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Titre : Création d'Atlas des Réseaux Cérébraux Sous-tendant
les Fonctions Cognitives Latéralisées, Application a 1'Etude de
la Variabilité Inter-individuelle du Langage

Résumé :

Mon travail de these s'inscrit dans une approche d'intégration multimodale et
multi-échelle qui a conduit a 1'émergence de la neuroimagerie cognitive et de
population. Il repose sur deux modalités de cartes fonctionnelles tridimensionnelles
cérébrales obtenues en IRMf : les cartes d'activation permettant de visualiser les
régions dont lactivité est évoquée par un processus cognitif et les cartes de
connectivité intrinseque mesurant la synchronisation entre des régions spatialement
distantes, mais connectées fonctionnellement. J'ai appliqué a ces deux types de cartes
de nouvelles méthodologies statistiques permettant de traiter a la fois les dimensions
individuelles et spatiales. Dans une premiere partie, j'ai con¢u des atlas de régions
cérébrales dédiées a des fonctions cognitives spécifiques, basés sur leur latéralisation
hémisphérique et ciblant une population sélectionnée pour sa faible variabilité. Je
présente ici les deux premiers atlas du langage. En effet, bien qu'il existe de
nombreuses approches pour cartographier les régions du langage chez les patients, il
n'existait pas d'atlas des réseaux langagiers chez les individus sains. J’ai tout d’abord
identifié les régions activées dans I'hémisphere gauche et asymétriques gauche, a la fois
pendant la production, l'écoute et la lecture de phrases, chez 137 individus sains
droitiers. L’analyse de la connectivité intrinseque entre les 32 régions identifiées a
permis de mettre en évidence qu'elles faisaient partie de 3 réseaux fonctionnels
distinets. Le tout constituant ainsi ’atlas cérébral SENSAAS (SENtence Supramodal
Areas AtlaS). Parmi ces réseaux, l'un comprenant 18 régions contient les zones
essentielles du langage (SENT_CORE), c'est-a-dire les aires cérébrales dont la lésion
entrainerait une déficience dans l'intégration du sens de la parole. Plus
particulierement, SENT_CORE contient 3 régions clés (hubs) de I'intégration et de la
diffusion de l'information situées au niveau de 'aire de Broca et de Wernicke. J'ai
ensuite appliqué cette méthodologie a I’élaboration d’un atlas des réseaux du traitement
du mot. J’ai ainsi identifié 21 régions cérébrales organisées en 2 réseaux distincts, dont

un réseau phonologique incluant la boucle audio-motrice. Pour la premiere fois, une



forte connectivité intrinseque entre la boucle audio-motrice de I’hémisphere gauche et
le traitement prosodique situé au niveau du sillon temporal supérieur de I’hémisphere
droit a été mis en évidence. Enfin, j'ai développé une nouvelle méthode d’étude de la
variabilité de données tridimensionnelles. Cette nouvelle méthode comporte deux outils
mathématiques différents se basant sur un algorithme de classification ascendante
hiérarchique. Le premier permet d'identifier les variables conduisant & une instabilité
des partitions, le second permet d'extraire des sous-populations stables d'une
population de départ. Les applications de ’ensemble de ce travail sont nombreuses : j'ai
par exemple utilisé le réseau SENT_CORE pour étudier la variabilité interindividuelle
de la latéralisation hémisphérique des aires supramodales de la phrase. J’ai ainsi
identifié deux groupes de sujets typiques asymétriques gauche pour le langage, avec
une forte connectivité intra-hémisphérique gauche et une faible connectivité
inter-hémisphérique, ainsi qu'un groupe de sujets atypiques : asymétriques droit pour
le langage, présentant une forte connectivité intrinseque des réseaux du langage dans
les deux hémispheéres et une forte connectivité inter-hémisphérique. SENSAAS a
également été utilisé afin d’étudier le support génétique de ’atypicalité du langage,
ainsi que pour la caractérisation topologique des réseaux mnésiques et linguistiques des
individus souffrant d'épilepsie temporale. La nouvelle méthode d’évaluation de la
variabilité interindividuelle a, elle, été utilisée afin d’évaluer la stabilité des réseaux

intrinseques d’un nouvel atlas fonctionnel adapté aux individus de plus de 55 ans.

Mots clés : Neurosciences Cognitives, Apprentissage Statistique, Théorie
des Réseaux, IRMf, Neuroimagerie, Langage, Connectivité Intrinseque, Spécialisation
Hémisphérique




Title: Elaboration Of Brain Network Atlases Underpinning
Lateralized Cognitive Functions, Application To The Study Of
Inter-individual Variability Of Language

Abstract:

My thesis work is part of a multi-modal and multi-scale integration approach
which has led to the emergence of cognitive and population neuroimaging. More
specifically, fMRI provides two types of three-dimensional functional brain maps:
activation maps allowing for visualizing brain regions directly involved in a cognitive
process, and intrinsic connectivity maps measuring the synchronization between
spatially distant but functionally connected regions. I have applied new statistical
methodologies to these two types of maps, allowing me to deal with both the individual
and the spatial dimensions. In the first part, I designed atlases of brain regions
dedicated to specific cognitive functions, based on their hemispheric lateralization and
targeting a population selected for its low variability. I present here the first two
language atlases. Indeed, although there are many approaches to map language areas
in patients, there was no atlas of networks supporting language functions in healthy
individuals so far. I first identified left activated and left asymmetrical regions, both
during sentence production, listening and reading, in 137 healthy right-handed
individuals. Analysis of the intrinsic connectivity between the 32 identified regions
reveals that they are part of 3 distinct functional networks, which constitute the
SENSAAS (SENtence Supramodal Areas AtlaS) brain atlas. Among these networks,
one with 18 regions contains the essential language areas (SENT_CORE), i.e. the
brain areas whose lesion leads to an impairment in the integration of the meaning of
speech. Specifically, SENT_CORE contains 3 hubs supporting the information
integration and dissemination, localized in the Broca and Wernicke area. I then applied
this methodology to the elaboration of an atlas of word processing networks. I
identified 21 brain regions organized into 2 distinct networks, one of which is a
phonological network including the audio-motor loop. For the first time, a strong
intrinsic connectivity between the left audio-motor loop and the prosodic processing,
located in the upper temporal sulcus of the right hemisphere, is evidenced. Finally, I

developed a new method for studying the variability of three-dimensional data. This



new method includes two different mathematical tools based on hierarchical
agglomerative clustering algorithms. The first one makes it possible to identify
variables leading to partition instability, the second one allows for extracting stable
sub-populations from a starting population. The applications of all of this work are
numerous: for example, I used the SENT_CORE network to study the inter-individual
variability of hemispheric lateralization of the sentence supramodal areas. I have thus
identified two groups of typical asymmetric left language individuals, with high left
intra-hemispheric intrinsic connectivity and low inter-hemispheric connectivity, and a
group of atypical individuals: rightward asymmetrical for language, with high intrinsic
connectivity of language networks in both hemispheres and high inter-hemispheric
connectivity. SENSAAS has also been used to study the genetic support of language
atypicality, as well as for the topological characterization of the memory and language
networks of individuals with mesial temporal lobe epilepsy. The new method for
assessing inter-individual variability was used to evaluate the stability of the intrinsic

networks of a new functional atlas adapted for late adulthood.

Keywords: Cognitive Neuroscience, Machine Learning, Network Theory,

fMRI, Neuroimaging, Language, Intrinsic Connectivity, Hemispheric Specialization
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Avant-propos

Le travail de these présenté dans ce manuscrit est multidisciplinaire et allie
I’étude du fonctionnement cérébral avec la neuroimagerie par Imagerie par Résonance
Magnétique (IRM), aux mathématiques appliquées avec 'utilisation de méthodes de
classification non supervisée et de théorie des graphes.

A la suite d’un avis favorable de la Commission de Sélection, présidée par le
Haut Commissaire & 'Energie Atomique et aux Energies Alternatives, j’ai bénéficié
d’une bourse de these CFR (Contrat de Formation par la Recherche), pour une durée
de trois ans, afin d’élaborer un atlas des réseaux cérébraux a large échelle sous-tendant
les fonctions cognitives.

Ma these s'inscrit dans la dynamique interdisciplinaire engagée par la
communauté scientifique de la neuroimagerie depuis plus de 30 ans, et allie 'analyse
des bases anatomo-fonctionnelles de la cognition avec le développement de nouvelles

méthodologies.

La présentation des mes travaux s’articule en trois parties.

La premiere, qui suit cet avant-propos, est une synthese de la littérature
scientifique permettant de situer le travail que j’ai effectué. J’y aborde tout d’abord
I'histoire de 'TRM fonctionnelle (IRMf) et j’expose sa méthodologie qui permet, chez
les mémes individus, de procéder a la cartographie des régions impliquées dans des
taches cognitives (activité évoquée) et de mettre en évidence des réseaux de régions a
lactivité spontanément synchronisée pendant I’état de repos (connectivité fonctionnelle
intrinseque). Ces deux modes d’investigation de la neuroimagerie fonctionnelle du
cerveau humain fournissent des cartes d’activité fonctionnelle qui, comme nous le
verrons de maniere détaillée, apportent des renseignements différents et
complémentaires sur I’architecture cérébrale fonctionnelle in wvivo. Une des
problématiques de ma thése porte sur l'exploration des relations entre les activations
mesurées au cours de taches cognitives et l'activité intrinseque du support

anatomo-fonctionnel de ces mémes taches. Je présente ensuite une revue des
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principaux atlas de neuroimagerie @ wviwvo du cerveau Humain et de leurs
caractéristiques, avec un focus sur latlas AICHA (Atlas of Intrinsic Connectivity of
Homotopic Areas, [JOL15]) dédié a I’étude des asymétries, et qui a été un des outils
important de ce travail. Cette synthese de la littérature se termine par la présentation
des deux principaux outils mathématiques que j’ai utilisés au cours de cette these
permettant la caractérisation du support anatomo-fonctionnel des fonctions cognitives
latéralisées : la classification ascendante hiérarchique et la théorie des réseaux.

Dans la seconde partie de cette these je présente les atlas cérébraux a large
échelle des réseaux du langage que j’ai mis au point pour deux niveaux d’intégration :
la phrase et le mot.

La troisieme partie de cette these expose le développement d’une nouvelle
méthode mathématique de classification ascendante hiérarchique permettant la prise en
compte de la variabilité interindividuelle, adaptée & I’analyse de données
tridimensionnelles telles que les données d’imageries cérébrales.

Je termine par une synthese de la contribution a la communauté des travaux
réalisés au cours de ces trois années. Travaux marqués par leur intégration dans des
publications d’autres domaines, comme 1’étude de la génétique des populations. Enfin je
présente les perspectives ouvertes par ces travaux, en particulier sur une application du
premier atlas & 1’étude de la variabilité interindividuelle du réseau du traitement de la
phrase chez 287 individus sains, pour moitié gauchers, ainsi que 1’élaboration d’un

méta-atlas intégrant les différents atlas des fonctions cognitives latéralisées.
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Partie [

Synthese de la littérature situant le travail de cette
these
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1. Imagerie par Résonance Magnétique fonctionnelle

A science of the mind must reduce... complexities (of behavior) to their elements.

A science of the brain must point oul the functions of its elements. A science of the
relations of mind and brain must show how the elementary ingredients of the former
correspond to the elementary functions of the latter.”

[JAM90]

Voici comment, en 1890, William James, I'un des fondateurs de la psychologie,
prévoyait ’évolution de son domaine de recherche tout juste naissant. Plus d’un siecle
plus tard, au sein des neurosciences, construire de telles correspondances entre
Parchitecture fonctionnelle cérébrale et ’organisation des fonctions cognitives telles
que définies par les modeles théoriques en psychologie, reste 'un des grands défis
scientifiques contemporains. En effet, comprendre les mécanismes qui font qu’un
kilogramme et demi de tissus mous : i.e. le cerveau' ou le télencéphale, anatomiquement
parlant, permet de réaliser des opérations dépassant de tres loin celles des ordinateurs
les plus puissants du monde, tout en consommant moins d’énergie qu’une simple
ampoule, reste une question ouverte®.

Mon travail de these s’insere dans cette approche d’intégrations multimodales et
multi-échelles qu’évoquait William James, et qui a conduit & ’émergence, au cours de la
derniere décennie, de la neuroimagerie cognitive. Cette discipline a pour but de
comprendre les relations entre le cerveau et la pensée, grace a 1’étude de cartes

d'imagerie cérébrales obtenues in vivo.

! Pour un adulte, le cerveau représente approximativement 2% de sa masse totale corporelle,
mais consomme approximativement 20% de son énergie totale [CLA99].

% Les ordinateurs sont extrémement rapides et accomplissent des taches (lorsque ces dernieres
peuvent étre décomposées en algorithme) bien plus rapidement et précisément qu’un étre humain. A
Pinverse, les ordinateurs montrent de médiocres performances quand il s’agit de créativité, de capacités
langagieres, de reconnaissances de formes, ete...
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Le cerveau est I'une des structures biologiques les plus complexes connues?
[SHESS]. Pour chaque région du cerveau, une tres grande quantité d’informations de
différentes natures est disponible : morphologiques, physiologiques, génétiques,
épigénétiques ou encore cytoarchitectoniques. La neuroimagerie qui est une technique
non-invasive permet d'acquérir ces données chez des centaines, voire des milliers de
personnes volontaires. La UK Biobank par exemple, une base de données lancée en
2014 pour la partie imagerie cérébrale [MIL16], regroupera a I’horizon 2022 plus de
100 000 jeux de données individuels. Pour chaque individu, un tres grand nombre de
variables a été mesuré : génétiques, socio-démographiques, médicales, capacités
cognitives, cartes cérébrales anatomiques incluant des cartes de diffusion et cartes
d’imagerie fonctionnelle pour en citer quelques unes. Cette base de données n’est pas la
seule au monde regroupant une aussi grande plurimodalité de variables, mais son
unicité réside dans le nombre tres important d’individus qui la compose et
I'homogénéité avec laquelle les données ont été recueillies, permettant ainsi d’étudier
finement les contributions respectives des prédispositions génétiques et de I'exposition
environnementale au développement des maladies. Citons également, au niveau
européen, le Human Brain Project [MAR11a], ou bien le consortium ENIGMA
(Emhancing Neurolmaging Genetics through Meta-Analysis, [THO14]) qui vise &
étudier les relations entre génome et caractéristiques anatomo-fonctionnelles de
I'organisation cérébrale via la collaboration de 70 centres de recherche de par le
monde. Dans ce cadre de coopération internationale, la plupart des outils nécessaires en
imagerie au traitement du signal de base et aux analyses qui s’en suivent sont comme
en génétique (The Sequence Alignment/Map tools [LIHO9], Genome Analysis ToolKit
[MCK10]) en libre acces ; citons par exemple le logiciel SPM : Statistical Parametric
Mapping [PEN11], la bibliotheque Python Scikit-learn [PED11], ou encore la
bibliotheque MATLAB Brain Connectivity Toolbox [RUB10].

De tels ensembles de données sont aujourd’hui mis a disposition par des équipes

de recherche a travers le monde. Parmi les avancées dans le domaine des techniques

3 Au coté du systeme nerveux entérique : le systeme nerveux de 1'appareil digestif. Ce dernier
est, comme le systéme nerveux central, composé de millions de neurones sensoriels, d’interneurones et de
motoneurones. Il induit des mouvements a I'intestin sans aucune connexions neuronale avec le cerveau ou
la moelle épiniere [SPE18]. L’activité du systeme nerveux entérique a récemment été mis en lien avec
P’obésité et un large spectre des troubles du systeme nerveux central [OCH16].
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d’analyse de données de ces dernieres années, une des plus remarquables concerne les
méthodes permettant non plus de travailler sur la moyenne du groupe, ou sur la
différence entre les groupes, mais d’étudier la variabilité interindividuelle unique de
chaque participant.

Un des aspects de cette variabilité est I'extréme différence de volume et de
forme des cerveaux, les femmes, par exemple, ayant un cerveau en moyenne environ
11% moins volumineux que celui des hommes. La solution qui a été trouvée en 1985, a
été d'utiliser 'espace stéréotaxique de Talairach. Le concept d’espace stéréotaxique (cf.
Annexes : 1.) a été inventé au début des années 1940 par le Pr. Jean Talairach
(neurochirurgien de 1'hopital Saint-Anne, ¢f. [MAZOS8] pour un panégyrique), afin de
définir le trajet en 3-dimensions d’une aiguille vers une cible localisée a I'intérieur du
cerveau, et ce sans 'aide des techniques d’imagerie du cerveau, inexistantes a ’époque.
Pour ce faire, le Pr. Talairach a inventé un systeme “proportionnel” formé d’un
parallélépipede (contenant théoriquement le cerveau) quadrillé dans ses 3 directions, et
de points remarquables permettant un positionnement a l'identique des différentes
structures de cerveaux humains de tailles variées. En 1947, il applique ce concept a la
fabrication d’un cadre chirurgical, permettant ainsi la premiere électrocoagulation
stéréotaxique réussie du noyau postéro-médian ventral chez un patient souffrant de
douleur irréductible [TAL49]. Finalement, le Pr. Talairach mets en place un systeme a
double grille* en 1949, couplé en 1952 & 'utilisation de la commissure antérieure (CA)
et postérieure (CP) comme références pour déterminer le systéeme de coordonnées
stéréotaxiques chez chaque individu, et élabore un atlas (ou gabarit) du télencéphale
dans 'espace stéréotaxique de Talairach en 1967 [TALG67].

L’application de I'espace stéréotaxique et de son atlas fut un apport majeur a
I'imagerie anatomo-fonctionnelle car il a permis I'analyse statistique, la labellisation
anatomique des régions activées et la mise en commun de données provenant de
modalités différentes. L’espace de Talairach a été le premier espace de référence
appliqué a l’analyse des données d’activation. Ces données étaient obtenues par
Tomographie par Emission de Positons (TEP) via I'injection d’eau marquée & 'oxygene

15. Le Pr. Peter Fox et ses collegues, en recalant les images TEP de différents

* Support attaché au cadre stéréotaxique permettant de guider précisément l'insertion dans le
cerveau d'électrodes ou d’aiguilles.
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individus dans I’espace stéréotaxique de Talairach, démontrent dans un premier article
[FOX85] que cette normalisation permet de calculer une moyenne de leurs activités de
débit sanguin cérébral en un méme endroit et d’augmenter le faible rapport signal sur
bruit inhérent & l'imagerie par TEP. Ces cartes d'activités individuelles peuvent ainsi
étre moyennées a travers les sujets, apres normalisation, ce qui permet de calculer des
cartes de différences entre les mesures qui ont été faites pendant différentes taches :
comme par exemple dans le paradigme emboité de Petersen qui soustrait une tache de
lecture de mots a celle de génération de verbes [PET88]. Ces cartes de différences sont
soumises a des traitements statistiques au niveau du voxel dans I’espace stéréotaxique
et les zones présentant un débit sanguin cérébral significativement plus important sont
rapportées sous forme de pic de coordonnées stéréotaxiques en millimetres. Pour
connaitre la localisation anatomique de ces pics d’activation, on reporte ces
coordonnées dans ’atlas de Talairach [FOX88].

L’espace stéréotaxique commun permet donc une communication précise et
efficace au sein du domaine et une alliance entre les disciplines [MAZO1a] nécessaire a
I’avancée des connaissances. Cet espace de travail commun permet de ne plus
seulement traiter les modalités indépendamment les unes des autres mais bien d’en
réaliser lintégration plurimodale. Un exemple de l'importance de l'intégration
multimodale grace au systeme stéréotaxique peut étre lu dans [ZIL15]. Le Pr. Karl
Zilles y démontre que les densités moléculaires (niveau microscopique) dans les aires du
langage de 15 neurotransmetteurs différents (mesurées par autoradiographie®) sont
proches entre elles et different considérablement d’autres régions cérébrales non
impliquées dans les processus langagiers. Les aires du langage sont préalablement
définies fonctionnellement par des études réalisées en IRM fonctionnelle (niveau
macroscopique). Zilles & al. définissent cette empreinte digitale de récepteurs
(“receptor fingerprint”) comme le support des processus neuronaux sous-jacents aux

fonctions langagieres.

® L’autoradiographie des tissus implique 'administration d’un traceur radioactif d’intérét.
Lorsque le composant atteint I’organe concerné, ’animal utilisé est sacrifié et 'organe est retiré, découpé
en tranche et placé sur un film radiographique permettant au chercheur d’évaluer la distribution du
traceur radioactif. Apres injection, le traceur péneétre dans le cerveau ou il est absorbé par les cellules,
proportionnellement & leur métabolisme. Une fois dans les cellules, il se retrouve bloqué a l'intérieur (a
cause de sa phosphorylation qui a lieu a I'entrée dans la cellule), ce qui rend possible par la suite la
détection des cellules impliquées dans le processus ciblé sur le filtre radiographique [RAI09].
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De telles perspectives de travail demandent des outils appropriés tant d'un point
de vue du recueil des données que de leur analyse statistique. En effet, le choix des
techniques d’analyse statistique est essentiel dans la description et 'extraction de
connaissances a partir des données multimodales obtenues par neuroimagerie. Le
modele choisi, sa complexité et son interprétabilité sont essentielles. La Pr. Riitta Hari®
a d’ailleurs rappelé un message important ; “aw cours de celte quéte (d’intégration
multimodales), il ne faut pas oublier que chaque methode raconte une histoire, et nous
ne devons pas laisser ces histoires diffeérentes des motres de cote, nous avons au
contraire le devoir de les intégrer a notre propre récit afin de l'enrichir et lui permettre
de se déployer dans son entiéreté”. La neuroimagerie est en effet une méthode qui
contient en son sein différentes histoires, dont l'objectif est de comprendre le

fonctionnement du cerveau humain.

L’Histoire de I'imagerie fonctionnelle cérébrale remonte a 'invention de la toute
premiere technique de neurophysiologie cognitive en 1880 par le Pr. Angelo Mosso
[MOS80]. II développe une méthode afin de directement mesurer la pulsation sanguine
sur le cerveau de Michele Bertino, un de ses patients, a travers un trou dans le crane de
ce dernier causé par la chute d’une tuile. Le Pr. Angelo Mosso découvre alors que
lorsque Michele, qui est assis face a un mur blanc pour éviter toute sorte d’autre
distraction, entend les cloches de 1’église & midi ou bien répond & une question, son
pouls cérébral augmente alors que son pouls radial reste stable (Figure 1). Cela conduit
de fait le Pr. Angelo Mosso a l'idée que la circulation sanguine cérébrale répond
directement a l’activité mentale : le débit cérébral sanguin est pour la premiere fois

associé aux fonctions cérébrales.

6 “different methods may well tell different stories, so it's not the issue of how we think
the same things but recognizing that in each method that may be a story that will do have to
take into account when interpreting our own data”
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Pouls (au poignet)

Pulsations cérébrales

|—la fleche marque le moment
olt Mosso demande & Bertino s'il
a l'habitude de réciter 1'Ave
Maria & midi

Pouls (au poignet)

Pulsations cérébrales
|—la fleche marque les cloches
de I'église & midi

Pouls (au poignet)

Pulsations cérébrales au repos

Figure 1 : Mesure du pouls cérébral de Michele Bertino par le Pr. Angelo Mosso. Figures du livre du Pr.
Angelo Mosso [RAI14]. A gauche : schéma d’un pléthysmographe utilisé par le Pr. Angelo Mosso pour
mesurer le pouls cérébral de Michele Bertino. A droite : exemples de la fagon dont le pouls cérébral de
Michele Bertino (la courbe inférieure sur chaque graphique) change en réponse & différents événements,
alors que son pouls radial (courbe supérieure) reste constant. La figure est adaptée de [POL18].

Dix ans plus tard, les Pr. Charles Sherrington’ et Charles Roy montrent plus
rigoureusement |'existence d'un mécanisme automatique par lequel le flux sanguin
cérébral est modifié localement en fonction des fluctuations de l'activité chimique
sous-tendant I'activité cognitive de cette zone [ROY90]. L'expérience consistait alors a
broyer le cerveau d’un chien ayant été saigné, puis a injecter a un autre chien le
mélange obtenu afin de comparer les mesures de débit sanguin cérébral et général. Au
cours de cette expérience, ils ont constaté que les vaisseaux sanguins cérébraux du
chien sain se dilataient apres injection du mélange, indiquant une augmentation du flux
sanguin cérébral, alors que la pression sanguine générale n’augmentait pas. Ils ont
ainsi confirmé leur hypothese selon laquelle le tissu cérébral en souffrance (du fait
d’une hypovolémie) produit des substances chimiques qui sont libérées pour augmenter
le volume sanguin.

Dans une perspective plus récente et plus proche de la neuroimagerie moderne
que ne le sont les travaux du Pr. Angelo Mosso, la méthodologie développée par

I’équipe du Pr. Louis Sokoloff (neuroscientifique au National Health Institute de

? Sir Charles Sherrington remporte en 1932, avec le Pr. Edgar Adrian, le prix Nobel de
physiologie ou de médecine pour leurs découvertes sur les fonctions des neurones.
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Bethesda) conduit, en 1955, aux premieres cartes fonctionnelles cérébrales, chez
I’animal, & 'aide des techniques d’autoradiographie [LANSH5].

Par la suite, les travaux précurseurs en TEP des Pr. Per Roland, Neils Lassen
et David Ingvar permettent de réaliser les premieres cartes cognitives chez I’'Homme
([ING65] et [ROL77]) a l'aide d’injections intra-carotidiennes de Krypton® (et de
Xénon'?®, respectivement) et d’un détecteur de radioactivité disposé comme un casque
au-dessus de la téte [LAS63]. Ils démontrent ainsi, pour la premiere fois chez ’'Homme
sain, que les fluctuations du débit sanguin, i.e. la réponse hémodynamique, changent
régionalement en suivant I’activité cérébrale cognitive.

L’étude de Iactivité électrique cérébrale se développe également a cette période,
puisqu’apres 40 ans de travaux solitaires, le Pr. Hens Berger met au point
I’électroencéphalographie en 1929 [BER29]. Cette nouvelle méthode consiste en
I’enregistrement, sur la surface du cortex cérébral, des potentiels post-synaptiques

issus d'un ensemble de neurones.

Il existe plusieurs facons de présenter la suite de |'Histoire de la neuroimagerie,
mais j’ai choisi de vous I’exposer en me centrant sur les 25 dernieres années et de
suivre le développement du consortium OHBM : Organization for Human Brain
Mapping, qui est le reflet fidele de 1’évolution passée, présente et future, des différentes
thématiques du domaine. C’est a l'initiative des Pr. Bernard Mazoyer, Pr. Per Roland
et Pr. Riidiger Seitz qu’est née 'association OHBM quelques années avant sa 1°°
assemblée. En 1995, lors de son 1* rassemblement a Paris, 820 scientifiques du monde
entier se réunissent pour 'occasion, 25 ans plus tard, en 2019, ce sont plus de 4 000
chercheurs qui se rejoignent a Rome pour évoquer les grandes questions de la
neuroimagerie.

404 abstracts sont recus par les organisateurs en 1995 ; parmi eux 53%
traitent du theme de la cognition, 28% abordent le sujet de la méthodologie et 19% des
pathologies cérébrales. A cette époque, 'IRM ne représente que 24% des méthodes
alors utilisées. En 2019, 3 605 abstracts sont recus par les organisateurs, soit une
augmentation d’un facteur 9 en 25 ans. Mais comme le souligne le Pr. Bernard
Mazoyer dans son discours de cloture de cérémonie d’OHBM 2019 : les graines des

themes de recherche actuels en neuroimagerie sont déja semées en 1995. En effet, un
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article de Peter J. Basser évoque I'IRM de diffusion [BAS95] et un autre de Van
Wedeen parle de tractographie et d’exploration des connexions anatomiques entre
différentes régions cérébrales a I'aide de 'IRM [WED95]. La neuroimagerie génétique
est également présente avec un papier de Berman & al. [BER95]. Finalement, un
domaine qui concerne plus particulierement le sujet de cette these : ’'étude des bases
neurales des fonctions cognitives est également présente, avec la comparaison des
activations pendant différentes taches cognitives [HOR95] et la connectivité
fonctionnelle via les corrélations temporelles mesurées a 1’état de repos [HYD95].
Enfin, il faut souligner des 1995 le développement de méthodes permettant de
combiner différentes modalités tel que le papier de John George & al. qui vise a
combiner les données anatomiques (via I'IRM), d’activation fonctionnelle (IRMf),
d’électroencéphalographie (EEG) et de MEG [GEO95]. Par ailleurs, il y a 25 ans, les
mots-clés des titres des abstract étaient “activation”, “PET”, “fMRI”, “mapping” et
“functional”, en 2019 ce sont les mots “functional”, “connectivity”, “networks”,
“fMRI et “structural”. Ces changements de mot-clés démontrent le passage d’une
étude locale de l'activité des régions cérébrales, a I’étude dynamique de I'activité de
réseaux de régions cérébrales par les mesures de connectivité fonctionnelle et
structurelle.

L’analyse de I’évolution des abstracts soumis & OHBM permet également de
constater que la méthodologie reste au coeur de la discipline. En 2019, 50% des
abstracts recus portent sur les questions de méthodologie, alors que la neuroimagerie
des fonctions cognitives ne représente plus que 25% des soumissions. La thématique
des pathologies quant a elle demeure a 20%, démontrant que les efforts fournis par la
communauté en termes de renouveau des technologies, d’analyse de données et de
protocoles ont des applications concretes dans le domaine des maladies neurologiques et

psychiatriques.

L’ensemble des avancées historiques présentées en ce début d’introduction
n’aurait pu voir le jour sans I'arrivée de I'informatique et des méthodes numériques qui
I’accompagnent. En 1973, le CT-scan (Compuler-assisted Tomography : tomographie

axiale calculée par ordinateur) est mis au point par I'ingénieur d’Electric and Musical
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Industries (EMI, un major de I'industrie musicale) Godfrey Hounsfield® [HOU73]. Le
CT-scan se base sur la transformée de Radon [RAD17] qui décrit comment
reconstruire la géométrie externe ou interne d’un objet & partir d’un ensemble de séries
de mesures effectuées depuis son extérieur. Dans notre cas, I’objet en question est le
corps humain et les mesures effectuées sont celles de ’absorption des rayons X. Cette
technique permet de reconstruire des images 3D des structures anatomiques.

