a whole. As they did few

decades ago with the executive and left

lateralized functions, they are trying to

bring new insights to the right hemisphere

mapping with the aim of preserving

cognitive function to achieve an optimal

postoperative quality of life.

The nondominant hemisphere (usually

right) is determinant for main cognitive

functions such as visuospatial and social

cognitions. The visuospatial cognition

supports spatial awareness, perception,

and representation of space. It allows

perceiving, reporting, and orienting to

sensory events towards one side of space

to take place. Lesions of the network

supporting the visuospatial cognition are

associated with different symptoms; the

most important one is the unilateral

neglect (UN). The social cognition is the

other main function of this hemisphere. It

includes all cognitive processes involved in

social interaction such as nonverbal lan-

guage (like facial emotion recognition and

emotional prosody), empathy, and theory

of mind (TOM).

An understanding of semiology,

anatomical bases, and an analysis of the

available cognitive tasks for visuospatial

and social cognition per operative map-

ping will allow neurosurgeons to better

appreciate the functional anatomy of the

right hemisphere and its application to

tumor surgery, which was the subject of

the first part of this review.4

Compared with language mapping in

the left hemisphere, very few procedures

of the right hemisphere per operative

mapping have been published.5-20 This

disinterest could be explained not only by

the underestimation of the cognitive role

of the right hemisphere but also by the

complexity of the functional anatomy as

much as the difficulties to adapt the clas-

sical bedside tasks to awake surgery con-

ditions. As for language, these functions

cannot be reliably localized on anatomical

criteria alone, mostly due to the interin-

dividual variation.

The neuroplasticity is present before the

surgery in a slow-developing lesion such

as low-grade gliomas, during the surgery,

and continues in the postoperative

period.21-23 Neural plasticity is itself a

source of interindividual variability, with

different cortical mapping of brain func-

tion identified in the same patient over

The nondominant hemisphere (usually right) is determinant for main cognitive
functions such as visuospatial and social cognitions. Awake surgery using
direct electrical stimulation for right cerebral tumor removal remains chal-
lenging due to the complexity of the functional anatomy and the difficulties in
adapting the classical bedside tasks for awake surgery conditions. An under-
standing of semiology, anatomical bases, and an analysis of the available
cognitive tasks for visuospatial and social cognition per operative mapping will
allow neurosurgeons to better appreciate the functional anatomy of the right
hemisphere and its application to tumor surgery. In this second review of 2 parts,
we discuss the pertinence of the neuropsychological tests available for the
study of nondominant hemisphere functions for the surgery on right-sided tumors
in awake surgery conditions. In conjunction with part I of the review, which
focuses primarily on the anatomical, functional, and semiological basis of the
right hemisphere function, this article provides a comprehensive review of
current knowledge supporting the awake surgery in the right hemisphere.
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time and must be taken into account the

neuroplasticity and the capacity to recover

after surgical damage to maintain these

cognitive functions.24,25 The knowledge of

the patient’s neuroplasticity allows an

optimal resection of a tumor even in

traditionally “inoperable” localization,

based on functional boundaries identified

through direct electric cortical stimulation

in awake surgery conditions while mini-

mizing the risk of postoperative deficit.26

In surgical series of low-grade gliomas,

more than 95% of patients recovered a

normal neurological examination and

almost all patients returned to a normal

socioprofessional life.26-28

In the second part of this review on the

nondominant hemisphere, we propose a

comprehensive review regarding previous

experiences in cortical mapping for awake

surgery focusing on the visuospatial and

social cognitions, with reflections on the

available neuropsychological tasks and

their validity for awake surgery. Other

right hemisphere functions such as

calculation, nonverbal semantic cognition,

and the motor control network will not be

detailed in this review.20,29-33

THE VISUOSPATIAL COGNITIONS

Semiology

The most important visuospatial impair-

ment is UN, which is highly heteroge-

neous in its severity and its

manifestations.34 Severity can vary from a

minor increase in the reaction time of

stimuli detection in the neglected space

to the total disappearance of this

hemispace. UN represents a gradient

across space, and severe neglect may be

difficult to differentiate from hemianopia.

UN can also involve all sensorial

modalities, a remembered scene or mental

image ranging to the non-use of the con-

tralesional limb, called motor neglect.

Anosognosia is the unawareness of a

specific deficit. Besides UN, lesions of the

nondominant hemisphere can also induce

several other neuropsychological disorders

such as somatoparaphrenia (a mono-

thematic delusion where one denies

ownership of a limb or an entire side of

their body), allochiria (responding to a

stimulus to one side of the body as if it

had been to the other side), and

constructional apraxia (inability to draw or

copy complex diagrams). Another specific

trait in lesions of the nondominant

hemisphere is anosognosia, which is often

associated and directed towards UN.

The degree of UN can fluctuate

depending on the complexity of the task,

the presence of distractor in the ipsilateral

space (which corresponds to the extinc-

tion phenomenon), the emotional charge,

and the patient’s motivation. UN could

also involve independently the far per-

sonal, peripersonal, and personal spaces.

UN may also vary depending on the

referential space such as egocentric and

allocentric spatial referentials, where ob-

jects are located relative to their spatial

configuration within a scene or to one

another.

In summary, UN is polymorphic and

does not constitute a unitary syndrome,

but rather a complex set of signs and

symptoms that is better represented on a

continuous scale. Nevertheless, a common

core set of symptoms, including biased

gaze orientation and search, combined

with an anosognosia regarding these

symptoms, could be defined for clinical

and functional magnetic resonance imag-

ing (fMRI) studies of patients suffering

from a lesion of the nondominant

hemisphere.

Tasks and Per Operative Mapping

UN does not constitute a unitary syndrome

and is highly polymorphic, and the use of

single tests can fail to diagnose UN and

differentiate it from general cognitive

impairment or constructional apraxia. To

detect UN at the bedside, clinicians use

different pen-and-paper tests.13 Test

objects considered to be sensitive to

detecting UN are a clock face, the human

form, and a butterfly drawing

(Figure 1A). Unfortunately, these tests do

not seem suitable for the perioperative

detection of induced UN with direct

electric stimulation (DES) because of the

time needed to complete the task.

Formal evaluation test batteries are better

suited to identify UN, but it is evident

that these batteries are not compatible

with brain mapping.

Two neuropsychological tests currently

used to detect UN are more suitable for

perioperative use. The line bisection task

requires people to estimate and indicate

the midpoint of a horizontal line pre-

sented on a piece of paper placed in front

of them with respect to the patient’s

midline and aligned with the subject’s

horizontal line of vision (Figure 1B and C).

Care should be taken to maintain each

visual field within the corresponding half

of the line to avoid visual field crossover

that may result in inaccurate results. An

ipsilateral deviation to the brain lesion is

usually regarded as being indicative of

neglect, although the magnitude can

vary. There are many pen-and-paper or

computerized versions of the line bisec-

tion task. Procedures are rarely standard-

ized, except when used in a standardized

test battery. For use as a bedside task, the

line bisection task in spatial awareness

seems to have a very good feasibility, a

specificity of 90%, and a lower sensitivity

of 60%.17 It is interesting to note for

surgery that rightward deviations seem to

be less pronounced when patients are

lying down than standing.35 The line

bisection test was used in all the

published series of patients operated in

awake surgery, not only because of its

simplicity, but also for the speed of the

test and its reproducibility.9,15,18,19

Interestingly, the line bisection task can

dissociate visuospatial deficit from the core

neglect disorder and fail to identify UN. For

example, Ferber and Karnath (2001)36

observed that 40% of patients with core

symptoms of spatial neglect were

unimpaired in the line bisection task.

Moreover, lesion mapping demonstrates

that patients with line bisection deficits

have more posterior injury than those

with only spatial neglect.14,37-39 Indeed,

this anatomical dissociation was observed

in publications that did not explicitly

attempt to differentiate these symptoms.40

Therefore, although the line bisection task

does appear to identify a profound

perceptual disorder, it appears to be

anatomically and behaviorally independent

from the core symptoms of neglect. One

possible explanation for this dissociation

is that the line bisection task draws on

allocentric representation whereas the

core deficit in spatial neglect is

egocentric.14,41

The perioperative observations

described in the literature are in accor-

dance with the previous studies on a

visuospatial cognition anatomical sub-

strate as described in part I of this review.4

An important precursor work on 2 patients

showed a rightward deviation on the line
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bisection task during the DES of 2 right

cortical sites belonging to the right

temporoparietal junction (TPJ) (especially

the supramarginal gyrus [SMG] and the

posterior part of the superior temporal

gyrus [STG]) and a subcortical area

corresponding to the superior

longitudinal fasciculus (SLF) III.42,43

Another small study using the line

bisection task found that preservation of

the positive areas resulted in a lack of

persisting neglect.18

The largest study published reports the

use of a paper line bisection task in

combination with the DES of the right

hemisphere in 50 cases.15 Curiously, both

rightward and leftward deviations were

induced, sometimes in the same patient

but for different stimulation sites. Group

analysis showed that specific and

reproducible line deviations were induced

by stimulation of discrete cortical areas

located in the TPJ and in the ventral

frontal cortex. They obtained a leftward

deviation in 1 on 22 stimulations of the

SLF II and 1 on 18 stimulations of the

inferior fronto-occipital fasciculus (IFOF)

and 5 times on 35 of the SLF III (also called

arcuate fasciculus). Recently 3 cases of

patients have undergone an awake crani-

otomy with DES for right temporal glioma

using a standard line bisection task found

in cortical sites in the SMG and the pos-

terior part of both the middle temporal

gyrus (MTG) and STG. Significant right-

ward deviations were observed in all pa-

tients during the stimulation of the

IFOF.44 Electrocortical stimulation

mapping by grid was also reported

before an epilepsy surgery in the right

TPJ, confirming the implication of the

area in the UN symptoms.10

However, this was not the case for a

smaller study of 7 patients, for which

visuospatial neglect was assessed by a

computerized line bisection.19 A rightward

deviation, indicating left visuospatial

neglect, was induced in 6 of 7 patients

by stimulation of the parietofrontal

connections, in a specific location

consistent with the trajectory of the SLF

II, the superior parietal lobule,

corresponding to Brodmann’s area 7,

with the DES of Brodmann’s areas 5

(anterior part of the superior parietal

lobule) and 19 (located in parts of the

lingual gyrus, the cuneus, the lateral

occipital gyrus, and the superior occipital

gyrus); the medial and dorsal white

matter of the superior parietal lobule

(SLF I), the supramarginal gyrus (SLF

III), and the IFOF was ineffective.

In conclusion, 4 of 5 published DES

studies using the line bisection task are

in accordance with the data obtained

from imaging studies and described in

part I of this review, confirming the role

of the ventral frontal cortex and TPJ,

connected with SLF III and IFOF.4 They

highlight the implication of SLF II,

precisely in the line bisection task, even

if it does not play a role in the ventral

attention network.

The target cancelation task is another

test that requires the person to search for

and cross out target symbols (Figure 2A).

Patients with UN typically fail to cancel

Figure 2. Illustration of the target cancelation task where the patient is asked to cross the white

square. (A) Simple test and (B) test with distractors.

Figure 1. Illustration of neuropsychological available for the

detection of unilateral neglect (UN). (A) Clock face drawing

completed by a patient with UN. (B) Line bisection test

completed by a healthy patient. (C) Line bisection test

completed by a patient with UN.
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stimuli on the side of the page opposite

the brain lesion. Many versions of the

cancelation task exist, with various

shapes, single or double target stimuli,

and with or without the presence of

distractors. Distractor symbols are

nontarget stimuli that require the person

to decide whether a stimulus is a target

before crossing it out, rather than simply

crossing out every stimulus on the page

(Figure 2B). Cancelation tests with

distractors are more sensitive in

detecting UN than tests without

distractors as well as offering greater

test-retest reliability and are more sensi-

tive than line bisection tests.13

A study of 7 patients highlights the

feasibility of the target cancelation task for

use during an awake craniotomy.6 A

simple software program on a handheld

tablet computer with touchscreen

capabilities was used. DES was

continuous as the patient canceled each

object in the array. Total stimulation

time for most patients to readily

complete the task was approximately 20

to 30 seconds, which is significantly

longer than the mean duration used

during DES (4 seconds). The completion

of each task was signaled by the patient’s

verbal confirmation. Cortical and

subcortical sites involved with

visuospatial processing were identified in

3 of the patients and confirmed using the

line bisection task. Complete visuospatial

function mapping was completed in less

than 10 minutes in all patients with no

patients with postoperative UN.

It is interesting to note that stimulation

of the frontal eye field, a cortical area

between the superior and middle frontal

gyri, could induce an ocular deviation and

then a line bisection deviation, indepen-

dently to any spatial neglect. Finally, it is

now widely recognized that these tasks

explore only 1 compound of UN, and that

they identify different anatomical struc-

tures. There is still a need for a more global

Figure 3. Facial emotion recognition test, adapted from Ekman’s faces. (AeC) happiness, sadness, and surprise. (DeF) anger, fear, and

disgust.
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task of the visuospatial cognition, more

suitable to awake craniotomy conditions.

To this aim, our group is working on the

possible application of virtual reality.12

SOCIAL COGNITION

Semiology

The social cognition includes all processes

involved in social interaction such as

nonverbal language, empathy, and TOM.

Nonverbal communication represents two-

thirds of all communication. Facial

emotion recognition is considered as one

of the most important forms of commu-

nication, particularly in children, for

whom facial expressions rather than

words are the major vector of communi-

cation. Another important nonverbal cue

is the prosody, that is, the intonation in

speech, typically conveyed and interpreted

through changes in pitch, rhythm, or

loudness. Emotional prosody, processed

in the nondominant hemisphere, is the

ability to produce or comprehend the

emotion conveyed by the prosody,

providing information about the in-

terlocutor’s emotional state. It differs from

linguistic prosody, involved in the

distinction between a sentence, a state-

ment, and a question. Damage of the

structures supporting the prosody leads to

an aprosodia, characterized by the

inability of a person to properly convey or

interpret emotional prosody. This leads to

communicative deficits in understanding

nonverbal cues with a severe impairment

of the understanding of humor, meta-

phors, sarcasm interpretation but also in

advanced language abilities such as

narrative skills.45

Empathy is the ability to share someone

else’s feelings at different levels with the

affective (“I fell what you feel”) and

cognitive (“I understand what you feel”)

components. The latter is related to TOM.

TOM is an important aspect of social

cognition and corresponds with the ability

to make inferences about one’s own and

other people’s mental states in terms of

thoughts, intentions, desires, and beliefs.

Decoding nonverbal cues, such as facial

expression, eye gaze, body gestures, and

complex abstract reasoning about verbal

information, enables TOM. Impairment of

TOM leads to mind blindness, with diffi-

culties to conceptualize, understand, or

predict knowledge, thoughts and beliefs,

emotions, feelings and desires, behavior,

actions, and intentions of another person.

TOM is particularly impaired in autism

and other related diseases.

Tasks and Per Operative Mapping: Facial

Emotion Recognition

Despite the importance of perceiving and

recognizing facial expressions in everyday

life, there is no comprehensive test bat-

tery.46 The most frequently used tasks for

measuring the perception and

identification of emotions from faces are

photographs of individuals exhibiting

one of the 6 primal facial emotions:

anger, happiness, fear, surprise, disgust,

and sadness: Ekman’s faces,47 the Brief

Affect Recognition Test, and the

Japanese and Caucasian Brief Affective

Recognition Test (Figure 3). Each

photograph was correctly judged as the

intended emotion by more than 70% of

observers when presented for 10 seconds.

In the literature, the expressions of

digust, contempt, and fear tend to evoke

lower recognition performance (72%,

58%, 53%) than sadness and joy (97%,

92%).48 In our experience, facial emotion

recognition from photographs is difficult

to perform in an awake craniotomy, with

an unusual rate of error, even without

any DES. There are other tests less

appropriate to brain mapping because

there are no unequivocal and veridical

solutions for the items such as the

Diagnostic Analysis of Nonverbal

Accuracy that presents faces that vary

between pictures in their intensity levels,

or the revised Reading the Mind in the

Eye Test, with emotion recognition from

the eye area only.

During an awake craniotomy, some at-

tempts have been made to map the right

hemispheric cortical areas involved in

recognizing facial emotion, identifying

elective sites in the right temporal lobe.7 A

larger study was carried out on 18

consecutive patients with right

hemispheric lesions using Ekman’s faces8:

386 cortical sites were studied and 5

(1.30%) reproducible interference sites for

facial emotion recognition were identified

in 5 patients: the medial segment of the

STG, the posterior segment of the STG,

the posterior segment of the MTG, and 2

sites in the SMG. No selective impairment

was found regarding the emotion category.

All facial emotion recognition sites were

spared during surgery, and none of the

patients experienced postoperative deficits

in recognition of facial emotions.

However, it is noteworthy that no

subcortical mapping was performed.

Emotion recognition was studied in 13

patients during awake surgery being per-

formed for removal of a left insular

glioma.49 The DES of the left insula

produced a general nonsignificant

decrease in emotion recognition except in

disgust (P ¼ 0.004). Happiness and anger

were the best and the worst recognized

emotion, respectively. The worst baseline

performance with anger and fear could be

explained with the involvement of the left

temporal regions, striatum, and the

connection between the striatum and the

frontal lobe. In fact, this study confirms

that the face network in the right

hemisphere is essential for facial

expression recognition, with this function

being mediated by a bilateral neural

network including the limbic system.4,50

Tasks and Per Operative Mapping:

Emotional Prosody

Emotional prosody is another important

nonverbal cue involved in social cognition.

As described in part I of this review,

emotional prosody strongly but not

exclusively activates regions in the right

STG and inferior frontal gyrus in fMRI

studies, and in the right middle and su-

perior temporal cortex as well as the right

supramarginal gyrus in another study.4,51

If emotional prosody is lateralized on the

right hemisphere, linguistic prosody is

processed in both hemispheres, with a left

predominance.4,52

At the bedside, emotional prosody is

explored by test batteries consisting of asking

patients to read various sentences with spe-

cific emotional indicators.53 The performance

of these batteries is subjectively analyzed by an

expert to determine whether they are

aprosodic. The complexity of these tests and

their subjective interpretation explain why it

is quite complex to explore the prosody

during awake surgery and why there is no, to

our knowledge, publication of such a

procedure.

Tasks and Per Operative Mapping:

Empathy and Theory of Mind

Empathy and TOM are complex

processes correlating with bihemispheric
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corticolimbic activations involved in

emotional cue processing, self-other/

same-different discrimination, perspec-

tive taking, emotional arousal, and

decision making. Attempts have been

made to isolate a specific network using

fMRI suggesting that TOM and empathy

stimuli are associated with overlapping by

distinct neuronal networks, described in

part I of this review.4 The neural network

of empathy begins to be identified by

the cortical area (prefrontal cortex,

orbitofrontal cortex, temporal pole,

anterior insula, anterior cingulate cortex,

and amygdala), particularly in the right

hemisphere. Concerning the white

fascicles, the critical role of the right

uncinated fasciculus has been

highlighted by recent studies.54

There is also increasing evidence

showing that the neural signature of TOM

differs for different tasks and stimuli. For

example, there is a preferential activation

for false belief tasks in the angular gyrus

and SMG in attention reorienting. Social

animations showed strongest selective

activation in the left hemisphere, specif-

ically in the left MTG.55 Therefore, it may

now be argued that TOM should not be

treated as monolithic function, but needs

to be deconstructed into more basic

subprocesses that allow a more specific

mapping to brain areas.56

A recent meta-analysis identified at

least 6 types of tasks that are most

frequently used in imaging research on

TOM: false belief versus photograph, trait

judgment, strategic game, social

animations, mind in the eyes, rational

actions.55 But it is important to note that

there is no consensus on the content of

a TOM task. These tasks need from 16

seconds to 15 minutes to be performed

and answers can be ambiguous, which is

not compatible with awake craniotomy

conditions. Moreover, most of these tests

were developed for children, and to our

knowledge, very few studies address this

problematic in awake craniotomy

conditions with the exception of the

work of Duffau et al.,57 which reports the

use of complex emotion recognition

tasks to preserve the anatomical

substrate of TOM. This accounts for the

very high level of complexity of exploring

and mapping the brain structure involved

in TOM during an awake craniotomy. In

Table 1. Summary of the Visuospatial and Social Cognitive Functions Supported by the Right Hemisphere, with Their Anatomical

Substrate and the Available Neuropsychological Tests at the Bedside and in Awake Craniotomy Condition

Cognitive Function

and Pathology

Functional Anatomic Area

(Terminologia Anatomica

Gyral Definition) Fiber Tract

Bedside Validated

Neuropsychological Test

Perioperative Test Using Direct

Electric Cortical Stimulation in

Awake Craniotomy Condition

Visuospatial cognition ! Temporoparietal junction4 (SMG,

posterior part of the STG42,43)

! Ventral frontal cortex4 (MFG, IFG15)

! SLF III15,42-44

! IFOF28

! Clock face drawing13

! Human form drawing

! Butterfly drawing

! Line bisection task13

! Target cancelation task

! Line bisection task9,15,18,19,44

! Target cancelation task6,13

Facial emotion

recognition

! Temporal part of the facial network4

(medial and posterior part of the STG,8

posterior part of MTG8)

! SMG8

! Left insula49

! Uncinate fasciculus4 ! Ekman’s faces46,47

! BART

! JACBART

! DANVA

! Mind in the eye test

! Ekman’s faces8

! Mind in the eyes test

Emotional prosody ! Emotional prosody network4 (SMG,51

STG,4 IFG4)

! MTG51

! Test battery: reading or listening

to sentences with specific

emotional indicator

! No perioperative test described

in the literature

Empathy and theory

of mind

! Empathy network4 (OFC, PFC, ACC,

amygdala, angular gyrus, SMG)

! Theory of mind network4 (OFC, PFC,

angular gyrus, SMG)

! Left MTG55

! Temporal pole

! Uncinate fasciculus54 ! False belief vs. photograph55

! Trait judgment55

! Strategic game55

! Social animations55

! Mind in the eye test

Rational actions55

! Mind in the eyes test57

There are some anatomical areas and fiber tracts involved in right hemisphere cognitive functions (as described in part I of this review4), which are not yet currently explored using a

neuropsychological test or direct electrical stimulation. Refer to part I of this review to understand anatomical bases of this cognitive function.

ACC, anterior cingulate cortex; BART, Brief Affect Recognition Test; DANVA, diagnostic analysis of nonverbal accuracy; IFG, inferior frontal gyrus; IFOF, inferior fronto-occipital fasciculus;

JACBART, Japanese and Caucasian Brief Affective Recognition Test; MTG, middle temporal gyrus; OFC, orbitofrontal cortex; PFC, prefrontal cortex; SLF III, third portion of the superior

longitudinal fasciculus; SMG, supramarginal gyrus; STG, superior temporal gyrus; VFC, ventral frontal cortex.
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this context, the progress made in the

development of virtual reality headsets

allows facial expressions to be captured

and transferred to a virtual avatar in real

time, opening a new level of virtual

human interaction that may be applied to

further research for an awake

craniotomy, nonverbal language,

empathy, and ToM in the near future.