La TEP est développée en 1975 [TER75] : c¢’est alors la premiere technique
d’imagerie moléculaire, basée sur un traceur radioactif, avec laquelle on calcule, comme
nous l'avons vu précédemment, des cartes d’activité cognitive. Grace aux techniques
tomographique utilisées, la TEP permet d’avoir acces a la fois aux fonctions cognitives
et aux processus biochimiques des organes les supportant.

Les principes physiques de la Résonance Magnétique Nucléaire (RMN) sont
découverts indépendamment en 1946 par les Pr. Felix Bloch et Edward Purcell (cf.
[KEV97] pour une revue de leurs travaux). Ce n’est qu’en 1980 que la premiere
machine & IRM est utilisée avec succes sur un patient a 1'hopital Aberdeen Royal
Infirmary en Ecosse. Il aura en effet fallu attendre les travaux du Pr. Paul Lauterbur
et sa méthode d’analyse du signal RMN, alors appelé zeugmatographie, afin de
reconstruire les premieres images 3D d’une orange, a la maniere du CT-scan [LAU73].
Tout comme pour le CT-scan, cette technique n’aurait pu voir le jour sans ’analyse
numérique et I’avenement de I'informatique dans les années 70 qui ’accompagnent afin

de permettre ces reconstructions tres complexes.

La co-occurrence du développement des nouvelles méthodes mathématiques et
de leur application aux nouvelles techniques d’imagerie, de I'informatique (a travers une
puissance de calcul et un stockage de données toujours plus grand) et de la
neuroimagerie cognitive a alors été, et est encore, un des moteurs de 1'évolution des

neurosciences cognitives.

8 d’apres les travaux du Pr. Allan Cormack. G. Hounsfield et A. Cormack recoivent tous deux le
prix Nobel de physiologie ou de médecine en 1979 pour cette découverte.
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1.1. Histoire et principe général de [’Imagerie par Résonance

Magnétique fonctionnelle

1.1.1. L’TRM comme méthode de référence de neuroimagerie anatomique

et fonctionnelle

Jusqu'en 1991, la cartographie des fonctions cognitives est essentiellement
réalisée a laide de la TEP avec injection d’eau radioactive?. Mais en 1991, I’équipe de
Bruce Rosen, du Massachusetts General Hospital (MGH), publie la premiere étude
fonctionnelle du systeme visuel en utilisant 'TRM [BEL91] : 'IRM fonctionnelle
(IRMf) est née. Pour réaliser cette premiere, les chercheurs du MGH ont injecté du
gadolinium dans la circulation sanguine des participants de 1’étude, un traceur
paramagnétique dont les variations de concentrations, détectables par IRM, dépendent
du flux sanguin cérébral local. En 1992, grace a deux études pionnieres ([KWO092] &
[OGA92]), PIRMf devient réalisable sans qu’il soit nécessaire d’injecter ce produit de
contraste, et ce grace a [l'observation par IRM des fluctuations locales de
désoxy-hémoglobine (molécule endogene paramagnétique) engendrées par les
variations d'activité neuronale : PTIRMf-BOLD' (Blood Oxygen Level Dependent) voit
ainsi le jour. Cette derniere technique est aujourd’hui considérée comme une méthode
de référence [BANO1] pour I’étude des bases neurales des fonctions cognitives.

Contrairement a la TEP qui nécessite 'injection d’un traceur radioactif, et a
IRMf utilisant le gadolinium, 'IRMf-BOLD est non-invasive et offre donc une
capacité d'imagerie en 4 dimensions avec une résolution spatiale entre 1 et 4
millimetres, et un échantillonnage temporel d’environ 1 seconde. La Figure 2 permet
d’avoir un apercu des différentes résolutions spatiales et échantillonnages temporels
des techniques d’imagerie cérébrale aujourd’hui disponibles. Les différences
d'échantillonnage temporel s’expliquent notamment par la nature méme des différents

signaux enregistrés : 'EEG ou la MEG s’appuie par exemple sur la réponse électrique

® En 1988, la pertinence de I’étude des fonctions cognitives par Tomographie par Emission de
Positons (TEP) a été démontrée par le Pr. Michael Posner [POS88].
10 Par la suite, IRMf fera référence & I'TRMf-BOLD.
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des dendrites'' qui est de 'ordre de 20 millisecondes, alors que I'IRMf repose sur la
réponse hémodynamique qui a un temps de réponse physiologique d’environ 1 & 3
secondes apres 'activité électrique de I’ensemble neuronal regardé. Les différences de
résolutions spatiales s’expliquent quant a elles, par les phénomenes physiques

différents utilisés dans chaque méthode.
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Figure 2 : Résolution spatio-temporelle des principales méthodes utilisées pour mesurer l'activité
cérébrale en 2014. Les rectangles représentent la résolution spatiale el temporelle pour chaque technique.
L'encadré en bas & droite permet de comparer les méthodes de 2014 avec les méthodes disponibles en
1988. 1l est & noter que le développement de UIRMf vient combler un manque en termes de résolution
méso el macroscopique & U’échelle de la seconde. En général, les techniques a haute résolution spatiale et
temporelle sont plus invasives. EEG : électroencéphalographie, IRMf : IRM fonctionnelle, MEG :
magneétoencéphalographie, PET : tomographie par émission de positrons, TMS : stimulation magnétique
transcranienne, VSD : colorant sensible awu potentiel, 2-DG : 2-désoxyglucose. Figure adaptée de
[SEJ14].

1 Les dendrites sont des ramifications des corps cellulaires des neurones. Elles propagent les
stimulations électrochimiques recues par les axones d’autres cellules nerveuses, via la synapse, jusqu’au
corps cellulaire & partir duquel les dendrites se projettent [KAN13].
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Depuis la fin des années 90, I'Imagerie par Résonance Magnétique s’est
développée'? et chaque hopital posséde au moins une machine permettant de faire des
acquisitions d’imagerie anatomique et fonctionnelle du cerveau ou d’autres organes.
L'IRMf cérébrale en particulier s’est développée et, en 20 ans, les articles d’IRMf sur
une année sur PubMed' passent de 6 en 1992 a4 3 988 en 2011. Avec une
augmentation linéaire annuelle d’environ 254 articles supplémentaires (entre 1994 et
2015), la prévision du nombre d’articles pour cette année 2020 est de 6 000 ;
conduisant a un total de 64 417 références utilisant I'[RMf comme source de leurs

résultats.

1.1.2.  Principe de I'IRM fonctionnelle cérébrale pour la cartographie des

fonctions cognitives

I’IRM repose sur le principe de Résonance Magnétique Nucléaire (RMN) et
utilise les propriétés magnétiques du noyau d’hydrogene constituant la matiere
organique, et principalement I’eau dont la concentration est tres élevée dans le cerveau.
En I’absence de champ magnétique, les axes de rotation des noyaux d’hydrogene (i.e.
leur spin) s’orientent aléatoirement et indépendamment les uns des autres. A contrario,
en présence d’'un champ magnétique stable, les spins s'orientent parallelement au
champ magnétique : une proportion un peu plus importante de ceux-ci étant orientés
dans le sens du champ plutét qu’en sens inverse, un moment magnétique résultant net
est constitué. L’expérience de RMN consiste alors a appliquer un champ magnétique
tournant a la fréquence de Larmor des protons, orthogonal au champ stable, pour
écarter le moment magnétique initial de ’axe du champ principal et pouvoir ainsi
mesurer et observer son retour a I’état initial, phénomene dit de relaxation. Les temps

de relaxation sont les mesures centrales en IRM, et permettent notamment de savoir

12 1,3 Commission Internationale de Protection contre les Radiations Non-Ionisantes (ICNIRP)
émet malgré tout certaines recommandations concernant notamment l'effet projectile du champ
électromagnétique, D’apparition possible de vertige di & la susceptibilité magnétique du systéme
vestibulaire et conseille, par principe de précaution, que les femmes enceintes ne s'approchent pas de
PIRM [ICNO9]. La loi Jardé (LOI n°2012-300 du 5 mars 2012) est chargée de ’encadrement de ces
recommandations dans le cadre de I'instrumentation par IRM et plus généralement encadre les pratiques
impliquant la personne humaine. L’IRMf peut étre utilisée chez des individus sains, dans le cadre de la
précédente loi, qui si besoin, peuvent étre scannés a plusieurs reprises si le protocole le justifie et que le
comité d’éthique le valide.

13 Résultats sur Pubmed en avril 2020 de la recherche : [“fMRI” OR “functional MRI” OR
“functional magnetic resonance imaging”].
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dans quel type de tissu nous sommes (substance blanche, matiere grise ou liquide
céphalo-rachidien), les temps de relaxation étant différents d’un tissu a ’autre.

Dans le cadre de I'IRMf, une seconde propriété basée sur Pactivité
hémodynamique cérébrale, résultant d’une cascade d’évenements liés a activité
électrique et métabolique neuronale, est utilisée afin de mesurer les variations
régionales de I'activité cérébrale. L’exécution de processus cognitifs repose en effet sur
un ensemble d’activités électriques supporté par les neurones du cerveau : modulation
des fréquences ou de la phase des trains de décharge des neurones conduisant a leur
synchronisation ou désynchronisation. L’ensemble de ces modulations se traduit par
des modifications électrochimiques au niveau des synapses des neurones impliqués dans
la tache. L’énergie nécessaire pour supporter l'activité électrique induite par un
processus cognitif est fournie par I’Adénosine TriPhosphate (ATP) qui provient
principalement de la dégradation du glucose. Cependant, le cerveau n’a aucune réserve
de glucose et sa livraison par les vaisseaux sanguins est donc réalisée en temps réel et &
flux-tendu, les dépenses étant constamment compensées par les apports. Le glucose est
délivré au cerveau via la circulation sanguine et deux modes de production de I’ATP
sont alors possibles. Le premier : la glycolyse, est une voie de production rapide, sans
consommation d’oxygene, mais peu efficace en termes d’ATP produit (formation nette
de 2 molécules d’ATP') et a essentiellement lieu lors de la réalisation d’une tache
cognitive. Le second mode : la phosphorylation oxydative, est une voie de production
deux fois plus lente que la glycolyse [MCG83] et avec consommation d’oxygene, mais
tres efficace puisque produisant quinze fois plus d’ATP (30 molécules d’ATP produites)
que la glycolyse sur laquelle elle s’appuie [GUSO1]. Lors d’une activité dirigée,
lactivité neurale du réseau de régions cérébrales concernées augmente, induisant un
besoin d’ATP plus élevé et plus rapide qui sera produit par glycolyse. Cette activité
entraine une dépense d’énergie assurée par une augmentation de la consommation
locale de sucre de ’ordre de 5% (soit 0,1 mg/min, [RAIO6a]), sans augmentation de la
consommation d’oxygene. En parallele et dans ces mémes régions, une augmentation
du débit sanguin de I'ordre de 5% a également lieu (soit 1 mL/min) afin de renouveler

le sucre dégradé par 'activité cérébrale locale.

1 Le processus de glycolyse va consommer 2 molécules d’ATP pour en produire 4.
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Comment peut-on alors cartographier ces légeres fluctuations métaboliques
cérébrales déclenchées par des taches cognitives ?

Lors de I’exécution d’une tache, 'augmentation local du débit sanguin conduit
également a une augmentation locale en oxygene, alors méme que la demande
métabolique en oxygene reste stable. Ce découplage s’accompagne de fait d’une
diminution locale de la concentration en hémoglobine non oxygénée ou
désoxyhémoglobine : c’est 'effet BOLD (Blood Oxygen Level Dependent). Cet effet
constitue le signal de base enregistré en IRMf. En effet, I'hémoglobine'® contient un
atome de fer, qui lorsque qu’il n’est pas accompagné d’oxygene est paramagnétique :
c’est-a-dire qu’il interagit avec le champ magnétique en présence en y créant de petites
inhomogénéités locales. Or, la technique d’IRM repose sur ’homogénéité des champs
magnétiques afin de mesurer le temps de relaxation des moments magnétiques.
L’inadéquation entre ’apport et la consommation d’oxygene [RAI98] conduit de ce fait
a une diminution des inhomogénéités des champ magnétiques locaux des régions
utilisées pour la tache en cours de réalisation ; en effet, le sang oxygéné, ou
oxyhémoglobine, est par opposition a la désoxyhémoglobine, diamagnétique [PAU36].
La diminution locale des inhomogénéités du champ entraine alors une augmentation du
temps de relaxation transversal (image T2* en IRMf) dans les régions utilisées lors
d’une tache cognitive (Figure 3). Une acquisition en IRMf du signal BOLD permet
donc de disposer, en quelques secondes ([LAU73] et [MAN77]), d'une carte du niveau
relatif de 'oxygénation sanguine de ’activité cérébrale. Ces cartes mises bout a bout
permettent finalement d’obtenir la carte des variations régionales de I’activité cérébrale
orientée. Il a par ailleurs été démontré que le signal BOLD est directement corrélé a
activité électrique régionale des neurones'® ([LOGO1] et [SCHO8]), faisant de I'TRMf
une méthode fiable et pertinente dans I’étude des mécanismes cognitifs. Il est & noter
que l'amplitude du signal BOLD varie au maximum de 5% pour les aires
somatosensorielles primaires et de I'ordre de 0.1 a 0.5% pour les régions d'intéréts

dans les études cognitives [POL11].

15 I’hémoglobine est une protéine ayant pour fonction de transporter ’oxygeéne des poumons
vers le reste de 'organisme.
16 (est-a-dire les décharges neuronales et les potentiels de champ local.
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Figure 3 : Organigramme de la relation entre l'activité neuronale et le contraste BOLD. Les deux
éléments clés sont Uapport en oxygénation dépassant les besoins métaboliques (en gris clair) et le
changement de susceptibilité de U’hémoglobine en fonction de son oxygénation. Figure adaptée de

[BAN20].
1.1.3. Paradigmes d’IRMf de cartographie d’activité évoquée par des

taches cognitives

Une caractéristique importante du signal BOLD est que la relation qu’il
entretient avec la réponse neuronale déclenchée par un événement cognitif est linéaire.
Cela signifie que le modele linéaire est optimal pour l'analyse du signal BOLD
[BOY96]. Comme illustré sur la Figure 4, la linéarité de la réponse hémodynamique
par rapport a la réponse neuronale conduit & une augmentation d’un facteur a du signal
BOLD si la réponse neuronale augmente dun facteur a. La linéarité implique
également le principe d’additivité ; si deux événements se produisent & proximité dans
le temps I'un de ’autre, alors le signal BOLD résultant sera la somme des signaux

BOLD indépendants de ces deux événements.
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Figure 4 : Exemples de dépendance linéaire entre la réponse neuronale et le signal BOLD. Illustration
de Uaugmentation d’un facteur a du signal BOLD (en blew) lorsque le signal neuronal est augmenté d’un
facteur a. Figure adaptée de [POL11].

A la différence de la technique de différence de cartes moyennes obtenues dans
une condition A et B en TEP, I’étude des bases anatomo-fonctionnelles d’un processus
cognitif en IRMf est réalisée via la corrélation du décours temporel du signal BOLD
avec le paradigme : c’est 'analyse par régresseur. Les paradigmes d’IRMf sont
caractérisés par des périodes qui alternent entre la réalisation de la tache A et de la
tache B par le sujet. Afin d’isoler les régions impliquées dans le ou les processus
cognitifs ciblés, une ou des taches de référence sont incluses dans le protocole afin
d’étre prises en compte dans I’analyse par régresseur. La ou les taches de référence ont
des composantes cognitives ne faisant pas l'objet de 1’étude. Elles sont alors
considérées comme des régresseurs dans l'analyse et permettent d’isoler les régions
impliquées dans le ou les processus cognitifs ciblés. La carte d'activation, obtenue via
I’analyse par régresseurs, peut elle-méme faire 1’objet d’une analyse par contraste. De
la méme maniere qu’en TEP, et & I'image de I’analyse par régresseur, soustraire les
activations d’une tdche de référence a une tache d’intérét permet d’isoler les
composantes cognitives ciblées par I'analyse. Par exemple, pour étudier les régions de
la production de la phrase (Figure 5), nous avons réalisé le contraste suivant au sein de
la base de données BIL&GIN [MAZ16] : soustraire l'activité cérébrale lorsqu’un
individu réalise une tache de production d’une liste de mots sur-appris a 'activité
cérébrale induite par la production d’une phrase. Ce contraste permet d’éliminer les
composantes de la tache telles que le suivi, la sélection et le maintien en mémoire des

instructions, ainsi que le traitement paralinguistique : c’est-a-dire le traitement
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contextuel, émotionnel et prosodique. Le contraste & une tache de référence permet
ainsi de discriminer les aires du langage parmi celles impliquées dans la réalisation de
la tache [BIN11]. Il faut noter qu'une tache de référence consistant a fixer une croix
puis cliquer sur un bouton quand celle-ci se transforme en carré, a été utilisée comme

régresseur dans I’analyse des taches de production de phrase et de liste de mots.

Tache de production

Production de phrase Production de liste de mots sur-appris Contraste de production :

phrase — liste de mots sur-appris

« Le petit Nicolas avec son foulard « Lundi, mardi, mercredi, jeudsi,
joue damns la cours de l’école. » vendredi, samedi, dimanche. »

Variation du signal BOLD (%)
[ T

0.6 0.9 1.2

Figure 5 : Exemple, en IRMf, de I’obtention de 'activité cérébrale des bases anatomo-fonctionnelles de
la production de phrase chez des individus droitiers (données et protocole de la BIL&GIN [MAZ16]). A
gauche ; wvariation moyenne du signal BOLD (%) lors de la tdche de production de phrase. Le
participant voit le stimulus apparaitre (image du Petit Nicolas) et doit mentalement produire une phrase
commencant par un sujet et un complément, suivi par un verbe décrivant Uaction se déroulant et
finissant par un complément de liew. Au eentre : variation moyenne du signal BOLD (%) lors de la tdche
de production de liste de mot sur-appris. Lors de Uapparition du stimulus (image brouillée), le
participant doit mentalement réciter la liste des jours de la semaine. A droite : variation moyenne du
signal BOLD (%) lors du contraste phrase moins liste. Vue latérale de [’hémisphére gauche ; rendu 3D
de la surface de la matiére grise du gabarit de la BIL&GIN dans l'espace MNI, réalisé a l'aide du
logiciel Surf Ice'’.

Le Groupe d'Imagerie Neurofonctionnelle’® (GIN) a mis au point une tache de
référence non spécifique a la modalité de la tache dans le cadre de 1’étude du langage
[MAZ93], des saccades visuelles [PET96], de I'attention auditive [TZ097] et de
I'imagerie mentale [MEL98]. Cette tache de référence, appelée “état de repos”,

\

consiste a cartographier un volontaire auquel la consigne suivante a été donnée :

17 Surf Iee : https://www.nitre.org/projects/surfice/

18 Le GIN a été fondé en 1989 au CEA au sein du Service hospitalier Frédéric Joliot & Orsay, a
Iinitiative du Dr. Nathalie Tzourio-Mazoyer, du Pr. Bernard Mazoyer et du Dr. Marc Joliot
(https://www.gin.cnrs.fr/fr/le-gin/histoire/).
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“gardez les yeux fermés, détendez-vous, évitez de bouger, tout en restant éveillé et
laissez aller et venir vos pensées librement, sans entrer dans une activité structurée
comme réciter un poéme ou réviser vos cours”. Cette tache a été mise au point car elle
permet de servir de référence a des taches tres différentes sur le plan de la modalité et
donc de procéder ensuite & des comparaisons ou des méta-analyses.

L’analyse par régresseurs'? (Figure 6) des cartes BOLD tridimensionnelles
obtenues toutes les 1 ou 2 secondes pendant que le volontaire effectue une tache
cognitive permet de mesurer les régions dont le décours BOLD est significativement
corrélé a la tache. Les voxels dont 'activité augmente spécifiquement (ou “activation”)
pendant la tache cible sont ainsi mis en évidence lorsque le régresseur est construit a
partir de deux états différents (le résultat est proche d’un contraste de différence tel
qu’il était calculé en TEP).

décours matrice des coefficient .
YU — BOLD pour X — régresseurs ﬁv —  d’activation gv — résidus
un voxel » pour un voxel »

[ Xy X9 Xg Xk i ] [~ ]

ﬁv,l
0,2

2,3

g B

Figure 6 : Illustration de l'analyse par régresseur du signal BOLD. Le modéle linéaire généralisé
exprime le signal BOLD observé (Y) sous la forme d'une combinaison linéaire de régresseurs (x) plus un
terme d'erreur (¢). Chaque régresseur de la matrice d’expérience (X) est la convolution de la réponse
hémodynamique de référence et de la fonction du stimulus, qui est de 1 lorsque le stimulus est présent et
de 0 sinon. L'amplification relative d’une condition donnée, ou activation, est alors 'espérance des
coefficients d’activation (B).

19 Un régresseur est une fonction qui représente la facon dont le signal BOLD varie au cours du
temps suivant les différentes conditions expérimentales. Cette fonction est obtenue par la convolution des
périodes de stimulation avec une réponse hémodynamique canonique.
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Il est a noter que d’autres approches ont été mises au point afin d’analyser le
signal BOLD, notamment des approches stochastiques permettant d’étudier la
dynamique causale (Dynamic Causal Modelling : DCM, [FRIO3]) présente dans les
décours temporels du signal. Ce modele se base sur l'approximation de ['activité
neuronale par développement limité, ou plus récemment, par une méthode utilisant les
équations différentielles pour modéliser ’ensemble de I’activité neuronale conduisant a
la réponse hémodynamique : 7.e. en prenant en compte les connexions neuronales
afférentes et efférentes d’une région cérébrale, tout comme les différents types de
signaux (inhibiteurs ou excitateurs) des neurones qui la compose [FRI19]. L’analyse
DCM est plus appropriée pour les paradigmes expérimentaux visant a étudier la
réponse neuronale résultante d’un stimulus au cours de 1’expérience et peu pertinent
pour les études exploratoires [STE10]. Une troisieme approche existe pour analyser
les fluctuations du signal BOLD : l'analyse des patterns pluri-voxels (MultiVoxel
Pattern Analysis : MVPA), originellement développée par le Pr. James Haxby en 2001
dans un article étudiant la représentation des visages et des objets dans le cortex
temporal ventral [HAXO1]. Les MVPA différent de I’approche univariée dans le sens
ou il n’est plus question de regarder si la moyenne du décours temporel d’une région
donnée présente une activité plus élevée lors d’un stimulus que lors d’une condition de
référence, mais si deux (ou plus) conditions expérimentales peuvent étre distinguées
I'une de 'autre sur la base de leur pattern d’activité observée (Figure 7, [TON12]).
Sur le plan mathématique, la MVPA utilise des méthodes de classification supervisée
tel que les séparateurs a vaste marge (SVM : [BOS92]) ou encore I’analyse
discriminante linéaire (LDA : [COHS83]). Il est important de noter que la MVPA peut
permettre de distinguer des patterns d'activité différents pour deux conditions et ce
méme si le niveau moyen d'activité ne differe pas entre les conditions [HAX12]. Les
techniques de MVPA permettent également de reconstruire le stimulus percu par le

sujet a partir du décodage de son activité cérébrale locale [NASO09].
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Données d’analyse univariée

faible [ ¢lcvé
signal BOLD

Figure 7 : Comparaison des données lors d’une analyse uni- ou multivariée (MultiVoxel Pattern
Analysis : MVPA). Cette figure illustre les différences entre la maniere dont les données obtenues par
quatre stimuli (ici, 1'observation de visages humains ou canins, jeunes et vieux) sont utilisées dans
Panalyse univariée (A.) et la MVPA (C). A. L’analyse univariée dans la région définie a priori (ici, la
jonction temporo-pariétale) utilise une stalistique de résumé (par exemple, la valeur moyenne de la
région) pour décrire 'amplitude de la réponse BOLD dans toute la région. B. L'analyse par MVPA dans
la région définie a priori ulilise le pattern de la réponse neuronale, résume dans un vecteur contenant
Uensemble des moyennes d’activations des voxels composant la région. Ce vecteur est par la swite utilisé
par la méthode de classification supervisée afin d’identifier la signature neuronale de tel ou tel stimulus.
Figure adaptée de [WAE20].

1.2. L’ IRMf de repos ou l’étude de 'activité inlrinseque

1.2.1. La découverte des régions du mode par défaut par inversion du

paradigme de différence

Plusieurs études a la fin des années 90 mettent en évidence qu’un ensemble de
régions présente une activité plus importante pendant une tache de bas niveau (telle
qu’une tache de fixation) par rapport a la tache étudiée. Shulman & al. produisent ainsi,
en 1997, une premiere méta-analyse regroupant un ensemble de 9 expérimentations

réalisées en PET. Ces expérimentations contrastent des taches visuelles passives a des
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taches visuelles actives. Ils mettent en évidence un ensemble de régions frontales et
pariétales médianes ainsi que des aires pariétales latérales plus activées durant les
taches passives que durant les taches visuelles actives [SHU97]. La question se pose
alors de savoir si ces régions désactivées durant les taches actives sont dues a
I'implication des processus cognitifs réalisés au cours du repos qui ne le seraient pas
durant la tache, ou bien si ces désactivations sont induites lors de I'exécution de la
tache étudiée. Une seconde question fondamentale est de comprendre a quel processus
physiologique correspondrait ’activité cérébrale au cours de ’état de repos conscient
chez 'Homme.

En 2001 et dans la lignée de ’étude de ces régions désactivées, Mazoyer & al.

t20

publient®® et démontrent a I’aide d’une méta-analyse de 9 taches cognitives différentes
(mémoire de travail, langage, calcul, imagerie mentale, raisonnement logique et tache
motrice) que I’état de repos conscient chez ’humain est soutenu par un large réseau
cérébral d’aires corticales distribuées & travers le cortex hétéromodal associatif®!
pariétal et frontal qui sont activées lors de l'inversion du paradigme de différence.
Mazoyer & al. font ’hypothese [MAZO1b] que cet ensemble de régions pourrait refléter
les processus de rappel et de maintien de pensée plurimodales libres qui caractérisent
I’état mental durant I’état de repos tel que la Pr. Nancy Andreasen ’avait défini en
1995. En effet, elle avait proposé alors, pour la premiere fois, qu’il existait un réseau
de régions support de l'activité de la pensée aléatoire, incluant la mémoire épisodique et
prospective (Random Episodic Silent Thinking pour REST ; [AND95]) permettant de
faire ’expérience de 'identité personnelle??, de la conscience® et de la conscience de soi

24

Cet ensemble de régions sera nommé, la méme année, Réseau du Mode par

Défaut par le Pr. Marcus Raichle (Default Mode Network ; DMN, [RAIO1], Figure 8).

20 Apres une présentation de leurs travaux en 1999 lors de la 5™ conférence d’OHBM &a
Diisseldorf en Allemagne.

2 ef. Partie II - 1.2.2.3. pour une définition du cortex hétéromodal associatif.

22 ]e fait pour un individu d’étre distinct des autres et de demeurer unique & travers le temps
[OLS19].

%3 relation entre un systéme cognitif et un objet de réflexion en tant que représentation mentale.
Cet objet est sélectionné pour un traitement ultérieur, verbal ou non. L’information consciente est alors
disponible pour l'organisme ; nous pouvons la rappeler, en parler et agir dessus. Ces informations
constituent le contenu de la conscience [DEH17].

2 relation autoréférentielle dans laquelle le systeme cognitif est capable de surveiller son propre
fonctionnement et d'obtenir des informations sur lui-méme [DEH17].

40



Le DMN est ainsi supporté par un large ensemble de régions distribuées a travers le
cortex associatif hétéromodal ; le cortex préfrontal ventro- et dorso-médian, le cortex
cingulaire postérieur, le précuneus, le gyrus temporal moyen et le cortex pariétal
latéral, et est caractérisé par une moindre activité lors d’une tache demandant un

engagement de I’attention comparée a une tache passive.

Figure 8 : Illustration du réseau du mode par défaut chez ’humain et de sa correspondance avec les
régions cérébrales fonctionnelles. A. Réseauxr du repos détecté par analyse en composantes
indépendantes & partir de la connectivité intrinséque de 435 sujets de la BILGEGIN®. Vue latérale,
supérieure et médiale de l'hémisphére gauche ; rendu 3D de la surface de la matiére blanche du gabarit
de la BIL&GIN dans lespace MNI, réalisé a laide du logiciel Surf Ice. B. Distribution des aires
fonctionnelles en relation aux aires de Brodmann. En vert, les aires paralimbiques ; en saumon, les aires
associatives héleromodales ; en jaune, les aires associatives unimodales ; en bleu, les aires primaires.
Figure adaptée de [MESO00].

Grace a une série d’étude physiologiques in vivo en TEP, I’équipe du Pr. Marcus
Raichle caractérise les changements métaboliques en termes de consommation de
glucose, de débit sanguin, de volume et d’extraction d’oxygene lors de I’exécution d’un
processus cognitif lors de 1'état de repos [GUSO1]. Cette équipe démontre ainsi que
99,9% de 1'énergie cérébrale, produite par la phosphorylation oxydative, est dédiée a
lactivité de repos ou activité intrinseque. Pour avoir un ordre d’idée de ce que

représente la consommation d’énergie au repos, le débit sanguin cérébral total est de

* La BIL&GIN est décrite dans Particle de Mazoyer & al. de 2016 [MAZ16].
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750 mL/min (soit 45 L/h), la consommation de glucose de 90 mg/min (soit 5,4 g/h) et
la consommation d’oxygene de 50 ml/min (soit 3 L/h). Par opposition les changements
observés pendant une tache cognitive ne représentent, in fine, qu'une fluctuation de
I'ordre d'un pour cent [RAIO6a]. En particulier en 2004, le Pr. Robert Shulman
(membre de I’équipe du Pr. Marcus Raichle) publie un article montrant que 80% de
I’énergie cérébrale consommée au repos est dédiée a I’activité synaptique [SHUO4].

La caractérisation du DMN s’est poursuivie avec la mise en évidence de
connexions anatomiques directes entre les régions qui le constituent®® ([BIN09] &
[ALV19]), la description de sa composition myélo- et cyto-architectonique®” qui n’est
pas homogene [BUCO8] et la mise évidence de [Iimplication de -circuits
thalamo-corticaux dans le controle de son activité [PINO4].

Le DMN est présent chez les nouveau-nés [FRAO7], et il évolue au cours de
I’enfance [FAIOS8]| et de 'apprentissage [POW10]. C’est également un réseau que ’on
a mis en évidence chez des especes tres éloignées phylogénétiquement de I’'Homme. Il a
en effet été montré qu’il existe par exemple chez le macaque [VINO7], le chat
[POPO09], le rat [LU12], le ver caenorhabditis elegans*® [SCH13], la souris [STA14]
ou encore le ouistiti [BUC19a]. L’activité intrinseque du cerveau est donc une

caractéristique fondamentale du fonctionnement cérébral.
1.2.2.  Connectivité intrinseque et réseaux cérébraux

1.2.2.1.  La connectivité fonctionnelle intrinséque comme marqueur des

réseaux cérébraux

Avant méme la découverte du DMN, le Pr. Bharat Biswal a montré en 1995 que
les fluctuations du signal BOLD de basse fréquence (< 0.1 Hz) des régions du cortex
sensori-moteur primaire associées aux mouvements de la main étaient fortement

corrélées entre elles et entre les hémispheres ([BIS95], Figure 9) alors méme que le

%6 connexions par tractographie [ALV19] : le précunéus, le cortex cingulaire postérieur et le

cortex préfrontal ventromédian par le cingulum antérieur ; le cortex préfrontal dorsomédian et le cortex
pariétal latéral par le faisceau longitudinal supérieur ; le gyrus temporal moyen et le cortex pariétal
latéral par le faisceau arqué postérieur.

7 La cytoarchitectonie désigne la répartition et la distribution spatiale des différents types de
cellules dans le cortex cérébral. La myéloarchitectonie concerne l'arrangement des connexions des axones
qui connectent les neurones entre eux.

8 Le caenorhabditis elegans est un nématode marin de 1 mm de long, possédant 20 000 genes,
959 cellules et ayant le plus petit cerveau du monde avec un total de 302 neurones pour 5 000 synapses.
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participant de 1’étude ne bouge pas les mains. Quelques années auparavant, en 1993, le
Pr. Karl Friston avait défini la connectivité fonctionnelle en TEP comme étant la
corrélation temporelle d’'un indice neurophysiologique mesuré dans différentes régions
cérébrales [FRI93]. Or, les fluctuations du flux sanguin et de I'oxygénation utilisée par
Friston & al. comme indice neurophysiologique sont analogues aux fluctuations a basse
fréquence du signal BOLD au repos obtenu en IRMf comme mis en évidence par le Dr.
Bharat Biswal [BIS95]. I’ TRMf acquise au repos permet donc de mesurer, grace a une
analyse par corrélation de Pearson du signal BOLD entre les différentes régions
cérébrales, la connectivité fonctionnelle entre des ensembles de régions, plus ou moins
éloignées les unes des autres, alors que les participants ne sont impliqués dans aucune
tache cognitive structurée. Notons qu’un ensemble de régions partageant des
corrélations temporelles positives élevées (respectivement négatives) définit un réseau

fonctionnellement connecté (resp. antagoniste) au repos (Figure 9).
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Figure 9 : Illustration de la connectivité intrinseque entre deux régions. En haut : décours temporels
moyen des signaux BOLD de 435 participants de la BIL&GIN des aires homotopes sensori-motrice de la
bouche. En bas : Vue latérale gauche, vue supérieure et vue latérale droite de l'aire sensorimotrice de la

bouche. Rendu 3D de la surface de la matiére blanche du gabarit de la BIL&GIN dans U'espace MNI,
réalisé a laide du logiciel Surf Ice.
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En 2008, Greicius & al. étudient les données de connectivité intrinseque de 14
individus et démontrent que les fluctuations de ’activité spontanée des aires cérébrales
composant le DMN sont tres fortement corrélées les unes avec les autres [GRE03].

Au total, deux méthodes complémentaires, l'inversion du contraste du
paradigme de différence des études d’activation et la connectivité intrinseque, ont
permis l'identification d’'un ensemble de régions formant le DMN. De récentes études
soulignent malgré tout une différence entre le DMN identifié & ’aide de I'inversion du
paradigme de différence et celui identifié a ’aide de la connectivité intrinseque. Bien
que se superposant spatialement en partie, Parker & Razlighi identifient une différence
entre les processus neurophysiologiques sous-jacents des deux DMN. Les activations
des régions composant le DMN identifié via I'inversion du contraste de paradigme sont
significativement associées avec les performances individuelles durant une tache
cognitive, alors qu’aucune relation significative n’est identifiée entre les performances
cognitives et les corrélations du signal au repos dans les régions du DMN identifiées a
l’aide de la connectivité intrinseque [PAR19]. Les résultats de Sjogard & al., a I'aide
de la magnétoencéphalographie (MEG), vont également dans ce sens en identifiant deux
propriétés neurophysiologique du DMN : I'une extrinseque, associée aux corrélations de
phase du signal MEG, qui montre un découplage entre ces régions lors d’une tache
dirigée, similairement au DMN dont la définition est obtenue par l'inversion du
contraste dans le paradigme de différence, et l'autre intrinseque, associée aux
corrélations d’amplitude du signal MEG, qui serait associée a ’organisation générale en
réseau du cerveau a I’état de repos [SJU20]. De plus, Dohmato & al. ont récemment
proposé un cadre mathématique théorique concernant le role fonctionnel du DMN dans
I’organisation cognitive [DOH20] basé sur I’hypothese que l'activité cérébrale est
dédiée au développement et a la maintenance d’un modele probabiliste de simulation
interne permettant de maximiser les résultats d’une action [RAIO5]. Dohmato & al.
modélisent le role du DMN a I'aide d’un processus décisionnel de Markov. Ce modele
théorique voit le DMN comme un agent étant chargé de faire la part des choses entre
les connaissances provenant du milieu intérieur et les informations perceptives en
provenance du monde extérieur dans le but d’optimiser les choix comportementaux et
d’obtenir le meilleur résultat en termes de récompense a court ou long terme en relation

a la prise de décision.
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1.2.2.2. Mise en évidence de I'organisation cérébrale au repos en réseaux

multiples

Les avancées mathématiques, et en particulier les analyses par composantes

indépendantes ([HER85] et [COM94]) du signal BOLD a I’état de repos au niveau du

voxel®®, ont permis par la suite de découvrir 'existence de nombreux réseaux

fonctionnels au cours de 1’état de repos, dont chacun présente une activité spontanée
spécifique ([BEC05]%°, [SMI09], [YEO11], [NAV12] et [GOR16] par exemple).
Damoiseaux & al. montrent en 2006, que ces réseaux fonctionnels du repos sont
constants quels que soient les sujets [DAMOG]. Yeo & al. reproduisent ce résultat en
2013 et ajoutent que les réseaux du repos sont également constants d’une base de
données a lautre, et ce, quelle que soit la méthode d’estimation des réseaux,
c’est-a-dire qu’elle provienne d'une analyse en composantes indépendantes ou d’une
analyse discriminante linéaire [YEO13]. Kliemann & al. montrent également en 2019
que l'organisation en réseau a 1’état de repos est préservée dans I’hémisphere intact de
6 individus ayant subi une hémisphérectomie infantile®" (2 individus ayant ’hémisphere
gauche réséqué, 4 I’hémisphere droit), avec cependant une corrélation entre les réseaux
d’une intensité supérieure a celle d’un groupe controle [KLI19]. Cependant, il faut
noter que ’absence de méthode faisant consensus pour définir les réseaux du repos,
conduit a l'identification de réseaux différents en nombre et en arrangement spatial

comme on peut le constater dans la littérature ([FRA13] et [DOU19], Figure 10).

29 Premiere application de I’analyse par composantes indépendantes a des données d’TRMf dans
[MCK98]. McKeown & al. démontrent que cette méthode permet a la fois ; de détecter les décours
temporels et les régions activées par la tache, et les autres composantes du signal liées aux mouvements
et aux autres artefacts.

30 Premiere étude sur des données d’IRMf de repos.

3 Procédure chirurgicale visant & enlever tout ou partie d’'un des deux hémispheres cérébraux.
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Figure 10 : Exemple de 4 ensembles de réseaux intrinseques fonctionnels. Chaque couleur représente un
réseau. A. Dix réseaux fonctionnels de Uétat de repos de [SMI09]. Réseaux définis & partir de 36
individus (de 20 a 35 ans) par analyse en composantes indépendantes. B. Sept réseaux fonctionnels de
létat de repos de [YEOI11]. Réseaux définis a partir de 1000 individus (de 18 a 35 ans) par
classification des profils de connectivite intrinséque des voxels [LAS10]. C. Douze réseaux fonctionnels
de Uétat de repos de [GOR16]. Réseaux définis a partir de 108 individus (de 18 a 33 ans) par détections
des frontiéres dans le gradient de connectivité intrinséque [COHOS]. D. Vingt-huit réseaux fonctionnels
[NAV12]. Réseaux définis a partir de 282 individus (de 18 a 57 ans) par analyse en composantes
indépendantes individuelle. Figures A., B. et C. adaptées de [DOU19].

En 2005, Fox & al. démontrent que le réseau extrinseque, dédié a ’attention et
aux stimuli externes, et le réseau intrinseque, dédié aux stimuli internes c’est-a-dire
aux pensées et a la manipulation de I'information, sont ségrégés I'un par rapport a
Pautre [FOX05]. Cette ségrégation se traduit au repos par une corrélation négative
entre les deux réseaux, reflétant I'organisation dynamique, continue et fonctionnelle du
cerveau. Ces résultats suggerent une interaction dynamique au sein et entre des
systemes cérébraux a large échelle représentant différentes composantes de notre vie
mentale. Ils ouvrent également la voie & une étude du fonctionnement cérébral comme
étant un systeme possédant une organisation intrinseque modulée par les informations

sensorielles de 1'environnement externe?®?.

A partir d’'une nouvelle méthode d’analyse en composantes indépendantes

prenant en compte la variabilité interindividuelle de 180 individus et résultant en

32 Ce principe de modulation a précédemment été suggéré par [ARI96], [KENO03] et [FISO4a]
qui démontrent que l’activité neuronale spontanée du cortex visuel prédit et conditionne lactivité
évoquée lors d’une tache visuelle chez le chat (pour les 2 premiéres études) et le furet (pour la derniere).
Dans ces études, I’enregistrement de l'activité électrique au niveau du neurone a été réalisé par électrode
et imagerie optique.
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I'identification de 28 réseaux du repos®* (Figure 10 - D, [NAV12]), Doucet & al.
proposent un modele d’organisation hiérarchique des réseaux du repos ainsi identifiés
[DOU11]. Leur modele repose sur lidentification, & l’aide d’un algorithme de
classification ascendante hiérarchique, de 2 systemes cérébraux. S’appuyant sur la
littérature en neuroimagerie cognitive, ils identifient le premier systeme comme étant le
réseau cérébral supportant ’activité intrinseque. Ce premier systeme est composé de
trois modules : le DMN, un module de manipulation et de maintenance de I'information,
et un dernier module de controle entre le milieu externe et interne. Le second systeme
correspond au réseau cérébral de ’activité extrinseque. Ce dernier est composé de deux
modules : I'un correspond au réseau attentionnel, sensori-moteur et auditif, I’autre au
réseau visuel. Doucet & al. montrent une forte intégration de I'information au sein de
chacun des deux systemes, se traduisant par des corrélations positives entre les
modules qui les composent respectivement. Malgré la tres forte ségrégation entre les
deux systemes, tel que [FOXO05] I’a montré, Doucet & al. mettent en évidence
I’existence d’un cinquieme module de controle positivement corrélé entre les systemes
intrinseque et extrinseque, et qui jouerait le role de médiateur du transfert de

I'information entre les intentions externes et internes du sujet.

1.2.2.3.  Etat de repos et organisation cérébrale

La description de l'organisation cérébrale suivant le flux de l'intégration
sensorielle, tel que proposée par le Pr. Marsel Mesulam, est un modele d’organisation
topographique du cortex cérébral a 1'échelle macroscopique [MES98]. Ce modele est
une référence en neuroimagerie cognitive.

Dans ce modele “de la perception vers ’action”, l'information est tout d’abord
percue a partir de l'environnement extérieur par les récepteurs périphériques (vue,
toucher, audition...), puis les nerfs sensoriels conduisent I'information vers les aires
sensorielles du cortex primaire (Figure 11 - A.). Les régions du cortex associatif
unimodal et hétéromodal (Figure 11 - A.) servent alors de médiatrices entre le milieu
externe et interne, afin que les réponses de ce dernier soient en accord avec les

contraintes et possibilités du monde extérieur. Le cortex associatif unimodal est

3 L’algorithme proposé dans [NAV12], nommé MICCA (Mulli-scale Independent Component
Clustering Algorithm), réalise, pour chaque sujet, une ICA sur les données d’IRMf a I’état de repos, puis
regroupe, a travers les sujets, les composantes spatialement similaires.
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subdivisé en une voie ascendante et une voie descendante. Les aires de la voie
ascendante sont séparées de leur aire primaire correspondante par seulement une
synapse. Celles de la voie descendante sont séparées par deux synapses ou plus de leur
aire primaire apparentée. Le cortex associatif unimodal est caractérisé par des
neurones répondant préférentiellement (et presque uniquement) & des stimuli d’une
seule modalité sensorielle, et des informations sensorielles provenant principalement
des aires sensorielles du cortex sensoriel primaire et des autres régions associatives
unimodales de la méme modalité [MESOO]. Les lésions des aires unimodales conduisent
principalement a des déficits dans 1'exécution de tache impliquant la modalité de I’aire
lésée. Le cortex associatif hétéromodal est caractérisé par une réponse neuronale
répondant a tout type de modalité sensorielle. Les informations qu’il regoit proviennent
essentiellement des aires associatives unimodales et des aires hétéromodales, et sa
lésion résulte en des pathologies multimodales ne se limitant pas a des taches sous la
supervision d’une seule modalité [MESOO]. Le cortex associatif est le dernier a se
développer chez I’étre humain [HIL10] et le dernier & étre apparu en termes
d’évolution [BUC13a].

La diffusion de I'information a travers les régions du cortex associatif unimodal,
hétéromodal puis paralimbique permet I’association, aux informations sensorielles, des
stratégies de réponses motrices adéquates a partir de I'intégration de 1’expérience aux
émotions et a la motivation fournies par le cortex paralimbique. Une fois la réponse
comportementale appropriée sélectionnée par le milieu interne, l'information est
renvoyée aux aires motrices du cortex primaire afin d’agir et de se mouvoir dans
I’environnement.

Le modele global hiérarchique d’intégration de [I'information sensorielle
s’applique également au réseau du langage. Le Pr. Marsel Mesulam suggere en effet
dans [MES98] que I’ensemble des processus cognitifs résultent de 'intégration de
Iinformation sensorielle ; les propriétées anatomiques et physiologiques des aires
hétéromodales traversées par 'information déterminant la fonction cognitive opérée. Il
définit ainsi ces régions comme des épicentres pour un réseau cognitif a large échelle
donné [MES90]. Les épicentres montrent une spécialisation relative pour une
composante comportementale spécifique a la principale fonction cognitive qu’il

supporte. Les aires de Broca et Wernicke sont ainsi définies par M. Mesulam comme
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des épicentres pour le réseau du langage. Broca et Wernicke sont en effet les aires
hétéromodales liées a la coordination de 'intégration entre la forme sensorielle du mot

et ses significations sémantique et émotionnelle arbitraires [MES90].

Ce modele d’organisation cérébrale a large échelle — qui correspond a une
échelle spatiale macroscopique (= 6 mm?®) compatible avec I’échelle de la neuroimagerie
a été repris par le Dr. Daniel Margulies pour proposer une nouvelle modélisation
mathématique de 'organisation cérébrale a ’état de repos (Figure 11 - B).

Les travaux du Dr. Daniel Margulies sont un autre exemple de la fructueuse
interaction entre mathématiques appliquées et neurosciences cognitives. Il démontre en
effet qu’en utilisant une technique de réduction de dimension non linéaire [COI05]
basée sur la matrice de similarité cosinus de la matrice de connectivité intrinseque, il
retrouve le modele d’intégration sensorielle proposé par le Pr. Marsel Mesulam
[MES98]. Cette technique permet d’extraire deux composantes principales (qu'’il
appelle gradients) qui conservent I'organisation topographique du cortex. En effet, le
Dr. Daniel Margulies montre qu'une grande partie de la variance des fluctuations du
signal BOLD a I’état de repos est capturée par ces gradients, qui s’étendent du cortex
primaire sensori-moteur au cortex associatif hétéromodal ((MAR16], Figure 11 - B.),
tel que proposé par le modele de Mesulam. Au vu de cette modalisation en gradients,
l'intégration hiérarchique de l'information est conservée dans le fonctionnement du

cerveau a |’état de repos [HUN18].

Un autre point & souligner de 'organisation cérébrale a I'état de repos est
I'existence de différences de connectivité intrinseque, en termes de force des
corrélations, entre les différentes régions cérébrales. Les corrélations entre les régions
homotopes®* sont plus élevées compardes aux autres relations inter- ou
intra-hémisphériques [STAO8]. Plus précisément, parmi les corrélations homotopes,

celles des régions du cortex primaire sont les plus élevées (Figure 11 - C.). Ces

3% Une paire de région homotope correspond & deux régions symétriques 'une de 'autre par la
scissure inter-hémisphérique ; ¢.e. une région dans chaque hémisphere cérébral.
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corrélations inter-hémisphériques sont le support de la symétrie*® spatiale
inter-hémisphérique des réseaux fonctionnels de I’état de repos ([BECOH] et
[HEU10a]).

Un point important concerne les relations entre la connectivité intrinseque et la
connectivité anatomique. Récemment, Mollink & al. ont démontré qu’une partie de la
variabilité interindividuelle de la connectivité intrinseque de régions homotopiques peut
étre expliquée par les propriétés micro-structurelles du tractus callosal les reliant et que
cette relation anatomo-fonctionnelle semble étre supportée génétiquement [MOL19].
Le support neurophysiologique des corrélations inter-hémisphériques au repos a été
validé par I’étude a 1’état de repos du cerveau d’un jeune enfant de 6 ans souffrant
d’épilepsie réfractaire®®. Un des traitements de cette pathologie est une section
complete du corps calleux®” afin d’éviter la généralisation des crises et leur transfert
inter-hémisphérique. Le corps calleux est un ensemble de faisceaux de fibres nerveuses
reliant les deux hémispheres et permettant leur interaction. Pour comprendre les bases
anatomiques de la connectivité intrinseque, I’étude a donc combiné des acquisitions
cérébrales a I’état de repos avant et apres la chirurgie chez ce jeune patient. La
comparaison de la connectivité intrinseque pré-opératoire avec la connectivité
intrinseque post-opératoire a montré une perte considérable des corrélations
inter-hémisphériques intrinseques, alors que les corrélations intra-hémisphériques
étaient conservées [JOHOS8].

La connectivité intrinseque a donc bien une réalité physiologique et s’appuie,
pour ce qui est de la connectivité inter-hémisphérique, sur les fibres blanches
composant le corps calleux. Plus généralement, I’hypothese selon laquelle la
connectivité structurelle établie a I’aide de la substance blanche, contraint et supporte,
tout du moins en partie, la dynamique de la connectivité intrinseque a récemment été
vérifiée dans une étude de Cornblath & al. qui montrent que la dynamique de ’activité

neuronale a 1’état de repos (i.e. la connectivité intrinseque) est fortement restreinte par

% malgré une asymétrie bien connu de 'anatomie cérébrale [AMU10] : notons par exemple la

déviation Yakovlevienne [TOGO3], et des fonctions cognitives [TZ016a] sur laquelle nous reviendrons
plus tard dans ce manuscrit.

36 L’épilepsie réfractaire est une forme d’épilepsie résistante aux médicaments.

37 Le corps calleux est la plus large commissure inter-hémisphérique (10 ¢cm de long environ),
composé de plus de 200 millions de fibres blanches (axones), reliant les deux hémispheres cérébraux
[LUD10].
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la propagation du signal neuronal le long des fibres de la substance blanche (z.e. la

connectivité structurelle) [COR20].

Corrélations homotopes :

| E— ]
0.4 0.6 0.8

Organisation topographique :
[ Cortex primaire
[ Cortex associatif unimodal

[ Cortex associatif hétéromodal
[ Cortex paralimbique

Figure 11 : Illustration de 'organisation topographique cérébrale a I’état de repos. A. Modéle de
lorganisation topographique & large échelle de 'intégration de linformation du Pr. Marsel Mesulam.
Figure adaptée de [MES00]. B. Organisation topographique & large échelle de la connectivité intrinséque
basée sur la parcellisation cérébrale de latlas AICHA [JOL15] en utilisant la méthode présentée dans
[MAR16] afin d’oblenir les & premiéres composantes de la matrice de similarité cosinus de la matrice de
connectivité intrinséque. L'illustration a été réalisée a partir de la matrice moyenne de connectivité
intrinséque de 67 sujets fortement typiques pour le langage (les sujets proviennent de la BIL&GIN
[MAZ16], la typicité est definie dans [LAB20]). Les régions onl par la suite été regroupées en 3 groupes
en utilisant un algorithme de classification des k-moyennes sur les 2 premiéres composantes. Les
composantes ont été oblenues grace & la fonction “diffuse” et la classification via la fonction
“diffusionKmeans” de la librairie R diffusionMap [JOS19]. Les couleurs sont établies en accord avec le
modeéle de Mesulam. C. Corrélations inter-hémisphériques homotopes des régions de Uatlas AICHA. Les
données proviennent de la matrice moyenne de connectivite intrinséque des 67 individus précédemment
cités. B et C. Vue latérale (et médiane pour B) de l’hémisphére gauche ; rendu 3D des régions de latlas
AICHA sur la surface blanche du gabarit de la BIL&GIN dans lespace MNI, réalisé a l'aide du logiciel
Surf Ice.

La Figure 11 présente un comparatif entre : 1) le modele d’intégration
sensorielle proposé par le Pr. Marsel Mesulam & partir de 'intégration des différentes
connaissances sur le plan cytoarchitectonique et fonctionnel disponibles & la fin des
années 90 (Figure 11 - A., [MES98]), 2) le modele mathématique de I'organisation
topographique cérébrale (Figure 11 - B.) proposé par le Dr. Daniel Margulies
[MAR16], appliqué aux données de connectivité intrinseque a partir de la parcellisation
cérébrale de l'atlas AICHA [JOL15] de 67 individus de la BIL&GIN [MAZ16],
identifiés comme fortement typiques (latéralisés & gauche) pour le langage [LAB20], et

3) les corrélations inter-hémisphériques homotopes (Figure 11 - C.) des régions de
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latlas AICHA de la matrice moyenne de connectivité intrinseque des 67 individus
susmentionnés.

Tout d’abord, il convient de noter qu’il existe une superposition remarquable
entre les différents types de cortex définis par le modele de Mesulam et notre modele
mathématique défini & partir de la connectivité intrinseque de la BIL&GIN. Il existe
néanmoins quelques différences, le cortex limbique par exemple n’est pas identifié via la
connectivité intrinseque, ou encore la délimitation du cortex unimodal qui n’est pas
totalement identique : par exemple le sillon précentral est identifié comme appartenant
au cortex hétéromodal a l'aide de la connectivité intrinseque alors que le Pr. M.
Mesulam I’identifie comme une aire associative unimodale. Ces différences peuvent
notamment s’expliquer par les méthodes différentes utilisées pour déterminer les
différents types de cortex : sur la Figure 11 - A. la méthode est multimodale, en B.
unimodale. En effet, en A. la délimitation des cortex s’appuie sur le role d’intégration
sensorielle fonctionnelle des régions, mais prend également en compte leur
cytoarchitectonie. Le cortex limbique (en vert en A.), étant essentiellement défini a
partir de données cytoarchitectoniques, il n’est pas étonnant de ne pas le retrouver en
B. qui prend uniquement en compte la connectivité fonctionnelle intrinseque des
régions. Il en est de méme pour les délimitations du cortex associatif unimodal (en
jaune en A. et B.) : en prenant pour exemple le sillon précentral, il est considéré comme
appartenant au cortex unimodal en A. alors qu’il appartient au cortex associatif
hétéromodal en B. Avec les connaissances actuelles en termes d’activité cérébrale
fonctionnelle, la requalification du sillon précentral en tant qu’aire hétéromodale est
légitime. Il a notamment été montré que cette aire est impliquée dans la compréhension
de 'action que la modalité soit visuelle ou verbale [JOU15], mais également qu’elle est
impliquée dans le processus de traitement de la phrase de haut niveau que la modalité
soit visuelle, auditive ou verbale [LAB19]. De méme, la partie inférieure du gyrus
frontal moyen (en jaune en B.) supposément hétéromodal est ici catégorisée comme une
aire unimodale (méme observation dans [MAR16]) : cette catégorisation reste une
question en suspens.

De plus, en comparant la Figure 11 - B. et C., il est remarquable de constater
que le gradient de la force des corrélations inter-hémisphériques suit également

I'organisation topographique de l'intégration sensorielle. Les corrélations les plus
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fortes (en rouge foncé en C.) sont retrouvées dans les aires du cortex primaire (en bleu
en B.), puis suivent les corrélations d’une force intermédiaire (de I'orange clair au
rouge clair en C.) dans le cortex associatif unimodal (en jaune en B.), et enfin les faibles
corrélations inter-hémisphériques (du bleu foncé au vert en C.) des aires associatives

hétéromodales (en rose en B.).

1.2.2.4.  Réseaux de repos et réseaux cognitifs évoqués

Les résultats concernant 'organisation fonctionnelle cérébrale a 1’état de repos,
conduisent a I’hypothese selon laquelle les réseaux de connectivité intrinseque peuvent
étre vus comme le support des fonctions cognitives. Dans ce sens, Smith & al.
concluent de leur étude sur la correspondance entre les réseaux du repos calculés chez
30 témoins volontaires et I'organisation spatiale des réseaux cognitifs a partir de
données de méta-analyse d’activations®® que le répertoire complet des réseaux
fonctionnels utilisés par le cerveau en “action” est continuellement et dynamiquement
actif, méme lorsqu'il est au "repos” ([SMI09] et [LAI13]). Cole & al. viennent nuancer
ces propos en montrant que bien que les matrices de connectivité intrinseque expliquent
une grande part de la variance des matrices de connectivités fonctionnelles induites par
des taches cognitives (également montré dans [TAV16] & [NIU20]), il existe des
différences majeures de similarité sur certaines connexions entre activité de repos et
activité évoquée [COL14]. Mennes & al. suggerent également dans une étude de 2012,
que les patterns d’activations évoqués par les taches cognitives de haut-niveau ne
coincident pas avec les réseaux détectés a 1’état de repos [MEN12]. Ces auteurs
concluent alors que 'architecture cérébrale de la connectivité intrinseque est un état
cérébral de base qui est dynamiquement modifié dans le temps, autant que nécessaire,
afin de répondre aux besoins fonctionnels de la tache réalisée [FOR12a]. Cette
hypothese va d’ailleurs dans le méme sens que les conclusions de I’étude de Fox & al.
qui suggerent que les régions cérébrales similairement modulées par une tache ou un
stimuli externe, montrent des corrélations significatives des fluctuations spontanées de

leurs signaux BOLD et ce méme en l'absence de tache ou de stimulus externe

[FOX05].

3 Les réseaux fonctionnels d’activations sont ici basés sur les données d’une méta-analyse
d’articles en neuroimagerie cognitive.
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De nombreux auteurs ont labellisé les réseaux de 1’état de repos conscient en
fonction de ce qui était connu grace aux paradigmes d’activation de neuroimagerie
cognitive, alors méme que la question reste ouverte et qu’aucune donnée définitive, a
ma connaissance, ne porte sur une étude de la superposition spatiale exacte de ces
différents réseaux. Yeo & al. par exemple, nomment leur réseau du repos en fonction
des données obtenues par neuroimagerie cognitive [YEO11], mais ils précisent dans
leur article que cette heuristique de nommage des réseaux du repos a des limites. En
effet, le réseau qu’ils ont nommé DMN par exemple, a été décomposé en plusieurs sous
réseaux par d’autres auteurs ([AND10a] et [BUC19b]). De plus, Greene & al.
montrent dans une étude récente que les patterns de connectivité fonctionnelle
provenant des fluctuations du signal BOLD induites par des taches cognitives prédisent
mieux les performances comportementales que les patterns de connectivité intrinseque
[GRE18]. Bijsterbosch & al. quant & eux ont récemment mis en avant que la
superposition spatiale entre les réseaux du repos explique significativement une certaine
part de la variance interindividuelle des performances comportementales [BIJ19].
Finalement, des études ont également montré que les performances lors de ’exécution
d’une tache cognitive modulent directement la connectivité intrinseque entre les
réseaux du repos ([MEN11] et [GOR12]). Il est a noter que la superposition entre les
patterns d’activations induits par des taches et les réseaux du repos ne montre qu’un
chevauchement partiel ((MEN13] et [GOR17]).

En résumé, bien que les organisations cérébrales au repos®® et pendant les
taches cognitives soient en partie superposables, il n’existe aujourd’hui que peu
d’éléments qui rendent compte des regles qui permettent de passer de I'un a I'autre.
Certains auteurs ont proposé que l'activité au repos, organisée en réseau, sert de phase
de consolidation des réseaux d’activation fonctionnels, de planification du futur, ou
encore de renforcement des apprentissages [BUCO7]. Néanmoins une meilleure

connaissance des relations quantitatives, et pas seulement spatiales, entre ces deux

39 Le repos est ici entendu au sens large du terme, puisqu’il a également été montré que Pactivité
a I’état de repos conscient se poursuit lors du sommeil ([FUKO06] et [LARO9]) et méme sous anesthésie
[VINO7]. Bien que lorganisation fonctionnelle en réseau de Dactivité cérébrale sous anesthésie
(induisant une perte de conscience) est plus proche de Iorganisation en réseau structurelle (modelé par
les connexions anatomiques des fibres blanches) que de l'organisation en réseau fonctionnelle induite par
“’action” [UHR18].

o4



états physiologiques reste a acquérir, et cela a été un des objectifs originaux de mon
travail.

Pour entreprendre une telle étude, un élément essentiel est de s’appuyer sur une
parcellisation du cerveau qui puisse permettre une telle comparaison. Comme nous
allons le voir de nombreux atlas cérébraux ont été développés, répondant & des objectifs
qui ont varié au cours du temps et cette approche est un autre des éléments

fondamentaux de mon travail de these.