CONCLUSIONS

In this review, we showed that cognitive

functions of the right hemisphere are

essential in terms of quality of life. Thus,

before resection surgery of a right-sided

tumor for patients with long survival ex-

pectancy, a brain mapping should be pro-

posed (Table 1). Part I highlighted that there

is not yet a clear understanding of the

cognitive right hemisphere function, and

of its anatomical substrates (cortical area

and white matter fascicles) because, like in

the left hemisphere with language,

eloquent cortical and subcortical structures

involved in visuospatial and social

cognition exhibit marked variability

between patients. For this reason, cortical

and subcortical mapping of the

nondominant hemisphere should be the

gold standard as it has been proposed for

the dominant one. Nevertheless, the

constrained environment and conditions

of an awake craniotomy require the

development of new neuropsychological

tasks with the aim to improve the safety

and quality of the surgery and allow a

better understanding of the behaviorally

and anatomically dissociable right

hemisphere syndromes. In this context,

the progress made in the development of

virtual reality headsets allows facial

expressions to be captured and transferred

to a virtual avatar in real time, opening a

new level of virtual human interaction that

may be applied to characterize nonverbal

language, empathy, and TOM in an awake

craniotomy in the near future.58
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Abstract

Purpose The arcuate fasciculus (AF) is a white matter fibers tract that links the lateral temporal with the frontal cortex. The 

AF can be divided into three components: two superficial indirect short tracts (anterior and posterior) and one deep direct 

long tract. Both DTI and white matter dissections studies find differences regarding the anatomy of the AF, especially its 

cortical connections. This paper aims at providing a comprehensive anatomical classification of the AF, using the termino-

logia anatomica.

Methods Articles (n = 478) were obtained from a systematical PRISMA review. Studies which focused on primates, 

unhealthy subjects, as well as studies without cortical termination description and review articles were excluded from the 

analysis. One hundred and ten articles were retained for full-text examination, of which 19 finally fulfilled our criteria to be 

included in this review.

Results We classified main descriptions and variations of each segment of the AF according to fiber orientation and cortical 

connections. Three types of connections were depicted for each segment of the AF. Concerning the anterior segment, most 

of the frontal fibers (59.35%) ran from the ventral portion of the precentral gyrus and the posterior part of the pars opercu-

laris, to the supramarginal gyrus (85.0%). Main fibers of the posterior segment of the AF ran from the posterior portion of 

the middle temporal gyrus (100%) to the angular gyrus (92.0%). In main descriptions of the long segment of the AF, fibers 

ran from both the ventral portion of the precentral gyrus and posterior part of the pars opercularis (63.9%) to the middle and 

inferior temporal gyrus (60.3%). Minor subtypes were described in detail in the article.

Conclusion We provide a comprehensive classification of the anatomy of the AF, regarding the orientation and cortical 

connections of its fibers. Although fiber orientation is very consistent, cortical endings of the AF may be different from one 

study to another, or from one individual to another which is a key element to understand the anatomical basis of current 

models of language or to guide intraoperative stimulation during awake surgery.

Keywords Arcuate fasciculus · Fiber dissection · Diffusion tensor imaging · Fiber tracts · Anatomy · Review

Introduction

Language is a complex faculty that allows us to encode, 

elaborate and communicate thoughts and experiences 

through the mediation of arbitrary symbols known as 

words. The coherent function of the language network and 

its interactions with other neurocognitive networks depend 

on an orderly set of interconnections, of which the arcuate 

fasciculus (AF) appears to be one of the most important 

anatomical support. From a historical perspective, defini-

tion of the AF evolved. Reil [1] was the first to identify a 

group of fibers running deeply into the white matter of the 

temporal, parietal and frontal regions located around the 

Sylvian fissure of each hemisphere [2]. In 1822, Burdach 

described in detail this system of perisylvian fibers and 

 * Florian Bernard 

 bernardflorian.bf@gmail.com

1 Department of Neurosurgery, Teaching Hospital, 

49100 Angers, France

2 Laboratory of Anatomy, Medical Faculty, 28 rue Roger 

Amsler, 49100 Angers, France

3 Department of Neurosurgery, CHRU de Tours, Tours, France

4 UMR1253, iBrain, Université de Tours, Inserm, Tours, 

France

5 Department of Reanimation, Teaching Hospital, 

49100 Angers, France

6 INSERM, 1066 Department and EA7315 Team, Angers, 

France

7 CRCINA, UMR 1232 INSERM/CNRS and EA7315 Team, 

Angers, France



 Surgical and Radiologic Anatomy

1 3

named it the Fasciculus Arcuatus, due to the arching shape 

of its longest fibers [3]. Dejerine believed that the AF was 

mainly composed of short associative fibers connecting 

neighbouring gyri of the perisylvian cortical areas. It was 

Constantin Von Monakow who first identified the arcuate 

fasciculus as the tract connecting Broca’s and Wernicke’s 

areas [4, 5].

In recent decades, the anatomy of the AF has been stud-

ied using both fiber dissections and diffusion tensor imag-

ing (DTI). The AF is a white matter fibers tract that links 

the lateral temporal with the frontal cortex via a projection 

that arches around the Sylvian fissure [6–8]. The AF can 

be divided into three different segments: two superficial 

indirect short tracts (anterior and posterior) and one deep 

direct long tract (Fig. 1). Examining the literature, we note 

that there are discrepancies between anatomical descrip-

tions of the AF in DTI and white matter dissections studies. 

Indeed, the precise course and cortical connections of the 

AF are variably described [9–12]. Moreover, several mod-

els of AF connectivity exist in the contemporary literature. 

Because of the lack of consensus in anatomical nomen-

clature, understanding AF descriptions in anatomical and 

functional MRI studies may be difficult. In this systematical 

review, we replace the old fashioned terms with more pre-

cise anatomical definitions, using the standardized termino-

logia anatomica nomenclature. The aim of this systematical 

PRISMA (Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses) review was to standardize the AF ana-

tomical description, so as to better understand its variations.

Methods

Data were compiled and categorized based on the PRISMA 

study design [13]. A total of 478 articles were obtained 

from a systematic search of English-language literature 

using MEDLINE (1946–December 2017) and EMBASE 

Classic (1947–December 2017), the cited references of the 

selected articles, and the “search cited” feature of PubMed. 

A focus was placed on anatomical and laboratory papers 

that assessed AF fiber orientation and cortical origin/ter-

minations using both fiber dissection and DTI study. The 

search was limited to tractography and fiber dissection stud-

ies involving only humans. Studies which focused on pri-

mates, unhealthy subjects as well as studies without cortical 

termination description, and review articles were excluded 

from the analysis.

After examination of the abstracts, based on the inclusion 

and exclusion criteria, 110 articles were retained for full-

text examination, of which 19 finally fulfilled our criteria 

to be included in this review. Articles of interest must have 

reported the precise description of orientation, origin/ter-

mination of AF. Figure 2 is a PRISMA flow diagram, which 

illustrates the number of articles at each data acquisition 

Fig. 1  Arcuate fasciculus segmentation (a sagittal slices; b horizontal 

slices). The arcuate fasciculus is divided in two superficial parts and 

one deep part. The anterior indirect segment (green) runs from the 

ventral portion of the precentral gyrus and the posterior part of the 

pars opercularis, to the supramarginal gyrus. The posterior indirect 

segment of the AF (yellow) runs from the middle temporal gyrus to 

the angular gyrus. The long segment of the AF (red), fibers run from 

both the ventral portion of the precentral gyrus and posterior part of 

the pars opercularis to the middle and inferior temporal gyrus, deeper 

than superficial indirect segment (color figure online)
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Table 1  Major variations of the arcuate fasciculus (AF) in the literature review

Percentages refer to the cortical distributions based on the literature review

AF anterior indirect segment AF posterior indirect segment AF direct segment

Anterior termination Posterior termination Ventral termination Dorsal termination Anterior termination Posterior termination

Classical description 

type 1

The ventral portion of the 

precentral gyrus and the 

posterior part of the pars 

opercularis (59.35%)

Supramarginal gyrus 

(85.0%)

Posterior middle 

temporal gyrus 

(100%)

Angular gyrus (92.0%) The ventral portion of the 

precentral gyrus and the 

posterior part of the pars 

opercularis (63.9%)

Middle and inferior tempo-

ral gyrus (60.3%)

Variation type 2 Ventral portion of the pre-

central gyrus (32.45%)

Supramarginal gyrus and 

posterior part of the 

superior temporal gyrus 

(15.0%)

– Angular gyrus and the 

middle occipital gyrus 

(7.8%)

Posterior middle frontal 

gyrus (21.4%)

Middle temporal gyrus 

(38.5%)

Variation type 3 Pars opercularis (8.2%) – – Angular gyrus, the supra-

marginal gyrus and the 

inferior portion of the 

superior parietal lobe 

(0.2%)

Pars triangularis (14.7%) Inferior temporal gyrus 

(1.2%)
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the supramarginal gyrus (posterior termination, 85.0%). 

Variations: regarding the variations in anterior cortical 

connections of this tract (Fig. 3a, Tables 1, 2), there are 

two types of description. First, an exclusive connection 

with the ventral portion of the precentral gyrus, which was 

mostly described in recent DTI tractography studies (type 

(2), 32.45%); Second, an exclusive connection with the 

posterior portion of the pars opercularis (type (3), 8.2%). 

Regarding the posterior cortical connections of this tract 

(Fig. 3a, Tables 1 and 3) two types are described: exclusive 

connection to the supramarginal gyrus (type (1), 85.0%) 

and to both the supramarginal gyrus and posterior part of 

the superior temporal gyrus (in the region just posterior to 

the Heschl’s gyrus) (type (2), 15.0%).

Fig. 3  Schematic representation of main cortical distributions of each 

AF segment according to our classification. A Anterior indirect seg-

ment of the AF, B posterior indirect segment of the AF, C direct long 

segment of the AF. Type 1: main description; type 2: most frequent 

variation described; type 3: rarest variation described

Table 2  Literature review of 

the cortical distributions of the 

anterior indirect segment of 

AF-anterior termination

PCG (Vent.): precentral gyrus in its ventral part. IFG (Pars op.): pars opercularis of the inferior frontal 

gyrus

NA not assessed

Anterior indirect segment of 

AF-anterior termination

PCG (Vent.) PCG (Vent.), 

IFG (Pars op.)

IFG (pars op.) NA Number of 

hemispheres 

studied

Ture et al. [8] 40 40

Nucifora et al. [54] 54 54

Catani et al. [28] 11 11

Makris et al. [47] 10 10

Powell et al. [30] 20 20

Catani et al. [33] 100 100

Vernooij et al. [31] 40 40

Glasser et al. [41] 16 16

Catani et al. [2] 24 24

Fernández-Miranda et al. [6] 30 30

Kaplan et al. [55] 16 16

Thiebaut de Schotten et al. [50] 80 80

Martino et al. [40] 10 2 7 19

De Benedictis et al. [56] 8 8

Fernandez Miranda et al. [37] 72 72

Kamali et al. [57] 10 10

Wang et al. [58] 24 24

Yamurglu et al. [11] 70 70

Gungör et al. [59] 40 40

Total 158 (32.45%) 289 (59.35%) 40 (8.2%) 197 684
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Posterior indirect segment of the AF (Figs. 1, 3b, 
Tables 1, 4 and 5)

Main description (type (1))

The fibers of this portion of the AF have a vertical orienta-

tion that run laterally to the AF direct long segment, from the 

posterior part of the middle temporal gyrus (ventral cortical 

connection, 100%) to the angular gyrus (dorsal cortical con-

nection, 92.0%). Variations: The ventral cortical connection 

of this bundle (Tables 1, 4, Fig. 3b) is in all cases the pos-

terior portion of the middle temporal gyrus (100%). There 

was no variation described in the literature. Regarding the 

dorsal cortical connection of this tract (Tables 1, 5, Fig. 3b), 

(type 2) is a connection with both the angular gyrus and the 

middle occipital gyrus (7.8%), and (type 3) corresponds to 

a projection to the angular gyrus, the supramarginal gyrus 

and the inferior portion of the superior parietal lobe (0.2%).

Long/deep/direct segment of the AF (Figs. 1, 3c, 
Tables 1, 6 and 7).

Main description (type (1))

The long segment is a long white matter tract located at the 

deep aspect of the anterior and posterior indirect segments 

of the AF. During fiber dissections, after lifting these two 

superficial indirect connections, the lateral surface of the 

long segment of the AF is completely exposed. The posterior 

portion of the long segment fibers of the AF has a verti-

cal orientation within the temporal lobe. Here, AF fibers 

run laterally and perpendicularly to the fibers of the sagittal 

stratum (i.e. the densely packed fibers located on the lateral 

surface of the ventricular atrium and composed of the optic 

radiations, inferior fronto-occipital fasciculus and tapetum), 

which have a horizontal orientation. The AF fibers curve 

around the caudal limit of the insula to take a horizontal 

direction. The fibers then run within the white matter of the 

parietal and frontal operculum.

The long segment of the AF has anterior cortical con-

nections to the ventral portion of the precentral gyrus and 

to the posterior portion of the inferior frontal gyrus (pars 

opercularis) (63.9%), and posterior cortical connections to 

both the middle and inferior temporal gyrus (60.3%).

Variations: The anterior terminations of this bundle 

can connect to the posterior middle frontal gyrus (type (2), 

21.4%) or to the pars triangularis (type (3), 14.7%), while the 

posterior terminations can connect exclusively to the middle 

temporal gyrus (type (2), 38.5%) or exclusively to the infe-

rior temporal gyrus (type (3), 1.2%). In our review, connec-

tions of the long segment of the AF to the superior temporal 

gyrus were not identified either in major fiber dissection or 

Table 3  Literature review of 

the cortical distributions of the 

anterior indirect segment of 

AF-posterior termination

IPL inferior parietal lobule, NA not assessed, SMG supramarginal gyrus. STG (Post): superior temporal 

gyrus in its posterior part

Anterior indirect segment of 

AF-posterior termination

SMG SMG, STG (Post) IPL NA Number of 

hemispheres 

studied

Ture et al. [8] 40 40

Nucifora et al. [54] 54 54

Catani et al. [28] 11 11

Makris et al. [47] 10 10

Powell et al. [30] 20 20

Catani et al. [33] 100 100

Vernooij et al. [31] 40 40

Glasser et al. [41] 24 24

Catani et al. [2] 16 16

Fernández-Miranda et al. [6] 30 30

Kaplan et al. [55] 16 16

Thiebaut de Schotten et al. [50] 80 80

Martino et al. [40] 4 14 1 19

De Benedictis et al. [56] 10 10

Fernandez Miranda et al. [37] 72 72

Kamali et al. [57] 8 8

Wang et al. [58] 24 24

Yamurglu et al. [11] 70 70

Gungör et al. [59] 40 40

Total 134 (27.2%) 74 (15.0%) 285 (57.8%) 191 684
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in DTI tractography. As previously shown, in some studies 

the fibers from the superior temporal gyrus converged into 

the anterior-horizontal segment of the AF.

Discussion

In this systematical PRISMA review, we provide a com-

prehensive classification of the AF segments regarding the 

orientation and cortical connections of their fibers. Although 

fiber orientation is not subject to variation, cortical endings 

of the AF may be different from one study to another, or 

from one individual to another.

Nomenclature

From a historical perspective, anatomical nomenclature of 

the AF evolved. The SLF/AF pathway has dominated the 

study of the white matter connectivity of language for two 

centuries. Until the later part of the twentieth century, the 

AF and superior longitudinal fasciculus (SLF) were consid-

ered to be part of the same fasciculus—with non-dissociable 

fibers called SLF/AF—connecting the posterior superior 

temporal gyrus (Wernicke’s area) to the inferior frontal 

gyrus (Broca’s area) [15].

Indeed, the early understanding of the SLF/AF origi-

nates from Burdach [16], and appears prominently in the 

major anatomical works of the ninetieth century (Mayo [17]; 

Meynert [18]; Wernicke [19]; Barker [20]), especially the 

two volumes by Déjèrine [21, 22]). Like those before him, 

Déjèrine [21] does not dissociate the superior longitudinal 

fasciculus and arcuate fasciculus fibers, calling the “faisceau 

longitudinal supérieur ou fasciculus arcuatus de Burdach”. 

Similarly, Meynert [18] makes mention of the arcuate fascic-

ulus, but no mention of the superior longitudinal fasciculus, 

and Wernicke [19] treats the superior longitudinal fasciculus 

and arcuate fasciculus as the same pathway (the “superior 

longitudinal bundle, or arcuate bundle”). In the same way, 

Paturet and Bellocq [23], described as synonymous “the 

superior longitudinal fasciculus or fasciculus arcuatus”; This 

author described the SLF/AF as composed of two kinds of 

fibers; (1) superficial, short, rectilinear fronto-occipital fib-

ers; (2) And the longer, arcuate deep fronto-temporal fibers. 

In his 1970 publication, Geschwind depicted the arcuate fas-

ciculus connecting Broca’s area (i.e. the posterior part of the 

inferior frontal gyrus) with Wernicke’s area (in the posterior 

superior temporal cortex). The course of the SLF/AF path-

way has remained relatively unchallenged since Geschwind 

reasserted its prominence for language. Geschwind also 

attached prominence to the arcuate fasciculus terminology 

with less emphasis on the superior longitudinal fasciculus 

terminology.

Since Geschwind, a number of divergent and some-

times conflicting descriptions of the SLF/AF fibre pathway 

have emerged. It is only recently that there have been some 

attempts to dissociate parts of the SLF/AF, and generally 

these promote the notion that the arcuate fasciculus repre-

sents a partition of a broader superior longitudinal fascicu-

lus. Studies in non-human primates have divided the SLF/

AF into four separate components: SLF I, SLF II, SLF III, 

and AF [7, 24]. SLF and AF are considered currently as 

completely different tracts: the SLF (I, II, III) is a fronto-

parietal tract while the AF is a perisylvian tract that connects 

frontal-parietal-temporal areas [11, 15, 24]. Anatomically, 

only the macaque’s SLF III and the “human” anterior indi-

rect segment of the AF may have a correspondence [7, 24].

Inter-individual variations

According to our results, investigation of the structural 

connectivity of the AF revealed numerous cortical con-

nections. Inter-individual variations in patterns of struc-

tural connectivity probably contributed to the inconsisten-

cies in the cortical terminations reported in the literature. 

Although variability in the position of white matter fas-

cicles can be explained by gross anatomical variability in 

Table 4  Literature review of the cortical distributions of the posterior 

indirect segment of AF-ventral termination

MTG middle temporal gyrus, NA not assessed

Posterior indirect segment of 

AF-ventral termination

MTG (Post) NA Number of 

hemispheres 

studied

Ture et al. [8] 40 40

Nucifora et al. [54] 54 54

Catani et al. [28] 11 11

Makris et al. [47] 10 10

Powell et al. [30] 20 20

Catani et al. [33] 100 100

Vernooij et al. [31] 40 40

Glasser et al. [41] 16 16

Catani et al. [2] 24 24

Juan C. Fernández-Miranda 

et al. [6]

30 30

Kaplan et al. [55] 16 16

Thiebaut de Schotten et al. [50] 80 80

Martino et al. [40] 13 6 19

De Benedictis et al. [56] 8 8

Fernandez Miranda et al. [37] 72 72

Kamali et al. [57] 10 10

Wang et al. [58] 24 24

Yamurglu et al. [11] 70 70

Gungör et al. [59] 40 40

Total 388 (100%) 296 684
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Table 5  Literature review of 

the cortical distributions of the 

posterior indirect segment of 

AF-dorsal termination

AG angular gyrus, MOG middle occipital gyrus, NA not assessed, SMG supramarginal gyrus, SPL superior 

parietal lobule

Posterior indirect segment of 

AF-dorsal termination

AG AG, MOG AG, SMG, SPL NA Number of 

hemispheres 

studied

Ture et al. [8] 40 40

Nucifora et al. [54] 54 54

Catani et al. [28] 11 11

Makris et al. [47] 10 10

Powell et al. [30] 20 20

Catani et al. [33] 100 100

Vernooij et al. [31] 40 40

Glasser et al. [41] 16 16

Catani et al. [2] 16 8 24

Fernández-Miranda et al. [6] 30 30

Kaplan et al. [55] 16 16

Thiebaut de Schotten et al. [50] 80 80

Martino et al. [40] 12 1 6 19

De Benedictis et al. [56] 8 8

Fernandez Miranda et al. [37] 72 72

Kamali et al. [57] 10 10

Wang et al. [58] 24 24

Yamurglu et al. [11] 70 70

Gungör et al. [59] 40 40

Total 379 (92.0%) 32 (7.8%) 1 (0.2%) 272 684

Table 6  Literature review of the cortical distributions of the direct segment of AF- anterior connection

IFG (Pars op.) pars opercularis of the inferior frontal gyrus, IFG (Pars tri.) pars triangularis of the inferior frontal gyrus, MFG (POST) posterior 

part of the middle frontal gyrus, NA not assessed, PCG (Vent.) precentral gyrus in its ventral part

Direct segment of AF-anterior connection PCG (Vent), IFG 

(Pars op.)

PCG (Vent), IFG (Pars 

op.), MFG (Post)

PCG (Vent), IFG (Pars 

op.), IFG (Pars tri.)

NA Number of 

hemispheres

Ture et al. [8] 40 40

Nucifora et al. [54] 54 54

Catani et al. [28] 11 11

Makris et al. [47] 10 10

Powell et al. [30] 20 20

Catani et al. [33] 68 32 100

Vernooij et al. [31] 40 40

Glasser et al. [41] 16 16

Catani et al. [2] 24 24

Fernández-Miranda et al. [6] 30 30

Kaplan et al. [55] 13 2 1 16

Thiebaut de Schotten et al. [50] 80 80

Martino et al. [40] 3 9 7 19

De Benedictis et al. [56] 8 8

Fernandez Miranda et al. [37] 43 29 72

Kamali et al. [57] 10 10

Wang et al. [58] 9 15 24

Yamurglu et al. [11] 32 18 20 70

Gungör et al. [59] 40 40

Total 326 (63.9%) 109 (21.4%) 75 (14.7%) 174 684
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brain size and shape [25], heterogeneity in connectivity 

patterns may represent something more organizational. 

Some individual variations may be related to inheritance 

while others may be the result, for instance, of gender, 

normal aging, experiential learning or development of new 

skills [25]. From a clinical point of view, knowledge of the 

anatomical variability of white matter fascicles in the nor-

mal population is of prime importance for neurosurgical 

planning. It is also fundamental to determine the clinical 

correlates of a lesion, and this could help gain a deeper 

understanding of the mechanisms underpinning brain plas-

ticity and recovery of functions [26]. However, no imag-

ing method makes it possible to know perfectly the fibers 

anatomy and to correlate it, at the individual level, with 

the language functions. Moreover no imaging method pre-

dict the recovery capacities of a patient in case of partial 

lesion of the arcuate fasciculus [27]. It is for this reason 

that individual brain mapping by direct electric stimulation 

during awake craniotomy remains essential in the hope to 

preserve language. Nevertheless, a better understanding of 

anatomical bases allows neurosurgeons to better appreci-

ate the functional anatomy of the perisylvian region and 

its application to tumor surgery that is a prerequisite to 

perform an awake brain surgery.

Asymmetry of the AF

Over the last decade, DTI studies have revealed a signifi-

cant leftward asymmetry of the long direct segment of the 

AF providing new insights into the connectivity of the AF 

and its assumed major functional role in language process-

ing [28–31]. However, in the right hemisphere, the cortical 

areas and white matter fascicles involved in visuo-spatial and 

social cognition are almost symmetrical to those involved in 

language with a perisylvian network [32]. The occurrence 

of the AF in the right hemisphere is still a matter of debate. 

Some authors reported its presence in only 40% of their sub-

jects [33], and others reported it in all (for instance, all 12 

right-handed subjects in Gharabaghi’s study) [34]. However, 

most postmortem fiber dissection studies do not report a sig-

nificant difference between the left and right AF, neither in 

terms of cortical connections [11], nor of fascicles volumes 

[11, 35, 36]. Hence, anatomically, the white matter structure 

could be considered mostly symmetrical.