2. Les atlas in v2vo du cerveau Humain

Mon travail de these se situe dans le cadre de la définition d’atlas avec un
objectif original : celui de définir des atlas en relation avec des fonctions cognitives
spécifiques et en intégrant une dimension oubliée dans les travaux précédents, celle de
I’organisation fonctionnelle du cerveau suivant les regles de la spécialisation
hémisphérique*. La conception d’atlas de fonctions cognitives se situe dans la lignée de
la création d’atlas et de leurs innovations instrumentales et mathématiques présentées
dans cette partie.

Les atlas cérébraux, i.e. la parcellisation de cerveau en régions d'intérét (ROI :
Region of Interest), permettent de fournir un cadre de travail systémique aux
neurosciences [YEO16]. Comme I’a montré en 2012 le Dr. Cameron Craddock, les
atlas offrant une parcellisation en ROIs ont I'avantage, comparé aux analyses en
voxels, d’avoir une meilleure sensibilité et interprétabilité (lorsque le signal regardé et
celui utilisé pour élaborer la parcellisation est le méme) en augmentant le rapport signal
sur bruit des données [CRA12] : c’est 'homogénéité mathématique. De plus,
I'utilisation d’atlas permet de réduire la dimensionnalité des données d’TRMf de ’ordre
de 10° voxels & seulement quelques centaines de régions, et ce, sans perdre
d’informations concernant les processus cognitifs cérébraux latents. Cette réduction de
dimension permet de contrdler le probleme des comparaisons statistiques en réduisant
drastiquement le nombre de tests requis lors de I’analyse des données [ZAL12].

Deux exemples illustrent a quel point les atlas ont été des instruments essentiels

au développement de la neuroimagerie. Le premier est celui de ’atlas de Talairach qui a

0 ¢f. Introduction & la Partie IT pour une définition de la spécialisation hémisphérique.
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permis ’essor de la neuroimagerie fonctionnelle par mesure de I'activité évoquée au
cours de taches cognitives avec la TEP puis en IRMf. L’espace stéréotaxique de
Talairach a fourni un espace de normalisation des cerveaux a partir d’images obtenues
i viwo et, couplé & son atlas, a permis de localiser les activations TEP dans les années
1980-1990 [FOX85]. IlI est important de souligner que le concept d’espace
stéréotaxique apporté par Talairach a été conservé et constamment amélioré. Le
deuxieme exemple est celui de l'atlas AAL [TZ0O02] qui a accompagné I’essor de la
connectivité fonctionnelle étudiée au repos. Pour illustrer ce deuxieme exemple, j’ai
procédé & une breve étude de la bibliographie des 4 grands sous-domaines de la
neuroimagerie concernant directement le sujet de cette these que sont 'IRMf, la
connectivité intrinseque, la parcellisation cérébrale et la théorie des réseaux.

D’apres Web of Science!, il existe un corpus de 419 articles référencés comme
étant les plus cités dans les 4 sous-domaines précédemment mentionnés. Ce corpus de
textes couvre une période de 19 ans (de 2001 & 2020), inclus 152 sources différentes*?
(journaux, livres efc...), et mentionne un total de 33 289 références. Une analyse de la
carte historiographique*® de ces 419 références (Figure 12) & l'aide de la librairie R
“bibliometriz” [ARI17] permet de mettre en avant que 'atlas AAL [TZ002] et la mise
en évidence du DMN via les publications concomitantes de [MAZO1b] et de [RAIO1]
sont a ’origine de ce corpus de travaux scientifiques, et que les études issues des atlas,
de la connectivité intrinseque et de la théorie des réseaux ont conduit & la mise au point
de D'atlas multimodal du Dr. Matthew Glasser [GLA16]. L’atlas AAL a été un outil
fondateur du sous-domaine de la neuroimagerie concernant la théorie des réseaux
appliquée aux neurosciences ([BUL11] et [SPO11], ¢f. Figure 12). C’est donc un
exemple qui montre que la mise au point d’un atlas est un des éléments de I’application
de théories mathématiques (ici la théorie des réseaux) a I’étude de l'organisation

fonctionnelle cérébrale.

41 Résultat en juin 2020 des requétes suivantes sur Web of Sciences, en ne sélectionnant que les
articles “Highly Cited in Field OR Hot Papers in Field” ; TOPIC: (Functional magnetic resonance
imaging) AND TOPIC: (MRI) AND TOPIC: (functional MRI), TOPIC: (network neuroscience),
TOPIC: (brain parcellation) et TOPIC: (intrinsic connectivity).

2 Neuroimage étant le journal arrivant en téte avec 52 articles y étant publié, le second étant
Trends in Cognitive Sciences avec un total de 23 publications.

3 Une carte historiographique est une visualisation permettant de représenter le réseau
chronologique des citations directes les plus pertinentes résultant du recueil bibliographique analysé
[GARO4].
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Figure 12 : Carte historiographique du recueil bibliographique des 419 articles les plus cités délimitant
les grands themes abordés dans cette these (IRMf, neuroscience des réseaux, parcellisation cérébrale et
connectivité intrinseque). Le graphe est oriente d’aprés les citations directes d’un article a Uautre : une
fleche d’un article B vers A signifie que larticle B cite A. Les articles sont ordonnés par année de

publication. Chaque cercle représente un article, dont la référence est disponible dans la Bibliographie.

2.1.  Revue descriptive et chronologique des atlas de neuroimagerie

dans ’espace stéréolazxique

Le chapitre qui suit présente une bibliographie descriptive d’un ensemble de 21
atlas cérébraux dans ’espace stéréotaxique commun publiés a ce jour. Ces derniers
sont présentés dans ’ordre chronologique de publication et sont classés en fonction de
la ou des modalité(s) utilisée(s) pour les construire : marqueurs anatomiques,
connectivité structurelle (anatomie des fibres blanches), connectivité intrinseque et
multimodalité. En effet, la parcellisation en ROIs, peut étre réalisée de plusieurs fagons
en fonction des objectifs des auteurs : suivant les données provenant d’IRM anatomique
(reperes anatomiques, connectivité structurelle, myélinisation intracorticale...), ou bien
suivant les données d’IRMf (variations d’activité obtenues au cours de téaches
cognitives, connectivité intrinseque) ou encore une combinaison des deux. Une ROI
regroupe alors soit un ensemble de voxels qui sont homogenes entre eux pour une, ou

dans les cas d’atlas multimodaux, pour plusieurs de ces caractéristiques [GEN18], soit
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un ensemble de voxels qui sont dissimilaires de leur voisin pour une ou plusieurs
modalités [EIC18a]. Le Pr. Per Roland souligne que pour qu’une parcellisation ait un

sens en termes de role fonctionnel, elle se doit de respecter les champs fonctionnels** en

prenant en compte des mesures quantitatives dans la définition des ROIs [ROL9S].

2.1.1.

Tableau 1 :

Les atlas anatomiques

Caractéristiques des atlas anatomiques obtenus & partir de la gyrification. La colonne

correspondant & Uatlas de Talairach [TALG67] est grisée car ce dernier wn’est pas un atlas de

neuroimagerie & proprement parler.

[TAL67]*® [TZ002] [DES06] [DES10] [AUZ16]
N iivius 1 1 40 24 137
Données individuelles  individuelles individuelles et individuelles et  individuelles et
moyennes moyennes moyennes
Age (années) 60 “jeune” 19 - 86 18-25 -
IRM - 1.5 T Philips 1.5 T Siemens 1.5 T Siemens 1.5 T Siemens
Type de . volume volume surface surface surface et
morphométrie volume
Méthode de . . modele de modele de 16
construction de Annexes : 1 gﬁ;ﬁiiﬁll:n Markov caché  Markov caché H[IAPU}ZI(I);
latlas [FIS04b] [FIS04b]
Régions par 47, 34, 19,
hémisphére 1347 48 34 4 48
i;iii;i:fiu anatomique critere d'arrét de
nombre de et anatomique anatomique anatomique la méthode
.. histologique HIP-HOP
régions
cartographie
.. .. anatomie anatomie fonctionnelle +
But ez aifion localisation individuelle individuelle intégration
multimodale

# T’hypothése des champs fonctionnels suppose que l'organisation fonctionnelle du cortex

cérébral humain repose sur des champs fonctionnels qui occupent chacun une partie plus ou moins
grande du territoire cortical. Ces champs fonctionnels, d’une surface d’au moins 3 em?, sont les entités
fonctionnelles cérébrales les plus grandes. Ces champs fonctionnels sont alors les manifestations
physiologiques de l'activité cérébrale [ROL8S5].

5 Tatlas de Talairach n’est pas basé sur des données d’IRM d’un individu sain, mais sur une
étude histologique de ’hémisphere gauche d’un cerveau conservé dans le formol d’'une femme de 60 ans.
Le Pr. Jean Talairach fournit ainsi la labellisation de ’ensemble du cerveau d’apres les aires Brodmann
[BRO12], la gyrification cérébrale et les ganglions de la base.

6 HIP-HOP : Harmonic Intrinsic Parameterization - Harmonic Orthogonal Parameterization

4747 aires corticales, 34 gyri et sulei, 19 faisceaux et ventricules et 13 ganglions de la base
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L'atlas de Talairach est le premier atlas anatomique du cerveau humain qui ait
été appliqué a I'imagerie fonctionnelle [FOX85] et bien qu’il ne soit pas a proprement
parler un atlas de neuroimagerie il est inclus dans cette synthese (Figure 13 - A,
[TALG67]). Ces atlas anatomiques (Figure 13), élaborés a partir d'imagerie IRM, se
basent sur des marqueurs anatomiques et en particulier sur la gyrification corticale afin
de définir les limites des ROIs et comportent en moyenne 50 régions (£ 15). Les
différentes caractéristiques de ces atlas peuvent étre trouvées dans le Tableau 1.

Les avancées qui ont suivi I'utilisation de I’atlas de Talairach ont consisté en une
amélioration du gabarit ou template. Le gabarit de I’atlas de Talairach, constitué de
I’hémisphere gauche dune femme de 60 ans conservé dans le formol, a été
progressivement remplacé par des images de CT-scan comme dans 'atlas de Matsui
[MAT78], puis par des images anatomiques d’IRM avec une amélioration de la
résolution anatomique et du nombre de sujets inclus dans leur construction au cours du
temps (MNI*®, ¢f. [EVA12] pour une revue concernant les gabarits dans Despace
stéréotaxique*?). Il est courant aujourd’hui de définir un gabarit par étude, ou par
population, afin de prendre en compte les caractéristiques de la population étudiée et
celle de I’appareil d’Imagerie par Résonance Magnétique (IRM) utilisé. La procédure de
création de gabarit utilisée dans cette these, a consisté en l'alignement des IRMs
anatomiques de chacun des sujets de la base de données BIL&GIN [MAZ16]
normalisées vers un des gabarits de ’espace MNI.

Il est important de noter que ces avancées ont également été marquées par
I’évolution de la normalisation : originellement proportionnelle & 8 parametres, elle est

maintenant opérée avec des algorithmes non-linéaires et tridimensionnels [ASH99].

8 Le premier gabarit de Pespace MNI ne se base pas sur un, mais sur un ensemble de 305 IRM
cérébraux d’individus sains. Cet espace a été construit en deux étapes ; tout d’abord, les 305 sujets ont
été normalisés dans le référentiel de Talairach, puis moyennés entre eux afin de créer un premier gabarit.
Par la suite, chacune des 305 IRM a individuellement été alignée sur le premier gabarit a I’aide d’un
modele d’alignement linéaire. Ces 305 cerveaux ainsi ré-alignés ont finalement été moyennés pour
produire le template de 'espace MNI final. Aujourd’hui la normalisation vers ’espace stéréotaxique se
fait par le biais du template MNI. Les gabarits de I'espace MNI (Montreal Neurological Institute ;
[EVA93]) sont communément utilisés, notamment par les logiciels SPM [PEN11] et FSL [SMI04] ;
deux logiciels de référence en neuroimagerie cérébrale.

49 1] existe 5 gabarits se situant dans ’espace MNI : le MNI305, le Colin27, le ICBM152, le
MNI152 et PICBM452. Ces gabarits different par le type de méthode d’alignement utilisée pour les
construire, le nombre de sujets utilisés ou encore la puissance de la machine IRM utilisée.
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Le premier atlas anatomique provenant de données d’TRM, et le plus cité® dans
le domaine de la neuroimagerie, est 'atlas AAL (Automated Anatomical Labelling)
[TZ002]. L’atlas AAL (Figure 13 - B) a été construit dans l’espace commun
stéréotaxique a partir de marqueurs anatomiques tels que le positionnement des sillons

t! du cerveau de référence de

via la délinéation manuelle des images axiales du gabari
I'espace stéréotaxique de 1’époque. L’objectif initial d’AAL était de permettre une
détection automatique de la localisation anatomique des coordonnées stéréotaxiques des
pics d’activation des taches évoquées en PET. L'usage d’AAL a ensuite été détourné
par les chercheurs qui ’ont utilisé pour obtenir des données quantitatives régionales,

puis pour réaliser des mesures de connectivité cérébrale intrinseque et structurelle.

C.

Figure 13 : Rendu de la face latérale de ’hémisphére gauche des atlas anatomiques obtenus a partir de
la gyrification. A. 29 coupe sagittale de Uhémisphére gauche de Uatlas de Talairach [TAL67]. B.
Rendu en volume de l'hémisphére gauche de Uatlas AAL [TZ002]. C. Rendu en surface de l'hémisphére
gauche de latlas Desikan [DES06]. D. Rendu en surface de 'hémisphére gauche de Uatlas Destrieux
[DES10]. E. Rendu en surface de ['hémisphére gauche du MarsAtlas [AUZ16].

La mise au point d’'une méthode de déploiement du cortex [ESS98] a représenté
un tournant dans I’analyse des données anatomiques qui s’est accompagné de la mise
au point d’atlas surfaciques ([DESO6], [DES10] et [AUZ16]). Sur le plan anatomique,
les méthodes surfaciques permettent de calculer I’épaisseur corticale et la surface

corticale de maniere indépendante. Sur le plan fonctionnel, le passage d’une analyse en

%0 Avec plus de 5 000 citations, 'atlas AAL publié en 2002 est le plus cité de la revue
NeuroImage. C’est le second article le plus cité du CEA depuis 1975 parmi 115 000 publications
référencées sur Web of Science [LER16].

> Ce gabarit cérébral a été obtenu & partir de l'acquisition TRM d'un “jeune” homme dont le
cerveau a été scanné 27 fois.
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volume a une analyse en surface permet une meilleure définition et quantification du
signal des régions se situant au fond des sillons cérébraux [BRO20], ce qui est
particulierement utile lors de 1’étude de ’organisation rétinotopique du cortex visuel
par exemple ([ABD14] et [GLLA16]). Les atlas de Desikan [DESO06] (Figure 13 - C) et
de Destrieux [DES10] (Figure 13 - D) permettent d’identifier automatiquement et
individuellement les ROIs anatomiques a partir de la surface corticale apres un
apprentissage a l’aide d’un modele probabiliste de Markov caché de la labélisation
relative de chaque voxel par rapport aux autres [FISO4b]. Finalement, le MarsAtlas
[AUZ16] (Figure 13 - KE) construit sa parcellisation & partir d’'un systeme de
coordonnées polaires de l’organisation corticale des sillons cérébraux dans l’optique
d’étudier I'intégration des données fonctionnelles multimodales. Contrairement & ses
semblables, le MarsAtlas fournit une nouvelle vision de la cartographie cérébrale en se

basant sur I’emplacement des sillons corticaux.

Tableau 2 : Caractéristiques des atlas anatomiques obtenus a partir de la substance blanche.

[ZHU13] [FAN16]

N, dividus 11 + 23 + 20 +89 =143 80

Données individuelles individuelles et moyennes
ffge (années) 11 -89 17 -35
Appareil IRM 3T Ge“eraalp?i:feti‘fsc)s (multiples 3 T Siemens

Type de morphométrie volume volume

Méthode de construction de
DVatlas

Régions par hémisphére

Critére de sélection du
nombre de régions

But

a partir d’un ensemble de connectome
individuel ; maximisation de cohérence
des connectomes [ZHU12]

189

inspection visuelle des tracts obtenus a
partir des reperes corticaux (régions)

Reperes corticaux de connectivité
anatomique et fonctionnelle

partitionnement spectral

123
test V de Cramer

relation structure -
fonetion

Un second type d’atlas anatomique se base sur l'imagerie de diffusion.

L’imagerie de diffusion donne un indice de 'orientation des fibres de la substance

blanche & partir du mouvement des molécules d’eau qui les entourent (c¢f. Tableau 2).

61



Deux atlas peuvent étre cités : I'atlas DICCOL (Dense Individualized and Common
Connectivity-Based Cortical Landmarks : [ZHU13], Figure 14 - A) et latlas
Brainnetome ([FAN16], Figure 14 - B). Le premier parcellise le cerveau en reperes
corticaux en regroupant les voxels en fonction de I’homogénéité de leur pattern
probabiliste de connectivité anatomique. Le second combine les cartes de probabilité de
connectivité a partir de l'imagerie de diffusion avec des données de connectivité

fonctionnelle obtenues au repos pour parcelliser le cortex en 123 ROIs par hémisphere.

Figure 14 : Rendu de la face latérale de ’hémispheére gauche des atlas anatomiques obtenus a partir de
la substance blanche. A. Localisation dans Uespace MNI des centres de masse des 189 régions de Uatlas
DICCCOL [ZHU13]. B. Rendu en volume de l'hémisphére gauche du Brainnetome Atlas [FAN16].

Il faut noter ’existence d’un atlas récent, extrémement novateur, et construit
avec les technologies anatomiques et informatiques de pointe qui devrait accompagner
le développement de I'imagerie a tres haute résolution (Figure 15). Cet atlas est basé
sur un seul cerveau humain cartographié a tres haute résolution (20 micrometres).
Concu dans le cadre du projet BigBrain [AMU13], il vise a fournir & la communauté
neuroscientifique la reconstruction 3D de 7 404 coupes histologiques numérisées du

cerveau d’'un homme de 65 ans, placé dans I’espace commun.
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Figure 15 : Illustration de 'atlas BigBrain : élaboration des contours d’une ROI dans le cortex frontal.
A. Rendu surfacique de la reconstruction 3D du cerveaw du projet BigBrain. La croix jaune correspond
a la région cible pour Uélaboration de la ROI. B. Section coronale de la 6 704°™ coupe histologique. C.
Reconstruction 3D axiale de la & 740 section histologique et reconstruction sagittale de la 3 588
section (D.). E - F. Définition des bordures des ROIs correspondant a l’encadré blew en B. et C. En bleu,
courbe du profil histologique moyen de l’aire de Brodmann 32, en vert, celle de l'aire 10. Figure adaptée

de [AMU13].
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2.1.2.

Les atlas de connectivité intrinseque

Tableau 3 : Caractéristiques des atlas en réseaux de la connectivité intrinseque.

[POW11] [YEO11] [WAN15] [KON19]
Ny 340 1000 229 60 + 30 4-900
nawiaus — 999
Données Movennes individuelles et individuelles et individuelles et
y moyennes moyennes moyennes
/ige (années) “jeune” 18- 35 18 -59 18-35

IRM

Morphométrie

Méthode de
construction de
Vatlas

Nombre de réseaux

Critére de sélection
du nmombre de
régions

But

1.5 et 3T Siemens

volume

Infomap
community
detection [ROS08]

14

minimisation de la
map equation
[ROS09]

topographie de
P’organisation
cérébrale
fonctionnelle

3 T Siemens
surface

modele de mélange
de von
Mises-Fisher
[LAS10]

7-17

analyse de la
stabilité : model
explorer algorithm
[BENO1]

topographie de
P’organisation
cérébrale
fonctionnelle

3 T Siemens

surface

méthode de
[LAS10]

18

arrét lorsque 98%
des voxels ne
changent plus de
réseau

topographie de
P’organisation
cérébrale au
niveau individuel

3 T Siemens et GE
surface

méthode de
[YEO11]

17

méthode de
[YEO11]

topographie de
I'organisation
cérébrale au
niveau individuel

Un certain nombre d’atlas définissent des réseaux intrinseques en fonction de

leur homogénéité en termes de connectivité intrinseque®® ([POW11], [YEO11],
[WAN15] et [KON19], Figure 16, Tableau 3). Les ROIs de ces atlas correspondent a
des réseaux fonctionnels a large échelle. L’objectif de 1’élaboration de ces atlas est de
répondre a la question de la topographie de l'organisation cérébrale, que ce soit au
niveau individuel ou moyen, en étudiant notamment la transmission de I'information
entre les différents réseaux que ce soit chez 'individu sain, via par exemple ’étude de
la variabilité interindividuelle de la connectivité [MUE13], ou chez [lindividu
pathologique, comme par exemple la caractérisation de la connectivité des réseaux

intrinseques des troubles dépressifs [KAI15].

2 4.e. quels sont les regroupements de voxels partageant le méme profil de connectivité

intrinseque avec le reste des voxels du cerveau.
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Figure 16 : Rendu des atlas en réseaux de la connectivité intrinseque. A. Rendu en surface des 14
réseaux de l'hémisphére gauche de [POW11]. B. Rendu en surface des 7 réseaux de ['hémisphére gauche
de [YEO11]. C. Rendu en surface des 18 réseaux de l'hémisphére gauche de [WAN15]. D. Rendu en
surface des 17 réseaux de l'hémisphére gauche de [KON19].

Tableau 4 : Caractéristiques des atlas en régions de la connectivité intrinseque.

[CRA12] [SHE13] [JOL15] [GOR16] [SCH18] [URC19]
Nsividus 41 79 281 120 1489 198
. individuelles individuelles individuelles individuelles  individuelles
Données moyennes
et moyennes et moyennes et moyennes et moyennes et moyennes
Age (années) 18- 55 - 18 - 57 19 -32 18-35 18-30
IRM 3 T Siemens 3 T Siemens 3 T Philips 3 T Siemens 3 T Siemens 3 T Siemens
Morphométrie volume volume volume surface et surface et volume
volume volume
Méthode de spatially K-way réseaux : gradient Markov boolstrap
construction constrained spectral IcA ROf : based model analysis of
s n-cut pecire ’ : N pondéré par stable
de Uatlas . clustering k-moyenne  parcellisation .
parcellisation gradient clusters
7-12-20-
) 100 - 200 -
Regions par 200600~ 47 g4 140 192 178 400 - 600 - 2064~ 122
hémisphére 1000 800 - 1000 197 - 210 -
325 - 444
Critére de minimisation Jom tly S
sélection du  de la fonetion optimizes the index de inspection graph cut — maximisation
| group and the P optimization  de la mesure
nombre de de cotit de R Rand visuelle e
régions I'aloorithme?® individual [DEL10] de stabilité
g g parcellisation
e CF + ] homogénéité homogénéité
connectivité L étude de la P .
But fonctionnelle apPllgatlon SH -+ des régions 4 des régions et CF
(CF) théorie des homotonie recouvrement recouvrement
graphes P cT CT

% poids des arétes reliant deux clusters minimum
> CT : aires CyToarchitectoniques.
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Dans la perspective d’obtenir des atlas plus fins en termes de résolution, des
atlas des régions fonctionnelles ont été développés ([CRA12], [SHE13], [JOL15],
[GOR16], [SCH18] et [URC19], Figure 17, Tableau 4) dont les ROIs sont définies
comme des ensembles de voxels partageant la méme connectivité intrinseque, <.e.
appartenant aux mémes réseaux du repos, subdivisés en régions fonctionnellement
homogenes. Ces atlas ont pour but I’étude de la connectivité fonctionnelle via

notamment ’application de la théorie des réseaux.

Figure 17 : Rendu des atlas en régions de la connectivité intrinseque. A. Coupe sagittale (2, = 0 mm)
de Uhémispheére gauche de Uatlas de [CRA12]. B. Rendu en volume de l'hémisphére gauche de latlas de
[SHE13]. C. Rendu en volume de ['hémisphére gauche de Uatlas AICHA [JOL15]. D. Rendu en surface
de l'hémisphére gauche de Uatlas de [GOR16]. E. Rendu en surface de l'hémisphére gauche de latlas de
[SCH18]. F. Coupe sagittale (z,,; = -10 mm) de ’hémisphére gauche de Uatlas MIST [URC19].

L’atlas AICHA ([JOL15], Figure 17 - C) est un atlas unique en son genre qui
parcellise les régions corticales et sous-corticales en régions d'intérét fonctionnellement
homotopes : hROIs (¢f. 1.2.2.3 Etat de repos et organisation cérébrale, pour une
définition de I’homotopie). La parcellisation d’AICHA est basée sur les données de
connectivité intrinseque individuelle de 281 sujets de la base de données BIL&GIN

[MAZ16]. Les paragraphes suivants présentent les étapes de la construction de la

parcellisation ’AICHA (Figure 18).
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Frontal (5) SM1 (5) FPT1 (5) FPT2 (4) DMN (5) V-A (5) Sous-Med (5)

0.7

critere de Rand

profil du voxel n-ROI

D. E. F G.

S Bijection

oy

> Agrégation régionale

O3

B proximité spatiale
Tt . oo
—~a= corrélation maximale =

k-moyenne séparation
n=175 inter-hémisphérique

parcellisation
homotopique

Figure 18 : Principales étapes de la construction de l'atlas AICHA. A. Un rendu 3D ou axial des 34
réseaux d'étal de repos identifies par MICCA ([NAV12], SM : Sensori-moteur, FPT
Fronto-pariéto-temporal, V-A : Visuel-Auditif, Sub-Med : Sous-cortical et médial). B. lllustration du
profil de connectivité d'un voxel. C. Sélection de la parcellisation optimale a l'aide de l'indice de Rand.
La ligne wverticale en pointillés indique la valewr optimale du nombre n de ROIL. D. Parcellisation
optimale. B. Parcellisation optimale apreés la séparation hémisphérique. F. Régles pour la détermination
et le regroupement en paire de régions homotopiques. G. Parcellisation homotopique (la méme couleur est
utilisée pour les régions homotopiques). Figure adaptée de [JOL15].

La parcellisation se base sur la définition, chez chaque individu, de 34 réseaux
du repos (Figure 18 - A) avec 'algorithme MICCA (cf. Note de bas de page n°33,
[NAV12]). Chacun des voxels appartenant & la substance grise possede alors une
empreinte faisant état de son profil vectoriel a travers les 34 réseaux du repos (Figure
18 - B). L’algorithme des k-means permet ensuite de regrouper entre eux les voxels
ayant un profil similaire a travers les 34 réseaux : I'index de Rand (Figure 18 - C)
conduit & une parcellisation des 144 216 voxels en 175 ROIs (Figure 18 - D). Les
deux hémispheres sont ensuite déconnectés en éliminant les voxels chevauchant la

scissure inter-hémisphérique. L’algorithme des k-means n’ayant pas de contrainte
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spatiale, les voxels isolés ont été groupés avec les voxels de la ROI la plus proche avec
laquelle il partageait le maximum de voisins. Ces étapes ont conduit a ’identification de
221 ROIs dans I’hémisphere gauche et 239 dans le droit (Figure 18 - E).

La derniere étape de la construction de 1’atlas® s’appuie sur le fait que la
connectivité inter-hémisphérique homotope est la plus forte ([STAO8], Figure 11 - C).
Le décours temporel du signal BOLD de I’état de repos est alors calculé dans chacune
des 460 ROIs chez les 281 sujets. Pour chaque région identifiée, sa région homotope
est identifiée comme étant la région controlatérale (i.e. dans ’hémisphere opposé) qui a
le coefficient de corrélation de Pearson inter-hémisphérique moyen maximal entre les
sujets. La relation d’homotopie a ainsi été définie en deux étapes (Figure 18 - F). La
premiere étape, établissant I’homotopie régionale, définit deux ROIs homotopes si la
corrélation temporelle entre A et B est bijectivement maximale et qu’aucune autre
région n’a de corrélation maximale avec A ou B. Cette premiere étape conduit en
’identification de 137 paires de ROIs homotopes : 84 ROIs dans I’hémisphere gauche
et 102 dans le droit n’ayant alors pas de contrepartie homologue. La deuxiéme étape
concerne le cas ou 2 ROIs : B et C, ont une corrélation inter-hémisphérique maximale
avec A. Si B et C sont adjacentes et que la corrélation inter-hémisphérique de A est
maximale avec B ou C, alors B et C sont regroupées et la paire (A ; B U C) est définie
comme paire homotope si elle remplit les conditions de bijection de la premiere étape.

La parcellisation résultante : Atlas of Inter-Connected Homotopic Area
(AICHA), est présentée Figure 19 et conduit a la création de 192 paires de ROIs
homotopes (hROIs) par hémisphere. AICHA est un atlas qui a été spécialement
construit pour 1’étude de la spécialisation hémisphérique puisqu’il permet de calculer
des asymétries dans des régions fonctionnellement homogenes et homotopes d’un

hémisphere a I'autre.

% I’étape consistant & rendre fonctionnellement homotope les deux hémisphéres peut étre
appliquée aux ROIs de n’importe quel atlas.
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frontal supérieur

temporal supérieur

postcentral précentral
N

Figure 19 : Rendu 3D des régions de I'atlas AICHA dans I'espace MNI, réalisé a I’aide du logiciel Surf
Ice. Les lignes blanches correspondent aux principaux sillons cérébrawx utilisées afin de nommer les
hROIs. Figure adaptée de [JOL15].

2.1.3.  Atlas fonctionnel relatif & I'imagerie fonctionnelle évoquée par des

taches cognitives

Un atlas fonctionnel, unique en son genre, est basé sur les taches évoquées
([DAD20], Figure 20, Tableau 5). Les ROIs de I’atlas sont construites en fonction de
I’homogénéité des voxels qui la compose en termes d’activation au cours de différentes
taches cognitives. Il est & noter que les données d’activations proviennent de
méta-analyses & partir de la base de données OpenNeuro®® et donc issues de groupes
d’individus différents. Chacune des ROIs de I'atlas se voit attribuer un vecteur
contenant les fonctions cognitives les plus probables qui lui sont attribuées (langage,
attention, calcul etc...). Une spécificité de cet atlas est que ses ROIs se superposent
partiellement ce qui permet de respecter le fait qu'une région cérébrale peut étre

impliquée dans de multiples taches cognitives.

%6 OpenNeuro : https://openneuro.org.
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Tableau 5 : Caractéristiques de I’atlas fonctionnel d’activation.

[DAD20]
Jvlndim'dus 022
Données méta-analyses

PN

Age (années)

IRM

Morphométrie

Méthode de
construction de l'atlas

Régions par
hémisphére

Critére de sélection
du nombre de régions

But

3 T Siemens, 1.5 T Siemens, 3 T
General Electrics, 1.5 T General
Electrics, 3 T Philips

volume

sparse dictionary learning

32-64-128-256 - 512

optimisation de la fonction
d'apprentissage

standardiser Panalyse d’images
fonctionnelles pour les
méta-analyses

256 ROIs

Figure 20 : Rendu de 'atlas fonctionnel d’activation. Présentation de 5 niveaux de résolution différents :
64, 128, 256 512 et 1024 régions d’intéréts. En bas a droite : zoom sur la résolution o 1024 ROIs
permettant de visualiser le recouvrement partiel des régions de latlas. Coupes sagittales et axiales de
Uhémisphére gauche de Uatlas de [DAD20]. Figure adaptée de [DAD20].
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2.1.4.

Tableau 6 : Caractéristiques des atlas multi-modaux.

Les atlas multimodaux

[DIE15] [JAM16] [GLA16]
Mndividus 12 29 449
Données moyennes individuelles et moyennes individuelles et
moyennes
Age (années) 24 - 46 20 - 50 22 - 35
IRM 1.5 Philips 3 T Philips 3 T Siemens
Morphométrie volume volume surface
spatially constrained n-cut radient avec a priori
Méthode de parcellation pour identification . . g cap
. . . . . spatially constrained anatomique,
construction de des régions, puis classification .
, ) S n-cul parcellation perceptron
latlas ascendante hiérarchique®” pour multicouche
identification des réseaux
Régions par 20 110 180
hémisphére
e minimisation de la
Cntm:e de oo - fonction de cott de . . .
sélection du optimisation de la modularité , . . inspection visuelle des
l'algorithme (poids des
nombre de entre réseaux [GIR02] K . gradients
.. arétes reliant deux
régions -
clusters minimum)
définitions de régions organisation cérébrale
But relation connectivité fonctionnellement fonctionnelle 4 étude
structurelle et fonctionnelle homogenes au cours de variabilité
différentes taches interindividuelle

Les atlas multimodaux définissent une ROI en intégrant les informations de

différentes modalités d’imagerie ([DIE15], [JAM16] et [GLA16], Figure 21, Tableau

6).

L’atlas de Diez & al., combine I'imagerie de repos et I'imagerie de diffusion

([DIE15], Figure 21 - A). Cet atlas définit des réseaux en regroupant des ROIs dont
les limites sont calculées en regroupant les voxels fonctionnellement homogenes
(d’apres leur matrice de connectivité intrinseque de ’état de repos) a l'aide de
lalgorithme n-cul spatialement contraint par leur matrice probabiliste de connectivité

structurelle de la substance blanche. L’atlas de James & al. combine la connectivité

7 Dissimilarité cosinus utilisée pour la classification ascendante hiérarchique.
° Le perceptron multicouche est utilisé pour optimiser la position du contour des régions en
fonction de leur probabilité de présence a travers les sujets.
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intrinseque avec les résultats des activations obtenues au cours d’un ensemble de 9
taches cognitives ([JAM16]*, Figure 21 - B).

Le dernier atlas est celui de Glasser & al. qui est le seul & combiner un large
ensemble de modalités disponibles en IRM. Il effectue sa parcellisation & partir de
variables anatomiques incluant ’épaisseur corticale, la surface corticale, les cartes de
myélinisation corticale®® et un index de gyrification cérébrale, ainsi que des variables
fonctionnelles avec la connectivité intrinseque et les cartes d’activations obtenues au

cours de 7 taches cognitives® ([GLA16], Figure 21 - C).

A. B.

Figure 21 : Rendu des atlas multi-modaux. A. Rendu en volume de l'hémisphére gauche de Uatlas de
[DIE15] combinant connectivité intrinséque et structurelle. B. Rendu en surface de ['hémisphére gauche
de Uatlas de [JAM16] combinant connectivité intrinséque et activation au cours de 9 taches cognitives.
C. Rendu en surface de l'hémisphére gauche de Uatlas de [GLA16] combinant connectivité intrinséque,
activations au cours de 7 taches cognilives, myélinisation el €paisseur corticale.

2.2. Points méthodologiques sur la création des atlas

2.2.1.  Définition manuelle versus automatique des limites des ROIs

Méthodologiquement, les premiers atlas anatomiques de Talairach [TAL67] et

de Tzourio [TZ002] sont basés sur un sujet particulier.

 Basé sur de la connectivité intrinséque et des activations au cours de 9 tAches cognitives
(Controlled Oral Word Association Task, Rating and Recognizing affective images, Judgment of Line
Orientation task, N-back, Iowa Gambling Task, finger tapping, Multi-source Interference Task, Verbal
Paired Associates, Tower of London and flashing visual checkerboard).

%0 La myéline est une gaine de lipide entourant ’axone des neurones afin d’augmenter la vitesse
a laquelle les potentiels d’actions sont conduits [KAN13]. L'axone myélinisé peut étre comparé a un fil
électrique (l'axone) entouré d'un matériau isolant (la myéline).

61 Basé sur de la connectivité intrinséque, des activations au cours de 7 tiches cognitives
(N-back, gambling task, mouvement moteur : des mains, des pieds et de la langue, Auditory sentence
presentation with detection of: semantic, syntactic and pragmatic violations, Frith—Happe animations of
social and random interactions (théorie de l'esprit), valence judgments and Hariri Hammer Task,
alternating blocks of judgments about relations among features versus feature matching), des cartes de
myélinisation et des cartes d’épaisseurs corticales.
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Les méthodes utilisées pour définir les atlas anatomiques les plus récents comme
celui de Glasser ou de Destrieux et Desikan combinent des méthodes supervisées ou
d’apprentissage avec une approche manuelle basée sur ’expertise, a I'inverse des autres
atlas qui se basent sur des méthodes mathématiques automatisées et non supervisées.
Citons par exemple, parmi les plus utilisées, la méthode des k-means [STE56], la
classification ascendante hiérarchique [SNE73], et l'algorithme n-cut [SHIOO] qui
regroupent les voxels en fonction de leur homogénéité. Ces algorithmes se basent soit
sur les composantes principales d’une analyse en composantes indépendantes des
matrices de connectivité intrinseque, soit sur une analyse spectrale de ces mémes
matrices.

Le seul atlas mélangeant les deux techniques, a la fois supervisée et non
supervisée, est I'atlas de Glasser [GLLA16] qui integre en effet un a priori anatomique
avant de définir ces régions. Les experts sélectionnent, au cours de la procédure, les
contours des régions étant les plus en accord avec des dizaines d’années de
connaissances sur I’anatomie cérébrale. Ces connaissances peuvent a priori contraindre

la parcellisation régionale finale obtenue [EIC18b].

2.2.2.  Construction de ROIs a partir d'un seul individu ou d’une

moyenne d’individus

67% des atlas se basent sur une combinaison de I’analyse des données
individuelles et moyennes, 19% sur la moyenne de ’ensemble des données et 14%
exclusivement sur l’analyse des données individuelles. Pour la plupart des atlas
présentés, la variabilité interindividuelle et I’éloignement des individus & la moyenne
sont done pris en compte lors de ’élaboration de la parcellisation du cortex cérébral en

régions d’intéréts.

2.2.3. Nombre de régions d’intéréts

Les atlas récents proposent plusieurs niveaux de parcellisation, ¢.e. pour un
méme atlas un nombre différent de régions sera proposé en fonction de la granularité
souhaitée lors des analyses. Dans cette revue, le nombre de régions d’intéréts par
hémisphere s’étend de 7 a 1000 pour un total de 43 parcellisations différentes

disponibles, avec une moyenne de 206 ROIs (4= 255). Concernant le nombre optimal de
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ROIs, ce dernier n’existe pas, puisqu’il dépend de la résolution envisagée pour une
étude donnée et de la puissance de I’appareil & IRM. Les études s'accordent malgré tout
pour un nombre adéquat entre 150 et 200 ROIs par hémisphere ([ESS12], [MES20]
et [DAD20]) étant donné la résolution des appareils aujourd’hui disponibles (= 3T).

2.3.  Conclusion concernant les atlas cérébraux

En conclusion, cette revue des atlas existants montre une parcellisation du
cerveau complete et la possibilité d’intégrer plusieurs modalités, selon ’objectif fixé.
Une lecture attentive montre que la méthodologie utilisée pour chaque atlas dépend de
I'usage envisagé, par exemple : localisation anatomique pour ’atlas de Talairach
[TAL67] ou AAL [TZOO0O2], identification de régions fonctionnelles incluant la
profondeur des sillons pour l'atlas de Glasser [GLA16], mise a disposition de
I'organisation en termes de connectivité anatomique et/ou fonctionnelle ([ZHU13] et
[YEO11]).

L'objectif de cette these était de créer une parcellisation cérébrale des régions et
des réseaux sous-tendant les grandes fonctions cognitives latéralisées : langage,
attention, motricité, calcul... Cet objectif nous a donc conduit & développer une
méthodologie originale qui nous permet de définir ces atlas de régions et de réseaux, en
débutant avec le langage. Voici les particularités de la construction des atlas présentés
dans cette these :

e Nous avons travaillé a partir d’'une seule base de données ou ces fonctions
sont documentées chez chaque sujet (BIL&GIN, [MAZ16]) acquis sur la
méme machine de maniere a optimiser I'homogénéité et la sensibilité.

e C(Contrairement aux atlas précédents qui n’ont pas procédé a une sélection
a priort des individus constituant les templates, notre objectif nous a
conduit a sélectionner les sujets droitiers présentant peu de variabilité en
termes d'asymétries fonctionnelles.

e Pour identifier les régions spécifiques constituantes d’'un atlas donné,
comme pour les autres atlas, nous avons défini les variables pertinentes :
les asymétries et conjonctions a travers plusieurs taches. Une fois ces

régions, support de l’activité cognitive, identifiées avec une approche
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3.

multi-taches, nous avons utilisé 1’état de repos, pour poser la question de
I'organisation en réseaux au sein de ces régions.

Pour préciser le type d’organisation des réseaux des fonctions cognitives
et mettre en évidence les hubs, permettant de cibler les aires dites
“essentielles” ou épicentres : ¢’est-a-dire celles dont la lésion provoque un
déficit [MES90], nous avons utilisé les mesures fournies par la théorie
des réseaux (centralité de degré, sunexité et coefficient de participation).
Comme dans [DIE15], nous avons utilisé un algorithme de classification
ascendante hiérarchique afin de regrouper en réseau les ROIs ayant un
pattern de connectivité intrinseque similaire.

Nous avons utilisé I'atlas AICHA [JOL15] comme parcellisation initiale,
car il définit un nombre de ROI optimal et permet de réaliser des mesures

d’asymétries.

Application de l'analyse par conjonction, des outils de
classification hiérarchique et de la théorie des réseaux a la
construction et la caractérisation d'atlas

Identification du support anatomique des fonctions cognitives

latéralisées

Comme nous l'avons vu, les atlas issus de la littérature sont des atlas

parcellisant le cerveau dans sa globalité. Les atlas développés au cours de cette these

ont la particularité d’étre des atlas des fonctions cognitives latéralisées. Une étape

importante de la mise au point de ces atlas concerne alors la sélection des régions

cérébrales (ou ROIs) dédiées a la fonction et ciblant le niveau hiérarchique d'intérét.

Pour identifier des ROIs communes a différentes taches d’'un méme processus

cognitif, il est courant en neuroimagerie d’utiliser une approche par conjonction. Elle

consiste simplement a identifier les ROIs significativement activées et/ou asymétriques

dans plusieurs taches et cette approche statistique est disponible dans SPM [PEN11]

en fixant un seuil statistique donné. La méthode par conjonction offre une approche
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robuste pour la cartographie et 'identification d’unités fonctionnelles (au sens des
champs fonctionnels) [EIC18a].

Les méthodes d’identification des ROIs engagées dans une fonction cognitive
spécifique dépendent du type de tache et du type de processus impliqué dans celle-ci.
Par exemple, pour SENSAAS (SENtence Supramodal Areas AtlaS, [LAB19]) les a
priori sont multiples : 1- les processus de bas niveau (dont : engagement attentionnel,
maintenance de la consigne, articulation...) liés au langage ont été supprimés par
I'utilisation de taches de référence (production, écoute et lecture de liste de mots
sur-appris, Figure 5) permettant de calculer un contraste “phrase - liste” (production,

1520nt été

écoute et lecture de phrase) ; 2- les ROIs dont le profil est supramoda
sélectionnées comme impliquées dans les 3 taches de langage (production, écoute et
lecture) ; 3- enfin de maniere a sélectionner les régions langagieres un critere
d’activation et d’asymétrie gauche a également été appliqué.

Le méme type d’a priori a été appliqué a la construction de WMCA (Word-list
Multimodal Cortical Atlas, [HES19]), mais la sélection a été réalisée sur les taches de

langage de bas niveau et nous avons sélectionné pour cet atlas les ROIs activées et

asymétriques dans I'un ou I'autre des deux hémispheres cérébraux (Figure 22).

62 Les régions cérébrales supramodales font fi de la modalité du stimulus.
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Figure 22 : Régions de WMCA. Ligne du haut : Régions de l’atlas AICHA significativement activées
dans les 3 taches (PROD : production, ECO : écoute, LEC : lecture de liste de mots sur-appris). Ligne du
milieu : AROIs asymétriques dans les 3 taches. Ligne du bas : hROIs significativement co-activées el
co-asymélriques dans les 3 taches. HG : hémisphére gauche, HD : hémisphére droit. Les hROIs sont
projetées sur la surface de la substance blanche du gabarit de la BIL&GIN dans Uespace MNI, réalisée a
Uaide du logiciel Surf Ice. Les noms complets des hROIs correspondant awx abréviations peuvent étre
trouvés dans [HES19]. Figure adaptée de [HES19].

Concernant I'identification des 12 ROIs supportant le controle sensorimoteur de
la main (Hand Atlas of MOTor Areas : HAMOTA, [TZ020]), les a priori étaient
I’activation et I’asymétrie des régions controlatérales a la main utilisée pour réaliser la
tache (FTT : Finger-Tapping Test®?), et donc changeant d’hémisphere avec la main
utilisée. Cette procédure de sélection des hROIs a été réalisée séparément dans une
population de droitiers et dans une population de gauchers. Les hROIs finalement

sélectionnées sont les hROIs communes aux droitiers et aux gauchers (Figure 23).

% La tache de FTT permet de mesurer 1'habileté manuelle d’un individu [PET78]. L’individu
doit taper avec son index sur le bloc-réponse a une fréquence de 2 Hz, aussi régulierement que possible.
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Figure 23 : Diagramme de Venn et régions de HAMOTA. Diagramme de Venn de lanalyse par
conjonction conduisant en Uidentification du support anatomique de la préférence manuelle [TZ020]. Le
cercle rouge correspond aux hROIs significativement activées controlatéralement durant la tache de FTT
chez les droitiers. En bleu : les hROIs significativement activées controlatéralement chez les gauchers. En
violet : les hROIs significativement asymétriques controlatéralement chez les gauchers. En vert : les
hROIs significativement asymétriques controlatéralement chez les droitiers. Le mombre en mnoir
correspond aw nombre de régions identifices pour la conjonction regardée. L'encadré correspond aux
hROIs de lintersection des 4 cercles : i.e. le support anatomique de la préférence manuelle. Les noms
complets des hROIs correspondant aux abréviations peuvent étre trouvées dans [TZ020]. Vues de
Uhémisphére gauche ; rendu 3D de la surface de la substance blanche du gabarit de la BIL&GIN dans
Pespace MNI, réalisé a Uaide du logiciel Surf Ice.

Un dernier atlas a été développé au cours de cette these concernant les bases
anatomo-fonctionnelles de l’attention [ZAG20] : Atlas of Lateralized Attention
Networks (ALANs, Figure 24). La question des réseaux cérébraux sous-tendant la
dominance des fonctions attentionnelles spatiales chez ’'Homme est une question
ouverte [HER13]. Nous proposons d’identifier les réseaux latéralisés de I’attention en
utilisant un critere d’asymétrie et d’activation en faveur de ’hémisphere droit au cours
d’une tache attentionnelle de haut niveau : une tache de Jugement de Bissection de
Ligne®* (JBL). L’attention est en effet une fonction latéralisée dans I’hémisphere droit
chez les droitiers [ZAG16]. Le premier a priori que nous avons posé pour la sélection
des aires attentionnelles était une activation et une asymétrie droite. Pour choisir les
hROIs de haut niveau, nous avons utilisé une tache de Saccades Guidées Visuellement?®
(SGV) comme référence. Cela nous a permis de distinguer : 1- Les hROIs a la fois

activées et asymétriques droites durant les taches de SGV et de JBL ; 2- Les hROIs

64 Ta tache de Jugement de Bissection de Ligne (JBL) permet d’évaluer les processus
attentionnels en jugeant si la barre verticale présentée a I’écran est au centre, déviée a droite ou a
gauche du segment horizontal coupé en deux par une petite barre verticale [MAZ16].

% La tache de Saccades Guidées Visuellement (SGV) permet d’évaluer les processus
attentionnels en suivant un repere visuel qui apparait de maniere alternative a gauche ou & droite de
Pécran [MAZ16].
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activées a droite dans les deux taches et asymétriques droites uniquement pendant JBL
; 3- Les hROIS activées et asymétriques droites uniquement au cours de JBL. Ceci a
permis de distinguer les hROIs impliquées par le déplacement de ’attention et 'activité
oculomotrice lors de la tache de SGV des hROIs sous-tendant les mécanismes

attentionnels intégrés spécifiques de la tache de JBL (Figure 24).
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Figure 24 : Régions de ALANS. Les trois panels correspondent awx régions de latlas AICHA
significativement activées el asymétriques dans Uhémisphére droit durant la tiche de Jugement de
Bissection de Ligne (JBL). A. En bleu : les hROIs également activées & droite dans la tache de Saccades
Guidées Visuellement (SGV). B. En rouge : les hROIs également activées el asymétriques & droite dans
SGV. C. En vert : les hROIs spécifiques & JBL. Les hROIs sont projetées sur la surface de la substance
blanche du gabarit de la BILEGIN dans lespace MNI, réalise a Uaide du logiciel Surf Ice. Les noms
complets des hROIs correspondant aux abréviations peuvent étre trouves dans[ZAG20]. Figure adaptée
de [ZAGR0].

Afin de permettre une représentation des données applicables & des définitions
variables en fonction du besoin, j’ai développé un outil, qui a été mis a la disposition de
I’équipe, permettant, pour un seuil statistique fixé, de visualiser a l'aide d’un
diagramme de Venn [VENSO] I’ensemble des conjonctions possibles pour différentes
combinaisons d’a priori préalablement définis. Par exemple, concernant HAMOTA,
cette approche permet de mettre en évidence, pour des groupes de sujets différents : i.e.
droitiers ou gauchers, les ROIs asymétriques controlatérales dans les 2 taches de FTT
(réalisée avec la main gauche ou droite), 1l’absence de ROIs uniquement
controlatéralement activées et asymétriques chez les droitiers ou les gauchers, et
finalement de visualiser les 12 régions respectant ’ensemble des contraintes, au centre

du diagramme (Figure 23).
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La visualisation via le diagramme de Venn garantit une vision d’ensemble
concernant les profils d’implication des régions cérébrales dans les différents processus
cognitifs.

L’outil que j’ai développé permet dans un premier temps de réaliser I’analyse par
conjonction, puis d’appliquer une classification hiérarchique suivant les criteres voulus
(que nous présenterons dans le sous-chapitre suivant), et finalement de procéder a une
analyse topographique des hROIs constituantes des partitions identifiées (également
présentée par la suite).

Je présente ci-dessous les possibilités offertes par Ioutil développé afin de

réaliser I’analyse par conjonction.

Pour l'identification des réseaux du langage du traitement de la phrase [LAB19]
les a priori concernant la sélection des hROIs sont multiples. Une hROI, pour se voir
sélectionnée, doit en effet dans un premier temps respecter un critere d'activation et
d’asymétrie en faveur de I’hémisphere gauche : i.e. significativement activée en

moyenne (BOLD,. >0 et p-value < 0.05, test de Student bilatéral) et asymétrique

gauche (Asymétrie >0 et p-value < 0.05, test de Student bilatéral). La deuxieme

contrainte, permettant de sélectionner les hROIs supramodales, consiste en la
conjonction des hROIs sélectionnées par la premiere contrainte a travers les 3 taches
cognitives disponibles dans la BIL&GIN : I’écoute, la lecture et la production du
langage. Concernant le traitement de la phrase, I’analyse est restreinte a ’hémisphere
gauche. L'outil permet également de réaliser des analyses sur les 2 hémispheres a la
fois comme illustré dans [HES19] qui identifie le support anatomique du traitement du
mot.

L’outil d’analyse par conjonction permet également d’ajuster le seuil de
significativité de sélection d’'une hROI comme par exemple dans le cas de I’étude des
réseaux supportant les processus attentionnels [ZAG20]. Dans le cadre de cette étude
une correction de Bonferroni [BON36] a été appliquée puisqu’aucune conjonction entre
taches cognitives n’a été réalisée. La correction de Bonferroni permet de controler le

taux d’erreur de premiere espece du test de Student employé, en corrigeant le seuil de
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significativité par le nombre de tests réalisés. L’erreur de premiere espece correspond a
la probabilité de rejeter I’hypothese nulle alors que celle-ci est vraie. L'utilisation de la
correction de Bonferroni dans le cadre de la construction de nos atlas permet donc de
s’assurer de la réelle implication d’'une hROI dans le processus cognitif regardé en
étant conservatif, bien que cette correction augmente le risque de seconde espece qui

correspond au rejet de ’hypothese alternative alors qu’elle est vraie [NAKO04].

3.2.  La classification hiérarchique : un outil multifonction pour la

création des atlas cérébraux et leurs études

J’ai utilisé la classification ascendante hiérarchique (CAH) pour répondre a trois
questions différentes : celle des différences des profils de hROIs communément activées
et asymétriques dans une ou plusieurs taches (cas 1), l'identification des réseaux
fonctionnels au sein d’ensembles de hROIs a partir des mesures de connectivité
intrinseque (cas 2), et l'identification de groupes d’individus en fonction de leurs
caractéristiques régionales en termes d’activations, d’asymétries et de connectivité

intrinseque dans le cadre de 1’étude de la variabilité interindividuelle (cas 3).

La classification ascendante hiérarchique ([SNE73]) est une méthode ayant
pour objectif d’établir une hiérarchie de classes en répartissant les n variables de son
ensemble de construction 2 en un certain nombre de partitions. La méthode se base sur
le calcul d’une matrice symétrique de dissimilarité D (dim(D) =n+n) représentant la
distance entre les n(n —1)/2 paires d’objets possibles. Dans les cas (1) et (3), la
distance utilisée correspond a la distance Euclidienne usuelle calculée a partir des
variables dont les valeurs ont été centrées et réduites. Dans le cas (2), la matrice des
distances D,; utilisée est construite & partir de la matrice des corrélations (M) telle
que D, =(1~- MiJ)/Z [LAN79], pour (i, j)=1,2 ...n. La hiérarchie entre les n objets
est établie par itération en regroupant successivement les objets dont la dissimilarité
est la plus faible. Lorsqu'un objet doit étre agrégé avec une classe contenant plusieurs
objets, la dissimilarité est calculée en utilisant le critere de Ward [ WAR63] qui permet
de maximiser linertie inter-classe et donc d’obtenir in fine des partitions dont la

variance interne est minimale.
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Le nombre “optimal” de classes a été déterminé a l'aide de la librairie R
"NbClust" [CHA14]. Cette librairie fournit 30 indices statistiques permettant de
déterminer le nombre “optimal” de classe d'une CAH et propose le meilleur
regroupement a partir des différents résultats obtenus en faisant varier toutes les
combinaisons du nombre de classes pour la méthode choisie, en l'occurrence une

classification ascendante hiérarchique utilisant le critere de Ward.

3.2.1. La classification ascendante hiérarchique comme outil de
caractérisation de I'implication des hROIs dans un processus
cognitif d’intérét

Dans le 1 cas, en prenant pour exemple le travail sur WMCA [HES19], bien
que ’analyse par conjonction nous permette de conclure quant a la nature hétéromodale
des hROIs identifiées, elle ne nous apporte aucune information concernant la variabilité
de I'implication et de latéralisation de chaque hROI dans les processus mis en jeu. Dans
ce cadre, la CAH est un outil ad hoc permettant de caractériser I’ensemble de hROIs
identifiées en regroupant les hROIs ayant un profil similaire d’activations et
d’asymétries. Dans le cadre de cette étude, la CAH a notamment mis en avant une
partition en 3 classes dans I’hémisphere gauche : une classe contenant les hROIs
correspondant au gyrus supramarginal, une classe motrice et une autre prémotrice,
supportant I’hypothese selon laquelle le circuit perception-action [PUL16] est impliqué
dans les processus phonologiques et ce, quelle que soit la modalité de la tache. Ces
résultats sont disponibles dans la premiere version de I’article déposé sur la plateforme

bioRxiv, résultats qui n’ont pas été publiés dans la version finale de ce travail.

3.2.2. La classification ascendante hiérarchique comme outil
d’identification des réseaux du repos

La seconde maniere d’utiliser la CAH au cours de cette these portait sur

I’identification des réseaux de connectivité intrinseque présents au sein des ensembles

de hROIs identifiées a l’aide de I’analyse par conjonction (cas 2). Dans cette

perspective, la CAH a été réalisée en utilisant 'algorithme de Ward qui est

particulierement adapté puisqu’il permet d’estimer la représentation multi-échelles de

lactivité cérébrale a 1’état de repos ([MIC12] et [ORB15]). Plus particulierement,
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I’organisation hiérarchique des partitions obtenues a partir du signal BOLD a I’état de
repos est plus stable via une analyse sur la moyenne de la population [ORB15], comme
c’est ici le cas.

Dans 'exemple de [HES19], la CAH a été réalisée sur la matrice moyenne de
connectivité intrinseque représentant la connectivité fonctionnelle de 21 hROIs situées
sur ’hémisphere gauche pour 14 d’entre elles et droit pour le reste. La classification a
alors permis d’établir un modele cérébral anatomo-fonctionnel de I'organisation des
processus phonologiques. Ce modele repose notamment sur un réseau intrinseque
impliquant de maniére concomitante le sillon temporal de I’hémisphere droit (i.e. I'aire
postérieure de la voie humaine : [PER15]) et le gyrus supramarginal de 'hémisphere
gauche reflétant, pour la premiere fois, l'imbrication hétéromodale entre l'information
prosodique®® et phonémique®”. Ces résultats ont récemment été appuyés par 1’étude de

Floegel & al. [FLO20].

3.2.3.  La classification ascendante hiérarchique comme outil de 1’étude

de la variabilité interindividuelle

Bien que 90 % de la population soit considérée comme typique pour la
production du langage [MAZ14], les 10% restants présentent une forte variabilité
allant d’une dominance bi-hémisphérique ou une dominance inverse alors supportée par
I’hémisphere droit [ZAG17]. Cette dominance traduit la spécialisation hémisphérique
d’une fonction cognitive : spécialisation définie comme la relation d’interdépendance
hémisphérique entre une fonction et son support anatomique [TZO16b]. La
caractérisation des patterns régionaux, des structures anatomiques et de leur relation
avec la préférence manuelle chez les individus atypiques est alors une question
fondamentale afin d’étudier si cette atypicité est valable pour d’autres phénotypes
fonctionnels cognitifs et si ces phénotypes sont associés a des variations de
comportement et de capacités cognitives.

L’examen de I'organisation fonctionnelle du réseau du langage dans I'hémisphere

dominant ainsi que sa coordination interhémisphérique avec son contraposé dans

%6 La prosodie correspond a I’ensemble des traits vocaux au cours de I'expression verbale :
inflexion, ton, tonalité, intonation, accent et modulation de la voix, entre d’autres termes la prosodie est
la musique de la parole.

7 Un phonéme est la plus petite unité sonore de ’expression verbale. Le francais par exemple
comprend 36 phonemes : 16 voyelles et 20 consonnes.
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I'hémisphere opposé est donc nécessaire. J’ai ainsi questionné la variabilité
inter-individuelle (cas 3) de la spécialisation hémisphérique pour le langage en utilisant
latlas SENSAAS [LAB19] dans un échantillon de 287 individus [LAB20]. Pour ce
faire, j'ai utilisé la CAH sur plusieurs modalités et plusieurs échelles. En effet, chacune
des partitions obtenues se caractérise non seulement par des valeurs d’asymétries lors
de trois taches langagieres (production, écoute et lecture), mais également par le degré
de centralité et de corrélation inter-hémisphérique, tant au niveau régional que du
réseau du langage de haut niveau identifié dans SENSAAS. Ce travail identifie trois
classes d'individus caractérisés par des organisations inter- et intra-hémisphériques du
réseau du langage différentes : deux groupes d’individus typiques et un groupe
d’individus atypiques. Il nous a également permis de caractériser dans ces 3 groupes la
variabilité de l'intégration de l'information au repos dans les régions de SENSAAS,
d'analyser l'occurrence des dissociations de latéralisation du langage au cours de
différentes modalités et de mettre en avant des différences d'organisation anatomique
et de compétences cognitives.

J’ai d’autre part développé au cours de cette these une méthode de CAH
permettant de prendre en compte la variabilité inter-individuelle (cas 3) lors de la
classification et de questionner I’existence de sous-populations au sein d’une population
de départ (¢f. Partie III), notamment dans le cadre des données de connectivité
intrinseque qui sont de véritables empreintes digitales et permettent d’identifier un
individu [FIN15]. Actuellement, il n’existe pas de méthode adaptée afin de répondre a
cette question avec le type de données dont nous disposons : des données d’TRMf
tridimensionnelles, 7.e. une matrice de connectivité intrinseque par individu. En 2006,
Suzuki & Shimodaira ont développé une méthode, nommée pwclust [SUZO06],
permettant d'évaluer la stabilité d’une partition d’'un dendrogramme & ’aide du calcul
d’une p-value non biaisée obtenue par ré-échantillonnage [EFR96]. Cette méthode
convient a des données classiques en 2 dimensions, mais lorsqu’elle est adaptée a des
données tridimensionnelles, la p-value obtenue ne reflete pas la stabilité des partitions a
travers la population, mais la proportion d’individus nécessaire afin d’obtenir une

matrice de connectivité moyenne stable a un seuil fixé.
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3.3.  La théorie des graphes comme outil pour la caractérisation
topographique du support anatomo-fonctionnel des réseaux

cérébraux

Le dernier outil utilisé au cours de cette these a été la théorie des graphes (ou
réseaux) dans le but de caractériser l'organisation topographique des réseaux
cérébraux supportant la latéralisation des fonctions cognitives au repos.