Implication to DTI-based models of language

Referring to the cortical origin/termination using the termi-

nologia anatomica facilitates the understanding of current 

Table 7  Literature review of the cortical distributions of the direct segment of AF-posterior connection

ITG (POST) posterior part of the inferior temporal gyrus, MTG (MID) middle part of the middle temporal gyrus, NA not assessed

Direct segment of AF-posterior connection MTG (MID), ITG 

(Post)

MTG (Post) ITG (Post) NA Number of 

hemispheres 

studied

Ture et al. [8] 40 40

Nucifora et al. [54] 54 54

Catani et al. [28] 11 11

Makris et al. 2005 [47] 10 10

Powell et al. [30] 20 20

Catani et al. [33] 68 32 100

Vernooij et al. [31] 40 40

Glasser et al. [41] 16 16

Catani et al. [2] 24 24

Fernández-Miranda et al. [6] 30 30

Kaplan et al. [55] 16 16

Thiebaut de Schotten et al. [50] 80 80

Martino et al. [40] 12 6 1 19

De Benedictis et al. [56] 8 8

Fernandez Miranda et al. [37] 72 72

Kamali et al. [57] 10 10

Wang et al. [58] 24 24

Yamurglu et al. [11] 70 70

Gungör et al. [59] 40 40

Total 302 (60.3%) 193 (38.5%) 6 (1.2%) 183 684
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models of language. Indeed, there is currently no consen-

sus on the anatomical definition of the extent and precise 

location of language areas and networks. Moreover, many 

labels are used to describe the same regions of activation in 

functional MRI (e.g. ventral frontal cortex, premotor ven-

tral cortex, pars opercularis, inferior frontal gyrus). In a bid 

to explain language faculty, authors have provided different 

DTI-based models exploring its functional connectivity.

Direct and indirects AF segmentation

Catani et al. [28]. proposed a DTI-based classification for 

the AF, separating the fascicle into two superficial indirect 

and one deep long segments. The indirect segment of the AF 

has been divided into an anterior one (frontoparietal) and a 

posterior one (temporoparietal) regarding the distinct orien-

tation and cortical connections of their fibers, as shown in 

our review (Fig. 3). Some cadaveric studies have replicated 

this AF compartmentalization of the superficial fibers (AF 

indirect segments) into anterior and posterior segments of 

the AF [6, 27, 37–40].

Superior and middle temporal pathway

Glasser and Rilling charted the superior and middle tempo-

ral gyrus pathways using DTI and functional neuro-imaging 

[41]. The superior temporal pathway, presumably the ante-

rior indirect AF, connects the inferior frontal gyrus (anterior 

termination type 1–3) to the superior temporal gyrus and 

goes within the supramarginal gyrus (posterior termination 

type 1 and 2) (Fig. 3). The middle temporal pathway, pre-

sumably the AF direct segment, connects the middle and 

inferior frontal gyri (anterior termination type 1–3) to the 

middle temporal gyrus (posterior termination type 1 and 

2) and passes through the angular gyrus. A similar seg-

mentation was suggested by Fernandez-Miranda et al. [37], 

wherein the ventral or inner pathway connects the pars oper-

cularis to the superior temporal and rostral middle temporal 

gyri, and the dorsal or outer pathway connects the ventral 

premotor cortex and caudal middle frontal gyrus to the infe-

rior temporal and caudal middle temporal gyri.

Dorsal and ventral pathway

Built on an analogy between the visual and auditory sys-

tems, the following dual stream model for language process-

ing was suggested: a dorsal stream is involved in mapping 

sound to articulation, and a ventral stream in mapping sound 

to meaning [42]. The dorsal pathway connects the premotor 

cortices in the frontal lobe (anterior termination type 1–3) 

and the superior temporal lobe (posterior termination type 

2) via the AF anterior indirect segment. The ventral path-

way connects the ventrolateral prefrontal cortex (anterior 

termination type 1 and 3) and the middle temporal lobe (pos-

terior termination type 1 and 2) through the direct AF seg-

ment. The function of the dorsal route, traditionally consid-

ered to be the major language pathway, is mainly restricted 

to sensory-motor mapping of sound to articulation, whereas 

linguistic processing of sound to meaning requires temporo-

frontal interaction transmitted via the ventral route.

Other pathways

DTI and blunt fiber dissection works conducted over the last 

few years have offered several alternative models of dorsal 

stream connectivity via the AF. According to Makris et al., 

the SLF III is involved in articulatory aspect of language 

while the AF is involved in lexical and semantical pro-

cessing. Finally, Friederici et al. [43–45], suggest a model 

wherein two dorsal pathways connect the posterior temporal 

cortex to either the ventral premotor cortex or the posterior 

part of the inferior frontal gyrus, respectively involved in 

sensorimotor and syntactic processing.

Implication in intra-operative stimulation

It has been shown that stimulation of the indirect anterior AF 

results in anarthria or dysarthria, while stimulation of the AF 

direct segment results in phonological (repetition) disorder 

[27, 39, 40, 46, 47]. The deep loop supporting phonological 

disorder corresponds anatomically to the direct segment of 

the AF in its main description (type 1 origin and termina-

tion) while the superficial frontoparietal loop, which inter-

connects the supramarginal gyrus and the pars opercularis, 

corresponds anatomically to the anterior indirect segment of 

the AF in its main description (type 1 anterior and posterior 

termination) [7, 28, 40, 47]. In recent fiber dissections and 

DTI analysis, the AF indirect anterior and AF direct seg-

ments were clearly separated along the frontoparietal oper-

culum, the AF indirect segment being located lateral to the 

AF direct segment [11].

Problematics—study limitations

Both gross fiber dissection and diffusion-tensor imaging 

techniques present limitations that can affect the AF study 

of cortical connections. Very sparse and delicate groups 

of fibers may be difficult to dissect and partially destroyed 

when the neighboring white matter is removed. Imaging 

techniques are not limited by this destruction problem; 

however, they are susceptible to noise, lack of resolution, 

contamination from adjacent bundles, and abrupt changes 

in fiber direction. Moreover, there is a wide age difference 

between subjects studied with fiber dissection (older) and 

those studied with DTI tractography (usually young healthy 

volunteers). This may have affected the data, as white matter 
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connectivity may change with age. Nevertheless, the major 

observations were consistent across the majority of subjects 

studied with DTI tractography and fiber dissection.

Fiber dissection has a limited value when studying white 

matter connectivity in areas of crossing fibers. At the level of 

the frontal operculum, the fibers of the AF strongly intersect 

with the terminal branches of other long association fasci-

cles (especially with the inferior fronto-occipital fasciculus 

(IFOF), and frontal aslant tract) and with the cortico-spinal 

tract. On the other hand, dissection enables the isolation 

of fibers up to 2 mm in diameter. Consequently, with this 

technique it is not possible to follow smaller branches of 

the AF. Moreover, in fiber dissection, extensive removal of 

gray matter leads to the loss of important cortical landmarks 

making it difficult to analyze the precise cortical termina-

tions of a specific fiber tract. For example in Fernandez-

Miranda’s study [6], the cortex and superficial white matter 

were removed to reveal the anterior portion of the AF. Con-

sequently, their dissection figures reveal horizontally ori-

ented fibers located in the frontal and parietal operculum, 

but not the fibers projecting into the cortex [6]. This could 

be an explanation as to why cortex-sparing fiber dissection 

studies depict different cortical projections than Klingler’s 

usual methods [48].

Even though DTI tractography has been extensively used 

to study white matter connectivity, it has three inherent 

shortcomings: (1) the first, as with fiber dissection, is the 

inaccuracy of this technique to map the fiber architecture 

in areas where the trajectories of different fibers intersect. 

Several diffusion imaging techniques have been developed 

to reduce the fiber intersecting problem. Some of these MR-

based approaches ‘‘beyond the diffusion tensor’’ are called 

diffusion spectrum imaging, q-ball imaging and spherical 

deconvolution [49, 50] but do not completely solve the prob-

lem. (2) Secondly, there are the difficulties in distinguishing 

the different fascicles in areas where tracts run in parallel 

(e.g., the optic radiations and the fibers of the IFOF). (3) 

Thirdly, there is the inability to follow the terminal branches 

of the white matter bundles: it is only possible to infer their 

final cortical destinations from the location and orientation 

of the average tract end points. According to Zemmoura and 

al. [51], novel approaches to solve this problem have been 

suggested, such as tract reconstruction based on their ana-

tomical termination near the gray–white matter boundary 

and other postmortem neuroimaging techniques such as 3D 

polarized light imaging [52].

Some authors may argue that direct and indirect segmenta-

tion used in this systematic review could be confusing [53]. 

Hence the advent of virtual dissection by diffusion MRI trac-

tography led several authors to integrate short-distance fronto-

parietal and parieto-temporal connections under the arcuate 

terminology. Indeed, a largely cited tractographic study intro-

duced in 2005 the terms ‘‘direct’’ and ‘‘indirect’’ pathways to 

described the temporo-parietal hub between temporo-parietal 

(posterior indirect segment) and parieto-frontal (anterior indi-

rect segment) fibers [28]. As in the study of Mandonnet and al 

[53], the anterior indirect segment of our review corresponds 

to the SLF III, and the posterior indirect tract corresponds to 

the vertical temporo-parietal fasciculus. Whatever the tax-

onomy used, this review aims at collecting and harmonizing 

the description regarding each part of the arcuate fasciculus 

provided in the literature. This systematic review may help 

younger neuroscientist to better understand cortical termi-

nations variations, whatever the taxonomy plebiscite in the 

future.

Conclusion

‘In all domains, physiology has its firmest foundations in 

anatomy’ (Brodmann 1908).

Fiber dissection of postmortem human brains and DTI 

in vivo tractography has enabled the isolation of the three 

components of the AF. The following portions and cortical 

connections were identified: (1) the anterior indirect segment, 

connecting the supramarginal and superior temporal gyri with 

the precentral gyrus; (2) the posterior indirect segment, con-

necting the posterior portion of the middle temporal gyrus 

with the angular gyrus; and (3) the direct AF segment that con-

nects the middle and inferior temporal gyri with the precentral 

and posterior portion of the inferior and middle frontal gyri. 

Understanding relationships between the AF and other tracts 

remains a challenge to better understand the complex organi-

zation of the functional processing of language in the human 

brain. Further study is needed to assess neuropsychological 

deficit using this classification, to know if inter-individual vari-

ability is correlated with subcomponents of the AF.
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1  | INTRODUC TION

The non-dominant hemisphere (the right hemisphere in right-handed 

individuals) plays an important role in spatial consciousness, emotion 

and other cognitive processes. Unilateral spatial neglect (USN) is a 

tragic consequence of lesions in this hemisphere, corresponding to 

a lack of detection of stimuli contralateral to the lesion and thus to 

a lack of response to such stimuli (Vallar & Perani, 1986; Mesulam, 

1999), whereas basic sensory and motor functions remain intact 

(Lemée et al., 2018). It has diverse aetiologies, from neurological 

causes (stroke, infection) to pre- and post-neurosurgery deficits. 

The prognosis of USN is poor in terms of recovery for routine activi-

ties, and rehabilitation is very difficult due to associated anosognosia 

(Jehkonen et al., 2000). This syndrome has been attributed to a dis-

ruption of the function of spatial attention distribution, preventing 

a conscious perception of contralateral events and interaction with 

them (Heilman & Van Den Abell, 1980; Mesulam, 1990; Vuilleumier 

et al., 2002).
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Abstract
Resting-state functional MRI (RfMRI) analyses have identified two anatomically sepa-

rable fronto-parietal attention networks in the human brain: a bilateral dorsal at-

tention network and a right-lateralised ventral attention network (VAN). The VAN 

has been implicated in visuospatial cognition and, thus, potentially in the unilateral 

spatial neglect associated with right hemisphere lesions. Its parietal, frontal and tem-

poral endpoints are thought to be structurally supported by undefined white matter 

tracts. We investigated the white matter tract connecting the VAN. We used three 

approaches to study the structural anatomy of the VAN: (a) independent component 

analysis on RfMRI (50 subjects), defining the endpoints of the VAN, (b) tractography 

in the same 50 healthy volunteers, with regions of interest defined by the MNI co-

ordinates of cortical areas involved in the VAN used in a seed-based approach and 

(c) dissection, by Klingler’s method, of 20 right hemispheres, for ex vivo studies of 

the fibre tracts connecting VAN endpoints. The VAN includes the temporoparietal 

junction and the ventral frontal cortex. The endpoints of the superior longitudinal 

fasciculus in its third portion (SLF III) and the arcuate fasciculus (AF) overlap with the 

VAN endpoints. The SLF III connects the supramarginal gyrus to the ventral portion 

of the precentral gyrus and the pars opercularis. The AF connects the middle and 

inferior temporal gyrus and the middle and inferior frontal gyrus. We reconstructed 

the structural connectivity of the VAN and considered it in the context if the patho-

physiology of unilateral neglect and right hemisphere awake brain surgery.

K E Y W O R D S

arcuate fasciculus, resting state, tractography, ventral attention network, white matter
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Functional task-based MRI explores cognitive function 

through activation paradigms involving the stimulation of specific 

cognitive processes. By contrast, resting-state MRI (R-MRI) is a 

complementary MRI technique that can be used to explore the 

spontaneous synchronisation of brain areas in the absence of an 

activation task (Biswal et al., 1995; Damoiseaux et al., 2006; Smith 

et al., 2009). The working hypothesis is that brain areas display-

ing a spontaneous synchronisation of low-frequency fMRI os-

cillations over time belong to the same functional network. The 

correlation structure of these networks reflects the neuroana-

tomical substrate of task-induced activity through a data-driven 

method not requiring prior knowledge (Fox et al., 2005; Mitchell 

et al., 2013). The exploration of attentional networks by functional 

activation MRI is challenging in the absence of a reliable activa-

tion paradigm suitable for use with the short acquisition processes 

of MRI. Attentional networks were, therefore, first studied by 

resting-state MRI. Fox et al. (2006) identified a bilateral dorsal 

attention network (DAN) and a right-lateralised ventral attention 

network (VAN) by R-MRI. Corbetta showed that USN was caused 

by VAN dysfunction (Shulman et al., 2010; Corbetta & Shulman, 

2011). Cortical damage and white matter disconnection can trig-

ger USN (Lunven et al., 2015; Lunven & Bartolomeo, 2017). The 

components of attentional networks are, therefore, thought to be 

connected structurally, via specific periventricular white matter 

association fibres (Doricchi et al., 2008; Umarova et al., 2010).

A number of different nomenclatures have been applied to 

white-matter anatomy, resulting in classification discrepancies be-

tween studies (Bernard et al., 2019). The nomenclature of the arcu-

ate fasciculus (AF), for example, has changed over time, making it 

difficult to carry out literature reviews of the relationships between 

the AF and the superior longitudinal fascicle in its third portion (SLF 

III). Classical anatomical and clinical studies considered the AF and 

the long inner segment of the SLF III to be part of the same fascic-

ulus, connecting the posterior superior temporal gyrus (Wernicke’s 

area) to the inferior frontal gyrus (Broca’s area) (Catani et al., 2005). 

However, more recent anatomical studies based on the use of 

post-mortem fibre microdissection techniques have suggested that 

the differentiation of these two structures, with AF as a fronto-tem-

poral tract and the SLF III as a fronto-parietal tract (Schmahmann & 

Pandya, 2007; Wedeen et al., 2008; Yagmurlu et al., 2016).

The white matter tracts serving as the anatomical substrate of 

the VAN have yet to be investigated in systematic studies. An under-

standing of the anatomical and functional support of attentional net-

works is crucial to improvements in our understanding of visuospatial 

cognition and in pre- and perioperative management in awake brain 

neurosurgery on the right hemisphere. Our objective was therefore 

to investigate the white matter tracts supporting VAN connectivity.

2  | METHODS

We studied the white matter anatomy of the VAN cortical nodes by 

R-MRI, tractography and white matter dissection.

2.1 | Resting-state fMRI

We performed independent component analysis on 50 healthy sub-

jects, using R-MRI to define the cortical nodes of the VAN.

2.1.1 | Study population

Inclusion criteria

The participants were healthy right-handed adult volunteers, with-

out psychiatric disorders, who agreed to participate in the ICA-

language study in our laboratory (CPP Agreement number 2012/25, 

clinicalTrials.gov NCT02577757). All subjects gave written, informed 

consent before enrolment in this study.

Exclusion criteria

Subjects with a psychiatric disorder, or who were under the age of 

18 years, or who were unable to read or write French were excluded 

from this study. Subjects with contraindications for MRI (claustro-

phobia, pregnancy, implanted with metallic foreign bodies, pacemak-

ers, etc.) were excluded from this study.

2.1.2 | R-MRI data acquisition

All datasets were acquired on a 3.0 Tesla MR Scanner (Magnetom® 

Skyra Medical Systems™). During image acquisition, subjects were 

placed in a supine position, in the dark, with their heads immobilised 

with foam pads and straps. The subjects were fitted with earphones. 

They were asked to empty their minds and to watch a black screen 

with a red cross in the centre, through a prism. An echo planar im-

aging (EPI) sequence was used for each fMRI, with the following 

parameters: TR = 2,280 ms, TE = 30 ms, flip angle = 90°, 42 axial 

interleaved slices, each 4 mm thick, in-plane matrix = 64 × 64 with a 

field of view = 168 × 187 mm, yielding a voxel size of 3 × 3 × 4 mm, 

covering the whole brain, including the cerebellum.

2.1.3 | Analysis of imaging data

Preprocessing

Preprocessing was performed with SPM8 (Wellcome Department 

of Imaging Neuroscience, University College, London, UK, 

http://www.fil.ion.ucl.ac.uk/spm) running under Matlab (the 

MathWorks). Each patient’s native space images were corrected 

for time delays between slices. All the images were then realigned 

with the first volume of the first session and unwrapped to correct 

for head movements and susceptibility distortions. The three-di-

mensional dataset was segmented in native space, using the VBM 

8.0 toolbox for SPM®, and co-registered with the mean functional 

image, using grey-matter segmentation as a reference image. The 

co-registered grey-matter segmentation was then used for the 

spatial normalisation of data into a standard template provided by 
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the Montreal Neurological Institute (MNI-template), with a final 

resolution of 3 × 3 × 3 mm.

Spatial independent component analysis

A spatial independent component analysis (sICA) approach was used, 

based on a customised version of the Infomax algorithm running 

in Matlab, for the identification of large-scale networks (Marrelec 

et al., 2006). Fifty-five resting-state networks (RsN) (corresponding 

to spontaneously synchronised brain areas) were identified on the 

pre-processed images of each individual run. Individual spatial com-

ponents were thresholded at z = 2.

2.1.4 | Identification of the ventral 
attentional network

The VAN can be distinguished from other cognitive networks (lan-

guage, salience, DAN, fronto-parietal control, default mode) on the 

basis of its specific activity: activation of the right temporoparietal 

junction (TPJ), the right ventral frontal cortex (VFC) and the su-

pramarginal gyrus (Corbetta et al., 2008; Sylvester et al., 2013). It 

was challenging to distinguish between the VAN and the salience 

network in some cases. Unlike the VAN, the salience network (SN) 

contains the anterior dorsal cingulum, the pre-motor supplementary 

area and the anterior insula-frontal operculum (Uddin et al., 2011; 

Farrant & Uddin, 2015). The MNI coordinates of the maximum ac-

tivation peaks of significant clusters in the VAN were determined. 

Anatomical labels were then attributed to these maximal activation 

peaks with the Anatomy toolbox for SPM (http://www.fz-jueli ch.de/

inm/inm-1/DE/Forsc hung/_docs/SPMAn atomy Toolb ox/SPMAn 

atomy Toolb ox_node.html). After identification at the individual level, 

a second-order analysis was performed, in the form of a one-sample 

t-test on the unthresholded t-maps of the VAN. We corrected for 

multiple comparisons at the voxel level.

2.2 | Tractography

2.2.1 | Data acquisition and preprocessing

Diffusion data were acquired with a magnetisation-prepared, single-

shot gradient echo planar imaging (EPI) sequence (echo time 64 ms, 

repetition time 10 s, flip angle 90°, FOV 256 × 256 × 120 mm3, ac-

quisition matrix 128 × 128 × 60 voxels of 2 × 2 × 2 mm3). Diffusion 

gradients were applied in 32 non-collinear directions. Modified 

TEND algorithms (MEDinRia software), based on B0 analysis, were 

used to correct geometric distortions (Weinstein et al., 1999). An 

optimal alignment of T1-weighted and diffusion-weighted images 

was achieved by affine transformation estimated with an automatic 

registration algorithm based on mutual information (Wiest-Daesslé 

et al., 2007). Registration was performed between T1 and the diffu-

sion-free weighted image (B0). The brain and the external traces of 

the sulci were extracted (Le Goualher et al., 1997) from the T1 data 

after denoising (Coupé et al., 2008) and intensity inhomogeneity bias 

correction.

2.2.2 | Tracking

The VAN encompass two distinct areas (the TPJ and frontal cortex). 

We therefore extracted white matter fibre bundles with a two-re-

gion of interest (ROI) approach. For each set of diffusion-weighted 

data, a tensor estimation was performed, with a log-Euclidean met-

ric (Fillard et al., 2007) and streamline tractography, on the whole 

brain, with MEDinRia version 1.9.0 (Asclepios Research Project; INRIA 

Sophia Antipolis, France) and the following set of parameters: the 

fractional anisotropy (FA) threshold was set to 0.2, as suggested by 

Mori & van Zijl (2007) and Magro et al., (2014), and the smoothness 

parameter was set to 20, as recommended by Weinstein et al. (1999) 

for association tracts. The ROIs were created with TPJ (Table 1, 

TA B L E  1   Mean activity peaks identified in RfMRI for the resting-state network corresponding to the VAN

VAN activation peak Cluster Localisation

MNI coordinates

x y z

Temporoparietal junction 1 - Right superior temporal gyrus

- Right middle temporal gyrus

- Right inferior temporal gyrus

63 −46 19

62 −46 6

54 −22 −18

Ventral frontal cortex 2 - Right frontal inferior gyrus (pars orbitalis)

- Right frontal inferior gyrus (pars orbitalis)

- Right frontal inferior gyrus (pars triangularis)

48 27 −8

54 26 −12

46 20 18

5 - Right precentral gyrus

- Right middle frontal gyrus

46 6 51

45 9 46

11 - Right frontal inferior gyrus (pars opercularis) −45 17 19

Maximal activation peaks (p < .001) were obtained with a cluster threshold of 5 voxels; the corresponding anatomical locations were derived from 

the anatomy toolbox in SPM (x, y, z = coordinates in the normalised space MNI).

The temporoparietal junction activation peak was defined by cluster 1.

The lateral frontal cortex areas were defined by clusters 2, 5 and 11.
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cluster 1) and frontal (Table 1, cluster 2, 5 and 11) MNI coordinates 

for activation peaks obtained with MRICRON from the T1-weighted 

data. The data were then imported into MEDinRia. Finally, MRI tracks 

were reconstructed for each volunteer with a pair of ROIs within the 

same hemisphere used as seeds for the extraction of putative path-

ways (Lawes et al., 2008). The right TPJ activation MNI coordinates 

defined the first ROI (Table 1, cluster 1). The second ROI was defined 

by the frontal VAN activations (Table 1, clusters 2, 5 and 11).

2.3 | White matter dissection

We studied fibre tracts connecting the cortical nodes of the VAN by 

Klingler’s method (27–30). We studied 20 heads from adult cadavers 

obtained from the body donation programme of our institution (the 

Angers Anatomical Laboratory). The specimens were fixed by incu-

bation in 10% formalin for 15 days. The right hemispheres were ex-

tracted and the arachnoid and vascular structures gently removed. 

The hemispheres were frozen at −15°C for 15 days. Careful dissec-

tion was then performed with a foam spatula, in a lateral-to-medial 

direction, under optical magnification, to excise the cortex and the 

U-shaped fibres. Once the subcortical fibre tracts had been identi-

fied, further dissection was performed with metal microdissectors 

(31). Photographs were obtained at each stage of the dissection, 

with a Nikon D5600 camera. The VAN fibre tracts were identified on 

the basis of their endpoints and the orientation of the fibres, which 

made it possible to distinguish each separate fibre tract (Bernard 

et al., 2019).

3  | RESULTS

3.1 | Identification of cortical brain areas 
corresponding to the ventral attention network by 
resting-state functional MRI

We included 50 right-handed subjects in this study. For each subject, 

we were able to identify a resting-state network (RsN) correspond-

ing to the VAN. Figure 1 shows a second-order analysis of correla-

tion maps for the 50 subjects. As expected, given the criteria for VAN 

identification, the corresponding voxels were significantly correlated 

with the right temporoparietal junction and the ventral frontal cor-

tex defining the VAN (Table 1). Eight of the 12 significantly activated 

supratentorial peaks of connectivity of the VAN were located in the 

right hemisphere. The two main clusters included the TPJ, especially 

the area surrounding the superior temporal sulcus (STS; Figures 1 

and 2) and the VFC. As shown in Figure 1, the ‘temporal’ activation 

(cluster 1, Table 1 and Figure 2) identified in the second-order analysis 

was not purely temporal, as it also included the supramarginal gyrus 

and the lower part of the angular gyrus. This cluster had an anterior 

extension towards the middle temporal gyrus, crossing the superior 

temporal sulcus. The activated frontal clusters were centred on the 

pars triangularis, its extension from the precentral gyrus to the pars 

orbitalis being circular in shape. Note that the posterior part of the 

middle frontal gyrus was contiguous to this activation peak.

3.2 | Identification of the white matter tracts of the 
ventral attention network by tractography and with 
Klingler’s method

3.2.1 | Superficial anatomy analysis by 
Klingler’s method

We first studied the sulci and gyri of the lateral part surface of the 

right hemisphere. Sulcal organisation was found to be fairly uniform 

in the temporal, parietal and frontal lobes studied, regardless of the 

method used. As Klingler’s method is destructive, we first identified 

the cortical structures. The lateral part of the temporal lobe of the 20 

right hemispheres dissected was typically split by the superior and 

inferior temporal sulci, into three parallel temporal gyri: the superior 

(T1), middle (T2) and inferior (T3) gyri. In all dissected specimens, the 

SMG and AG were separated by the intermediate parietal sulcus of 

Jensen. However, some temporal lobe variants were observed: T1 

was interrupted by a short vertical sulcus in four hemispheres (20%), 

T2 was divided in two (10%) and T3 in four (20%) hemispheres. 

Cortical bridges linking T1 to T2 were observed in three specimens 

(15%), and bridges linking T2 and T3 were observed in the other 17 

cases (85%). Despite these variants, we were able to identify the cor-

tical connections of the VAN in all specimens.

3.2.2 | Removal of U-shaped fibres

For identification of the fibre tracts connecting the TPJ and the fron-

tal component of the VAN (VFC, precentral gyrus, pars opercula-

ris and middle frontal gyrus) we first removed the U-shaped fibres. 

The techniques used (tractography and Klingler’s method) made it 

F I G U R E  1   Study of the connectivity 

of the ventral attention network (VAN) 

by resting-state MRI. (a-c) Resting-state 

MRI study of the VAN activation peak: (a) 

sagittal, (b) coronal, (c) axial views [Colour 

figure can be viewed at wileyonlinelibrary.

com]
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possible to expose the SLF III and the lateral part of the AF in the 

postero-superior portion of the temporal lobe, down to the SMG, in 

all specimens (Figure 3 ).

Using previously defined tractographic parameters, we were able 

to remove almost all the U-shaped fibres after the identification of the 

major fibre tracts by tracking. In 32 subjects (64%), we encountered 

U-shaped fibres surrounding the inferior parietal lobule. However, 

these U-shaped fibres did not interfere with fibre tract identification.

By contrast, in ex vivo dissection, the removal of these U-shaped 

fibres was an essential independent step. At the subcortical level, 

short ‘U’ association fibres were encountered and exposed without 

technical difficulty on the lateral surface of the temporal lobe and 

the inferior parietal lobule (IPL). As theses fibres did not connect the 

frontal and temporal VAN components, we progressively removed 

the short association fibres.

3.2.3 | Identification of the SLF III

The SLF III was identified by tractography and with Klingler’s method 

as the superficial tract connecting the upper and posterior parts of 

the TPJ to the posterior part of the frontal VAN components. The 

SLF III was the only tract connecting the supramarginal component 

of the TPJ to the frontal VAN.

The SLF III fibres were oriented horizontally. Many of the frontal 

fibres (50% in the dissected specimens) ran from the ventral portion of 

the precentral gyrus (cluster 5), and the posterior part of the pars oper-

cularis (cluster 11), to the supramarginal gyrus (75%, cluster 1; Figure 3). 

In these cases, the SLF III connected VAN clusters 5 and 11 to cluster 1.

We observed two patterns in terms of the anterior endpoints of this 

tract. The first was an exclusive connection with the ventral portion of 

the precentral gyrus (20%, Figure 4). This cortical area overlaps with 

cluster 5. The second was an exclusive connection with the posterior 

portion of the pars opercularis (10%, cluster 11). In the remaining 20% 

of subjects studied, it was impossible to determine the anterior end-

point of this tract. Two types of posterior endpoints were found for this 

tract: connection exclusively to the supramarginal gyrus (80%, cluster 

1) and connection to both the supramarginal gyrus and the posterior 

part of the superior temporal gyrus (in the region just posterior to 

Heschl’s gyrus) (10%, cluster 1). In the remaining subjects, it was im-

possible to determine the anterior endpoint of this tract.

3.2.4 | Arcuate fasciculus

The AF was the second fibre tract connecting the lower part of the 

TPJ to the anterior part of the lateral frontal VAN component, in-

cluding the VFC.

F I G U R E  2   Three-dimensional visualisation of the VAN 

activation peaks superimposed on a grid of MNI coordinates. The 

AF was the second fibre tract connecting the lower part of the TPJ 

to the anterior part of the lateral frontal VAN component, including 

the VFC [Colour figure can be viewed at wileyonlinelibrary.com]

FI G U R E 3 Main anterior endpoint of the SLF III. (a) Klingler’s 

dissection. (b) Three-dimensional tractography view. In white matter 

dissection and tractography, frontal fibres run from the ventral 

portion of the precentral gyrus (pcg), and the posterior part of the 

pars opercularis (IFG Pars op), to the supramarginal gyrus (smg). The 

arcuate fasciculus (AF) was located between the SLF III and deeper 

horizontal association fibres. These deeper fibres were exposed, and 

corresponded to the most lateral layer of the stratum sagittal (SS). * 

U-shaped fibres [Colour figure can be viewed at wileyonlinelibrary.com]
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Tractography repeatedly showed the AF to be deeper than the 

SLF III. Similarly, during fibre dissections and after the lifting of 

the SLF III, the lateral surface of the long segment of the AF was 

completely exposed. The posterior portion of the long-segment fi-

bres of the AF were oriented vertically within the temporal lobe. 

Here, the AF fibres ran laterally and perpendicular to the fibres of 

F I G U R E  4   Variation of the SLF III 

anterior endpoint: exclusive to the 

precentral gyrus (pcg). (a) Klingler’s 

dissection; (b) Three-dimensional 

tractography [Colour figure can be viewed 

at wileyonlinelibrary.com]

F I G U R E  5   (a) Arcuate fasciculus 

dissection (AF). (b) Tractography of the 

arcuate fasciculus. The lower part of the 

TPJ is connected to the frontal part of 

the VAN by the arcuate fasciculus. Mfg: 

middle frontal gyrus; pcg, precentral 

gyrus; IFG pars op, inferior frontal gyrus 

pars opercularis; white arrowhead, caudal 

limit of the insula [Colour figure can be 

viewed at wileyonlinelibrary.com]

F I G U R E  6   (a) Fibre dissection of the white matter of the lateral part of the right hemisphere: After determining the anatomy of the cortex 

and identifying the cortical region of interest for the ventral attention network, we removed the cortex and subcortical ‘U’ association fibres 

from the study area (*) to expose longer association tracts. Progressing in a lateral to medial direction, the first long association bundle 

encountered in the temporoparietal junction was the superior longitudinal fasciculus in its third portion (SLF III, black arrowhead). Longer 

arcuate fibres directly linked the frontal and temporal lobes, running around the circular sulcus of the insula. In this specimen, the precentral, 

post-central and the majority of the most of the inferior parietal gyri were removed. The exploration of the association fibres located medial 

to the SLF III (that is, the AF, white arrowhead) began with the section of the SLF III close to the supramarginal gyrus. (b) Tractography (sagittal 

slices) showing the white matter supporting the VAN. The SLF III (green) runs from the supramarginal gyrus (temporoparietal junction) to the 

ventral portion of the precentral gyrus and the pars opercularis (posterior part of the VFC). The AF (red) fibres connect the middle and inferior 

temporal gyrus (temporoparietal junction) and the middle and inferior frontal gyrus. agwm, angular gyrus white matter; AF, arcuate fasciculus; 

F1, superior frontal gyrus; F2, middle frontal gyrus; F3, inferior frontal gyrus; T1, superior temporal gyrus; T2, middle temporal gyrus, T3, 

inferior temporal gyrus; sts, superior temporal sulcus; mts, middle temporal sulcus [Colour figure can be viewed at wileyonlinelibrary.com]
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the sagittal stratum (i.e. the densely packed fibres located on the 

lateral surface of the ventricular atrium and composed of the optic 

radiations, inferior fronto-occipital fasciculus and tapetum), which 

are oriented horizontally (Figures 3 and 5). The AF fibres curved 

around the caudal limit of the insula and then ran off in a horizontal 

direction (Figures 3, 5 and 6) within the white matter of the parietal 

and frontal operculum.

The AF mostly had anterior endpoints connecting to the ven-

tral portion of the precentral gyrus and the pars opercularis (65%, 

Figures 5 and 6, clusters 5 and 11), and posterior endpoints connect-

ing to both the middle and inferior temporal gyrus (60%, Figure 3a 

and Figure 5, cluster 1).

The anterior endpoints of this bundle were also connected to 

the posterior middle frontal gyrus (20%, Figure 5, cluster 5) or to 

the pars triangularis (10%, cluster 2), whereas the posterior end-

points connected exclusively to the middle temporal gyrus (35%, 

cluster 1). The anterior and posterior terminations of this bundle 

were not determined in one Klingler dissection (5%) due to the prior 

destruction of the anatomy of the cortex through the extensive re-

moval of grey matter. In our study, we identified no direct connec-

tions of the superior temporal gyrus and the frontal cortical area.

3.3 | Comparison of the VAN 
cortical nodes and white matter bundles identified 
with the three techniques

The connectivity of the VAN determined by sICA was spatially and 

anatomically consistent with the white matter bundles studied with 

Klingler’s method and tractography. We found no direct white mat-

ter connection between the medial frontal activation peak (cluster 

6, 7, 9) and the other activation peaks. In all specimens, the SLF III 

connected the upper and posterior parts of the TPJ (cluster 1) to the 

posterior part of the VFC (Figures 3, 5 and 6; clusters 5, 6). The SLF 

III was the only tract that connected the supramarginal component 

of the TPJ to the posterior frontal part of the VAN. Both the AF and 

the SLFIII connected the lower part of the TPJ to the VFC.

4  | DISCUSSION

This study highlights the overlap between the cortical endpoints 

of the SLF III and the arcuate fasciculus and the connections of the 

VAN. The SLF III connects the supramarginal gyrus to the ventral 

portion of the precentral gyrus and the pars opercularis, whereas the 

AF connects the middle and inferior temporal gyrus to the middle 

and inferior frontal gyrus.

4.1 | Comparison with published findings

We found that the SLF III and the AF structurally connected the 

VAN cortical nodes, located in the right TPJ and VFC. In the right 

hemisphere, the cortical areas and white matter fascicles involved 

in visuospatial cognition appeared to mirror those involved in lan-

guage (Yagmurlu et al., 2016; Bernard et al., 2019), with a perisylvian 

network connecting the temporoparietal junction and the frontal 

inferior cortex. This study was not designed to compare language 

network and VAN anatomy, so we cannot draw definitive conclu-

sions on this point. However, it could be argued that the cortical 

VAN activation peaks and white matter support display similarities 

to the features of the language network in the contralateral hemi-

sphere. Is this apparent anatomical symmetry of the brain total or 

partial? This question has been heavily debated and has raised sev-

eral other interesting questions concerning determinism and brain 

anatomy. For example, several diffusion tensor imaging (DTI) studies 

have reported a high prevalence of leftward asymmetry in perisyl-

vian white matter volumes (Parker et al., 2005; Dorsaint-Pierre et al., 

2006). By contrast, some authors have reported the presence of a 

right arcuate fasciculus (AF) in only 40% of their subjects, whereas 

others have reported the presence of such a structure in all subjects 

studied (Gharabaghi et al., 2009), as reported here. Anatomically, the 

structure of the white matter may be considered mostly symmetric, 

as the counterparts of left-hemisphere white matter fascicles have 

been identified in the right hemisphere. Moreover, most post-mor-

tem fibre dissection studies have reported no significant difference 

between the left and right white matter fascicles in terms of corti-

cal endpoints (Yagmurlu et al., 2016) or fascicle volumes (Mars et al., 

2011; Geng & Vossel, 2013; Yagmurlu et al., 2016).

As for language in the dominant hemisphere, the SLF III and 

the AF appear to constitute a major, but not exclusive, right-sided 

component of visuospatial cognition (Yagmurlu et al., 2016; Bernard 

et al., 2019). Indeed, the VAN may also be involved in other right 

hemisphere functions relating to non-verbal communication, such as 

the recognition of facial emotions and prosody (Sammler et al., 2015; 

Bernard et al., 2018b).

An understanding of the white matter supporting the functions 

of the VAN should shed light on USN. This condition is highly het-

erogeneous in terms of its severity and manifestations (Halligan & 

Marshall, 1992). It is a complex set of signs and symptoms, rather 

than a single syndrome (Bernard et al., 2018b). Studies based on 

structural brain imaging have identified three major cortical areas 

straddling the sylvian fissure, overlapping with our VAN cortical ac-

tivation peaks as potentially responsible for the core deficit: (a) the 

VFC (Husain & Kennard, 1996; Committeri et al., 2007; Rengachary 

et al., 2011), (b) the TPJ (Vallar & Perani, 1986; Mort et al., 2003; 

Karnath et al., 2011; Rengachary et al., 2011; Chechlacz et al., 2012) 

and (c) the STG, MTG and underlying insula (Karnath et al., 2011; 

Rengachary et al., 2011; Chechlacz et al., 2012). Tract tracing, myelin 

staining and DTI techniques have suggested that a dense perisylvian 

network connects these three cortical sites (Karnath et al., 2011). 

These connections have been implicated in the brain lesions of pa-

tients suffering from USN in studies of single cases or small series of 

cases (Thiebaut de Schotten et al., 2005; He et al., 2007; Urbanski 

et al., 2008; Shinoura et al., 2009) and in a recent group study in 

which a statistical voxelwise lesion-behaviour mapping approach 
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was applied to a large cohort of patients with acute right hemisphere 

stroke (Karnath et al., 2011). Network dysfunction induced by dam-

age to white matter tracts, such as the SLF III and the AF in particular, 

might provide a more detailed explanation as to why USN develops 

as a disconnection syndrome in large networks of connected brain 

areas (Bartolomeo et al., 2007).

Spatial neglect can be observed following injury to other white 

matter tracts. Several studies have suggested a role for the SLF II in 

VAN structural connectivity (Geng & Vossel, 2013), contrary to our 

findings. However, this tract seems to be more involved in associat-

ing the DAN and the VAN, because the SLF II has cortical endpoints 

in both attention systems (inferior parietal lobule and posterior dor-

solateral prefrontal cortex). The SLF II may explain the functional 

disconnection between these two networks (Bartolomeo et al., 

2007; Geng & Vossel, 2013; Zhang et al., 2017). Moreover, direct 

electrical stimulation during brain surgery in conscious patients and 

in DTI studies has revealed a potential rare involvement of the IFOF 

in USN. According to Herbet et al. (2017), the first reports highlight-

ing the role of the right IFOF in USN suggested that signs of neglect 

may result from a deprivation of top-down modulation from anterior 

frontal areas over the visual cortex, or a lack of visual input to the 

frontal areas (Urbanski et al., 2008; Bartolomeo, 2013; Herbet et al., 

2017).

4.2 | Limitations

The main limitation of R-MRI lies in the difficulty distinguishing be-

tween the VAN and other resting-state networks (RsN). The first 

step in R-MRI was determining which of the 55 RsNs corresponded 

to the VAN, language and other networks. A major criterion for 

identifying the language RsN in healthy volunteers is an expected 

left-lateralisation in right-handed subjects. However, in clinical prac-

tice, 4%–18% of right-handed individuals have been found to use 

their right hemisphere for language processing (Knecht et al., 2000). 

It may, therefore, be difficult to distinguish between the VAN and 

language networks in such patients. A distinction between the ac-

tivation peaks for the VAN and language RsNs is crucial for correct 

identification of the VAN (Corbetta et al., 2008). The main differ-

ence between the VAN and language networks concerns the activa-

tion of the inferior parietal lobule. In the VAN, parietal lobe activity 

generally involves the supramarginal gyrus and the temporoparietal 

junction in both adults (Corbetta et al., 2008) and children (Sylvester 

et al., 2013). By contrast, in the language network, the angular gyrus 

is preferentially activated (Vigneau et al., 2006; Lemée et al., 2019). 

We detected no involvement of the angular gyrus in VAN activation 

peaks or in white matter support: the SLF III connected the supra-

marginal gyrus to the VFC.

Similarly, the distinction between the VAN and the salience net-

work (SN) could be challenging. The definition of the VAN, like that 

of the AF, may be confusing due to the differences in nomenclature 

between studies. The VAN was first identified by R-MRI by Fox et al. 

(2006) and was described as an RsN correlated to a region of interest 

that had been shown to be part of the SN (Uddin et al., 2011). Based 

on this initial description, (Srhidaran et al. 2007; Srhidaran et al., 

2008) indiscriminately referred to the VAN and the SN as the same 

network. Recent studies of connectivity have shown that the VAN 

and SN are separate networks. In the study by Lemee et al. and sev-

eral other major studies, the SN was identified on the basis of the 

presence of cingulo-opercular components (Vigneau et al., 2006; 

Corbetta et al., 2008; Lemée et al., 2019). In our study, the VAN and 

the SN were clearly different spatial components.

Another limitation of R-MRI analysis was reviewed by Lee et al. 

(2013; p. 2). Resting-state data can be analysed in various ways, in-

cluding seed-based approaches, independent component analysis, 

graphical methods, clustering algorithms, neural networks and pat-

tern classifiers. The advantage of ICA over seed-based approaches 

is that it is data-driven. However, it requires expert knowledge 

to identify the RsNs visually. Whatever the method used, several 

key issues must be considered, including test-retest reproducibil-

ity and inter-subject variability (Chou et al., 2012) concerning RsN 

detection.

Clinical inferences from R-MRI must be tempered by our current 

lack of knowledge about the relationship between RsN and task-in-

duced activity. RsN may be defined as brain areas presenting statis-

tically coherent activity during the acquisition time corresponding 

to a coherent fluctuation of the BOLD fMRI signal. Historically, such 

coherent activity at rest was first described in the motor sensory 

(Biswall) cortex. It was subsequently detected in areas involved in 

other cognitive functions, such as language. However, these net-

works were described at rest, and little is known about the dynamic 

interactions and recombination of areas of activity across them. 

Furthermore, the neural signal correlated to the BOLD effect ana-

lysed by fMRI appears to differ between networks.

Both gross fibre dissection and diffusion tensor imaging tech-

niques present limitations that can affect the study of cortical 

connections. Fibre dissection is of limited value for studies of 

white matter connectivity in areas of crossing fibres. In the frontal 

operculum, the fibres of the AF intersect strongly with the ter-

minal branches of other long association fascicles (particularly 

the IFOF and the frontal aslant tract) and the corticospinal tract. 

Conversely, dissection can isolate fibres of up to 2 mm in diame-

ter. Moreover, in fibre dissection, the extensive removal of grey 

matter can lead to a loss of important cortical landmarks, making 

it difficult to analyse the precise cortical terminations of a specific 

fibre tract.

Imaging techniques are not subject to the same limitations but 

they are susceptible to noise, poor resolution, contamination from 

adjacent bundles and abrupt changes in fibre direction. Moreover, 

there is a large difference in the ages of subjects studied by fibre 

dissection (performed after the death of the subjects, who there-

fore tend to be old) and those studied by DTI tractography (usually 

young, healthy volunteers). This difference may affect the findings, 

as white matter connectivity may change with age. Nevertheless, 

the major observations were consistent across the subjects studied 

by DTI tractography and fibre dissection.
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4.3 | Perspectives

The exploitation of these results in current clinical practice is chal-

lenging. A better understanding of the interactions between cortical 

activation peaks on R-MRI and fibre tracts would make it possible 

to prevent the creation of lesions leading to unilateral neglect dur-

ing brain surgery. We are currently combining R-MRI studies of the 

VAN with preoperative tractography, with a view to improving our 

understanding of the individual anatomical relationships between 

right-side brain tumours and the functional networks involved 

in USN. The possible uses of these data in brain surgery on con-

scious patients are promising. However, as in activation-functional 

MRI for exploring the cognitive function of the right hemisphere, 

it is essential to use specific tests that are reproducibly achievable 

during cortical electrical stimulation. USN can be identified clinically 

before or after surgery, but the development of a peroperative test 

for patients undergoing surgery in a conscious state remains difficult 

and is currently restricted to specific study protocols (Bernard et al., 

2018a; Bernard & Menei, 2019).

5  | CONCLUSION

We show here that the ventral attention network is structurally con-

nected by the SLF III and the arcuate fasciculus. The SLF III con-

nects the temporoparietal junction to the ventral frontal cortex in a 

horizontal and superficial manner. The arcuate fasciculus connects 

the lower part of the temporoparietal junction to the anterior part 

of the ventral frontal cortex in a more profound manner. A better 

knowledge of the white matter anatomy of the VAN would help neu-

rosurgeons to preserve this functional network and to prevent post-

operative unilateral neglect.
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2 years ago, during a regular outpatient consultation, a 
55 year-old literate patient came into our office. He had 
been experiencing stressful paroxysmal phenomenon 
for a month. Indeed, he described to us what he called 
“a Francis Bacon self-portrait experience”: he was 
seeing himself outside of his body, with his face being 
distorted. To help us understand, he had brought 
with him a reproduction of Francis Bacon’s Study for 
Self-Portrait (1973; image).

Francis Bacon (Oct 28, 1909, to April 28, 1992) was 
an Irish-born, British figurative painter known for his 
bold, grotesque, emotionally charged, raw imagery. He 
is best known for his depictions of popes, crucifixions, 
and portraits of close friends. Following the suicide of his 
friend George Dyer in 1971, his art became more sombre, 
inward-looking, and preoccupied with the passage of time 
and death. The climax of this later period is marked by 
masterpieces, including his Study for Self-Portrait.