Le concept de connectome est au coeur de la réflexion actuelle sur les réseaux
cérébraux [FOR15]. Ce terme a été introduit pour la premiere fois en 2005 dans la
publication du Pr. Olaf Sporns : the human connectome [SPO05], afin de définir une
matrice représentant toutes les paires possibles de connexions anatomiques entre les
différents éléments cérébraux (du neurone a la région). Initialement, ce terme
représente donc I’état canonique des connaissances sur les connexions structurelles de
la substance blanche. Cependant, au cours des 15 dernieres années, I’étude du
connectome cérébral humain a connu un développement important. Le concept s’est
généralisé et il inclut a la fois les matrices de connexions structurelles entre des régions
cérébrales obtenues a l'aide de la tractographie [GU15], les matrices d’interactions
fonctionnelles obtenues via la connectivité intrinseque (en IRMf : [ZUO12], ou en
iEEG®® : [HEO8Db]) et les matrices quantifiant les oscillations d’activité neuronale & plus
hautes fréquences détectables par les techniques d'électro- [ENG13] et
magnéto-physiologie [KIT15].

Au total, le cadre du connectome offre une approche conceptuelle visant a
quantifier, visualiser et comprendre 1'organisation en réseaux de I’activité neuronale a
de multiples échelles variant dans le temps et 1'espace ([BAS17], Figure 25). Le
domaine de la théorie des graphes appliquée aux neurosciences permet également,
grace a I’étude des propriétés topologiques des réseaux a différentes échelles (spatiales
et temporelles), d’étudier la maniere dont I'information est analysée et transmise d’une
échelle a 'autre, mais aussi de quelle fagon la structure des réseaux contraint cette

transmission de I'information ([BET17], Figure 26).

% JEEG : ElectroEncéphaloGraphie intracranienne. L'iEEG permet 1’enregistrement des
potentiels de champs locaux directement sur la surface corticale au moyen d’électrodes.
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Figure 25 : Illustration des différentes échelles temporelles et spatiales couvertes par le concept de
connectome dans le cadre de I’étude de 'organisation cérébrale et du comportement humain. Chaque
cadre représente les différents éléments étudiés o laide de la théorie des graphes pour une échelle
temporelle et spatiale donnée. Cette figure peut étre mise en paralléle a la Figure 2. Figure adaptée de
[BAS17].

Spatiale

régions

population
neuronale Q

M O@u
X locale developpemental
instantanée

2

mesoscoplque
globale e e 0“@ e ¢ ¢ ¢gvyolutionnaire
Topologique TRL ~ TR2 ~ TR3

Figure 26 :
cerébraux sont organisés a plusieurs échelles spatio-temporelles el peuvent étre analysés a des €chelles
topologiques (réseaux) allant des propriétés des sommets individuellement, aw réseau dans son ensemble.
Figure adaptée de [BET17].
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Dans le cadre de ma these, j’ai travaillé sur le connectome fonctionnel : i.e.
I’étude topologique des sommets des graphes constitués a partir des matrices de
connectivité intrinseque. Dans ce cadre, chaque ligne ou colonne de la matrice M
représente une région cérébrale différente correspondant aux n sommets du graphe,
tandis que les valeurs de chaque élément M;; ((i, j)=1, 2 ... n) de la matrice représente
le poids de l'aréte reliant les deux sommets ¢ et j considérés (Figure 27). Afin de
quantifier 1'organisation topologique d’un tel graphe [BULO9], il est possible de

calculer plusieurs mesures issues de la théorie des graphes telles que la centralité de

degré et la sunnexité (ou centralité d’intermédiarité).

A. B.

B Cortex primaire
[ Cortex associatif unimodal
[ Cortex associatif hétéromodal

-1.0 -0.5 0 0.5 1.0

Figure 27 : Représentation en réseau de la connectivité intrinseque cérébrale globale. A. Matrice de
connectivite intrinséque moyenne de 67 individus droitiers typiques (d’aprés [LAB20]). Chaque
ligne/colonne correspond & une des 384 hROIs d’AICHA. Les rectangles jaune, saumon et bleu
correspondent aux hROIs du cortex associatif unimodal, hétéromodal et primaire respectivement
(d’apres les résultats illustrés en Figure 11). Les valeurs de la matrice correspondent aux corrélations
entre 2 signaux BOLD a l'état de repos : plus la case est bleue, plus la corrélation est négative, plus elle
est rouge, plus elle est positive. HG : hémisphére gauche, HD : hémisphére droit. B. Visualisation sous
forme de graphe, projeté dans l’espace MNI, de la matrice de connectivite intrinséque présentée en A. Les
sommets (ou hROIs) du graphe sont représentés par des sphéres dont les coordonnées correspondent au
centre de masse des hROIs A’AICHA. La taille des sphéres est proportionnelle & leur valeur de centralité
de degré pondérée. Seuls les 5% des corrélations positives les plus élevées sont affichées. Les segments
noirs correspondent aux arétes reliant deux sommels.

Le calcul des différentes mesures caractérisant les sommets du graphe est
uniquement réalisé sur les coefficients de corrélation de Pearson positifs de la matrice
de connectivité intrinseque, en conservant les coefficients de corrélation faibles. En

effet, les méthodes actuelles de théorie des réseaux ne permettent pas de quantifier le
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role des corrélations fonctionnelles négatives dans 'organisation globale d’un réseau
([RUB10] et [POW10]). Les faibles corrélations positives (=0) sont conservées depuis
que leur importance a été démontrée, notamment dans la caractérisation de la topologie
des individus atteints de schizophrénie [BAS12], et dans I’explication de la variabilité
interindividuelle des performances cognitives ([COL12] et [SAN14]).

La centralité de degré pondérée (DC : degree centrality, [RUB10]) est la mesure
la plus simple qu’il est possible de calculer dans un graphe. La DC correspond a la

somme des corrélations de chaque sommet j :

La DC est interprétée comme étant la quantité d’informations qu’une région va
recevoir de la part des autres régions du réseau auquel elle est directement connectée.
Elle mesure alors I'importance d’une région donnée au sein de son réseau en fonction
du nombre et de la force des interactions qu’elle entretient avec les autres régions. Sur
le plan physiologique, la DC a été mise en relation avec 'agrégation de f-amyloides®’
dans la maladie d’Alzheimer : i.e. plus une région cérébrale integre de I'information a
I’état de repos, plus celle-ci est ciblée par le dépot de B-amyloides [BUCO09]. La DC est
également associée aux profils d’expression des genes ([FRE11] et [WOL11]). Au
cours de cette these j’ai démontré qu’une forte valeur de DC est corrélée a 'amplitude
d’activation au cours de la réalisation de taches langagieres, confirmant de fait son
support physiologique [LAB19].

J’ai calculé la sunnexité (BC : betweenness centrality, [RUB10]) au sens de
[OPS10] & laide de la librairie R “¢graph” [CSA06]. La BC d'une région est définie
comme le taux de participation de cette région parmi l'ensemble des plus courts
chemins entre une paire de sommets du graphe. La BC mesure la dépendance du réseau
a une région spécifique pour sa communication globale.

Finalement, & partir des valeurs de DC et de BC, il est possible d’identifier des
régions dites hubs. J’ai utilisé la définition du hub multi-criteres de Sporn [SPO07] et
de van den Heuvel [HEU10b]. Une région est un Aub si ses valeurs de DC et de BC

% La B-amyloide est une protéine se déposant sur les neurones, conduisant & la formation de
plaque qui vont bloquer la communication synaptique. Cette protéine a été mise en relation avec la
maladie d’Alzheimer [FINO7], bien que son role exact dans l'apparition et le développement de la
maladie ne soit pas connu.
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sont plus grandes que la moyenne plus une fois I’écart-type des valeurs de DC et de BC
de I’ensemble du graphe (Figure 28). Il a été montré qu’il existe un lien étroit entre le
débit sanguin cérébral mesuré en TEP et la topologie des réseaux cérébraux a 1’état de
repos [LIA13], offrant un support physiologique aux hubs. De méme, les hubs ont été
localisés dans des régions cérébrales ayant un taux élevé de métabolisme du glucose via
des mesures réalisées en TEP [TOM13]. Finalement, la caractéristique topologique

faisant d’une région cérébrale un iub semble étre associée a son expression génique

[FUL16].

régions cérébrale

arréte pondérée par
la mesure de connectivité
intrinseque

Figure 28 : Représentation du réseau de connectivité intrinseque cérébrale globale dans 1'espace
topologique. Graphe obtenu a partir de la matrice de la Figure 27 - A., sewillée pour ne conserver que les
5% des corrélations positives les plus €levées. Le réseau de sommels les plus conneclés entre eux (ou
rich-club) est ici mis en avant, les autres sommets ayant un niveaw de transparence plus é€leve. En jaune,
saumon et blew les hROIs du cortex associatif unimodal, hétéromodal et primaire respectivement (d’aprés
les résultats illustrés en Figure 11).

La théorie des graphes appliquée aux neurosciences offre également la
possibilité d’étudier les pathologies psychiatriques ou neurologiques comme la
schizophrénie ([BASO8] et [HEO8a]) ou la maladie d’Alzheimer ([SUPO08] et

[BUCO09]). Les conséquences de ces pathologies, telles que des déficits fonctionnels,
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peuvent alors étre associées a des perturbations de la topologie du réseau cérébral,
topologie mise en évidence par les mesures de théorie des graphes.

La théorie des graphes a également permis de mettre en avant I’agencement
complexe du cerveau via la mise en évidence de son organisation en réseau “petit
monde” (small-world, [BAS17b]) : d.e. un réseau ni totalement désordonné, ni
totalement régulier. Ce type de réseau est caractérisé par une tendance a contenir un
ensemble de sous-réseaux dont les connexions entre les régions qui les composent sont
presque completes : c’est-a-dire qu’une région d’un sous-réseau est connectée a
I’ensemble des autres régions de son sous-réseau. Un tel type d’organisation implique
que les sous-réseaux sont alors connectés entre eux par les régions hubs qui forment
donc entre elles un réseau dit rich-club™ ([HAGOS], Figure 28).

Une revue complete des possibilités offertes par la théorie des graphes appliquée
aux neurosciences est disponible dans [RUB10] et [BAS17]. Bertolero & Basset
proposent quant & eux une revue exhaustive concernant le caractére mécanistique™ des
explications offertes par la théorie des graphes en neuroscience et de quelle maniere
elles s'interjectent et contribuent aux explications classiques des neurosciences

[BER20].

0 Un réseau dit rich-club est formé par des régions hubs densément inter-connectées qui ont un
role central dans la diffusion efficace du flux d’information dans le réseau global.

" La mécanistique est une théorie philosophique qui considere que tout phénomene est le produit
des propriétés mécaniques de la matiere.

90



Partie 11

Atlas supramodal des réseaux du traitement de la
phrase et atlas hétéromodal des réseaux du
traitement de listes de mots
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L’objectif original de cette these est de construire des atlas de régions d’intéréts
des réseaux cognitifs latéralisés. Je présenterai plus particulierement les deux atlas du
langage que nous avons développés et qui ont été publiés.

Mon travail s’est basé sur une procédure “inverse” qui est fondée sur
'identification des régions & partir de leur implication au cours de taches et de
contrastes spécifiques d’un domaine donné de la cognition. Nous avons donc favorisé
une homogénéité fonctionnelle, obtenue a partir de I'activité évoquée par les taches, en
partant d’un a priori sur leur implication dans un domaine de la cognition, plutot que
sur une homogénéité du signal des ROIs. Définir les roles fonctionnels de ROIs & partir
d’activations évoquées obtenues chez les mémes sujets, tous cartographiés sur le méme
appareil d’IRM, offre une homogénéité et une sensibilité similaire a travers les sujets et
les différentes taches cognitives explorées.

Pour faire ce travail nous avons exploité la BIL&GIN [MAZ16], une base de
données qui offre la possibilité d’identifier les réseaux évoqués dans plusieurs domaines
de la cognition. Elle inclut en effet 300 témoins volontaires sains ayant été
cartographiés en IRMf pendant la complétion de 11 taches cognitives et pendant une
acquisition de repos. Parmi I’ensemble des participants de la BIL&GIN, nous avons
sélectionné les individus droitiers pour la construction des atlas, 1’équipe ayant
démontré leur homogénéité en termes de dominance de 1'hémisphere gauche pour le
langage ([MAZ14]% et [ZAG16]).

L’autre aspect méthodologique original de ce travail de these est la prise en
compte d’un élément essentiel de I’organisation cérébrale dans la construction des atlas
des réseaux du langage : la spécialisation hémisphérique. La spécialisation
hémisphérique se traduit par des asymétries d’activation qui sont le marqueur direct de
la spécialisation d’un hémisphere pour une fonction donnée. La spécialisation
hémisphérique est donc une relation d'interdépendance hémisphérique entre une
fonction motrice, sensorielle ou cognitive et un ensemble de structures cérébrales. Cette
interdépendance comprend a la fois la localisation dans un hémisphere donné des
réseaux qui ont des propriétés fonctionnelles uniques et les mécanismes qui permettent

la coordination inter-hémisphérique nécessaire pour un traitement efficace [TZO16b].

2 98% des droitiers ont leur hémisphére gauche dominant pour la production du langage
[MAZ14].
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Le cas le plus étudié est celui du langage : les asymétries gauches mesurées en IRMf
pendant les taches de langage sont en effet concordantes avec la mise en évidence de
I’hémisphere dit dominant pour le langage, c’est-a-dire ’hémisphere qui, lorsqu’il est
inactivé par son anesthésie au cours du test de Wada [WADG60], entraine une aphasie™
([DYMO1], [DROO0O4] et [MES14]). La contrainte d’identification de ROIs latéralisées
pour le langage sous-entend le calcul de leurs asymétries au cours des différentes
taches linguistiques regardées. Pour ce faire, nous avons utilisé les hROIs de I'atlas
AICHA qui permettent le calcul d’asymétries d’activations basées sur une organisation
homotope, c’est-a-dire de hROIs fonctionnellement équivalentes dans les deux
hémispheres [JOL15].

La connectivité intrinseque de I’état de repos permettant d’identifier et
caractériser I'organisation en réseaux sous-tendant les fonctions cognitives ([BIS95] et
[YEO11]), nous avons appliqué aux hROIs sélectionnées par les taches évoquées une
analyse de leur connectivité intrinseque. En effet cette méthode est efficace pour
caractériser I'organisation en réseaux des fonctions cognitives ([BIS95] et [YEO11]).
Cette approche nous a permis de distinguer, au sein des régions co-activées et
co-asymétriques, celles qui sont fonctionnellement connectées en un ou plusieurs
réseaux. Turken et Dronkers fournissent un exemple de ce concept appliqué au
domaine du langage en réalisant une analyse par seed des corrélations a I’état de repos
du gyrus temporal moyen (région dont les lésions sont associées a des troubles
aphasiques) et par ce biais mettent en avant un réseau d’aires connectées au repos
sous-tendant la compréhension du langage [TUR11]. De plus, et comme le souligne le
Pr. Bharat Biswal, I’étude de I'organisation des ROIs en sous-réseaux cérébraux (ici
les sous-réseaux du langage) contient des propriétés supplémentaires de celles obtenues
a partir des réseaux cérébraux identifiés & 'aide de la connectivité intrinseque de
I’ensemble du cerveau [BIS12]. Par ailleurs, les mesures de connectivité peuvent
fournir des informations essentielles sur la maniere dont les hROIs sont connectées

entre elles et sur leur organisation en réseau. Les méthodes d’analyse de graphe™

" Le terme "aphasie" désigne une perturbation du traitement du langage causée par une
dysfonction dans certaines régions du cerveau. Les troubles aphasiques incluent des difficultés ou une
impossibilité totale de la compréhension du langage et/ou de sa production, causée par des lésions
respectivement des régions du langage postérieures ou antérieures. [MESOO]

™ ¢f. Partie T - 3.3. La théorie des graphes comme outil pour la caractérisation topographique du
support anatomo-fonctionnel des réseaux cérébraux.
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appliquées a la connectivité intrinseque offrent ainsi la possibilité de caractériser une
région a travers son role topologique dans le réseau a laquelle elle appartient. Cette
caractérisation peut étre effectuée par l'identification de régions essentielles a un
réseau donné et donc essentielles a la ou les fonctions cognitives qu'elles soutiennent :

ce sont les hubs du réseau [SPOO07].

Cette approche originale, et multimodale, nous a permis a la fois de produire des
atlas mais également de caractériser les régions cérébrales sous-tendant les bases
anatomo-fonctionnelles de la latéralisation du langage et les relations entre activation

et connectivité.

1. SENSAAS : un atlas des aires supra-modales de la phrase

Labache, L., Joliot, M., Saracco, J., Jobard, G., Hesling, 1., Zago, L., ... &
Tzourio-Mazoyer, N. (2019). A SENtence Supramodal Areas AtlaS (SENSAAS)
based on multiple task-induced activation mapping and graph analysis of intrinsic
connectivity in 144 healthy right-handers. Brain Structure and Function, 224(2),
859-882.
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Abstract

We herein propose an atlas of 32 sentence-related areas based on a 3-step method combining the analysis of activation and
asymmetry during multiple language tasks with hierarchical clustering of resting-state connectivity and graph analyses. 144
healthy right-handers performed fMRI runs based on language production, reading and listening, both with sentences and
lists of over-learned words. Sentence minus word-list BOLD contrast and left-minus-right BOLD asymmetry for each task
were computed in pairs of homotopic regions of interest (hROIs) from the AICHA atlas. Thirty-two hROIs were identified
that were conjointly activated and leftward asymmetrical in each of the three language contrasts. Analysis of resting-state
temporal correlations of BOLD variations between these 32 hROIs allowed the segregation of a core network, SENT_CORE
including 18 hROIs. Resting-state graph analysis applied to SENT_CORE hROIs revealed that the pars triangularis of the
inferior frontal gyrus and the superior temporal sulcus were hubs based on their degree centrality (DC), betweenness, and
participation values corresponding to epicentres of sentence processing. Positive correlations between DC and BOLD
activation values for SENT_CORE hROIs were observed across individuals and across regions regardless of the task: the
more a SENT_CORE area is connected at rest the stronger it is activated during sentence processing. DC measurements in
SENT_CORE may thus be a valuable index for the evaluation of inter-individual variations in language areas functional
activity in relation to anatomical or clinical patterns in large populations. SENSAAS (SENtence Supramodal Areas AtlaS),
comprising the 32 supramodal sentence areas, including SENT_CORE network, can be downloaded at http://www.gin.cnrs.
fr/en/tools/.

Keywords fMRI - Left hemisphere - Sentence - Language production - Reading - Speech comprehension - Intrinsic
connectivity - Graph analysis - Right-handers - Resting-state
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Introduction

Defining language areas is a complex enterprise because
of the numerous possible approaches currently available to
identify language-related regions. The gold standard is to
consider that language areas correspond to regions wherein
lesions lead to aphasia. Even when limiting the definition
of language areas to that of essential language areas, dif-
ferent identification methods exist that provide various
kinds of information. Wada testing allows identification of
the hemisphere controlling language but does not provide
regional information (Wada and Rasmussen 1960). By con-
trast, surgical cortical stimulation studies have documented
left hemisphere language areas in large samples of patients
(Ojemann et al. 1989; Tate et al. 2014), but such mapping
of eloquent areas is still limited to the cortical regions avail-
able to the neurosurgeon and is conducted in patients having
potentially modified language organization. The probabilis-
tic mapping of lesions combined with fine-grained aphasic
patient evaluations of language performance have provided
the community with very accurate descriptions of essential
language areas (Dronkers and Ogar 2004; Dronkers et al.
2004) although this very important approach does not reveal
how these cortical areas are organized in networks. Because
each multiple cortical area altered by a given pathology is
not involved in the language deficit, the comprehensive iden-
tification of language areas from lesions is a complex issue
[see (Genon et al. 2018a, b) for a review].

Functional neuroimaging provides a way to map multiple
areas activated during the completion of various language
tasks in a large number of individuals. Furthermore, neuro-
imaging methodology is very efficient at compiling results
obtained in multiple laboratories across the world, thereby
allowing meta-analyses across laboratories that provide the
location of areas activated at an acceptable spatial resolu-
tion within a common normalization space for a variety of
language tasks. Similar to the results obtained with cortical
stimulation (Ojemann et al. 1989), meta-analyses of neuro-
imaging data have provided the landscape of the left hemi-
sphere cortical areas involved in language tasks in healthy
individuals, which covers nearly the entire hemisphere sur-
face (Price 2000, 2010, 2012; Vigneau et al. 2006).

@ Springer

Despite the vast amount of information obtained from the
methods cited above, an atlas of left hemisphere language
areas in healthy individuals having a typical left-hemisphere
dominance for language is still lacking, and with respect
to language areas, the absence of a consensus is clear. The
posterior part of the superior temporal gyrus and the supra-
marginal gyrus (Tomasi and Volkow 2012; Klingbeil et al.
2017) are phonological regions that can be found under the
label “Wernicke’s area”, while lesion-based studies (Dronk-
ers and Ogar 2004; Yourganov et al. 2015) as well as lesion
studies in association with activation studies (Saur et al.
2006) have shown deep aphasia associated with lesions of
the posterior region of the middle temporal gyrus and supe-
rior temporal sulcus (Binder 2015, 2017). There is greater
consistency concerning the location of frontal language
areas under the label of Broca’s area because its original
definition was anatomical. Most people define Broca’s area
as the pars triangularis of the inferior frontal gyrus (Clos
et al. 2013; Friederici and Gierhan 2013; Yourganov et al.
2015). However, the extent of Broca’s area in the left fron-
tal lobe varies, and the anterior insula (Baldo et al. 2011)
is sometimes added, as reviewed in Amunts (Amunts and
Zilles 2012). Moreover, posterior lesions can also lead to
Broca’s aphasia (Richardson et al. 2012), demonstrating
that these anterior and posterior language poles work tightly
together. This relation enhances the importance of networks
in cognitive processing, as defined by Fuster (Fuster and
Bressler 2012). An atlas of language areas and networks in
healthy individuals would thus be a useful tool, especially
when individual task-induced mapping is not available. This
atlas would be especially helpful for patients having difficul-
ties completing language tasks and for the exploration of
genetic language bases in large cohorts of individuals, in
cohorts targeting normal or pathological brains, including
those with developmental pathologies, and/or in individu-
als mapped for their anatomy and/or resting state while not
performing a language task (Thompson et al. 2017).

To elaborate such an atlas, increasing the specificity
for language areas is important because as uncovered by
lesion studies, not all areas revealed by task-induced acti-
vation studies are essential language areas. Components
of the task, such as monitoring, selecting, and holding the
instructions, as well as paralinguistic processing, such as
context, emotional and prosodic processing, are responsible
for activations that exceed the essential language areas of
the left hemisphere. The strong right-hemisphere activations
observed with functional imaging during various language
tasks have even led some authors to claim that neuroimaging
methods are not adequate to map language regions (Sidtis
2007). One way to overcome this issue is using appropri-
ate reference tasks. To discriminate language areas among
those involved in the completion of a given task, Binder has
suggested using well-designed reference tasks. The idea is
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to remove the non-specific or non-lateralized activations of
primary areas and/or executive regions by applying the dif-
ference paradigm (Binder 2011). Compared to a non-verbal
reference, the use of a verbal reference tasks allows left
hemisphere language areas to be specifically highlighted, as
shown by Ferstl’s meta-analysis (Ferstl et al. 2008). The use
of verbal reference tasks with functional magnetic resonance
imaging (fMRI) has proven to successfully measure activa-
tion asymmetry, a proxy of language dominance strongly
concordant with Wada testing. Note that this is true whether
hemispheric or regional asymmetry of activations is used for
the evaluation of language hemispheric dominance [review
in Dym et al. (2011)].

Thus, asymmetry represents an additional method for
increasing the specificity of identifying left hemisphere
language areas. Typical language organization, seen in 90%
of the healthy population (Mazoyer et al. 2014) and 97% of
healthy right-handers (Zago et al. 2017), is characterized by
a strong left hemisphere dominance, giving rise to regional
leftward asymmetries in fMRI. Adding to the detection of
activated areas (by comparison to a high-level verbal refer-
ence task), a criterion based on leftward asymmetry would
certainly increase the specificity of identifying left hemi-
sphere language areas.

Another difficulty in identifying essential language areas
with functional imaging is the fact that different tasks lead
to different patterns of activation. One way to overcome this
difficulty is to combine several language tasks in the same
participant and apply conjunction analyses to unravel the
activated and asymmetrical regions independent of the type
of task or modality involved (Papathanassiou et al. 2000;
Jobard et al. 2007; Dodoo-Schittko et al. 2012).

Finally, the task-induced approach does not provide any
information on how the different activated areas are organ-
ized. The co-activation of a group of regions does not indi-
cate that they are all strongly functionally connected and
thus constitute a network. Resting-state intrinsic connectiv-
ity has proven to be capable of identifying the organization
of brain networks underpinning cognitive functions. A good
illustration of this concept is provided by Turken and Dronk-
ers, who conducted correlation analysis in resting-state
images of healthy participants using the posterior middle
temporal gyrus region as the seed (Turken and Dronkers
2011). In this work, this seed region was selected because
its lesion was associated with strong comprehension deficits
in aphasics, and its location was previously identified by
probabilistic lesion mapping (Dronkers et al. 2004). Using
this approach, Turken et al. revealed a network of areas con-
nected at rest that support speech comprehension in healthy
individuals. Investigating intrinsic connectivity would thus
be an interesting means to investigate the networks exist-
ing at rest among the areas activated during language tasks.
Connectivity measures can provide essential information on

how regions are connected and how they are organized in
networks. Graph analysis methodology applied on resting-
state connectivity also permits the measurement of the con-
nectivity strength of each region with all other regions of a
given network to which it belongs, thereby characterizing its
role in the network. In particular, identifying the topological
roles of the regions is possible, i.e., identifying hubs, regions
essential to a given network and therefore essential to the
cognitive function(s) they support (Sporns et al. 2007).

To propose an atlas of left hemisphere high-order lan-
guage areas, we first combined multiple-language fMRI
task-induced activation mapping and conjunction analysis
to select a set of both activated and leftward asymmetrical
areas during sentence processing. Second, we clustered the
regions identified in the first step into networks based on
their intrinsic connectivities at rest. Third, we applied graph
analysis to characterize the roles of the regions in communi-
cation within and across networks. To this end, we utilized
BIL&GIN, a database dedicated to the study of hemispheric
specialization (Mazoyer et al. 2015), and selected 144 right-
handers who were mapped during sentence production, read-
ing and listening tasks compared to the production, reading
and listening of lists of words, respectively. All but six par-
ticipants were also mapped during the resting state. Most
investigations of the resting-state and task-induced activation
networks have relied on whole-brain comparisons between
the functional connectivities measured in these two con-
ditions [review in Wig (2017)], although they correspond
to very different physiological states (Raichle and Mintun
2006; Raichle 2015). Here, we aimed to find resting-state
markers of left hemisphere activation in discrete language
areas to provide a comprehensive tool for further research
on the inter-individual variability of language areas. Such
markers of language activation are likely to be of interest
for studies in which no task-induced activations are docu-
mented but instead include a resting-state acquisition. Con-
sequently, we used homotopical regions of interest (hROIs)
from the AICHA atlas, a functional atlas obtained from
intrinsic connectivity analysis (Joliot et al. 2015). We used
AICHA hROIs because (1) we needed an atlas suitable for
functional imaging and, in that respect, AICHA, which was
elaborated from resting-state connectivity, is optimal for
analysing functional data; (2) AICHA has been specifically
designed to identify functionally homotopic regions of inter-
est, enabling the accurate computation of functional asym-
metries since it avoids the potential bias that anatomical and
functional areas do not strictly overlap. The different sets of
hROIs corresponding to the supramodal sentence processing
areas of the proposed atlas (SENSAAS) are available in the
Montreal Neurological Institute (MNI) space at http://www.
gin.cnrs.fr/en/tools/.
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Materials and methods
Participants

From the BIL&GIN database, we selected 144 healthy
right-handers (72 women) who completed the fMRI battery,
including several language tasks (Mazoyer et al. 2015). The
sample mean age was 27 years (SD =6 years), and the women
were two years younger than the men (women 26 +5; men:
28 +7, p=0.053). The mean educational level of the partici-
pants was 16 years (SD = 6 years), with no significant differ-
ence between the men and women (p > 0.05). All participants
reported themselves as right-handed; their mean normalized
finger tapping test asymmetry ([(right number of taps — left
number of taps)/(left + right number of taps)] x 100) was
6.25 (SD = 4.3), and their mean Edinburgh score was 93.5
(SD = 11), confirming their right-handedness. There was no
difference between gender for the Edinburgh score (p=0.47),
although there was a slightly stronger rightward manual later-
ality in women (finger tapping test asymmetry in women: 6.9
+ 3.8; men: 5.7 + 4.7, p=0.08, controlling for age).

Of these participants, 138 (mean age 27 years
(SD = 6 years), 68 women) also completed a resting-state
fMRI (rs-fMRI) acquisition lasting 8 min. Note that this
resting-state acquisition was performed on average 9 months
(SD = 9.6 months) before the language task acquisition in all
but five cases. In these five cases the resting-state acquisition
occurred approximately 1 year after the language session
[range (11.2-13.8) months].

Image acquisition and processing
Structural imaging

Structural images were acquired using the same 3T Philips
Intera Achieva scanner including high-resolution T1-weighted
volumes (sequence parameters: TR, 20 ms; TE, 4.6 ms; flip
angle, 10°; inversion time, 800 ms; turbo field echo factor,
65; sense factor, 2; field of view, 256 X256 x 180 mm?; iso-
tropic voxel size 1 x 1 x 1 mm?). For each participant, the line
between the anterior and posterior commissures was identi-
fied on a mid-sagittal section, and the T1-MRI volume was
acquired after orienting the brain in the bi-commissural coor-
dinate system. T2*-weighted multi-slice images were also
acquired [T2*-weighted fast field echo (T2*-FFE), sequence
parameters: TR =3,500 ms; TE =35 ms; flip angle=90°; sense
factor=2; 70 axial slices; 2 X2 x 2 mm> isotropic voxel size].