The patient had also brought with him his MRI scans 
showing a low-grade glioma of the right hemisphere, 
involving the temporoparietal junction. His neurological 
examination was normal. So, where did his surrealist 
symptoms originate from? As clinicians, we were 
confronted with an issue: could this out-of-body 
experience be considered as a neurological symptom 
linked to his glioma? According to the literature, this 
kind of experience results from a disturbance of the 
visuospatial representation of the patient’s own body,  
called autoscopy. The term autoscopy comes from the 
Greek words “autos” (self) and “skopeo” (looking at). It 
is used to define psychic visual experiences in which the 
patient perceives their body either from an internal point 
of view (as in a mirror) or from an external point of view 
(out-of-body experience). Among various psychiatric and 
neurological diseases, partial epilepsy is the main cause. 
Several neuropsychological and neuroimaging studies 
implicate the right temporoparietal junction in autoscopy.

Knowing the importance of the right temporoparietal 
junction to preserve cognitive functions, we decided 
to do an awake brain-mapping surgery by cortical 
electrical stimulation to remove the patient’s tumour, 
while aiming to preserve his visuospatial representation. 
During the procedure, we induced similar distorting 
so-called Francis Bacon experiences by electrically 
stimulating the right temporoparietal cortex, at the 
level of the intraparietal sulcus. After removal of the 
tumour, the patient was neurologically intact and no 
longer presented this ictal symptom.

As the patient’s analogy with Francis Bacon’s self-
portrait curiously suggested, autoscopic phenomena 

are considered to be at the origin of many self-portrait 
paintings by Durer, Rembrandt, Velazquez, or Schiele. 
All seem to have experienced, at least once, these type 
of symptoms, which translated into some of the most 
famous self-portraits ever painted. Francis Bacon did 
not have a brain tumour, and the objective of this 
Perspectives piece is not to discuss what was happening 
in his brain when he created his self-portraits. However, 
this case emphasises how paintings can help express 
one’s feelings or symptoms without words.

Interestingly, the more the patient has large cultural 
baggage, the more it allows him to accurately describe 
his own perceptions. In the doctor’s brain, this surrealist 
experience becomes more realistic and tangible as 
advances in neuropsychological and neuroimaging 
studies made this type of symptom a medical reality. The 
experience shared by our patient is, to our knowledge, the 
first report of dysmorphic autoscopy, reminding us of the 
surrealist, abstract work of Francis Bacon. In addition to 
the cultural inference, this case highlights the importance 
of preserving right hemisphere functions while treating 
patients, especially their visuospatial cognition.

Florian Bernard, Philippe Menei

Art of Medicine 
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Abstract

Background: In awake craniotomy, it is possible to temporarily inactivate regions of the brain using direct electrical stimulation,
while the patient performs neuropsychological tasks. If the patient shows decreased performance in a given task, the neurosurgeon
will not remove these regions, so as to maintain all brain functions.
Objective: The objective of our study was to describe our experience of using a virtual reality (VR) social network during awake
craniotomy and discuss its future applications for perioperative mapping of nonverbal language, empathy, and theory of mind.
Methods: This was a single-center, prospective, unblinded trial. During wound closure, different VR experiences with a VR
headset were proposed to the patient. This project sought to explore interactions with the neuropsychologist’s avatar in virtual
locations using a VR social network as an available experience.
Results: Three patients experienced VR. Despite some limitations due to patient positioning during the operation and the
limitation of nonverbal cues inherent to the app, the neuropsychologist, as an avatar, could communicate with the patient and
explore gesture communication while wearing a VR headset.
Conclusions: With some improvements, VR social networks can be used in the near future to map social cognition during awake
craniotomy.
Trial Registration: ClinicalTrials.gov NCT03010943; https://clinicaltrials.gov/ct2/show/NCT03010943 (Archived at WebCite
at http://www.webcitation.org/70CYDil0P)

(J Med Internet Res 2018;20(6):e10332)   doi:10.2196/10332

KEYWORDS
virtual reality; neurosurgery; social cognition; awake surgery

Introduction

Social cognition includes all complex cognitive processes
involved in social interaction such as nonverbal language (facial
and bodily nonverbal cues as affective prosody), empathy, and

theory of mind (ToM). Following brain surgery, the impairment
of nonverbal cue decoding, such as expression of facial
emotions, eye gaze, body gestures, and prosody can lead to ToM
deficits. Patients often experience difficulties with understanding
humor and as well as conceptualizing and understanding
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thoughts and beliefs, emotions, feelings and desires, behaviors,
actions, and intentions of other people. In recent times, these
sequelae were largely misunderstood by neurosurgeons and
compared with postsurgical impairment of language or executive
functions, with few evaluations concerning social cognition
having been published [1-6].

As previously done for language, it is now possible to propose
a substrate for social cognition based on parallel and large-scale
interactive distributed brain networks [7]. However, unlike
language, this substrate cannot be reliably localized based on
anatomical criteria alone, mostly due to the individual variations.
Individual brain mapping by direct electrical stimulation (DES)
during awake craniotomy is therefore essential. The procedure
has been well documented [8]. Briefly, it is possible to
temporarily inactivate regions of the brain using DES, while
patients perform neuropsychological tasks. If a patient shows
decreased performance in a given task, the neurosurgeon will
not remove these regions, so as to maintain brain function.

Compared with motor or language mapping, nonverbal language
mapping has not been performed yet. This is due to the
difficulties involved in adapting classic bedside tasks to awake
surgery conditions.

In 2014, we started to explore the use of virtual reality (VR)
during awake craniotomy with patients wearing a virtual reality
headset (VRH). We previously developed an app for VRH to
explore visuospatial cognition [9]. We are now performing a
larger study evaluating the tolerance and safety of VRH and 3D
immersive experiences in patients undergoing awake craniotomy
and brain mapping by DES. Herein, we describe a VR
experience, the interaction with an avatar using a social VR
platform, and highlight its advantages, limitations, and future
applications for perioperative mapping of social cognition.

Methods

This was a single-center, prospective, unblinded trial
(ClinicalTrials.gov base identifier: NCT03010943), which was
performed in compliance with all regulatory and ethical
guidelines for clinical research. All patients signed a written
informed consent.

The inclusion criterion was patients aged >18 years who were
hospitalized for treatment of a tumor or any type of surgical
lesion near the language region of the brain. The exclusion
criteria were all contraindications to an awake surgery (cognitive
impairment, aphasia, and morbid anxiety). The main objective
was to assess procedural feasibility and safety.

This study was performed using a Samsung Gear VR combined
with a Samsung S7 smartphone (android platform) and
headphones. After general and local anesthesia, the patient was
positioned lying on his side, with a rigid pin fixation of the head.
Once the craniotomy was completed and the dura was opened,
we awakened the patient. Electroencephalography signals were
recorded using a subdural electrode. After the cortex was
exposed, language mapping was performed by a
neuropsychologist using an image denomination task on a digital
tablet. The mapping took place as previously described [10,11].
DES was applied with a bipolar electrode delivering a biphasic

current (60Hz, 1 ms pulse width, current amplitude ranging
from 2 to 8 mA over 2-3 s).

To prevent interference with the routine procedure of awake
craniotomy and language brain mapping, we decided to duplicate
the image naming task viewed in VRH (two dimensions, 2D)
and then in stereoscopy (three dimensions, 3D; an app based
on Unity 3D software with an interface allowing VRH
communication via a computer and Bluetooth connection).
Further VR experiences with a relaxing film were proposed at
the end of the tumor resection while the wound was being
closed. These options included interaction with the
neuropsychologist’s avatar in virtual locations; this option is
the focus of this paper. For this experience, we used the vTime
app, a social network in VR [12]. This app allows users to create
an avatar and socialize with other people in virtual environments.
The avatar can be piloted on a smartphone or in conjunction
with a VRH using a game controller.

Results

A total of 3 patients used the vTime app during wound closure
(2 males and one female; mean age, 54 years). Only 1 participant
had a previous VR experience. Before the surgery, all the
patients were trained without any issues.

Patients used a standard avatar and an account opened by the
Department of Neurosurgery to preserve anonymity. They
interacted with an avatar piloted by the neuropsychologist, who
also wore a VRH, under the control of a physician who
participated in the meeting and controlled the scene on a
smartphone connected to the app. This allowed continual
monitoring of the operation (Multimedia Appendix 1). The
mean time of connection and interaction was 10 minutes.

During DES of the left inferior frontal gyrus (pars opercularis),
all patients failed to perform the 2D and 3D language and motor
tasks. All deficits disappeared when DES was stopped, and the
patients were allowed to recover. The stimulated areas were not
resected. Patients were neurologically intact.

During the social cognition experiences, the patients passively
viewed the neuropsychologist’s avatar and reproduced and
commented on his gestures. Alternatively, they assumed more
active roles, controlling their own avatars with a game controller
in their hands (Multimedia Appendix 2).

Despite the discomfort associated with the awake surgery
environment and other tasks completed with VRH, no patient
experienced eye strain, nausea, or any sign of “VR disease.”
No seizures occurred while the patients looked at the VR
experience.

Discussion

Principal Findings
As described previously, social cognition includes nonverbal
language, empathy, and ToM. These functions are explored at
the bedside by complex neuropsychological tasks batteries
including story movies, comic strips, or interactive games that
depict a short story. These tasks require time to be performed,
meaning they are not compatible with the brain mapping
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conditions (DES length inferior to 4 seconds, fast response, and
no ambiguity in the answer).

VR approaches that allow interactions with an avatar are
commonly used in cognitive neurosciences [13]. There is
consistent evidence that avatars are perceived in a similar
manner to real human beings and can be used to explore the
complex processes of nonverbal language, empathy, and ToM
[14]. In VR, the social interactions are governed by the same
social norms as social interactions in the real world (for example
social norms related to gender, interpersonal distance, and eye
gaze) [15].

VR can imitate complex social situations, even for the patients
undergoing awake craniotomies. The potential of VR lies in its
increased real-life environment validity compared with
screen-based studies. Rather than being a passive observer of
stimuli on a computer screen, participants in virtual
environments become part of the depicted scene. Although an
increase in ecological validity often results in a decrease in
experimental control, immersive VR has the potential to
combine the naturalness of everyday interactions with
experimental controls required during brain mapping procedures.

Instead of developing a specific app to test and map social
cognition during awake brain surgery, we decided to test the
potential of the available VR social networks. Several VR social
platforms are already available, such as vTime [12], Oculus,
Facebook Spaces, PLUTOVR, and AltspaceVR. Interestingly,
these platforms take different approaches for conveying
nonverbal language: arms, hands, head, and mouth movement
and gaze.

For our trial, we chose Samsung VR, a low-cost, high-quality,
customizable wireless device, with an optional pad control and
a game controller. The VR social network vTime is compatible
with the Samsung VRH [12]. The vTime app allows interaction
with several avatars and positional control in different virtual
environments. The avatar can point anywhere within the scene
and produce gestural expressions such as OK, Thumbs Up, Clap,

Thumbs Down, Blow Kiss, etc [12]. It is also possible for the
user to touch other avatars or to take control of his or her
personal space.

We demonstrated that patients undergoing awake craniotomies
can wear a VRH and interact with an avatar piloted by a
neuropsychologist.

Limitations
We experienced some difficulties and limitations using vTime
[12]. During an awake surgery, the patient is usually lying on
his or her back or side with the head immobilized using a
Mayfield skull clamp. The vTime app [12], as with most VR
social experiences, is not well-adapted for use in this position
and cannot make use of the 360 degree view. Further, there is
no option to control the orientation of the virtual environment.
In our experience, vTime can only be used with side-lying
patients. Restrictions of neck, limbs, and face movements can
affect psychological testing. If the patient does not lie on his or
her side to visualize the neuropsychologist avatar, he or she
cannot be tested. Despite this limitation, all awake surgeries
were performed in our institution with the patient lying on his
or her side. Mobility restrictions limit the patient’s ability to
explore the 360-degree environment, potentially limiting the
use of vTime [12] to explore visuospatial cognition. Moreover,
it is not possible to control facial expression and eye gaze, which
are potent nonverbal language cues. An app dedicated to awake
surgery is currently in development to overcome this limitation.

Conclusions
We showed that it is possible to use a VR social network during
awake craniotomy and to test gesture communication. Progress
in VR development is currently promising, and some VRHs
even allow facial expressions to be captured and transferred to
a virtual avatar in real time, opening a new level of virtual
human interaction. We are convinced that these improvements
could be applied to further research for awake craniotomy,
nonverbal language, empathy, and ToM in the near future.
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Multimedia Appendix 1
During awake brain surgery, the patient and the neuropsychologist (A) performing a language task; (B) Direct electrical stimulation
and mapping of the cortex during the task; and (C) and (D) the patient and the neuropsychologist communicating with the VR
social network.
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Multimedia Appendix 2
Video showing interaction between the patients and the neuropsychologist avatar using Vtime [12] in order to test social cognition
during awake brain surgery.
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Immersing Patients in a Virtual Reality Environment for Brain Mapping During Awake

Surgery: Safety Study

Matthieu Delion1, Evelyne Klinger4, Florian Bernard1, Ghislaine Aubin2,5,8, Aram Ter Minassian3,6, Philippe Menei1,7

-BACKGROUND: Brain mapping by direct electrical
stimulation during awake craniotomy is now a standard
procedure that reduces the risk of permanent neurologic
deficits. Virtual reality technology immerses the patient in
a virtually controlled, interactive world, offering a unique
opportunity to develop innovative tasks for perioperative
mapping of complex cognitive functions. The objective of
this prospective single-center study was to evaluate the
tolerance and safety of a virtual reality headset (VRH) and
immersive virtual experiences in patients undergoing
awake craniotomy and brain mapping by direct electrical
stimulation.

-METHODS: The study included 30 patients with a brain
tumor near the language area. Language mapping was
performed with a naming task, DO 80, presented on a
digital tablet and then in two-dimensional and three-
dimensional formats through a VRH. During wound
closure, different virtual reality experiences were pro-
posed to the patient, offering different types of virtual
motion or interaction with an avatar piloted by a
neuropsychologist.

-RESULTS: Two patients could not use the VRH owing to
technical issues. No procedure was aborted, no patient
experienced virtual reality sickness and all patients
reported they would repeat the procedure. Despite a high
rate of intraoperative focal seizures, there was no argu-
ment to attribute the seizures to VRH use.

-CONCLUSIONS: This study shows that it is possible
during awake brain surgery to immerse the patient in a
virtual environment and to interact with the patient,
opening the field of new brain mapping procedures for
complex cognitive functions.

INTRODUCTION

B
rain mapping by direct electrical stimulation (DES) during

awake craniotomy is now a standard procedure in adults

and children, reducing the risk of permanent neurologic

deficits and increasing the extent of resection of tumors1 or the

success of epilepsy surgery. The procedure has been well

documented. Briefly, it is possible to temporarily inactivate

regions of the brain using DES while patients perform

neuropsychological tasks. If a patient shows decreased

performance in a given task, the neurosurgeon will not remove

these regions, so as to maintain brain function. Language

networks are currently mapped in the dominant hemisphere.2

Compared with language mapping, few attempts have been

published concerning other cognitive functions, such as frontal

executive function3 or right hemisphere cognitive functions4,5

such as visuospatial and social cognition.4-13 This is due to the

difficulties involved in adapting classic bedside neuropsychologi-

cal tasks to awake surgery conditions.

Taking these limitations into account, we started to explore the

use of virtual reality (VR) during awake craniotomy with the
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patient wearing a virtual reality headset (VRH). VR is a domain

with growing applications in the field of neuroscience. This

computer technology generates realistic images, sounds, and

other sensations that simulate a user’s physical presence in a

virtual or imaginary environment. A person using VRH is able to

“look around” the artificial world, move around in it, and interact

with virtual features or items. As such, VRH offers a unique op-

portunity to develop innovative tasks for perioperative mapping of

complex cognitive functions. Since 2014, we have developed

different approaches with different types of headsets and software.

The first application developed was for avoiding postoperative

hemianopsia and unilateral neglect.9 After this pilot study, at the

request of the regulation authorities (Agence Nationale de Sécurité

du Médicament et des Produits de Santé), we performed a safety

study on the use of a VRH during awake craniotomy and DES of

the brain. Indeed, VR can induce motion sickness (known as

cybersickness or virtual reality sickness),14,15 and the hazard of

induced seizure, as for all screen video games, is an issue to

explore.16,17 In this article, we present the results of a study that

evaluated the tolerance and safety of a VRH and immersive

experiences in patients undergoing awake craniotomy and brain

mapping by DES. Advantages, limitations, and future

applications of a VRH for perioperative mapping of visuospatial

and social cognitions are discussed.

MATERIALS AND METHODS

Study Design

This is a single-center, prospective, open-label study. The study

protocol was evaluated and approved by the Agence Nationale de

Sécurité du Médicament et des Produits de Santé, the ethics

committee of the institution, and the Commission Nationale de

l’Informatique et des Libertés. All patients signed a written

informed consent form before inclusion in the study. This study is

registered in at ClinicalTrials.gov (ClinicalTrials.gov Identifier:

NCT03010943).

Patients >18 years old, hospitalized for a brain tumor near the

language area (determined by a neuropsychological evaluation and

resting-state functional magnetic resonance imaging), in the left

or right hemisphere, who gave written informed consent were

included. Exclusion criteria were all contraindications to awake

surgery (cognitive impairment related or not related to the surgical

lesion, aphasia, morbid anxiety).

Materials

This study was performed using a Samsung Gear VHR (Samsung,

Seoul, South Korea) combined with a Samsung S7 smartphone

(android platform) and headphones. This equipment is wireless

(smartphone battery). The VRH has a visual field of 96!, inter-

pupillary distance of 55e71 mm, latency of <20 ms, refresh rate of

60 Hz, and adjustable focus. The VRH has a presence sensor and

allows tracking of the head orientation by accelerometer, gyro-

scope, and geomagnetic sensor.

For this study, 2 applications have been developed. The first one

is based on a three-dimensional (3D) motor (Unity 3D software;

Unity Technologies, San Francisco, California, USA) to present

two-dimensional (2D) or 3D objects in stereoscopy. The second

one is an interface allowing the VRH to communicate with a

personal computer through a Bluetooth (Bluetooth SIG, Inc.,

Kirkland, Washington, USA) connection, from which the tasks

can be selected.

The picture-naming task, DO 80, was duplicated in the VRH in

2 versions. The first one, in 2 dimensions, includes the same

images as the classic naming task DO 80 presented with a digital

tablet (an image with the sentence in French “This is .”) in a

virtual empty open space. The second version includes the same

items, but in stereoscopy (3 dimensions), rotating in a virtual

empty space (Figure 1). The images are always orientated in

function according to the head position.

Other VR play experiences with headphones were proposed at

the end of the tumor resection, during the closure time (Figure 2):

Zen parade (designed by Kevin Mack; http://www.shapespacevr.

com/zen-parade.html), a 3D animated world of moving living

sculptures; Fractal fantasy (designed by Julius Horsthuis; http://

www.julius-horsthuis.com/vr-projects#), a virtual fractal world

with visually induced illusions of self-motion; Ocean Rift (Picsel-

ica Ltd., St. Asaph, United Kingdom; https://www.oculus.com/

experiences/rift/1253785157981619/), a virtual safari allowing the

user to explore an underwater world full of life including dolphins,

sharks, and turtles; a social VR application vTime (https://vtime.

net/), allowing interactions in a virtual location with an avatar

piloted by the neuropsychologist who also wore a VRH, under the

control of a physician who participated in the meeting and

Figure 1. Example of the item “house” on a classic

naming task DO 80 presented with a digital tablet and

in three-dimensional format presented with the virtual

reality headset.
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controlled the scene on a smartphone connected to the app. These

VR experiences are available in the Oculus store (Oculus VR,

Menlo Park, California, USA); however, the authors provided us

with improved versions. All these experiences offer a different type

of virtual motion (motion around the virtual environment, passive

motion of the patient himself or herself, active motion of the

patient piloted by a game controller, motion of an avatar piloted by

a game controller).

Operative Procedure

A preoperative neuropsychological evaluation and imaging

(including anatomic magnetic resonance imaging, diffusion

tensor imaging, and resting-state functional magnetic resonance

imaging) were performed. After patients had signed the

informed consent form, they were trained with the VRH in the

surgical position. They performed the DO 80 image test in VR

conditions and were asked to choose or classify their favorite VR

play experiences.

During awake craniotomy, sedation was achieved using target-

controlled infusion of remifentanil and propofol, and ventilation

was controlled using a laryngeal mask airway. Patients were

positioned in a supine or lateral position, according to the location

of the tumor, with a rigid pin fixation of the head in a Mayfield

frame. The scalp incision and the pin sites of the Mayfield

headholder were infiltrated with diluted ropivacaine. Local anes-

thetic blocks were also performed on the supraorbital, temporal,

retroauricular, and occipital nerves. Once the craniotomy, guided

by neuronavigation (BrainLab, Munich, Germany), was completed

and the dura mater was opened, all sedative drugs were stopped,

and the patient progressively awakened. The laryngeal mask

airway was removed when the patient was awake. Electroen-

cephalography (EEG) signals were recorded using a 4-plot sub-

dural electrode (4-channel Eclipse neurovascular workstation;

Medtronic Xomed, Inc., Jacksonville, Florida, USA), placed

directly adjacent to, but not over, the area being mapped.

The first language mapping was performed by the neuropsy-

chologist, with a naming task DO 80 presented on a digital tablet.

Figure 2. Virtual reality play experiences. (A) Zen parade

and Fractal fantasy with the patient wearing the virtual

reality headset. (B) Ocean Rift with the patient using

the game controller. (C) vTime with the patient

interacting with the neuropsychologist through the

avatar in a virtual world.
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The mapping was completed as previously described.18 DES was

applied with a bipolar electrode (tip-to-tip distance 5 mm)

delivering a biphasic current (parameters: 60 Hz, 1-ms pulse

width, current amplitude 1e10 mA). We conducted DES on the

exposed cortical area, stimulating 1 cm2 at each site. To be

recognized as a language site, sites at which interference was

identified were meticulously tested at least 3 times (not

consecutively). Eloquent areas were defined by speech arrest,

anomia, dysarthria, or semantic or phonemic paraphasia and

were tagged on the cortex. Then a second set of mapping was

performed, using the VRH, with the 2D DO 80 and then with

3D DO 80 (Figure 3). The differences in response were carefully

noted, and the position of the eloquent area was located on the

neuronavigation system. If necessary, other tasks were used

(e.g., spontaneous speech production, counting, reading,

complex word repetition, pyramid, and palm tree tests on a

digital tablet).

If the functional cortex was identified, a minimum margin of 1

cm was respected during the resection. After tumor debulking, the

resection was continued during spontaneous speech, as necessary,

with subcortical electrostimulation. At the end of resection,

another mapping was completed when necessary, using the DO 80

on the digital tablet, the 2D DO 80 with the VRH, and the 3D DO

80 with the VRH in succession. At the end of the resection during

the closure time, the patient was invited to visualize VR play ex-

periences (Figure 3). At this time, antalgic titration with

oxycodone was performed if necessary.

Heart rate, blood pressure, and the EEG signal were continu-

ously recorded during the procedure. Any drug administration

different from the predefined protocol was noted. Tolerance was

also assessed using questionnaires filled out by the patient,

anesthesiologist, neuropsychologist, and neurosurgeon.

Postoperative management included 4 hours of observation in

the postanesthesia care unit. Patients completed questionnaires

about their feelings when wearing a VRH and watching VR images

after the first VRH sessions and 48 hours after surgery.

RESULTS

The study included 30 patients, 18 men and 12 women, with a

median age of 45 (range, 23e75). Two patients were included

twice, having a second surgery for recurrence. Patients were

initially hospitalized for seizures (n ¼ 16, including 4 with status

epilepticus), motor or speech deficits (n ¼ 4), cognitive deficits

(n ¼ 2), or headaches (n¼2). For 6 patients, the tumor was

discovered through the monitoring of their primary cancer. Of

patients, 27 were right-handed, and 3 were left-handed. The tu-

mors were in the left hemisphere in 25 patients and in the right

hemisphere in 5 patients (2 right-handed and 3 left-handed).

The mean tumor diameter was 47 mm. Tumor localization was

in the frontal lobe (n ¼ 15), parietal lobe (n ¼ 9), temporoparietal

junction (n ¼ 3), insula (n ¼ 2), and temporal lobe (n ¼ 1). The

lesions were glioblastoma (n ¼ 12, including primary glioblastoma

[n ¼ 9], secondary glioblastoma [n ¼ 1], and recurrent glioblas-

toma [n ¼ 2]), anaplastic astrocytoma (n ¼ 9, including 1 recurrent

anaplastic astrocytoma), grade 2 oligodendroglioma (n ¼ 1), or

metastasis (n ¼ 8).

Eleven patients had a previous VR experience. During preop-

erative VR training, 4 patients reported visual discomfort (3 had

blurred vision, 1 had lateral hemianopia). The most chosen VR

play experiences were Ocean Rift and Zen Parade. During the

surgery, the use of the headset was not possible for 2 patients,

owing to a Bluetooth malfunction in one and the proximity of the

headholder in the other patient. In total, 28 surgical procedures

were performed with the VRH.

The mean duration of surgery was 4 hours 12 minutes, and the

mean duration of the awake phase was 2 hours 21 minutes. The

mean intensity used for DES was 3 mA (range, 1e8 mA). The

Figure 3. Cortical mapping using the virtual reality headset.
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mean number of sessions with the VRH was 4 with a mean total

duration of VRH use per patient of 24 minutes (range, 10e37

minutes). The VR tests were performed at the beginning and at

the end of the procedure for 18 patients.

The same eloquent areas were identified regardless of which

DO 80 presentation was used (digital tablet, 2D VR, or 3D VR).

However, we observed for 3 patients that some areas for which the

result was not clear using the DO 80 on the digital tablet (hesi-

tation or delay in denomination) were clearly not eloquent when

using the VRH. This result is of particular relevance, and another

study is needed to validate the power of the DO 80 with the VRH

relative to the DO 80 on the digital tablet to definitively identify the

language eloquent areas.

EEG modifications (afterdischarge or spike-and-wave) were

observed in 13 patients during the standard brain mapping pro-

cedure (without VRH). The same abnormalities persisted during

brain mapping and VRH use in 3 of these patients. Intraoperative

seizures (IOSs) occurred in 9 of these patients. All were focal sei-

zures, disappearing rapidly after cortical irrigation with iced saline.

IOSs occurred in 3 cases before any DES or VRH use, in 5 cases

during DES of the motor area before VRH use, and in 1 case during

DES with and without VRH use. IOSs were not associated with a

worse outcome. There were no seizures following the surgeries.

One patient reported a sensation of dry eyes that was known

before the surgery, and one reported mild nausea (related to the

analgesic treatment). On the questionnaire, patients reported the

following grade 1 side effects: anxiety (n ¼ 4), tiredness (n ¼ 4),

discomfort (n ¼ 2), and pain (n ¼ 1). Despite the discomfort

associated with the awake surgery procedure, no patient experi-

enced vertigo or any vegetative signs of VR sickness. One patient

judged the VR experience as unpleasant, but agreed to repeat it for

a second surgery.

VR play sequences were proposed to patients at the end of

surgery. Twenty patients agreed to look at the VR play sequences

while the wound was being closed. For 12 of these patients, no

further analgesia was necessary.

According to the questionnaire completed immediately after the

surgery by the neurosurgeon, the anesthesiologist, and the

neuropsychologist, the use of the VRH was not an issue during the

surgery. All agreed to continue this study.

DISCUSSION

VR is widely explored for neurosurgery, as in all the medical fields,

especially for surgical training or to help the neurosurgeon in the

operating room, as an augmented reality.19-22 Our project, which

started in 2014, was to use VR, and especially a VRH, for patients

undergoing awake surgery. The goal was to develop new tasks

based on a virtual environment, with the aim of exploring complex

cognitive functions, such as visuospatial and social cognition. The

first application developed was for detecting hemianopia and

unilateral neglect during DES.9

Before developing other VR tasks, we needed to confirm the

feasibility, tolerance, and security of this approach. To avoid

interfering with the routine procedure of awake craniotomy and

language brain mapping, we decided to duplicate the object

naming task (DO 80). After a standard task using a digital tablet,

the DO 80 was repeated using the VRH in 2D format and then in

3D format. The object-naming task is simple, allowing us to

capture a variety of errors, and is the most commonly used task for

language mapping.23

At the beginning of our experience with VR in the operating

room, we used the Oculus VRHs DK1 and DK2 (Oculus VR), but

for our study, we chose the Samsung VR. This VRH is wireless. It

is a low-cost, high-quality, customizable device with a pad control

on the side of the headset and, if necessary, a game controller. Its

weaknesses are that it heats up after a long period of use and its

autonomy is limited by the phone battery. However, neither of

these weaknesses was an issue or stopped the VRH from being

used in the operating room. It was not possible to use the VRH for

1 patient owing to a Bluetooth malfunction, leading us to consider

a wired VRH for future developments.

Before the surgery, all the patients were trained easily and the

acceptability was good, although 19 of them did not have previous

experience with a VRH. Although previous studies have shown

that younger hospitalized patients were more willing to participate

in an immersive VR experience, the relatively older age (median

age of 45) in our study was not a limitation.24 Focus can be

adapted for patients wearing glasses, but this can be an issue,

especially in patients with a high correction. Patients with dry

eyes could experience some discomfort during extended VR

sessions. In the operating room, it was not possible to position

the headset in 1 case, owing to the head holder, and some

difficulties arose in 5 cases. These difficulties were avoided by

carefully positioning the VRH before the headholder and before

drawing the incision line.

There was no difference for number or localization of eloquent

areas between the digital tablet and the VRH. However, we

observed that some areas for which the result was unclear using

the digital tablet (hesitation or delay in denomination) were clearly

not eloquent areas when using the VRH. The explanation would

be a better visualization of the images and isolation from all the

disruptive events occurring in the operating room.

VR sickness, which is a kind of motion sickness, was a

concern before our study, especially in the conditions of an

awake surgery (e.g., stress, discomfort of the position, emetic

medication). Virtual reality sickness is now well known and has

several physiologic explanations. The first one is latency.25

Virtual reality headsets have significantly higher requirements

for latency (the time it takes for a change in input to have a

visual effect) than ordinary video games. If the system is too

slow to react to head movement, it can cause the user to

experience virtual reality sickness. In fact, this aspect was

minimized, as the patient could not move the head, which was

held immobilized in a headholder. Another important cause

for VR sickness is a visual-vestibular-somatosensory con-

flict.25,26 This could have been the case for our patients in a lying

position viewing a differently orientated virtual world.26 It could

also have been the case with the perception of visually induced

illusions of self-motion during the VR play experiences,

despite the VR experience with the most impressive self-motion

being chosen less frequently by the patients. Nevertheless, no

patients experienced VR sickness, and we did not observe any of

the sympathetic nervous activity reported for this syndrome.27-30

We are convinced that the good tolerance could be due to patient

preparation and training.
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IOS was an important concern, as the convulsion hazard is a

classic concern with the use of television, video games, and VR

experiences. The Samsung VRH manual advises consulting a

physician before using the VRH if there is a history of seizures.

EEG modification (afterdischarge or spike-and-wave) was

observed during the standard brain mapping procedure for 13

patients. Afterdischarges are defined as 2 consecutive spikes or

sharp waves, distinct from background activity, spontaneous, or

within 5 seconds of DES termination. They are observed frequently

(71% in the literature31) and can sometimes result in convulsive

seizures. We did not observe a significant modification of the

afterdischarge threshold or frequency during the procedure.

IOSs were observed in 9 patients (30%) during surgery. These

were focal seizures, easily stopped by irrigation of the cortex with

iced physiologic serum. IOSs can interfere with the patient’s

ability to cooperate throughout the procedure and may affect their

outcome. Nevertheless, none of the procedures were aborted, and

IOSs were not associated with a worse outcome. IOSs induced by

DES of the cortex are not uncommon during awake surgery with a

described rate of 3.4%e31% in the literature.31-35 It is worth noting

that among these 9 patients, 5 had a history of epilepsy, and 1 had

a history of status epilepticus. Preoperative seizures or a history of

epilepsy was correlated with IOSs, with patients who have pre-

operative seizures considered to have an increased susceptibility to

intraoperative or postoperative seizures. Our perioperative seizure

rate is in the upper range, but this cannot be explained by the

VRH, as the seizures occurred in all the patients before its use.

Moreover, the mean time between preoperative training with the

VRH and surgery was 23 days. The explanation of our IOS rate

would be our brain mapping procedure, which always starts with a

positive motor stimulation to calibrate the DES intensity. It is well

known that the search for a positive motor mapping may increase

the likelihood of IOSs. It is worth noting that in our study, none of

the patients had a postoperative seizure during hospitalization.

The 20 patients who watched the VR experiences described

them as pleasant and capable of reducing pain and anxiety. It is

now well demonstrated that VR could be effective for control and/

or treatment of pain and anxiety.36,37

Finally, we showed that it is possible during awake brain

surgery to immerse the patient in a virtual environment and for the

patient to interact with it. In particular, we showed that it is

possible to interact with an avatar piloted by a neuropsychologist.

The description of this VR experience and interactions with an

avatar using the social VR platform vTime has been published

elsewhere.38 There is consistent evidence that avatars are

perceived in a similar manner to real human beings and can be

used to explore the complex processes of nonverbal language,

empathy, and theory of mind.39 Social cognition, including

nonverbal language, empathy, and theory of mind, is explored

at the bedside through sets of complex neuropsychological

tasks, including story movies, comic strips, or interactive games

that depict a short story.12,13 These tasks take time to be

performed, meaning they are not compatible with the brain

mapping conditions (DES length <4 seconds, fast response, and

no ambiguity in the answer). Progress in VR development is

currently promising, and some VRHs even allow facial

expressions to be captured and transferred to a virtual avatar in

real time, opening a new level of virtual human interaction. VR

has the potential to combine the naturalness of everyday

interactions with experimental controls required during brain

mapping procedures, opening the field of new brain mapping

procedures for complex cognitive functions.

CONCLUSIONS

It is possible to immerse a patient in VR using a VRH during

awake brain surgery with brain mapping using DES. We did not

observe VRH-induced IOSs or VR sickness. The rapid progress in

VR technology and the almost infinite possibilities to develop

innovative neuropsychological tasks motivate us to continue this

research work. Work is currently underway on virtual experiences

dedicated to testing social cognition during awake surgery.
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SHORT ABSTRACT  

The non-dominant hemisphere (generally the right hemisphere) plays an important role in spatial consciousness 

and social cognition. Neurosurgeons are faced with the problem of exploring and preserving these cognitive 

functions. This study, drawing parallels with the movie “The Matrix”, aimed to investigate the value of virtual 

reality for mapping the non-dominant hemisphere during awake brain surgery.  

 

LONG ABSTRACT  

The non-dominant hemisphere (generally the right hemisphere) is determinant for non-verbal cognitive 

functions, such as visuo-spatial and social cognition. Preserving these functions in the surgical management of 

brain tumors is decisive for the postoperative quality of life. Using virtual reality in awake brain surgery appears 

to be interesting for preserving these functions. By developing a new neuropsychological task appropriate for use 

during awake brain surgery, the authors were able to explore the patient’s non-verbal cognitive processes and 

preserve them. The patient, neuropsychologist and brain surgeon thus play out a situation resembling that of the 

movie “The Matrix” in the operating theater. In addition to this cultural inference, we highlight here the importance 

of using emerging technologies as potential tools to better explore and preserve patients’ cognitive processes. 
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Virtual reality; neurosurgery; social cognition; visuospatial cognition; awake surgery; unilateral spatial neglect; 

neuropsychology; neuroscience. 
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MAIN TEXT  

1. INTRODUCTION  

In “The Matrix”, a science fiction movie released in 1999, a race of self-aware machines imprisons 

mankind in a virtual reality system — the Matrix — for use as a power source. The storyline incorporates 

references to numerous philosophical ideas, including the dilemma of choice vs. control and the brain-in-a-vat 

thought experiment. Two decades on, virtual reality (VR) is booming, with increasing numbers of applications in 

the field of cognitive and social neurosciences (Parsons, Gaggioli, et Riva 2017). This computer technology 

generates realistic images, sounds, and other sensations, simulating the physical presence of the user in a virtual 

environment. Recent technological advances have increased access to this technology, including virtual reality 

headsets (VRHs), which are now affordable and can be installed in front of the patient's head. The potential of VR 

lies in its greater resemblance to the real-life environment than screen-based studies. Rather than being a passive 

observer of stimuli on a computer screen, participants in virtual environments become part of the scene depicted. 

A person using a VRH can “look around” the artificial world, and interact with virtual features or items in a more 

ecological manner than is possible through passive screen-based interactions (Dahlquist et al. 2009).  

The dominant (usually the left hemisphere, in right-handed individuals) cerebral hemisphere is 

traditionally regarded as the more important side of the brain, because of its involvement in language. Decisions 

regarding neurosurgical approaches in clinical practice have long been influenced by this notion. Classically, brain 

mapping during awake brain surgery tests language and motricity, allowing their preservation. For this reason, 

awake brain surgery is mostly performed on the left hemisphere. However, we know that the side of the brain on 

which tumors occur has no effect on the patient’s perceived quality of life (Salo et al. 2002; Sagberg et al. 2019; 

Mandonnet et al. 2017; Weed et al. 2010). This probably reflects the role of the minor (usually the right) 

hemisphere in important cognitive functions, including attention, visuo-spatial and social cognition. We therefore 

decided to explore the non-dominant hemisphere during awake surgery, with a view to its preservation. Making 

reference to the movie “The Matrix”, we show here how and why we used a virtual reality approach to immerse 

patients in a realistic virtual world, within the operating theater. 
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2. RIGHT HEMISPHERE FUNCTIONS 

2.1 Attention and visuo-spatial cognition  

Visuo-spatial cognition supports spatial attention, perception, awareness and mental representation. It 

depends mainly on two interacting networks: the dorsal attention network controlling focused attention (also 

called top-down attention) (Sadaghiani et al. 2010; Laufs et al. 2003), and the ventral attentional network 

(Corbetta et Shulman 2002; Geng et Vossel 2013) involved in the detection of non-focused relevant stimuli (also 

called bottom-up attention) (Kristensen et al. 2013). Lesions and disconnections of these networks are associated 

with various symptoms, the most important of which is unilateral neglect (UN)(Bernard, Lemée, Ter Minassian, 

et al. 2018). UN is typically associated with right hemisphere damage. It is defined as a failure to report, respond 

to, or orient in response to stimuli delivered in the space contralateral to the lesion in patients with brain damage. 

Neglect is a heterogeneous disorder, and several different subtypes have been defined, including: near/far 

neglect, perceptual/representational neglect, and egocentric/allocentric neglect (Jean Michel Lemée et al. 2018; 

Bartolomeo, Thiebaut de Schotten, et Doricchi 2007; Buxbaum et al. 2004). UN is all the more complex due to 

its dynamic nature. Within an individual patient, neglect may vary between occasions or tasks. Space 

representation and/or the control of spatial attention may, therefore, be modulated by various factors, such as 

the emotional valence of the stimulus. The functional implications of UN are well understood, but much less is 

known about its impact on daily functioning and social communication.   

2.2. Social cognition 

Social cognition is the second important cognitive function supported by the right hemisphere. It includes 

all the cognitive processes involved in social interaction through non-verbal communication (such as facial 

emotion recognition and emotional prosody), but also empathy, and theory of mind (TOM).  

The ability to recognize emotion from facial expressions or vocal intonation is supported by a large, right-

lateralized perisylvian network, mirroring the language network in the left hemisphere (Bernard, Lemée, Ter 

Minassian, et al. 2018; Sammler et al. 2015). Several observations have suggested that similar psychological and 

neural computations are involved in the processing of dynamic facial expressions and language. Based on these 

findings, an evolutionary theory has been developed, according to which, facial expressions may have emerged 

before language, leading to adaptations for the processing of verbal facial movements and speech in the mirror 

networks of the left hemisphere (Redcay 2008). 

Social cognition has two other important components: empathy, defined as an ability to understand and 

share the feelings of another, and TOM, defined as the ability to attribute mental states (beliefs, intents, desires) 

to others, and to understand their beliefs, desires, intentions, and perspectives, including those different from 

one's own. Empathy and TOM are complex functions processed in large cross-hemisphere networks. The 

identification of these networks is a real challenge, due to the apparent difficulty reaching consensus definitions 

for empathy and TOM. Some authors split the social cognition into two complementary levels. The first, emotional 

empathy (facial emotion and prosody recognition), probably corresponds to low-level TOM (Thye, Murdaugh, et 

Kana 2018). This level of social cognition provides the foundations for social communication, making it possible 

for us to interpret the mental state of others by assimilating their actions or facial expressions (e.g., ‘‘He is sad’’). 

The brain networks processing empathy and low-level mentalization are right-lateralized and include those 

previously described for attention, visuospatial cognition, facial emotion and prosody identification, plus the 

network processing eye-gaze information processing, as described below. 
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The second level, high-level TOM (so-called high-level mentalizing or cognitive empathy), could be 

described as the process allowing us to predict the mental state of others from a cognitive standpoint, based on 

various cues (e.g., ‘‘He will probably get mad’’). This higher process involves a cognitive understanding of the 

beliefs, desires, and knowledge of others, and an understanding of their mental states. High-level mentalizing is 

processed in a large, cross-hemisphere network including the temporo-parietal junction, the medioventral, 

ventrolateral and dorsolateral prefrontal cortices and the precuneus (Bernard, Lemée, Ter Minassian, et al. 2018). 

A retrospective MRI study of patients who had undergone resection for low-grade glioma revealed that low-level 

and high-level mentalizing dysfunctions were correlated with the degree of disconnection of the arcuate fasciculus 

and cingulum, respectively, suggesting the existence of a two-pathway system (Herbet et al. 2014). However, in 

real social life, high-level and low-level mentalizing probably interact and function simultaneously (Herbet et al. 

2014). 

2.3. Socially relevant gaze processing 

Several interactions occur between attention and non-verbal language. There is abundant evidence from 

neuropsychological and functional imaging studies to indicate that spatial attention and awareness are influenced 

by affective and social significance. The eye, for example, is a key target for attentional processes, and reflexive, 

gaze-triggered shifts of attention are processed predominantly in the right hemisphere (Kingstone et al. 2004). 

There are also interactions between visuo-spatial cognition and non-verbal language. A sense of shared 

interpersonal space or self-other equivalence is a basic prerequisite for social approaches (Thakkar, Brugger, et 

Park 2009; Marrero et al. 2019).  

Based on their interactions, attention and non-verbal language networks occupy a common brain region 

in the right hemisphere, mostly at the temporo-parietal junction (Carter et Huettel 2013). Within the temporo-

parietal junction, the right posterior superior temporal sulcus (pSTS) has been identified as potentially crucial for 

socially relevant gaze processing (Saitovitch et al. 2016; Nummenmaa et al. 2010; Ethofer, Gschwind, et 

Vuilleumier 2011; Thye, Murdaugh, et Kana 2018). The most important socially relevant eye motions are eye 

contact and joint attention (Okada, Sato, et Toichi 2006; Caruana, Brock, et Woolgar 2015).    

Eye contact facilitates the inference of the intentions and feelings of others, which is crucial for survival 

and social integration. Indeed, the eye provides the most reliable clues to what someone else is thinking, feeling 

or intending. Gaze direction is a critical facial cue in everyday interactions, providing socially relevant information. 

It is a key element of joint attention, the ability to follow and/or direct another person’s attention through eye 

gaze. There are two functionally and developmentally different joint attention processes: (1) the response to joint 

attention, in which an individual interprets the eye gaze of a social partner to determine their focus of attention, 

and then directs his or her attention to the same thing; (2) the initiation of joint attention, in which an individual 

use his or her eye gaze intentionally to guide the attention of a social partner, thereby initiating a bid for joint 

attention.   

 

.   
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3. AWAKE CRANIOTOMY AND RIGHT HEMISPHERE BRAIN MAPPING 

3.1 Task importance in awake brain surgery 

Unlike the motor areas of the brain, the verbal and non-verbal language networks (including the 

visuospatial and social cognition networks) cannot be localized on the basis of anatomical criteria alone. Indeed, 

there are structural and functional variations within and between subjects (Bernard, Lemée, Ter Minassian, et al. 

2018; Bernard et al. 2019). In neurosurgery, this issue is dealt with by individual brain mapping by direct electrical 

stimulation (DES) during awake craniotomy. This procedure has become a standard procedure and is well 

documented (Fernández Coello et al. 2013; Duffau 2005). Briefly, DES can be used to inactivate regions of the 

brain temporarily while patients perform neuropsychological tasks. If the performance of the patient in a given 

task decreases, the neurosurgeon does not remove the corresponding region, so as to maintain the brain function 

related to this task. 

Accounts of right hemisphere per operative mapping are less  numerous than descriptions of language 

mapping in the left hemisphere ((Jean Michel Lemée et al. 2018; Rolland, Herbet, et Duffau 2018; Vilasboas, 

Herbet, et Duffau 2017). Right hemisphere functions are explored at the bedside, with batteries of complex 

neuropsychological tasks, including the use of photographs, fictional movies, comic strips, or interactive games 

depicting a short story (Bernard et Menei 2019). Several difficulties are inherent to the adaptation of these 

standard bedside tasks to the constrained environment of awake surgery: the need to use tasks with a duration 

of less than 4 seconds due to the duration of electrical stimulation, the crowded space in an operating theater, 

with little space directly in front of the patient and the patient placed on his or her back or side, and the need for 

a rapid, unambiguous answer. 

 

 

3.2 The need for new allocentric visuospatial tasks 

In most published studies, spatial awareness in the operating theater is explored with the line bisection 

task. Patients are asked to estimate and indicate the midpoint of a horizontal line presented on a piece of paper 

or a computer tablet placed directly in front of them with respect to their midline and their horizon of vision. An 

ipsilateral deviation (to the same side as the brain lesion), is generally considered to indicate unilateral neglect, 

although the magnitude of this deviation is variable. As a bedside task, the line bisection test of spatial awareness 

seems to be highly feasible, with a specificity of 90%, and a sensitivity of 60% (Schenkenberg, Bradford, et Ajax 

1980). The line bisection test is also widely used in awake surgery, not only because of its simplicity, but also 

because it is rapid and reproducible (Kitabayashi et al. 2012; Roux et al. 2011; Talacchi et al. 2013; Vallar et al. 

2014; Rolland, Herbet, et Duffau 2018; Bartolomeo, Thiebaut de Schotten, et Duffau 2007). However, even 

though this task identifies a profound perceptual disorder, it appears to be anatomically and behaviorally 

independent of the core symptoms of neglect.  In 40% of patients with core symptoms of spatial neglect, no 

impairment is observed in the line bisection task. One possible explanation for this dissociation is that the line 

bisection task draws on allocentric representation, whereas the core deficit in spatial neglect is egocentric 

(Karnath, Ferber, et Himmelbach 2001; Rorden, Fruhmann Berger, et Karnath 2006; Chechlacz, Rotshtein, et 

Humphreys 2012).  