Task-induced functional imaging

Training To ensure proper task execution, the participants
were trained outside the scanner in the hour preceding the
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fMRI session. The training used stimuli that were of the
same nature but different from those used during the fMRI
session.

Language tasks Three runs were administered to the par-
ticipants. They included a sentence task involving phono-
logical, semantic, prosodic and syntactic processing and a
word-list reference task, a less complex, albeit high-level,
verbal task. To achieve homogeneity in the sentence task
material, 51 line drawings illustrating the stories of ‘Le petit
Nicolas’ (Little Nicholas), a classic French children’s series,
were used. The three tasks consisted of a randomized alter-
nation of event-related trials devoted to sentence process-
ing, with event-related trials devoted to the verbal reference
task, i.e., lists of words. The drawings used for the refer-
ence task were scrambled versions of the line drawings, and
the stimuli presented either orally or visually were lists of
months, days and/or seasons. Within each trial, the subject
was shown either a line drawing or a scrambled drawing
for 1 s, immediately followed by a central fixation cross-
hair. While fixating the cross, the subject performed either
the sentence task or the word reference task. Once the task
was completed, a low-level reference task, detecting the
transformation of a centrally displayed cross into a square,
was presented. When the subjects detected this change, they
were asked to press a button with their index finger of the
assigned hand. The square was then displayed until the end
of the trial. This second part of the trial, which lasted at least
half of the total trial duration, aimed at refocusing the sub-
ject’s attention to a non-verbal stimulus and controlling for
manual motor response activation, which was also present
in the first part of the trial. A 12-s presentation of a fixation
crosshair preceded and followed the first and last trial. Note
that except during the drawings display, the subjects were
asked to keep fixating the cross, and the star and square were
then presented on the centre of the screen.

Sentence and list of word production tasks During the
production run, after seeing a Little Nicholas line drawing,
the subject was instructed to covertly generate a sentence
beginning with a subject (The little Nicholas..., The gentle-
man...) and a complement (with his satchel..., in shorts...,
with glasses...), followed by a verb describing the action
taking place and ending with an additional complement
of a place (in the street..., in the playground..., on the
beach...) or a manner (with happiness..., nastily...). When
a scrambled drawing was displayed, the subject was asked
to covertly generate the list of the months of the year. The
production paradigm randomly alternated ten 18-s trials of
sentence generation with ten 18-s trials of generating the list
of months. The response time limit, indicated by the trans-
formation of the cross in a star, was 9 s, including the 1-s
drawing display. The entire experimental run lasted 6 min
and 24 s. The mean sentence production time was 5617 ms
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(SD = 935 ms), while the mean duration of word-list pro-
duction was 5249 ms (SD = 1131 ms).

Sentence and list of word-listening tasks When a Lit-
tle Nicholas line drawing was displayed, the subject was
instructed to carefully listen to a sentence dealing with the
line drawing and click at the end of the sentence. For the
LISN, when a scrambled drawing was displayed, he/she was
instructed to listen to the list of the months, days of the week
and/or seasons and click at the end of the list.

The paradigm consisted of a randomized alternation of
thirteen 14-s sentence-listening trials with thirteen 14-s list-
listening trials. The mean durations of auditory presentation
were 4371 +468 ms for the sentences and 4386 +484 ms
for the lists. The entire experimental run lasted 6 min and
28 s. The reaction times after sentence and list listening
were 387 ms (SD = 125 ms) and 478 ms (SD = 97 ms),
respectively.

Sentence and list of word-reading tasks Like in the other
two tasks, when a line drawing was displayed, the subject
was instructed to read a sentence based on the line draw-
ing. When a scrambled drawing was displayed, he/she was
instructed to read the list of months, days of the week and/
or seasons.

The paradigm consisted of a randomized alternation of
thirteen 14-s sentence-reading trials with thirteen 14-s list-
reading trials. The entire experimental run lasted 6 min and
28 s. The average time for reading sentences was 3729 ms
(SD = 567 ms), while reading the lists of words required
4412 ms (SD = 602 ms).

Debriefing the fMRI tasks Right after the fMRI sessions, the
participants were asked to rate the difficulty of the task on a
five-point scale (1-easy to 5-very difficult) and answer some
debriefing questions about how they accomplished the task.

The production task had the highest task difficulty score
reported by the participants (2.73), while the reading and
listening tasks had low scores (1.14 and 1.20, respectively).
All participants were able to recollect the sentence they pro-
duced when presented with the corresponding drawing for
at least 5 of 10 images (mean = 9.43 images, SD = 0.96),
with the mean number of words per sentence being 12.4
(SD =2).

Functional image acquisition

The functional volumes were acquired as T2*-weighted
echo-planar EPI images (TR=2 s; TE=35 ms; flip
angle =80°; 31 axial slices with a 240 x 240 mm? field of
view and 3.75 % 3.75 x 3.75 mm? isotropic voxel size). In the
three runs, 192, 194 and 194 T2*-weighted volumes were
acquired for the sentence production, listening and reading
tasks, respectively.

Resting-state functional imaging (rs-fMRI)

Spontaneous brain activity was monitored for 8§ min (240
volumes) using the same imaging sequence (T2*-weighted
echo-planar images) as that used for the language tasks.
Immediately prior to rs-fMRI scanning, the participants
were instructed to “keep their eyes closed, to relax, to refrain
from moving, to stay awake and to let their thoughts come
and go”.

Image analysis

Functional imaging analysis common to task-induced
and resting-state acquisitions For each participant, (1) the
T2*-FFE volume was rigidly registered to the T1-MRI; (2)
the T1-MRI was segmented into three brain tissue classes:
grey matter, white matter and cerebrospinal fluid; and (3)
the T1-MRI scans were normalized to the BIL&GIN tem-
plate including 301 volunteers from the BIL&GIN database
(aligned to the MNI space) using the SPM12 “normalise”
procedure with otherwise default parameters.

For each of the three fMRI runs, data were corrected for
slice timing differences. To correct for subject motion during
the runs, all the T2*-weighted volumes were realigned using
a six-parameter rigid-body registration. The EPI-BOLD
scans were then registered rigidly to the structural T2*-FFE
image. The combination of all registration matrices allowed
for warping the EPI-BOLD functional scans to the standard
space with a single trilinear interpolation.

Specific task-induced functional imaging analysis First,
a 6-mm full width at half maximum (Gaussian filter) was
applied to each run. Global linear modelling (statisti-
cal parametric mapping (SPM), http://www.fil.ion.ucl.
ac.uk/spm/) was used for processing the task-related fMRI
data. For each participant, BOLD variations correspond-
ing to each sentence versus the list belonging to the same
run were computed [sentence minus word-list produc-
tion (PRODggnt.worp)> Sentence minus word-list reading
(READggnT-worp)s and sentence minus word-list listen-
ing (LISNggnt.worp)]- Finally, contrast maps (defined at
the voxel level) were subjected to hROI analysis. BOLD
signal variations were measured in 192 pairs of function-
ally defined hROIs of the AICHA atlas (Joliot et al. 2015)
adapted to SPM12, excluding 7 hROIs pairs belonging to
the orbital and inferior temporal parts of the brain in which
signals were reduced due to susceptibility artefacts. For
each participant, we computed contrast maps of the three
language conditions. We then calculated the right and left
hROI BOLD signal variations for each of the 185 remaining
pairs by averaging the contrast BOLD values of all voxels
located within the hROI volume.

@ Springer



864

Brain Structure and Function (2019) 224:859-882

Specific analysis of resting-state functional images Time
series white matter and cerebrospinal fluid (individual aver-
age time series of voxels that belonged to each tissue class)
and temporal linear trends were removed from the rs-fMRI
data series using regression analysis. Additionally, rs-fMRI
data were temporally filtered using a least squares linear-
phase finite impulse response filter design bandpass (0.01—
0.1 Hz).

For each participant and hROI (the same 185 homotopic
ROIs as those used in the task-induced analysis), an indi-
vidual BOLD rs-fMRI time series was computed by averag-
ing the BOLD fMRI time series of all voxels located within
the hROI volume.

Part 1: Identification and characterization
of hROIs exhibiting both leftward activation
and leftward asymmetrical activation in all
three tasks

To complete the identification of high-order language areas,
we first searched for hROISs that were both significantly co-
activated and significantly leftward asymmetrical on aver-
age among the 144 participants during the PRODgpnt.worD»
READggnt.worp, @nd LISNgentworp tasks.

Statistical analysis
hROI selection

Using JMP14 (http://www.jmp.com, SAS Institute Inc.,
2018), conjunction analysis was conducted to select the left-
hemisphere hROIs exhibiting BOLD signal variations that
were both significantly positive and significantly larger than
that in their right counterparts in all three tasks. An hROI
was selected whenever it was significantly activated in each
of the three task contrasts using a significance threshold set
to p <0.05 per contrast. The significance threshold for the
conjunction of activation in the three tasks was thus 0.05 x 0.
05%0.05=1.25x107*. The second criterion for hROI selec-
tion was the existence of a significant leftward asymmetry in
each of the three task contrasts, the threshold of significance

of this second conjunction being again 1.25x 10~*. Finally,
since to be selected, a given hROI had to fulfil both criteria,
the overall significance threshold for the conjunction of con-
junction analyses was 1.5x 1078 =(1.25x 1042,

Results
hROI selection

Among the 80 hROIs jointly activated in the 3 contrasts
(Table 1), 46 also showed joint asymmetries. In total, 32
hROIs showed both joint activation on the left and joint
asymmetry (Fig. 1; Table 2).

On the lateral surface of the left frontal lobe, the regions
having both joint activation and leftward asymmetry dur-
ing the three language tasks covered the left inferior frontal
gyrus (pars triangularis: F3t and pars opercularis: F301),
the adjacent inferior frontal sulcus (f2_2), the junction of
the middle frontal gyrus with the precentral sulcus (prec4),
and the upper part of the precentral sulcus (prec3) located
dorsally to prec4. The medial part of the superior frontal
gyrus (F1_2), the upper paracentral gyrus (pCENT4), and
the pre-superior motor areas (SMA?2 and SMA3) were also
part of these areas in the medial frontal lobe. Two hROIs
were located within the anterior insula (INSa2 and INSa3),
while the INSal hROI was located medially and ventrally
close to the amygdala. On the lateral surface of the temporal
lobe, the hROIs overlapped the entire length of the superior
temporal sulcus (STS2, STS3 and STS4), extending to the
temporal pole anteriorly (STS1), to the superior temporal
gyrus dorsally (T1_4), to the supramarginal (SMG7) and
angular gyri (AG2) posteriorly, crossing the middle temporal
gyrus (T2_3 and T2_4) and joining the inferior temporal
gyrus (T3_4), the inferior occipital gyrus (O3_1), and ven-
trally the fusiform gyrus (FUS4). Regions located within
the hippocampus (HIPP2), parahippocampal gyrus (pHIPP1)
and amygdala (AMYG) were also part of the selected areas.
In the posterior medial wall, the dorsal part of the precuneus
(PRECU6) together with the posterior cingulum (CINGp3)
were selected using this approach. Sub-cortical areas jointly
activated and leftward asymmetrical during the three tasks

Table 1 Results of conjunction
analyses across each sentence
minus word-list contrasts for

L activation L asymmetry Conjunction of

activation and asym-

. metry
production (PRODggnt.worp)-
listening (LISNggnr.worp) and PRODxr worD 133 93 75
reading (READsgxr.worp) LISN 116 73 64
tasks in terms of the number of SENT-WORD
hROIs READgeNt.woRD 97 60 43
Conjunctions of 3 contrasts 80 46 32

Numbers of hROIs with significant left activation, leftward asymmetry or conjunction of activation and
asymmetry for the three “sentence minus word” contrasts
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pCENT4

Fig.1 Locations of the 32 hROIs co-leftward activated and co-left-
ward asymmetrical during the completion of 3 sentence minus word-
list tasks by 144 healthy right-handers and corresponding networks
after hROI clustering based on resting-state connectivity. a Left lat-
eral view of 3D surfaces rendering the 32 hROIs on the BIL&GIN
display template in the MNI space with Surf Ice software (https:/
www.nitrc.org/projects/surfice/). b Representation of hROIs on left

hemisphere axial slices from the BIL&GIN display template; the
hROI numbers correspond to the z-axis in the MNI space. ¢ Lateral
and medial views of the three identified networks. SENT_CORE net-
work: red, SENT_MEM: light blue and SENT_VISU: green. Cor-
respondences between the abbreviations and the full names of the
AICHA atlas can be found in Table 2
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Table2 Names and abbreviations of the 32 hROIs showing joint
left activation and left asymmetry during the three sentences minus
word-list contrasts for production (PRODggnrworp)s listening

(LISNggnt-worp) and reading (READgpyrworp) tasks; the network
label to which they were clustered; and their coordinates in MNI
space after SPM12 normalization of the AICHA atlas

AICHA hROI name Abbreviation Cluster X (mm) Y (mm) Z (mm)
Frontal and insula S_Precentral-3 prec3 SENT_MEM —18.2 —-8.7 69.3
S_Precentral-4 prec4 SENT_CORE —42.2 0.7 499
G_Frontal_Sup-2 F1.2 SENT_CORE -11.9 46.5 414
S_Inf_Frontal-2 2.2 SENT_CORE —43.1 14.8 29.4
G_Frontal_Inf_Tri-1 F3t SENT_CORE —-494 25.6 4.7
G_Frontal_Inf_Orb-1 F301 SENT_CORE —-42.2 30.5 -16.9
G_Insula-anterior-1 INSal SENT_VISU —-20.3 5.0 —-19.3
G_Insula-anterior-2 INSa2 SENT_CORE —-33.8 16.8 —-12.7
G_Insula-anterior-3 INSa3 SENT_CORE -33.7 23.7 0.6
Temporal and parietal G_Temporal_Sup-4 T1_4 SENT_CORE —58.7 -233 3.7
G_Temporal_Mid-3 T2 3 SENT_CORE -61.0 -35.0 -4.8
G_Temporal_Mid-4 T2 4 SENT_CORE -53.1 -59.4 7.0
G_Temporal_Inf-4 T3_4 SENT_VISU -50.0 —-60.6 -7.6
S_Sup_Temporal-1 STS1 SENT_CORE —-49.7 14.0 -21.5
S_Sup_Temporal-2 STS2 SENT_CORE -54.9 -7.2 —-12.8
S_Sup_Temporal-3 STS3 SENT_CORE —-54.7 -33.0 -1.7
S_Sup_Temporal-4 STS4 SENT_CORE -56.5 —-48.4 13.4
G_SupraMarginal-7 SMG7 SENT_CORE -55.2 -51.7 25.5
G_Angular-2 AG2 SENT_CORE -375 -70.4 39.5
G_Occipital_Inf-1 03_1 SENT_VISU —-48.4 -69.0 —43
G_Fusiform-4 FUS4 SENT_VISU —-43.1 —49.8 -17.4
G_ParaHippocampal-1 pHIPP1 SENT_VISU —-15.7 —-4.0 —184
G_Hippocampus-2 HIPP2 SENT_MEM -249 -325 -2.7
Internal surface G_Supp_Motor_Area-2 SMA2 SENT_CORE —-10.6 18.2 63.1
G_Supp_Motor_Area-3 SMA3 SENT_CORE -72 7.6 65.6
G_Paracentral_Lobule-4 pCENT4 SENT_MEM —-6.4 —-29.2 75.9
G_Cingulum_Post-3 CINGp3 SENT_MEM -5.1 —-42.9 10.0
G_Precuneus-6 PRECU6 SENT_MEM —-74 -61.3 64.1
Sub-cortical N_Amygdala-1 AMYG SENT_VISU -219 -04 —11.5
N_Thalamus-4 THA4 SENT_MEM -32 —14.4 8.4
N_Putamen-2 PUT2 SENT_VISU —-233 6.3 0.8
N_Putamen-3 PUT3 SENT_VISU —28.0 -6.3 1.8

covered almost the entire putamen (PUT2 and PUT3) and a
thalamic hROI located medially (THA4).

Part 2: Identification of networks based

on the resting-state connectivity matrix

of the 32 hROIs co-activated and co-leftward
asymmetrical during the 3 sentence

minus word-list tasks

In a second step, we investigated the intrinsic functional
organization of the 32 hROIs selected in the first step. We
computed the intrinsic connectivity matrix between these 32
hROIs for the subsample of 138 right-handed participants
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who completed a resting-state acquisition. We completed a
hierarchical clustering analysis of this intrinsic connectivity
matrix to identify temporally coherent networks within this
set of hROIs.

Methods
Calculation of the intrinsic connectivity matrix

An intrinsic connectivity matrix was calculated for each of
the 138 individuals and for each of the 496 possible pairs
of hROIs (N X (N—1))/2, with N=32). The intrinsic con-
nectivity matrix off-diagonal elements were the Pearson
correlation coefficients between the rs-fMRI time series of
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the hROI pairs. The intrinsic connectivity matrix diagonal
elements were set to zero because no information on the cor-
relation for a specific hROI with itself exists (Rubinov and
Sporns 2010). The individual intrinsic connectivity matrix
was then Fisher z-transformed before being averaged over
the subsample of 138 individuals, thereby producing a mean
intrinsic connectivity matrix.

Identification and characterization of networks

The agglomerative hierarchical cluster analysis (aHCA)
method was applied to extract brain networks from this
mean intrinsic connectivity matrix. We first transformed
the Pearson correlation (r,-,j) between hROI i and hROI j
into a distance (di)j) using the equation dl-’j: (1- ri,j)/Z, as
in Doucet et al. (2011), resulting in a 32 x 32 dissimilarity
matrix. According to Lance and Williams (1979), the pre-
vious equation is “unequivocally the best” to transform a
correlation into a distance on real data sets. Finally, we used
an agglomerative hierarchical clustering algorithm [aHCA,
(Sneath and Sokal 1973)] for clustering and the Ward dis-
tance (Ward 1963) for aggregating the different hROIs into
clusters. The number of clusters (networks) was determined
using the R library NbClust (Charrad et al. 2014). This
package provides 30 statistical indices for determining the
optimal number of clusters and proposes the best clustering
scheme from the different results obtained by varying all
combinations of number of clusters for the chosen method,
in this case, aHCA with Ward’s distance. We chose the num-
ber of clusters that fulfilled a maximum of indices.

To characterize each network, we calculated its mean
volume activation for each task contrast as the sum of the
activations of all hROIs composing the network weighted by
their individual volume and then divided by the sum of their
volumes. The same computation was performed for the right
hemisphere equivalent of each network, which was then used
for computing the left-minus-right asymmetry of each net-
work activation. We then compared activation amplitude and
asymmetry values across networks and across tasks using a
mixed-model ANOVA.

Reliability of the network identification across individuals

We used multiscale bootstrap resampling (Efron et al. 1996)
to assess the reliability of the identification of each cluster.
In total, 10,000 multiscale bootstrap resampling datasets,
including 50-140% of sample data from the 138 participants,
were processed. Applying the R package “pvclust” (Suzuki
and Shimodaira 2006) function to the multiscale bootstrap
resampling outputs, we measured the approximately unbi-
ased (AU) p value for each cluster. The AU p value for a
network, the probability of this network occurring among
the 138 participants, indicates the network’s reliability.

Robustness of the networks identification with respect
to the clustering method

We also assessed the robustness of the clustering method
by comparing its output to those of three other clustering
methods: aHCA with the average distance method (instead
of Ward’s), Gaussian mixture model, and k-means (see sup-
plementary material). Gaussian mixture modelling was
conducted with the “Rmixmod” package with Normalized
Entropy Criterion to find well-separated clusters and with
a Gaussian model with diagonal variance matrices (Lebret
et al. 2015).

We then compared the four different partitions through
the adjusted Rand index (Hubert and Arabie 1985) allow-
ing to get a similarity measure between two different clas-
sifications, an adjusted Rand index of 1 indicating similar
partitions.

Temporal correlation across networks and significance

To compute the mean intrinsic functional correlations
between two networks, we used the same methodology as
that used to compute the mean intrinsic connectivity matrix
(see above).

First, for each individual and for each network, we com-
puted the corresponding rs-fMRI time series by averaging
the individual resting time series of all voxels of all hROIs
belonging to this network.

Then, for each individual, we computed the Pearson cor-
relation coefficients between all pairs of networks that we
further Fisher z-transformed. Finally, each of these z-trans-
formed coefficients was averaged across the sample of 138
individuals, providing a mean intrinsic functional correla-
tion (r) for each pair of networks. We assessed the signifi-
cance of each of these mean intrinsic functional correlations
compared to 0 using a non-parametric sign test at the 0.05
significance level (Bonferroni correction for the number of
network pairs).

Results
Identification and characterization of networks

Hierarchical clustering analysis revealed three networks
from the selected set of 32 hROIs (Fig. 2).

SENT_CORE network The first network (Fig. 1c, red), termed
SENT_CORE, was composed of 18 hROIs and was the most
distant from the 2 others in terms of inertia. SENT_CORE
included all lateral and medial hROIs of the frontal lobe,
apart prec3, pCENT4 and anterior insula INSa2 and INSa3.
SENT_CORE also included all temporal and parietal hROIs
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of the lateral surface, except T3_4, which was aggregated
with the network gathering visual hROIs.

‘We named this network SENT_CORE because it included
essential sentence processing regions, as further described
below. SENT_CORE was the largest network in terms of
volume, as it was 9.2 times larger than SENT_MEM and 3.4
times larger than SENT_VISU (Table 3).

SENT_VISU network This group of clusterized areas
included the inferior temporal and occipital gyri laterally
(T3_4, 03_1); the mid-fusiform (FUS4) ventrally; the par-
ahippocampal region; the amygdala (AMYG) and INSal,
close to the amygdala medially (Fig. 1c, green); and the two
hROIs of the putamen (PUT2 and PUT3). We labelled it

A1.2*

0.8

93%

SENT_VISU because it aggregated four hROIs acknowl-
edged as involved in visual processing.

SENT_MEM network This network (Fig. lc, light blue)
included three regions of the medial wall—the paracentral
gyrus (pCENT4), the precuneus (PRECU6) and the poste-
rior cingulate (CINGp3)—and the posterior part of the hip-
pocampus (HIPP2) as well as one frontal area at the upper
end of the precentral sulcus (prec3) and the THA4 hROI
located medially in the thalamus. We named it SENT_MEM
because these posterior areas belong to both the posterior
regions of the DMN involved in the posterior hippocampus
in episodic memory, as further discussed below.

B1.2*

0.8

Inertia

0.6 - ‘

61%

73%

0.4

0.2

Fig.2 Results of the agglomerative hierarchical cluster analysis
method. a Dendrogram of aHCA of the mean intrinsic connectivity
matrix (SENT_CORE network: red, SENT_MEM: light blue, SENT_
VISU: green). Approximately unbiased p values are indicated for

0.6

0.4

0.2

T T T T T T T
0 5 10 15 20 25 30

Number of clusters

each identified network. b Scree plot of aHCA of the mean intrinsic
connectivity matrix. For both graphs, the red horizontal line corre-
sponds to the threshold applied to select the number of networks

Table 3 Mean volumetric activation (and standard deviation) of the four language networks in each sentence minus word-list contrast for pro-
duction (PRODggnr.worp)- listening (LISNggnt.worp) and reading (READgpyt.worp) tasks in 144 healthy right-handers

Volume (mm?) Left activation

Leftward asymmetry

PROI)SENT—WORD LISNSENT—WORD READSENT»WORD

P RODSENT—WORD LISN SENT-WORD READ SENT-WORD

SENT_CORE 83,232 0.73+0.31 0.43+0.20
SENT_MEM 9024 0.40+0.36 0.28+0.23
SENT_VISU 24,368 0.37+0.27 0.30+0.17

0.55+0.26 0.41+0.22 0.25+0.14 0.28+0.19
0.21+0.26 0.11+0.17 0.08+£0.12 0.07+0.14
0.25+0.21 0.16+0.13 0.11+0.08 0.12+0.10

The mean volumetric activation for a network was calculated from the sum of the activations of the hROIs comprising the network weighted by

their individual volumes and then divided by the volume of the network

@ Springer



Brain Structure and Function (2019) 224:859-882

869

Profile comparisons between networks

In terms of mean voluminal activity (Table 3), ANOVA
revealed a significant network effect, a task effect and
a network X task interaction (all post hoc Tukey’s HSD:
p<107%).

The interaction occurred because while in SENT_CORE,
there was greater activation in PROD, followed by READ
and then by LISN (all p <107, SENT_MEM and SENT_
VISU had different profiles. Although the greatest activa-
tion values were also observed during PROD (all p <0.003),
activation values were significantly higher during LISN than
during READ in both networks (SENT_VISU: p=0.01;
SENT_MEM: p=0.0067).

ANOVA on asymmetries also revealed a significant net-
work effect, a task effect and a network X task interaction
(all post hoc Tukey’s HSD: p < 107%). The interaction was
due to different profiles of asymmetry in SENT_CORE than
in the two other networks. In SENT_CORE, the profile of
asymmetries was the same as that of activation: larger in
PROD, followed by READ and then by LISN (all post hoc
Tukey’s HSD: p < 107). In SENT_VISU, the asymmetry
during PROD was slightly larger than that during READ
(SENT_VISU: p=0.0005; SENT_MEM: p=0.01) and
larger than that during LISN (p =0.0001). In addition, there
was no difference in asymmetry between PROD and LISN
in SENT_MEM (p=0.075) and no difference in asymme-
try between READ and LISN in SENT_VISU (p =0.52) or
SENT_MEM (p =0.25). The task main effect was related to
larger asymmetries in PROD and the network main effect to
larger asymmetries in SENT_CORE (all p <0.0001).

Assessing the reliability of the identification of 3 networks
across individuals in the 138 participants

The AU p values provided by the multiscale bootstrap resa-
mpling method showed that each network of the first parti-
tion was reliable at levels of 93%, corresponding to SENT_
CORE on one side and to the SENT_VISU and SENT _MEM
on the other side (Fig. 2). However, for the second partition,
SENT_VISU and SENT_MEM were reliable at 73% and
61%, respectively, indicating a lower reliability.

Robustness of the identified networks with respect
to the clustering method

The SENT_CORE network was identified by all 4 cluster-
ing methods, including at least 13 of the 18 hROlIs initially
found with the aHCA method using Ward’s distance (see
supplementary Table 1). The aHCA method using the aver-
age distance metric led to an adjusted Rand index of 1, indi-
cating a clustering similar to that achieved using the aHCA
method with Ward’s distance. Comparing the Gaussian

Mixture Model and aHCA methods led to an adjusted Rand
index of 0.76, indicating two highly similar partitions. Com-
paring the aHCA and k-means methods led to the lowest
adjusted Rand index of 0.43.

Only one hROI of SENT_CORE (AG2) was segregated
in SENT_MEM by Gaussian mixture modelling and by
k-means, while all 17 other hROIs were classified together
by all clustering methods but k-means (supplementary
Table 1), although PUT3 joined SENT_CORE accord-
ing to Gaussian mixture modelling. k-means classified
INSa3, T2-4, T1-4 and f2-2 in SENT_VISU rather than in
SENT_CORE.

Only prec3 was classified in SENT_VISU rather than
SENT_MEM with both Gaussian mixture modelling and
k-means, while pHIPP1 shifted from SENT_VISU to
SENT_MEM only with k-means.

Temporal correlation across networks and significance

The chord diagram shown in Fig. 3 describes the average
correlations between each pair of hROIs in the three net-
works. Strong and highly significant negative mean intrinsic
correlations were found between SENT_CORE and SENT _
MEM (R = —0.27; 92.03% of the participants showed a
negative correlation, p < 10™%), and a positive correla-
tion was present between SENT_MEM and SENT_VISU
(R=0.058, 62.32% of the participants showed a positive cor-
relation, p=0.0024), while there was no significant correla-
tion between SENT_CORE and SENT_VISU (R=-0.037;
56.52% of the participants showed a positive correlation,
p=0.074).

Part 3: Graph theory analysis of the SENT_
CORE network

We applied graph theory analysis to the SENT_CORE hROI
pairwise correlation matrix, including only positive correla-
tions since the inclusion of negative correlations in graph
theory analysis remains controversial (Rubinov and Sporns
2010). Note that the graph theory analysis of intra-network
communication was completed for only SENT_CORE, as
the other two networks had too few nodes.

Statistical analysis

Identification of hubs using graph analysis metrics
of the networks

Measurements of weighted centrality We measured the
degree centrality (DC) of the hROIs composing the SENT_
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Fig.3 Chord diagram of the
temporal correlation across
each hROI composing the
three networks averaged in the
whole group. Abbreviations
for hROIs of the AICHA atlas
can be found in Table 2 (colour
scale goes from red for positive
correlation to blue for negative
correlations, and the line width
indicates the strength of the
correlation)

CORE network, corresponding to the sum of the strength of
the positive correlation of each node (hROI). DC can thus be
interpreted as the amount of information that a given hROI
receives from the hROIs to which it is directly connected,
i.e., the DC measures the importance of a given hROI within
its network according to the number and strength of interac-
tions it undergoes with the other hROIs.

The betweenness centrality (BC) was also measured for
SENT_CORE as defined by Opsahl et al. (2010). The BC of
an hROI can be interpreted as the participation rate of that
hROI in the set of shortest paths between any pair of nodes
within the network; i.e., BC measures the dependence of the
network on a specific hROI for its communication.

Hub definition and clustering To discriminate hubs among
SENT_CORE, we applied a combination of Sporns et al.
(2007) and van den Heuvel et al. (2010) definitions. We
considered that an hROI had the properties of a hub when
its DC and BC values were larger than the means plus one
standard deviation of the DC and BC values of the hROI set
in the network.

To assess whether the hubs identified in SENT_CORE
participated in communication with the other two networks
or whether its communication was only intra-SENT_CORE,
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we calculated the participation index (pIndex) criteria as
defined by Guimera (Guimera and Amaral 2005). hROIs
having the 15% highest pIndex values were considered con-
nector hubs (i.e., between networks) (van den Heuvel and
Sporns 2011), while the other hROIs corresponded to pro-
vincial hubs, i.e., an hROI communicating with only its own
network.