The target cancelation task, another allocentric test, involves searching for and crossing out target 

symbols. This test is less widely used in awake surgery (Conner et al. 2016). Patients with UN typically fail to 
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cross out stimuli on the side of the page contralateral to the brain lesion. Many versions of the cancelation task 

exist, with various shapes, single or double target stimuli, and with or without the presence of distractors. 

Distractor symbols are non-target stimuli, obliging the subject to determine whether or not a stimulus is a target 

before crossing it out, rather than simply crossing out all the stimuli on the page. Cancelation tests with distractors 

are more sensitive for UN detection than those without distractors. They also provide greater reliability, in terms 

of test-retest reproducibility, and are more sensitive than line bisection tests. It is now widely accepted that these 

tasks explore only one component of UN (allocentric), so a visuospatial cognition deficit could appear unless 

another intraoperative task is also used.  

 

3.3 Low- and high-level TOM tasks 

The tasks most frequently used to measure the perception and identification of facial emotions are 

photographs of individuals displaying one of the six primary facial emotions (anger, happiness, fear, surprise, 

disgust, and sadness) extracted from several tests (Ekman’s Faces, the Brief Affect Recognition Test, the Japanese 

and Caucasian Brief Affective Recognition Test, and the ATR facial expression database) (Fried et al. 1982; 

Giussani, Pirillo, et Roux 2010; Papagno et al. 2016; Motomura et al. 2019). Published results suggest that, when 

presented for 10 seconds at the patient’s bedside, the emotion portrayed by each photograph is correctly 

identified by more than 70% of patients. In all studies, static expressions are less accurately recognized than 

dynamic facial expressions (Krumhuber, Kappas, et Manstead 2013; Joyal et al. 2014). In our experience, tests 

involving the recognition of facial emotions from photographs are difficult to perform in awake surgery, with a 

high rate of error, even in the absence of DES. Other tests are available, but are less appropriate for brain 

mapping due to the absence of unequivocal and veracious solutions for the items. These tests include the 

Diagnostic Analysis of Nonverbal Accuracy, which presents faces displaying emotions of variable intensity between 

images. Emotional prosody is another important nonverbal cue involved in social cognition. The complexity of 

emotional prosody tests and their subjective interpretation account for the difficulties exploring prosody during 

awake surgery and explain why such procedures have rarely been described.   

Low and high-level TOM exploration is even more complex, due to issues raised in previous studies 

(Yordanova, Duffau, et Herbet 2017; Yordanova et al. 2019). We previously highlighted the importance of the 

eye and of the gaze in TOM processing. A now classical neuropsychological task exploring mental state attribution, 

the “reading the mind in the eyes” (RME) task, is based on  photographs centered on the eye region (Baron-

Cohen et al. 2001; Thye, Murdaugh, et Kana 2018).  A simplified and adapted RME task has been used to assess 

face-based mentalizing in patients undergoing awake surgery for right-side low-grade glioma (Yordanova, Duffau, 

et Herbet 2017; Yordanova et al. 2019).  

Another study used a typical high-level mentalizing task, the false belief task (Nakajima et al. 2019). The 

authors concluded that high-level mentalizing could be successfully mapped during awake surgery, allowing its 

preservation. However, the tasks used in this study have been criticized. It has been pointed out that they usually 

require meta-linguistic judgments about hypothetical situations and may not accurately measure the underlying 

cognitive processes targeted (Tompkins et al. 2006; 2008). Moreover, body movements are an important 

reflection of a subject’s intentions. The importance of this kinetic information in mental-state attribution cannot 

be assessed through stories or line drawings. Given the limitations of these bedside tasks for brain mapping 

during awake surgery, we explored the possibilities offered by virtual reality technology. 
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4. USING VIRTUAL REALITY TO MAP SOCIAL COGNITION: “ENTERING THE MATRIX”  

In “Matrix”, Morpheus asks the main character, Neo, to choose between a red pill and a blue pill. The red 

pill allows him to escape to the real world, whereas the blue pill represents the simulated reality of the Matrix. 

Neo chooses the red pill. By analogy, in this study, we asked the patients figuratively to choose the blue pill, 

corresponding to immersion in VR. 

4.1 Immersion in virtual social interactions 

Social interaction can be simulated with human actors or with synthetic animated characters known as 

avatars. The use of an avatar makes it possible for the researcher to manipulate selectively variables that cannot 

be independently investigated in naturalistic situations, providing precise control over the intensity, timing and 

types of emotion presented, but also over facial expressions, ethnicity, sex and age, for example, such that 

experimenters can create specific stimuli corresponding to their particular needs. For example, one 

methodological issue raised in previous studies of non-verbal communication is the inextricable connections 

between cues, such as facial expressions, eye contact, and posture, and verbal behavior, making it difficult to 

test their effects separately. The use of an avatar may overcome this problem. 

VR approaches allowing interactions with an avatar are widely used in cognitive neuroscience (Georgescu 

et al. 2014). There is compelling evidence to suggest that avatars are perceived in a similar manner to real 

humans and can be used to explore the complex processes of nonverbal language, empathy, and ToM (de Borst 

et de Gelder 2015). Finally, in clinical practice, populations of individuals with social cognition deficits also display 

impairments of the ability to recognize emotions expressed by avatars (Dyck et al. 2010). Moreover, the social 

norms governing social interactions in VR are the same as those in the real world (e.g. social norms relating to 

gender or interpersonal distance) (Kaufman 1988). VR provides tools for the creation of realistic simulations of 

social situations, whilst also providing a high degree of experimental control. Virtual reality scenarios can be 

integrated into narrative contexts and the behavior of the participant can be tracked precisely, allowing 

interactions with the avatar. Last, but not least, a unique advantage of VR is that this approach provides 

neurosurgeons with a way of investigating social cognition that would not otherwise be possible in the operating 

theater(Bernard, Lemée, Aubin, et al. 2018). 

4.2 Virtual reality may facilitate studies of visuospatial cognition 

Interactivity is another interesting aspect of VR. Eye-tracking capabilities have been built into the latest 

models of VR headsets. Eye tracking is based on the use of sensors to measure eye position and movement.  It 

can determine the level of presence, where attention is directed and what is being focused on, and it provides 

biometric data (e.g. pupillometry). Eye-tracking technology provides new opportunities for interaction with VR 

content. For example, eye-tracking data for a participant can be used to control the virtual character’s attention 

in real time (Wilms et al. 2010). Some VRHs can even capture facial expressions and transfer them in real time 

to a virtual avatar, paving the way for a whole new level of virtual human interactions (« Face Tracking Solution 

for VR | Veeso » s. d.).  
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5.  IMMERSING THE PATIENT IN VIRTUAL REALITY DURING AWAKE CRANIOTOMY  

5.1 Optic radiation mapping as a starting point 

 In 2014, we began exploring the use of VR during awake craniotomy on patients wearing a VRH. We 

first developed an app for VRH, for exploring the visual field and mapping the optic tracts (Mazerand et al. 2017). 

Optic radiation mapping was rarely performed at the time, due to the difficulty testing the visual field 

intraoperatively, and few data had therefore been published on this subject. As a result, it was difficult to predict 

postoperative visual field defects. Functional disability is minimal with quadrantanopia, but permanent hemianopia 

is a significant visual defect that interferes with everyday activities, such as driving. We designed a visual test, 

similar to the Esterman test, to be performed with a VRH for exploration of the visual field during awake surgery. 

A comparison of this test with automated perimetry examination showed the correct classification rate to be 90% 

with the VR  test. In the operating theater, the neurosurgeon performs direct cortical or subcortical 

electrostimulation, whilst the orthoptist provides luminous stimuli on the screen of the headset and waits for the 

patient’s response to each stimulus. The patient provides the operator with an oral response, indicating whether 

or not he/she can see the luminous stimulus. With this design, it is possible to detect homonymous and congruous 

visual field impairments (figure 1). 

 

       

Figure 1. Mapping of the visual field during awake surgery. The test is piloted by an orthoptist in the 

operative room.  1: screen showing what the patient is seeing in the virtual reality headset, an empty grey space 

with a central cross to stare, while a colored dot can appear in the periphery. 2: Screen with an Esterman grid 

allowing the orthoptist to select the part of the visual field to be tested. 3: Patient wearing the virtual reality 

headset. 
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 This test was initially performed on an Oculus DK1 VRH (Oculus, Menlo Park, California), allowing the 

exploration of 40 degrees around the central visual axis of a binocular visual field. The Oculus DK2 subsequently 

became available, providing an opportunity to study a wider visual field: 45 degrees rather than 40 degrees. This 

highlights one of the characteristics of VR research. Progress in hardware is very fast, and new, improved models 

may appear after a clinical trial has been designed, or before its completion. 

 

6. IS THIS BLUE PILL SAFE? 

In “The Matrix”, Neo chose the red pill to escape the matrix. In our approach, patients are immersed in 

a VR world during awake brain surgery. So, is this “blue pill” safe? In 2014, VR was a new technology in the field 

of surgery, and the health authorities asked us to perform a study evaluating the tolerance and safety of VRH use 

and immersive virtual experiences in patients undergoing awake craniotomy and brain mapping by direct electrical 

stimulation. There were, indeed, concerns about risks to users (interference with the technical environment of 

the operating theater, psychological difficulties, seizures, VR disease). Intra-operative seizures were the main 

concern, as classically reported for the use of television, video games, and VRHs. All VRH manuals advise users 

to consult a physician before using the VRH if they have a history of seizures. 

A single-center, prospective, open-label study was then performed  (ClinicalTrials.gov: NCT03010943). 

The study protocol was evaluated and approved by the Agence Nationale de Sécurité du Médicament et des 

Produits de Santé, the institutional ethics committee, and the Commission Nationale de l’Informatique et des 

Libertés (the French data protection agency). All patients signed a written informed consent form before inclusion 

in the study. This trial, which included 53 patients, was initially performed with a Samsung Gear VRH combined 

with a Samsung S7 smartphone (Android platform) (visual field 96°, resolution 1440x1280, refresh rate 60 Hz) 

and headphones (Delion et al. 2020). This VRH is a cheap, high-quality, wireless, customizable device with a pad 

controller on the side of the headset, and it can be equipped with a game controller, if necessary. Its weaknesses 

are that it overheats after long periods of use and its autonomy is limited by the duration of the phone battery 

charge. 

For the second part of the trial, we used a wired VRH with a better performance, the HTC Vive (visual 

field 110°, resolution 2160 x 1200, refresh rate 90 Hz) (Menei et al. under review). The VRH HTC Vive was  

combined with an eye-tracking device (Tobii Pro SDK) capable of tracking the full HTC Vive field of view and 

measuring the pupils. 

We avoided interference with the routine  brain mapping picture-naming task, (DO80, the task most 

widely used for language mapping), by duplicating two versions in the VRH. The first one was two-dimensional 

and included the same images as the classical naming task (DO80) presented with a digital tablet (an image 

accompanied by the sentence “this is…”). The second version included the same items, but in stereoscopy, 

rotating in an empty virtual space. Different VR experiences supplying different types of virtual motion or 

simulating a social interaction with avatars were used where possible or if considered useful for mapping purposes.  

None of the patients experienced “VR sickness” or any of the effects on sympathetic nervous activity 

reported for this syndrome. Only transitory focal seizures of no consequence and not related to VRH use were 

observed during the mapping procedure. The observed frequency of such seizures, 25%, was in the upper part 

of the reported range (3.4%–31%), but these seizures were not specifically attributed to the VR procedure. The 

VR tasks, including the virtual social interactions, were performed correctly. The eye tracking was functional, and 



BERNARD Florian | Anatomie fonctionnelle de la cognition visuo-spatiale    

 

63 

it was therefore possible to analyze the patients’ attention and the way in which they explored the visual field of 

the VRH. This work confirmed the feasibility and safety of VRH use and immersive virtual experiences in patients 

undergoing awake craniotomy and brain mapping by DES(Casanova et al. 2020; Delion et al. 2020). 

 

7. DEVELOPMENT OF THE VR APPLICATION  

In the “The Matrix” movie, the VR program was created by the machines. In reality, our VR application 

required a multidisciplinary team and a flexible approach to making an innovative concept a reality. 

7.1 Social cognition: a first step with an available VR social network 

At the start of this study, rather than developing a specific application for testing and mapping social 

cognition, we decided to test the potential of available VR social networks. The vTime app [Oculus, Facebook 

Spaces, PLUTOVR, and AltspaceVR) appeared to be the most appropriate of the social platforms available for use 

in awake brain surgery. Indeed these platforms adopt different approaches for conveying nonverbal language: 

arms, hands, head, and mouth movements, and the stimulation of attention.  

During the safety trial (See section 6, is this blue pill safe?), we used this vTime app as a fun virtual 

experience (« VTime: The VR Sociable Network - Out Now for Windows Mixed Reality, Gear VR, Oculus Rift, 

IPhone, Google Daydream, and Google Cardboard » s. d.)(Figure 2).  

      

Figure 2: During awake brain surgery, the patient communicating by symbolic gestures with the 

neuropsychologist (A) with the VR social network. B: neuropsychologist’s avatar visualized by the patient in the 

VRH.  From the figure published under the terms of Creative Commons Attribution 4.0 licence. Social Cognition: 

Prospective Trial. Journal of Medical Internet Research 20 (6): e10332. https://doi.org/10.2196/10332. 
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This app allows users to create an avatar and to interact with other people in virtual environments. During 

awake brain surgery, the patient interacted with an avatar piloted by the neuropsychologist, who also wore a 

VRH, while the neurosurgeon performed the surgical intervention (Bernard, Lemée, Aubin, et al. 2018). Patients 

passively viewed the neuropsychologist’s avatar and were ask to recognize and reproduce his gestures. They 

were also asked to assume more active roles, controlling their own avatars with a game controller to communicate 

with the neuropsychologist in the VR world. We were able to demonstrate that a patient undergoing surgery for 

a brain tumor, wearing a VRH, could interact and communicate with the neuropsychologist's avatar. The 

neuropsychologist, who also wore a VRH, piloted his avatar from outside the operating theater. As vTime is a 

web-based VR social network, the neuropsychologist would be able to pilot his avatar from his laboratory in the 

nearby university, or even from another country. This virtual meeting could, therefore, include other participants, 

researchers or neuropsychologists. However, we experienced several problems and limitations with this type of 

program. The principal problem was the impossibility of controlling facial expression and eye gaze , both of which 

are fundamental to social cognitive processes (see 3.3, Low- and high-level TOM). We therefore decided to 

develop a specific application dedicated to awake surgery, to overcome these limitations.   

 

7.2 Application development constraints 

It was a challenge developing this type of program for several reasons. The principal problem was the 

complexity of the design and execution of VR experiments. The development of applications for VR studies 

requires various types of expertise, including 3D computer graphics (for the development of virtual 

environments), systems engineering (for the integration of physiological and tracking sensors), artificial 

intelligence/computer science (for the development of computer-based virtual characters) and data science (for 

automated data analysis). The development of applications for VR tasks can, therefore easily become very 

expensive, with a much larger budget than could be justified by the small market represented by peri-operative 

brain mapping. 

Obtaining a natural-looking animation is one of the most difficult aspects. A neutral face, capable of 

producing a smile at the same time as a slight movement of the head, associated with gaze capable of making 

eye contact with the patient must be achieved with professional motion capture tools. We achieved this with 

techniques from video games and the movie industry, in which facial animations are achieved by filming an actor 

and transposing his or her movements onto the avatars  (« Hardware – Dynamixyz » s. d.) (figure 3). 
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Figure 3: facial motion capture with Dynamixyz.  

 

Additional difficulties were faced in the integration of VR into the operating theater. Moreover, the fitting of the 

VRH on the patient’s head required the neurosurgeon to adapt the installation of the patient and the skin incision. 

The integration of feedback to the neurosurgeon performing the operation was also essential. We satisfied these 

requirements by developing a platform integrating the two screens of the neuronavigation system (Brain Lab), 

and the EEG recording system (Elipse) with the generator used for electrical stimulation of the brain (Figure 4). 

For each task, the medical team can see, on a screen, what the patient sees in the VRH, and can follow the 

patient’s gaze, materialized by a green dot, online. Once the task has been completed, the gaze layout can be 

displayed on the screen.   
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Figure 4. A: View of the operative room during the procedure (1: head of the patient, wearing the VRH; 2: 

screen showing what the patient is seeing in the VRH, his gaze materialized by a green spot; 3: application of 

the DES on the exposed brain; 4: neuronavigation showing white matter fascicules and  the position of the 

electrode. B: Example of the VR task simulating a social interaction. The patient must recognize the avatar who 

looks at him and indicate his emotion (joy, surprise, or anger). The patient’s gaze is presented by a blue line. The 

box indicates the avatar making the eye contact. The arrow indicates the avatar gazed by the patient more than 

0.6 sec (that trigger the dynamic facial emotion). In this example, the patient identified the avatar in 2.37 sec 

and indicates his emotion in 2.53 sec later. VRH, virtual reality headset. 

 

Finally, the last major issue confronted was the validation of our VR neuropsychological test in and out 

of the operating theater. Most neuropsychological tests are validated by functional MRI. This was not possible in 

this case, because there is currently no MRI-compatible VRH available due to the electronic components in the 

VRH. 
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8. TOWARD A DEDICATED APPLICATION 

As described above, it is important to preserve the main functions of the right hemisphere (spatial 

awareness, facial emotion identification and the patient’s analysis of socially relevant gaze) during surgery. Facial 

emotion recognition, spatial awareness, and the processing of gaze direction are key elements for social quality 

of life. Their preservation is our primary goal, given the unlimited possibilities provided by VR for the exploration 

of ever more complex aspects of TOM. Our initial goal was to develop a task compatible with awake surgery and 

brain mapping conditions, with which it would be possible to explore low-level mentalizing as a whole. This project 

was not an easy one, but the solution was found in Argentinian tango (as practiced by one of the authors). 

 Invitations to dance the tango are highly codified, at least in traditional milongas (Argentinian tango 

ballrooms), which are found around the world. At the end of a series of three tangos, a short piece of music of a 

different style is played to indicate the end of the series, or tanda, and a change of partners for the next dance. 

This cortina (Spanish for curtain) is like an interlude separating two acts of a play. During this short musical 

interlude, everyone leaves the dance floor. Then begins the mirada/cabeceo. The dancers of both sexes begin 

carefully exploring the space around them in search of their next partner. Non-verbal communication is maximal, 

with smiles indicating availability, closed expression indicating a lack of willingness to dance, and other 

expressions indicating a preoccupation with something else. Gaze is very mobile, with the dancers looking around, 

but may be rapidly diverted if one of the protagonists does not wish to dance. The woman’s gaze can also be 

sustained as a prelude to an invitation. Understanding this message, the man gives a slight nod of the head, 

meaning "do you want to dance"? This is the cabeceo. As an affirmative response, the woman replicates the nod 

or acknowledges it in her own manner. The contract is signed, and the man gets up and goes to invite his 

newfound partner to dance. She sits and waits for him, smiling. All the networks of spatial awareness, facial 

emotion, gaze processing, and mentalizing are in action in this little game that lasts only a few seconds: spatial 

exploration of the dance hall, tracking someone who looks at you, social attention fixed on a partner, but ready 

to be reoriented if gazed at by someone else, an analysis of faces, interpretations of the man’s  or woman’s 

emotions, guessing what he/she thinks from his/her mime, his/her desire to be invited, and how he/she will react.  

We adapted this short scenario with VR technology. We naturally baptized this task “TANGO” (Task for 

Awake Neurosurgery exploring Gaze and TOM). The task lasts less than five seconds. Electrical stimulation should 

not be applied to the brain tissue for more than 5 seconds at a time, to maintain specificity (limiting the spatial 

diffusion of the electrical current) and to prevent seizures (Pallud et al. 2017). For the reasons developed above, 

we began by using avatars. We aimed to reproduce a social scene, by having several avatars in the virtual world. 

However, although faces have a spatial advantage for capturing attention, reflecting their particular saliency and 

their social value, the maximum number of faces that can be analyzed in a visual field of 110° in less than five 

seconds is five.  The scene was therefore designed to include four avatars in the four corners of the visualized 

field. The patient is asked to search for the avatar trying to make visual contact. A straight gaze is  considered to 

be an engaging and important social cue between two people in all cultures. Decoding the movement of gaze 

plays an important role in predicting the intentions, future actions, and attitudes of other people, and can be 

regarded as an important element of TOM. 

Once the avatar looking at the patient is identified and visual contact is established for a period of 0.6 s, 

the avatar expresses a dynamic facial emotion. Dynamic facial emotions are more “ecological” and are always 

more accurately recognized than static ones (Krumhuber, Kappas, et Manstead 2013; Joyal et al. 2014). 
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Moreover, the neural mechanisms underlying the processing of dynamic facial expressions involve a clearly 

lateralized right-hemisphere network (Sato et al. 2019). The patient is asked to describe the avatar’s emotion or 

to describe his feelings about the desire to communicate or engage in social contact expressed by the avatar.  

At the start of the experiment, the avatars were tagged with the name of the corresponding emotion, as 

in the Ekman or RME tasks, to help the patient. However, we rapidly decided to remove these tags because 

reading lengthened the duration of the task. Moreover, neuroimaging studies have reported activation in the left 

language area during tasks of this type, even with RME (Thye, Murdaugh, et Kana 2018). We also improved the 

avatars. When we started to develop the application, the avatars were simply four faces “floating” in a black 

empty space, but we subsequently added bodies and various natural backgrounds and landscapes. We also 

improved the characteristics and kinetics of the facial emotions. 

In the operating theater, the neurosurgeon and neuropsychologist can see on a screen what the patient 

sees in the VRH. With eye tracking, the medical team can follow the patient’s gaze, materialized by a green point 

on the screen, in real time. With this test, the reasons for failure are immediately identifiable. The eye tracking 

reveals whether the patient has difficulties exploring the space, difficulties locating the face of the avatar looking 

at him/her, or fails to recognize the facial emotion, and whether this failure is due to abnormal exploration of the 

face by the gaze. We all analyze faces in the same way, with jerky but organized movements of gaze to and fro 

between the eyes and the mouth, in a sort of triangle.  

Other elements were then added to the application: a session for the calibration of eye tracking (in which 

the patient is asked to look at a succession of five red points), an application for testing visual field (derived from 

our previous studies (Mazerand et al. 2017), recognition of emotions face-to-face with an avatar, and games for 

fun and relaxation, as we had previously found that this kind of exercise can be useful for analgesia or relaxation.  

 

9 –TOWARD TRANSLATIONAL RESEARCH IN SOCIAL COGNITION  

The first version of the tango VR task was tested in a control population (mostly medical and engineering 

students) and in patients with neurological and visual symptoms. A prospective comparison to an established 

bedside pencil-and-paper test and assessments of the correlation with structural lesions of the brain are underway 

(TRIAL.GOV NCT04288505). 

The preliminary results show that, unlike the line bisection task, our TANGO test is not affected by 

homonymous hemianopia (Kerkhoff et Schenk 2011). It is not disturbed by other visual field defects, such as 

quandrantanopia or bitemporal hemianopia, either. Hemianopic patients have been shown to have difficulty taking 

in a scene in a glance rapidly enough to understand the whole picture, and they often present very time-

consuming, non-systematic irregular visual exploration. In bedside and peri-operative conditions, the TANGO test 

is not disturbed by hemianopia. We therefore retained the possibility of performing a dedicated visual field VR 

task. 

By contrast, TANGO task performance is impaired by UN, and in patients with difficulties in the Ekman 

and/or RME tasks, or visuo-constructive impairment. The TANGO test can be seen as a cancelation test with 

distractors, and is therefore very sensitive for the detection of UN, probably more so than line bisection tests. 

Patients presenting UN or UN associated with hemianopia are readily detected with the bedside VR test (figure 

5). 

 



BERNARD Florian | Anatomie fonctionnelle de la cognition visuo-spatiale    

 

69 

 

      

Figure 5: A. Post-operative MRI of a malignant right occipital glioma The patient presented homonymous 

hemianopia and unilateral neglect. B: Bedside TANGO test: example of the eye tracking feedback 

(cumulative view of 10 tests) received by the neuropsychologist. The patient was asked to determine the 

emotion expressed by the face looking at him/her (the upper left face, square). The eye-tracking data recorded 

for the patient (lines) showed that he was unable to direct his attention to the left side.  

 

Like other groups, we began by performing intraoperative tests of face-based mentalizing for patients 

with right-sided lesions with a good prognosis, as a standard clinical approach (Yordanova et al. 2019).  

This operating procedure is now standard practice in our department. Preoperative neuropsychological 

evaluation and imaging (including anatomic magnetic resonance imaging, diffusion tensor imaging, and resting-

state magnetic resonance imaging) are performed for all patients. All patients are trained in the VR tasks before 

surgery, even if they have already had some experience with a VRH. 

During awake craniotomy, sedation was achieved by the target-controlled infusion of remifentanil and 

propofol, and ventilation was controlled with a laryngeal mask airway. Patients were placed in a supine or lateral 

position, according to the location of the tumor, with a rigid pin fixation of the head in a Mayfield frame. The scalp 

incision and the pin sites of the Mayfield headholder were infiltrated with diluted ropivacaine. Local anesthetic 

blocks were also performed on the supraorbital, temporal, retroauricular, occipital and sphenopalatine nerves. 

Once the neuronavigation-guided craniotomy (BrainLab, Munich, Germany) was complete and the dura mater 

had been opened following ropivacaine infiltration, the sedative drugs were stopped, and the patient gradually 

woke up. The laryngeal mask airway was removed when the patient was awake. Electroencephalography (EEG) 

signals were recorded with a four-plot subdural electrode (4-channel Eclipse neurovascular workstation; Medtronic 

Xomed, Inc., Jacksonville, Florida, USA), placed directly adjacent to, but not over, the area mapped.  

All mapping was performed in the presence of an engineer and a neuropsychologist. 

The scene in the VRH shows five avatars in front of a variable natural background. One is in the center, 

and the others are located such that one is in each quadrant of the VRH visual field. Each avatar has a different 

eye-gaze direction. The patient has to identify the avatar making eye contact with him/her.  

The avatar expresses a dynamic facial emotion 0.6 s after the establishment of visual contact with the 

right avatar or after staring longer than O.6s. at any other avatar. The patient must identify the emotion 

expressed: joy, surprise or anger.  The patient can also describe the avatar’s intention to communicate (mental 
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state attribution). After 4 seconds, the screen turns off. All the quadrants of the visual field and all the emotions 

are randomly presented to the patient. 

During the surgery, some tests were performed by the patient, without stimulation, to ensure that the 

task was executed successfully and without difficulty. As described previously (see part 3.1: Task importance in 

awake brain surgery) DES is delivered  with a bipolar electrode delivering a biphasic current (60Hz, 1 ms pulse 

width, current amplitude ranging from 2 to 8 mA over 2-3 s)(Fernández Coello et al. 2013; Pallud et al. 2017; 

Duffau 2005). If the performance of the patient in a given task decreases, the corresponding region is considered 

as eloquent. Without DES or during DES of a non-eloquent brain area, the TANGO test is performed in a mean of 

6.28 s (5.3 s in bedside conditions). 

As described above, the patient’s gaze can be followed in real time on a screen, so the medical team can 

see how the patient explores the visual space, identify the face at which he or she stares, and whether the 

appropriate emotion or mental state is described, even if the patient is staring at the wrong avatar. In cases of 

incorrect response, it is possible to identify the step at which the failure occurred immediately: visual exploration, 

eye contact identification, emotion recognition or mental state attribution. False-positive results were avoided by 

requiring three positive stimulations for an anatomic site to be considered responsive (Roux et al. 2011). The 

patient’s answers are confronted to the cortical or subcortical localization of the DES recorded on the 

neuronavigation system during surgery. 

Other eye tracking parameters are recorded: gaze strategy, length of the scan path (defined as the sum 

of saccadic eye movements), direction of the first saccade, left- or rightward saccades, mean number and 

amplitude, the number of passages over a given area of interest (eye, mouth, background), the time for which 

the gaze was fixed on the area of interest. All these data can also be compared with the anatomic data recorded 

on the neuronavigation system during surgery.  

When an eloquent brain area is stimulated, the patient gives an incorrect response or is unable to respond 

within the time allocated. In the second of these situations, patients were systematically asked to explain the 

reasons for which they were unable to identify which avatar was making eye contact or to associate this face with 

a mental state.  

Several defects induced by cortical or subcortical DES during the TANGO task were observed in our 

preliminary experiment. Our purpose here was not to provide a comprehensive description of these defects or to 

analyze their correlation with anatomic or functional aspects. However, we do provide some illustrative examples.  

Some classical symptoms, such as left-sided UN, can be induced by DES, and easily detected by eye tracking 

(Figure 6). 
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Figure 6: Resection of malignant glioma localized in the right temporoparietal junction. A: perioperative test 

without DES, normally performed. The patient was asking to detect the emotion of the avatar making an eye 

contact, here in the inferior left corner of the visual field. The patient’s gaze is materialized by the blue line. B: 

perioperative test during DES of whiter matter, on the resection cavity wall. The patient cannot find the avatar 

making an eye contact, here in the superior left corner. C: Neuronavigation view showing the DES electrode 

location in contact with the superior longitudinal fasciculus (SLF), not totally visualized because of the peritumoral 

edema.,  D: Post operative tractography confirming the electrode localization in contact with the SLF.  DES, direct 

electric stimulation 

 

However, we also observed other unexpected defects, requiring for their integration, the use of novel 

paradigms and models relating to the neuroanatomical basis of social cognition. The model proposed by Catani 

and Bambini is particularly relevant for that. This new anatomic model of communication extends from basic 

prelinguistic social abilities common to humans and non-human primates, to syntactic and pragmatic functions 

specific to humans. It proposes a hierarchical organization into five levels based on developmental and 

evolutionary aspects of social communication (Catani et Bambini 2014). 

Level one is the first step toward social engagement, involving the recognition of another individual (the 

avatar in our case) as an agent capable of conveying relevant information. When the anatomic support for this 

level, the anterior segment of the arcuate fasciculus, is temporarily disrupted by DES, the patient’s gaze does not 

explore all the faces and is rapidly attracted to other items, such as details in the landscape (figure 7).  
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Figure 7. A: sagittal neuronavigation mapping of the subcortical DES location (white circle) in contact with the 

arcuate fasciculus (red). B: TANGO test during the DES. The patient’s gaze (blue line, starting point in green, 

ending in red) leaves rapidly the avatar’s faces, attracted by other details in the landscape. DES, direct electric 

stimulation 

 

Level two constitutes the neural basis of the expression and recognition of communicative intentions. 

When its anatomical support, the frontal aslant tract (FAT), is disrupted by DES, the patient ignores the 

communicative cues. His/her gaze remains fixed on the first avatar encountered or goes from face to face, unable 

to identify the one making eye contact or expressing a facial emotion (figure 8). 

     

 

Figure 8. A: TANGO test during the DES. The patient was unable to detect the communicative cues (upper left, 

green square). B: coronal neuronavigation showing the DES electrode location (white circle) in contact with the 

frontal aslant tract (blue). DES, direct electric stimulation 

 

Another explanation for this behavior would be a role for the FAT in executive function, in inhibitory 

control and conflict monitoring (Dick et al. 2019; Garic et al. 2019). In the right hemisphere, this circuit is thought 

to be specialized in inhibitory control, particularly in the visuo-spatial domain. The FAT is involved in selecting 

between competing representations for actions requiring the same motor resources (mostly the articulatory 

apparatus in the left hemisphere, and the oculomotor and manual/limb action systems in the right hemisphere). 
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Level three is more advanced. Its anatomical support is an anterior temporal network including the 

inferior longitudinal fasciculus (ILF). In the left hemisphere, this network is involved in selecting verbal labels for 

objects in a postero-anterior progression of word comprehension. In parallel, we can hypothesize that, in the 

right hemisphere, this network is specialized in detecting facial cues, with a postero-anterior progression of 

emotion comprehension. During DES of the inferior longitudinal fasciculus (ILF), the patient may easily identify 

an avatar looking at him/her, but cannot analyze or describe the facial emotion. This is not surprising, because 

the ILF and other ventral tracts have already been implicated in the recognition of facial emotions (Herbet, 

Zemmoura, et Duffau 2018).    

A simple, elementary simulated social interaction then identifies the various components of prelinguistic 

social abilities and their neural substrates. Several questions remain unanswered: Is it important to preserve the 

white matter fasciculi identified during surgery? Does the anatomic disruption of these subcortical structures lead 

to a permanent or transient social cognition defect? The clinical value of the approach developed here requires 

assessment in further trials.   

 

10. LIMITATIONS AND PERSPECTIVES 

The application of virtual reality technologies to social neuroscience, including brain mapping during 

awake surgery in particular, raises ethical issues (Parsons, Gaggioli, et Riva 2017).  The first versions of our VR 

task are not deeply immersive, and we are a long way away from the virtual experience described in the movie 

“Matrix”. However, with progress in VR, new versions with actors and natural environments are already being 

tested (figure 9).  

http://www.rapport-gratuit.com/
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Figure 9: Two dimensional (A) and three dimensional stereoscopic (B) TANGO test using actors in real-

life environment. 

 

We are working on stereoscopic sound and smells, to make the virtual experience more immersive and 

emotionally engaging. The patient could be immersed in the environment of a French café terrace, with the aroma 

of hot coffee, street sounds and people sitting at neighboring tables. It will soon be possible to use “deep fake” 

technology to replace the faces of the actors with those of the patient’s friends or family.  

 It will also be possible, in the near future, to map social cognition without the need for verbal participation 

from the patient. The new VRH technologies are making it possible to track the participant’s behavior and 

reactions to the VR experience by synchronizing various sources of data, to obtain a holistic, integrated 

measurement of target social interactions through machine learning techniques. The most studied data after eye 

tracking are facial mimicry, pupillometry and electroencephalographic coherence data. 

What impact will this VR and neurosurgical experiment have on patients? The level of realism afforded 

by the latest VR technologies raises questions about the potential psychological effects of exposing participants 

to intimate social situations. Virtual reality technologies enabling researchers to manipulate the processing of 

social information in the operating theater could have medical consequences? In addition to common, normal, 

social interactions, VR can simulate impossible social interactions and situations incompatible with the laws of 

physics.  Participants could also be involved in moral dilemmas (Friedman et al. 2014), potentially triggering 

moral conflicts (such as those in experiments involving the reproduction of ethical dilemmas (Parsons, Gaggioli, 
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et Riva 2017)). There is a need for consensus statements on research parameters and ethical guidelines for VR-

based experiments for social cognition studies.  

 

11. CONCLUSION 

VR provides neurosurgeons and neuropsychologists with tools for the creation of realistic simulations of 

social situations that would otherwise be impossible to investigate through conventional research stimulation 

tasks. Moreover, VR tasks can provide a high degree of experimental control. The use of virtual environments 

advocated here should not minimize the contribution of traditional pen-and-paper tasks, which have many 

advantages for brain mapping, as demonstrated by the progress made with such tests and tasks. Here, we 

highlight the utility of extending social neuroscience paradigms via dynamic virtual environments for investigating 

realistic social cognition during peri-operative brain mapping. VR can imitate complex social situations, even in 

patients undergoing awake craniotomies. We show here that it is possible, during awake brain surgery, to immerse 

the patient in a virtual environment and to interact with the patient, opening up new possibilities for the mapping 

of complex cognitive functions.  Our preliminary experiments suggest that immersive virtual reality and ocular 

tracking may be useful new tools for exploring the neural substrates of visuo-spatial and social cognition during 

awake brain surgery. Nevertheless, the progress being made in VR and the profound sense of immersion achieved 

with the new devices are raising new ethical issues. Continuous reflection, through discussions of ethical and 

methodological considerations, is required before applying these advanced technologies to awake brain surgery 

in clinical practice. 
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FIGURES AND TABLES 

Figure 1. Mapping of the visual field during awake surgery. The test is piloted by an orthoptist in the 

operative room.  1: screen showing what the patient is seeing in the virtual reality headset, an empty grey space 

with a central cross to stare, while a colored dot can appear in the periphery. 2: Screen with an Esterman grid 

allowing the orthoptist to select the part of the visual field to be tested. 3: Patient wearing the virtual reality 

headset. 

 

Figure 2: During awake brain surgery, the patient communicating by symbolic gestures with the 

neuropsychologist (A) with the VR social network. B: neuropsychologist’s avatar visualized by the patient in the 

VRH.  From the figure published under the terms of Creative Commons Attribution 4.0 licence. Social Cognition: 

Prospective Trial. Journal of Medical Internet Research 20 (6): e10332. https://doi.org/10.2196/10332. 

 

Figure 3: facial motion capture with Dynamixyz.  

 

Figure 4. A: View of the operative room during the procedure (1: head of the patient, wearing the VRH; 2: 

screen showing what the patient is seeing in the VRH, his gaze materialized by a green spot; 3: application of 

the DES on the exposed brain; 4: neuronavigation showing white matter fascicules and  the position of the 

electrode. B: Example of the VR task simulating a social interaction. The patient must recognize the avatar who 

looks at him and indicate his emotion (joy, surprise, or anger). The patient’s gaze is presented by a blue line. The 

box indicates the avatar making the eye contact. The arrow indicates the avatar gazed by the patient more than 

0.6 sec (that trigger the dynamic facial emotion). In this example, the patient identified the avatar in 2.37 sec 

and indicates his emotion in 2.53 sec later. VRH, virtual reality headset. 

 

Figure 5: A. Post-operative MRI of a malignant right occipital glioma The patient presented homonymous 

hemianopia and unilateral neglect. B: Bedside TANGO test: example of the eye tracking feedback 

(cumulative view of 10 tests) received by the neuropsychologist. The patient was asked to determine the 

emotion expressed by the face looking at him/her (the upper left face, square). The eye-tracking data recorded 

for the patient (lines) showed that he was unable to direct his attention to the left side.  

 

Figure 6: Resection of malignant glioma localized in the right temporoparietal junction. A: perioperative test 

without DES, normally performed. The patient was asking to detect the emotion of the avatar making an eye 

contact, here in the inferior left corner of the visual field. The patient’s gaze is materialized by the blue line. B: 

perioperative test during DES of whiter matter, on the resection cavity wall. The patient cannot find the avatar 

making an eye contact, here in the superior left corner. C: Neuronavigation view showing the DES electrode 

location in contact with the superior longitudinal fasciculus (SLF), not totally visualized because of the peritumoral 

edema.,  D: Post operative tractography confirming the electrode localization in contact with the SLF.  DES, direct 

electric stimulation 

 

Figure 7. A: sagittal neuronavigation mapping of the subcortical DES location (white circle) in contact with the 

arcuate fasciculus (red). B: TANGO test during the DES. The patient’s gaze (blue line, starting point in green, 
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ending in red) leaves rapidly the avatar’s faces, attracted by other details in the landscape. DES, direct electric 

stimulation 

 

Figure 8. A: TANGO test during the DES. The patient was unable to detect the communicative cues (upper left, 

green square). B: coronal neuronavigation showing the DES electrode location (white circle) in contact with the 

frontal aslant tract (blue). DES, direct electric stimulation 

 

Figure 9: Two dimensional (A) and three dimensional stereoscopic (B) TANGO test using actors in real-life 

environment. 
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L’hémisphère non dominant supporte la cognition visuo-spatiale et sociale. Sont atteinte est à l’origine 

du syndrome d’héminégligence, impactant la qualité de vie de nos patients. Les objectifs préliminaires de cette 

thèse de science étaient (1) de proposer une taxonomie des fonctions cérébrales supportées par l’hémisphère 

droit. Les différentes zones corticales et faisceaux de fibres blanches impliqués dans chacune des fonctions 

cognitives de l’hémisphère droit (la cognition visuo-spatiale, la cognition sociale dont la reconnaissance faciale 

par exemple) ont été classées pour faciliter la compréhension de leur anatomie fonctionnelle. (2) d’harmoniser 

les données d’anatomie fonctionnelle avec les données neuropsychologiques et de sémiologie clinique de ces 

fonctions. Ce travail visait également à harmoniser les connaissances d’anatomie structurale, d’IRM fonctionnelle 

(activation, tractographie, de repos), de neuropsychologie et de sémiologie en se basant sur la terminologia 

anatomica. (3) d’harmoniser la nomenclature anatomique entre les études de dissections et d’imagerie de 

l’hémisphère droit. Les études de dissection et d’imagerie structurale utilisaient une nomenclature non 

harmonisée, parfois confuse, concernant la disposition sulcogyrale et les fibres blanches intrahémisphériques. Cet 

écueil, rend l’analyse des données de la littérature difficile. Concernant les études d’IRM fonctionnelle, pour les 

zones d’activations corticales et la tractographie, les auteurs n’utilisent généralement pas la nomenclature 

anatomique. (4) d’harmoniser la nomenclature anatomique du principal faisceau de substance blanche : le 

faisceau arqué. Ce travail inédit de revue systématique nous a permis d’extraire les méta-données issues de 3 

siècles de publications sur le sujet permettant de mieux définir le faisceau arqué dans sa disposition modale et 

ses variations décrites.  

Le principal but de cette thèse de science était d’approfondir nos connaissances sur l’anatomie du réseau 

ventral de l’attention, qui est un réseau fonctionnel cortical identifié par l’IRM de repos, impliqué dans la cognition 

visuo-spatiale. L’identification anatomique des fibres blanches de ce réseau reste un défi. En traitant les données 

d’IRM fonctionnelle de repos de 50 sujets, nous avons pu décrire les localisations corticales du réseau ventral de 

l’attention dans notre cohorte de sujets sains. Nous avons ensuite utilisé les zones corticales du réseau ventral 

de l’attention comme régions germes, pour l’étude des fibres blanches in-vivo (tractographie), ainsi que sur des 

cerveaux du laboratoire d’Anatomie par méthode de Klingler. Nous avons pu ainsi définir les faisceaux de fibres 

blanches du réseau ventral de l’attention. Ces faisceaux comprennent le faisceau longitudinal dans sa troisième 

portion (SLF III) et le faisceau arqué droits.  Nous en avons discuté les implications neurologiques et 

neurochirurgicales. La principale implication chirurgicale concerne l’application à la chirurgie éveillée de 

l’hémisphère droit. Une préservation du SLF III et du faisceau arqué droit pourrait permettre d’éviter une 

altération de la cognition visuospatiale. 

Cette implication fondamentale comporte néanmoins une limite. En effet le développement d’un test 

neuropsychologique spécifique stimulant le réseau ventral de l’attention reste à développer pour pouvoir réaliser 

cette chirurgie éveillée. Dans ce sens, nous avons développé des travaux visant à l’utilisation des lunettes de 

réalité virtuelle en condition de chirurgie éveillée, pour réaliser de nouveaux tests neuropsychologiques dédiés à 

la préservation des fonctions cognitives de l’hémisphère droit. 
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Résumé 

L’hémisphère non dominant supporte la cognition 
visuo-spatiale et sociale. Sont atteinte est à l’origine du 
syndrome d’héminégligence.  

Les objectifs préliminaires de cette thèse étaient (1) de 
proposer une taxonomie des fonctions cérébrales supportées 
par l’hémisphère droit ; (2) d’harmoniser les données 
d’anatomie fonctionnelle avec les données 
neuropsychologiques et de sémiologie clinique de ces 
fonctions. (3) d’harmoniser la nomenclature anatomique 
entre les études de dissections et d’imagerie de l’hémisphère 
droit. (4) d’harmoniser la nomenclature anatomique du 
principal faisceau de substance blanche : le faisceau arqué. 

 Le principal but de cette thèse était  (5) d’approfondir nos 
connaissances sur l’anatomie du réseau ventral de 
l’attention, qui est un réseau fonctionnel cortical identifié par 
l’IRM de repos, impliqué dans la cognition visuo-spatiale. En 
traitant les données d’IRM fonctionnelle de repos de 50 
sujets, nous avons pu décrire les localisations corticales du 
réseau ventral de l’attention dans notre cohorte de sujets 
sains. Nous avons ensuite utilisé les zones corticales du 
réseau ventral de l’attention comme régions germes, pour 
l’étude des fibres blanches in-vivo (tractographie), ainsi que 
sur des cerveaux par méthode de Klingler (ex-vivo). Nous 
avons pu ainsi définir les faisceaux de fibres blanches du 
réseau ventral de l’attention. Ces faisceaux comprennent le 
faisceau longitudinal dans sa troisième portion (SLF III) et 
le faisceau arqué droits.   

Le développement d’un test neuropsychologique spécifique 
stimulant le réseau ventral de l’attention reste à concrétiser 
pour pouvoir réaliser cette chirurgie éveillée. Dans ce sens, 
nous avons publié des travaux (6) visant à l’utilisation des 
lunettes de réalité virtuelle en condition de chirurgie éveillée, 
pour réaliser de nouveaux tests neuropsychologiques dédiés 
à l’exploration des fonctions cognitives de l’hémisphère 
droit. 
Ce travail de Thèse a été valorisé par 7 publications, 1 article 
soumis et le développement d’un test neuropsychologique 
utilisant la réalité virtuelle en chirurgie éveillée cérébrale. 
 
 

Abstract 

The non-dominant hemisphere supports 
visuospatial and social cognition. Its injury is at the origin 
of the unilateral spatial neglect. 

The preliminary objectives of this thesis were (1) 
to propose a taxonomy of the brain functions supported by 
the right hemisphere; (2) to harmonize the functional 
anatomy with the neuropsychological and clinical 
semiology datas for each function ; (3) to harmonize the 
anatomical nomenclature between dissection and imaging 
studies ; (4) to harmonize the anatomical nomenclature of 
the main white matter fascicle: the arcuate fasciculus. 
 

The main goal of this thesis was (5) to improve 
our knowledge of the anatomy of the ventral network of 
attention, which is a cortical functional network identified 
by resting state MRI, involved in visuospatial cognition. By 
processing resting state MRI data from 50 subjects, we 
were able to describe the endpoints of the ventral attention 
network. We then used the ventral attention network 
endpoints as seed regions, for the in-vivo tractography, as 
well as ex-vivo Klingler’s method. We were thus able to 
define the fiber bundles supporting the ventral attention 
network. It include the superior longitudinal fasciculus in 
its third portion (SLF III) and the arcuate fasciculus. 

 
The development of a specific neuropsychological 

test stimulating the ventral attention network remains to 
be achieved. In this way, we have published studies (6) 
aiming at the use of virtual reality headsets in awake brain 
surgery, to perform new neuropsychological tests 
dedicated to the exploration of the right hemisphere 
cognitive functions. 

This thesis work has been valued by 7 
publications, 1 article submitted and the development of a 
neuropsychological test using virtual reality in awake brain 
surgery. 
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