Investigation of the relationship between intrinsic
connectivity and activation measured during the language
tasks

Relationships between DC and BOLD variation at the hROI
level We investigated whether an hROI exhibiting high
intrinsic connectivity with other areas of the SENT_CORE
was more activated during language tasks. For this, we
performed a MANCOVA with repeated measures with a
TASK main effect, a DC main effect and a DC by TASK
interaction. Correlations values and corresponding p val-
ues between the DC and activation were computed for each
hROI and each task.

To test the specificity of this relationship, we completed
similar MANCOVA with DC measurements obtained for
the 185 hROIs of the AICHA atlas covering the entire
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left hemisphere. Therefore, the DC values were com-
puted considering the connections of hROIs belonging to
SENT_CORE with all other hROIs of the left hemisphere.
This analysis made it possible to more deeply characterize
whether the relationship between the DC and activation dur-
ing the language tasks was specific to the essential language
network intrinsic connectivity or whether this relationship
was held at the hemispheric level.

Relationships between the DC measured in the SENT_CORE
network and BOLD variation upon pooling all hROIs and par-
ticipants To test whether the relationship previously iden-
tified between DC and BOLD signal variation for each
hROI of SENT_CORE was a general property that could
be extrapolated to any hROI of any participant, we applied
the method proposed by Buckner for evaluating the relation-
ship between DC and beta-amyloid accumulation in Alzhei-
mer’s disease (Buckner et al. 2009). Correlation coefficients
obtained for the three tasks between DC values and BOLD
variations were compared using the R package “cocor”
(Diedenhofen and Musch 2015) to determine whether there
was any difference across language tasks.

Table 4 Betweenness and degree centrality of SENT_CORE hROIs

Results
Graph analysis of SENT_CORE

Sample distributions of DC and BC values DC variation
across the hROIs spanned from 2.24 to 6.48 (Table 4), and
the DC standard deviation was very consistent across hROIs
ranging from 1.17 to 1.79.

By contrast, BC variation across the hROIs spanned from
0.72 to 18.98 (Table 4). Notably, only 3 hROIs had low num-
bers of BC null values across the sample of 138 participants:
F3t, STS3 and STS4 (1%, 6% and 2% null values, respec-
tively, Table 4).

Hub identification and characterization Three hROISs corre-
sponded to the hub definition, i.e., BC and DC values above
the chosen significance thresholds (mean+SD) of 10.26
and 5.55, respectively (Table 4). The first hROI (F3t) was
located in the frontal lobe, and the other two were located
in the posterior third of the STS (STS3 and STS4). The BC
values of these 3 hubs were over 11, and their DC values
were over 5.5, with F3t having the strongest values (Fig. 4;
Table 4). Note that no other hROI exhibited a supra-thresh-
old value for any of the centrality indices.

AICHA hROI Betweenness centrality Degree centrality
Mean SD % Null values Mean SD Skewness Kurtosis p norm
Frontal and insula prec4 6.88 7.00 11 4.94 1.50 -0.07 -0.24 0.87
F1_2 6.30 5.42 17 4.064 1.40 0.28 -0.32 0.27
2.2 3.33 4.45 37 3.35 1.53 0.60 -0.42 0.0002
F3t 18.98 9.77 1 6.48 1.26 —0.06 -0.29 0.78
F301 2.18 4.04 54 431 1.50 0.50 —-0.02 0.018
INSa2 2.49 3.66 43 3.84 1.46 0.27 -0.23 0.14
INSa3 2.54 3.98 40 3.01 1.29 0.76 0.63 0.0005
Temporal and parietal T1_4 0.75 2.19 71 3.12 1.47 0.56 -0.20 0.0012
T2_3 5.28 5.96 29 5.44 1.43 0.05 -0.17 0.71
T2 4 221 4.28 58 3.46 1.79 0.24 —-0.60 0.074
STS1 2.46 3.57 41 4.55 1.52 -0.10 —-0.18 0.44
STS2 3.07 4.85 41 4.30 1.44 0.14 -0.58 0.11
STS3 13.04 9.66 6 6.32 1.36 —-0.36 0.23 0.088
STS4 13.33 8.25 2 5.58 1.51 0.09 -0.22 0.95
SMG7 6.23 6.86 22 5.28 1.60 -0.21 —0.64 0.037
AG2 0.72 1.65 71 2.24 1.17 0.88 1.11 0.0002
Internal surface SMA2 221 3.58 46 4.35 1.33 0.33 -0.09 0.32
SMA3 224 3.60 49 422 1.28 0.05 -0.36 0.45

The means and standard deviations (SD) of the betweenness centrality (BC) and degree centrality (DC) were computed by averaging the BC
and DC values of each participant for each SENT_CORE hROI. For BC, the percentage of null values is based on the number of BC values at
zero among the 138 subjects for one hROI. For DC, the skewness, kurtosis and Shapiro—Wilk normality test (» norm) correspond to information
regarding the normality of the DC distribution for each hROI. A value above 0.05 for the Shapiro—Wilk normality test indicates that the DC was

normally distributed. hROIs in bold are those we found to be hubs
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Concerning the pIndex, hubs were defined as the top 15%
of the highest index (pIndex ranging from 0.587 to 0.989).
Five hROIs were thus defined as connector hubs: T2_3 (pln-
dex=0.989), F3t (pIndex=0.987), F1_2 (pIndex =0.984),
STS3 (pIndex =0.983) and SMA2 (pIndex =0.983).

Note that the centrality hubs F3t and STS3 were also
connector hubs, meaning that they are important for both
communication among the three different networks and for
communication within the SENT_CORE network.

Note that T2_3 was a connector hub characterized by high
DC and BC values (Table 4), although it did not meet the
criteria to be labelled as a centrality hub (Fig. 4).

Relationship between the DC at rest and activations
during the language tasks in the SENT_CORE network

Relationship at the individual hROI level Using DC values
computed from only SENT_CORE hROlIs, we observed sig-
nificant positive correlations between activations during the
3 language tasks and these DC values in 12 hROIs among
the 18 constituting SENT_CORE together with a trend for
PREC4 and f2_2 (Table 5). Among these hROIs, DC values
were positively correlated with activations during the lan-
guage tasks and the R value varied between 0.17 and 0.33.
Moreover, in 8 of these 12 hROIs, there was no DC by Task
interaction, meaning that the correlation between the DC
and activation did not differ between the tasks. In the f2_2,
INSa2, INSa3, T1_4 and SMG7 hROISs, a significant DC
by Task interaction was observed. In f2_2, the interaction
was due to non-significant correlation for the production
task contrast, while the correlation was strong and signifi-
cant for the reading and listening task contrasts. In INSa2,
INSa3 and T1_4, the interaction was due to non-significant
correlation for the listening task, while there were strong
and significant correlations for production and reading. In

Fig.4 Plot of degree centrality
(DC) versus betweenness cen- 20
trality (BC) in SENT_CORE.
The mean plus standard devia-
tion values of DC and BC define
the quadrants. hROISs located

in the superior right quadrant
are hubs. Abbreviations for the
hROIs of the AICHA atlas can
be found in Table 2

Betweenness centrality
> o

(92

SMGY7, the interactions were due to a lower correlation dur-
ing listening (Table 5).

The results obtained using DC values computed from the
entire set of 185 left hemisphere hROIs were strikingly dif-
ferent. There was a significant main effect of the DC in only
2 hROIs (F3t and SMG7, see supplementary Table 2), mean-
ing that, except for these two regions, the strength of the
correlation when the DC was calculated across the hROIs
of the entire hemisphere did not explain the activation vari-
ations in SENT_CORE hROIs.

Relationship at the global level using all participants
and hROIs There was a significant correlation between the
DC values and BOLD variations measured in each of the 3
tasks when considering the 18 SENT_CORE hROISs and the
138 participants in a single analysis (Fig. 5) for each task.
The coefficient correlation values were 0.158, 0.216 and
0.294 for sentence production, sentence listening and sen-
tence reading, respectively. The correlation for reading was
significantly larger than that for both listening (p=0.0025)
and production (p=0.0075), and the latter two were not sig-
nificantly different (p =0.80).

Summary of results

Conjunction analysis of left-activated and leftward asym-
metrical hROISs in 144 right-handed participants performing
three language tasks (PRODggnt.worps READgent-worp and
LISNgent-worp) uncovered a set of 32 supramodal regions
involved in lexico-syntactic processing. The hierarchical bot-
tom-up clustering of the intrinsic connectivity between these
32 hROIs led to the identification of 3 networks, including
a network of essential language areas (SENT_CORE) with
strong positive correlations at rest across its 18 hROIs in
more than 90% of the participants. The two other identified

F3t

.STS4 .s-rs3

precdl  smer
F1.2
T2.3
A4 A
2 6
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Table 5 Correlation analysis between the degree centrality measured in the SENT_CORE network and the mean activation in each of the three

language tasks

AICHA hROI MANCOVA PRODggnt_worD LISNggnt-woRD READggNT-woRD
DC DC*Task R p R P R P
Frontal and insula prec4 0.072 0.84 0.066 0.44 0.163 0.056 0.146 0.088
F1_2% 0.0065 0.24 0.181 0.033 0.116 0.18 0.206 0.016
2.2 0.092 0.0008 -0.115 0.18 0.229 0.0068 0.248 0.0034
F3t* <0.0001 0.35 0.264 0.0018 0.255 0.0025 0.245 0.0037
F301* 0.02 0.75 0.161 0.060 0.196 0.022 0.113 0.19
INSa2* 0.0025 0.032 0.200 0.019 0.072 0.40 0.267 0.0015
INSa3* 0.0006 0.017 0.231 0.0063 0.037 0.67 0.289 0.0006
Temporal and parietal T1_4* 0.0006 0.0008 0.316 0.0002 0.026 0.77 0.260 0.0021
T2_3* 0.009 0.06 0.266 0.0016 0.173 0.043 0.210 0.013
T2_4* 0.0008 0.21 0.124 0.15 0.183 0.032 0.261 0.0020
STS1* 0.0002 0.27 0.289 0.00060 0.228 0.0073 0.231 0.0064
STS2 0.67 0.33 0.084 0.33 -0.028 0.75 0.033 0.70
STS3* 0.021 0.36 0.198 0.020 0.153 0.073 0.140 0.10
STS4* 0.0010 0.08 0.250 0.0032 0.187 0.028 0.283 0.0008
SMGT7* <0.0001 0.007 0.329 0.0001 0.204 0.016 0.303 0.0003
AG2 0.41 0.78 0.009 0.92 0.091 0.29 0.065 0.45
Internal surface SMA2 0.28 0.058 0.095 0.27 —0.061 0.48 0.149 0.082
SMA3 0.16 0.66 0.111 0.20 0.074 0.39 0.076 0.37

Correlations (R) were calculated within each hROI of the left hemisphere constituting the SENT_CORE network, and the DC values were calcu-
lated in the SENT_CORE network. hROIs with a * are those with significant correlations between activation and DC values (p <0.05)
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Fig.5 Correlation between DC values and activations in SENT_
CORE across participants and across the 18 hROIs during each of the
3 language tasks. Plots of DC values and BOLD variations of the sen-
tence minus word contrasts calculated for sentence production (left),

networks had lower inter-individual consistency, one includ-
ing visual language areas at the interface between visual and
syntactic processing (SENT_VISU) and the other includ-
ing posterior DMN areas including posterior hippocampus
(SENT_MEM). Intrinsic connectivity analysis showed that
SENT_CORE was negatively correlated with SENT_MEM
but was not correlated with SENT_VISU. Graph analysis
metrics obtained for the SENT_CORE network revealed
that F3t, STS3, and STS4 were hubs of both degree and

Sentence listening

4

Degree Centrality

Sentence reading

BOLD variation

5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
Degree Centrality

sentence listening (middle), sentence reading (right) and degree cen-
trality. The positive correlation coefficients (N=138x 18 =2484) are
0.158 for sentence production, 0.216 for sentence listening, and 0.295
for sentence reading

betweenness centrality, and F3t and ST3 were also hubs
of participation, meaning that these are key areas for both
intra-network communication and inter-network commu-
nication between SENT_CORE and the other 2 networks.
Importantly, a positive correlation across individuals was
observed between the DC measured at rest and the strength
of activation in most SENT_CORE regions, meaning that
participants with higher DC values in a given region had
higher activations than participants with lower DC values.

@ Springer



874

Brain Structure and Function (2019) 224:859-882

Moreover, such a positive correlation between the DC and
activation was still significant when all regions of all partici-
pants in the three tasks were pooled, meaning that this was
true regardless of the cortical area considered.

Discussion
Methodological issues

In this study, we selected right-handers from the BIL&GIN
database because we previously demonstrated that these
participants have a left hemisphere dominance for language
at both the group level (Tzourio-Mazoyer et al. 2016) and
the individual level (Zago et al. 2017), with only 5 (3%) of
the 144 participants having a co-dominant right hemisphere.
This sample group is optimal for selecting areas specific
for sentence processing based on a conjunction of activa-
tions and leftward asymmetries. In addition, the inclusion
of a fairly considerable number of participants (N = 144)
provided us a high sensitivity for detecting supramodal sen-
tence areas while minimizing the risk of overlooking some.

However, we must underline that the present atlas is not
all-inclusive. First, we selected map regions involved in
only high-order language processing and lexico-syntactic
processing. Using the list of familiar words as the refer-
ence condition, we removed the dorsal route of language,
including the phonological loop, responsible for articulation
and sound-to-articulation mapping (Saur et al. 2008; Raus-
checker and Scott 2009) In addition, the regions selected
herein focused on the left hemisphere and did not account
for right hemisphere-specialized aspects of sentence pro-
cessing, such as emotional prosody (Beaucousin et al. 2007;
Hurschler et al. 2012) and context processing (Grindrod and
Baum 2003; Ferstl et al. 2005).

Second, the presence of susceptibility artefacts com-
bined with averaging the large number of participants led
to incomplete mapping of the inferior part of the temporal
lobe, prohibiting us from documenting some areas, such as
the basal language area in the anterior part of the fusiform
gyrus. This essential language area, first identified using
deep electrical recordings (Nobre et al. 1994), has been
shown with positron emission tomography (PET) to be acti-
vated during both the production and auditory comprehen-
sion of language (Papathanassiou et al. 2000).

Third, small size regions may also be lacking in this atlas
since we provided data at the hROI scale rather than at the
voxel scale.

Concerning the clustering methods of correlation values
at rest, a perfect match was observed between the Ward and
average clustering methods (see supplementary material
Table 1), and a good score was obtained with the Gaussian
mixture model for global clustering at the 32 hROI levels.
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The weakest score was that of the k-means method, and such
a difference in clustering observed with k-means compared
to that in the other 3 methods is consistent with the fact
that, as reported by Thirion et al., k-means forms clusters
spatially close and connected but with poor reproducibility
using the sample studied. By contrast, hierarchical cluster-
ing using Ward’s method, which we selected to segregate
the networks, was reported to create connected clusters that
are highly reproducible using the studied samples (Thirion
et al. 2014).

A large set of supramodal language areas
is involved in sentence processing tasks

We carefully designed each of the language tasks such that
joint analyses were possible; the design was identical in the
three tasks, and we chose to make them close enough to
allow comparisons and conjunctions in terms of the num-
ber of words or the complexity of sentences. As mentioned
above, the use of a high-level verbal reference task for con-
trolling the involvement of primary areas (auditory, visual
and motor) and removing phonological and automatic word
processing kept the lexico-syntactic aspects common to all
three tasks.

The first set of 32 hROIs provides left hemispheric
regions that are dedicated to the monitoring and comple-
tion of tasks based on sentence processing. Although not
all regions can be considered essential language areas, all
were determined to be modulated by the verbal material with
which they are associated (left activation and leftward asym-
metry) and are thus part of an extended language network
functioning during language tasks.

Unsupervised hierarchical clustering based on the resting-
state connectivity between hROIs successfully segregated
three different networks, including networks hosting core
language, visual areas, and posterior areas of the DMN
and posterior hippocampus. Within the systems to which
they belonged, these networks hosted areas dedicated to the
interaction/interface with language systems. For example,
the current analysis extracted from among the visual areas
involved in picture processing those areas specifically deal-
ing with picture—sentence meaning integration.

Sentence comprehension essential network (SENT_
CORE)

Clustering the resting-state correlation between these 32
hROIs allowed the discrimination of SENT_CORE, a net-
work of 18 strongly and positively correlated hROIs, includ-
ing frontal and temporo-parietal hROIs located on the lat-
eral surface of the left hemisphere and anterior insula areas.
In particular, SENT_CORE included areas of the antero-
posterior language networks, named in reference to the
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Broca—Wernicke model in aphasia literature and reported
with consistency in meta-analyses of healthy individuals
mapped during language tasks see Fig. 6 (Vigneau et al.
2006; Price 2010, 2012). Note that SENT_CORE was the
largest network in terms of volume (in mm?), as it included
more than half of the hROIs (18/32), all of which were
strongly activated and leftward asymmetrical.

In the following, we discuss the potential roles of the
identified areas in relation to the literature. However, it is
now acknowledged that, apart from very specific regions
where a lesion can be closely associated with a specific
defect, the role of a given area documented with functional
imaging must be understood as the combination of its func-
tional properties with those of the regions with which it
constitutes a network to complete a given cognitive task.
For example, prec4 is not part of the regions commonly
labelled as “language areas”. The present work shows that
prec4, located at the junction between the precentral and
middle frontal gyrus, is both strongly activated and left-
ward asymmetrical in the three sentence tasks. Language
meta-analyses have reported prec4 as part of the language

Turken (2011)

Fig.6 Schematic comparison of SENSAAS with the literature. This
figure shows the results of neuroimaging meta-analyses and clinical
studies superimposed on the hROI of SENSAAS of the lateral sur-
face of the left hemisphere of the BIL&GIN display template. In the
first row: left SENSAAs hROIs of the left hemisphere lateral surface;
middle: clusters of the meta-analysis of semantics (red) and sentence
processing (green) adapted from Vigneau et al. (2006) with their
labels: right: schematic representation of the meta-analysis of lan-
guage-related activation studies (adapted from Price (2012); sentence:

Margulies (2013)

areas involved in lexico-syntactic processing (named F2p
in Vigneau et al. 2006, Fig. 6), and in word selection and
hierarchical sequencing (named dPrec in Price 2010, Fig. 6).
Applying Neurosynth to prec4 coordinates (x = —42.2,
y=0.7, z=50, Table 3) with an association test reveals
the greatest number of studies with the terms “sentence”,
“comprehension”, “language”, and “sentences”, followed by
“eye” and “premotor”. Jouen et al. (2018) propose that prec4
is “involved in the understanding of actions during verbal
and non-verbal tasks”. In the present protocol, the sentences
involved human actions, closely consistent with that role
proposed by Jouen et al. (2018). Using a network approach,
Saur et al. (2008) found that prec4 belongs to the sentence
comprehension functional network. In Glasser’s atlas, prec4
corresponds to “language area 55b” (Glasser et al. 2016) and
overlaps the posterior part of the “rostro-ventral module”
described by Genon et al. (2018a, b). In this last work based
on peaks meta-analysis, this module is connected with the
inferior frontal gyrus, orbital frontal and inferior parietal as
prec4 in the present work. The present study further demon-
strates that prec4 is involved in a supramodal manner during

Price (2012)

P

Mesulam (2014)

purple; semantics: light and dark pink; visual: red; word retrieval:
green; integration: white). In the second row, left: functional con-
nectivity of the left middle temporal gyrus centred on the site where
lesion results in deep aphasia (orange, adapted from Turken 2011);
middle: functional connectivity from a seed centred on the left infe-
rior frontal gyrus (BA 45, red, adapted from Margulies and Petrides
2013); right: zones of atrophy observed when pooling all types of
PPA (orange, adapted from Mesulam et al. 2014)
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sentence processing, is strongly leftward asymmetrical, and
is strongly and positively connected at rest with the network
of areas we named SENT_CORE that hosts essential lan-
guage areas. These findings are consistent with the fact that
prec4 is part of the areas that are conjointly atrophied in
patients suffering from nonfluent primary progressive apha-
sia (PPA) (Mesulam et al. 2014) (Fig. 6).

Indeed, in the frontal lobe, SENT_CORE includes the
whole inferior frontal gyrus (F3t and F30) corresponding
to Broca’s area according to most authors, whose lesion is
responsible for conversational deficits, as is also the case for
the anterior insula (INSa2, INSa3) (Borovsky et al. 2007).
The posterior part of the inferior frontal sulcus (f2_2),
also part of SENT_CORE, has been underlined as an area
involved in lexico-syntactic processing (named F3opd in
Vigneau et al. 2006, Fig. 6). Price also targeted f2_2 as
being involved in word selection and hierarchical sequenc-
ing (named mFG in Price 2010, Fig. 6). Another indication
of the important role of f2_2 in language is that together
with F3t and prec4, it is the location of atrophy in nonfluent
PPA [(Mesulam et al. 2014) see Fig. 6].

In the medial part of the frontal lobe, SENT_CORE
includes both preSMA and the superior frontal gyrus (here,
SMA2, SMA3 and F1_2), which have been reported in tasks
involving sentences dealing with characters (Hervé et al.
2012), as in the present paradigm. The activation of these
areas has been attributed to processing the social aspects of
verbal material (Ferstl and von Cramon 2002). As discussed
below, these medial frontal areas are strongly connected with
the posterior part of the middle temporal gyrus (Turken and
Dronkers 2011). Notably, these medial frontal areas are also
the sites of atrophy in PPA (Wilson et al. 2010a, b; Tetzloff
et al. 2018).

In the temporal lobe, SENT_CORE included the STS
together with the posterior part of the middle and superior
temporal gyri, extending to the angular and supramarginal
gyri. This characterization is consistent with the proposal
by Price that these areas are involved in amodal semantic
combinations, a process common to the three sentence
tasks (Price 2010). A recent work on the time course of
sentence processing areas has also shown that the posterior
temporal lobe, here corresponding to STS3 and T2_3, is
involved in lexico-syntactic processing, with the process-
ing of individual words in relation to the syntactic structure
(Matchin et al. 2018). These posterior temporal areas have
been documented to be essential language areas since the
lesion of each results in specific deficits in sentence com-
prehension (Dronkers et al. 2004). In particular, lesion of
the posterior parts of the middle temporal gyrus results in
deep aphasia due to a loss of word meaning (Dronkers et al.
2004), consistent with the specific atrophy observed in logo-
penic PPA (Wilson et al. 2010a, b). STS4, located dorsally
to STS3 and T2_3, is involved in sentence-level high-order
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processing, and Matchin, in his work on the time course
of sentence processing investigated with MEG, proposed
that “increased activation at the end of the sentence sug-
gests a response associated with the interpretation of the
sentence” (Matchin et al. 2018). The integration gradient
of sentence meaning from lexical to conceptual progresses
posteriorly with SMG7, which corresponds to the area
labelled STSp in Vigneau et al.’s meta-analysis (Fig. 6).
Vigneau et al. reported the following: “STSp role seems
to process the semantic integration of complex linguistic
material. This statement comes from the observation that
it is recruited when subjects listen to coherent rather than
syntactically or pragmatically incoherent sentences (Kuper-
berg et al. 2000; Luke et al. 2002), and it is involved in con-
text processing and syntactic generation—more activated
when subjects have to choose between two words to end
a sentence or have to generate the final word of a sentence
(Kircher et al. 2001). STSp activity is very likely related to
the linkage of linguistic structure to meaning: it is more acti-
vated when sentences are linked as dialogue (Homae et al.
2002) or syllogisms (Goel et al. 1998) than when they are
unlinked. It is also more activated during text comprehen-
sion, either presented auditory [compared to reverse speech
(Kansaku et al. 2000; Crinion et al. 2003) or words (Jobard
et al. 2007)] or visually [compared to words (Jobard et al.
2007) or pseudo-word reading (Vingerhoets et al. 2003)]”.
Price made an alternative proposal in her meta-analysis in
2000 stating that the equivalent of SMG7 (vSMG and pPT)
is activated by sentence processing, particularly when the
sentences increase in difficulty, and she therefore suggested
that SMGY7 is involved in subvocal articulation. The present
results demonstrating that SMG7 is involved and leftward
asymmetrical not only during production and reading but
also during sentence listening, which was cited as a easy
task by the participants, suggests its involvement in meaning
elaboration. The angular gyrus is the final location where
this integration towards conceptual knowledge operates dor-
sally. Known to be involved in lexico-semantic processing,
as identified by language task-induced activation studies
[(Vigneau et al. 2006; Price 2010), see Fig. 6], the angular
gyrus is specifically involved in conceptual knowledge as
shown by neuropsychological studies. Lesion of this area
leads to the inability to associate a sound or image related
to the same concept (Saygin et al. 2004), and inactivation of
the angular gyrus in the left hemisphere induces a deficit in
semantic integration (Price et al. 2016). The angular hROI
identified herein corresponds to Wang’s C5 and C6 parcels,
involved in both language and theory-of-mind tasks (Wang
et al. 2017). This last observation confirms that the role of
the angular gyrus includes the interfacing between sentence
processing and the understanding of human actions, a pro-
cess that is part of the present sentence tasks.
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The similitude between the areas composing the SENT_
CORE network and the regions showing atrophy in all types
of PPA [(Mesulam et al. 2014), see Fig. 6] is striking and a
key element evidencing that SENT_CORE contains essen-
tial language areas, although the anterior part of the inferior
temporal gyrus hosting the basal temporal language area
(Nobre et al. 1994; Papathanassiou et al. 2000) is lacking
for the methodological reasons discussed above. Finally,
the language functional network, which shares a common
molecular basis of interaction highlighted by Zilles et al.
using neurotransmitter receptor fingerprints (Zilles et al.
2015), overlaps the hROIs of SENT_CORE, apart from
AG2. Based on Zilles et al. report, we can hypothesize that
the two other sentence-related networks we have identified
are likely to have different fingerprints from those of SENT_
CORE. However, because the hROIs of these networks were
selected as both activated and leftward asymmetrical in the
three sentence tasks, it would be of interest to investigate
what subset of fingerprints the hROIs of SENT_VISU and
SENT_MEM may share in common with SENT_CORE to
deepen our understanding of network interactions.

Hubs of SENT_CORE

The computation of betweenness and degree centralities
allowed us to identify three hubs within SENT_CORE:
one in the inferior frontal gyrus (F3t) and two others along
the posterior part of the temporal cortex (STS3 and STS4).
These high centrality figures demonstrate that these hROIs
play a central role in communications with other parts of
SENT_CORE, and the participation indices of F3t and
STS3 further indicate their key role in communication with
the other networks identified. Such properties are consist-
ent with the definition of epicentres proposed by Mesulam
et al. (2014), and these regions can be considered essential
for sentence/test comprehension independent of the modal-
ity. According to Mesulam, the network epicentre special-
izes in a specific behavioural component, which is language
in this study, and the destruction of transmodal epicentres
causes global impairments. In fact, as noted above, these
hROIs overlap the middle temporal gyrus targeted in the
aphasics investigation by Dronkers et al. (2004) as well as
the regions showing the highest atrophy in all types of PPA
(Mesulam et al. 2014), confirming that they do correspond to
epicentres. In addition, these hubs are distributed in the ante-
rior and posterior cortices, constituting an antero-posterior
loop across areas belonging to the same hierarchical level
in terms of cortical organization, consistent with Fuster’s
model for cognition (Fuster and Bressler 2012).

Other studies involving functional connectivity at rest
have shown the strong connection of the left inferior frontal
gyrus at rest with all SENT_CORE areas [(Margulies and
Petrides 2013), Fig. 6]. The similarity between the regions

found by these authors when seeding the posterior part of
the middle temporal gyrus (here, STS3 and STS4) and the
areas constituting SENT_CORE is also clear [(Turken and
Dronkers 2011), Fig. 6]. These two observations are consist-
ent with the present observation that these regions are hubs
for sentence processing and, more generally, the language
comprehension network. Such a framework is also thought
to correspond to the Broca—Wernicke language model, with
F3t serving as Broca’s area and STS3 and STS4 serving as
regions involved in the supramodal integration of meaning,
consistent with the location of posterior areas leading to
comprehension deficits (Pillay et al. 2017). These posterior
STS areas are also considered by Binder as areas supporting
meaning integration during sentence comprehension (Binder
2017). Considering that a left deficit in this area leads to
deficits in language comprehension, we propose to label it
Wernicke’s area, although as reviewed by Binder, such a
definition is different from the location currently proposed
for Wernicke’s area in the superior temporal gyrus. In the
present work, closely adhering to an anatomo-functional
definition in reference to deficits in comprehension associ-
ated with Wernicke’s aphasia (Dronkers et al. 2004; Binder
2015, 2017), we propose that F3t, STS3 and STS4, regions
strongly activated and asymmetrical during sentence pro-
cessing in different modalities and hubs of the SENT_CORE
network, are the epicentres of sentence comprehension.

Other areas contributing to sentence tasks

Because there was a low inter-individual consistency in
the segregation of the networks labelled SENT_VISU and
SENT_MEM, we will discuss the potential role of the 14
hROIs that were not part of SENT_CORE together.

Since each event of the sentence tasks included task mon-
itoring, such as shifting between the word list and sentence
tasks when a picture was presented or providing a motor
response at the end of sentence processing, the involvement
of executive areas was expected. Conjunction analyses
indeed revealed that, in addition to the anterior insula at play
in the three tasks (see above), putamen hROIs were involved
and are a key neural support of executive functions and task
monitoring (Monchi et al. 2006; Sefcsik et al. 2009). Moreo-
ver, a recent meta-analysis involving connectivity modelling
showed that the left and right putamen areas are different in
terms of their respective co-activations, which are specifi-
cally co-involved in language areas (Viflas-Guasch and Wu
2017).

The posterior cingulate, precuneus, and paracentral lob-
ule together with the posterior hippocampus are part of the
DMN, which has been shown to be involved in both epi-
sodic thinking and processing of “self”. At rest, these areas
constituted a network that had a very strong and negative
correlation with SENT_CORE, confirming that, although
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they belong to different networks, they are related at rest.
Task-induced activation studies have demonstrated that pos-
terior DMN regions are part of mind-reading areas together
with the angular gyrus (Spreng et al. 2009). Activated and
leftward lateralized during language tasks, this set of areas
likely interacts with SENT_CORE during language tasks to
process the sentence content dealing with social interactions
(Hervé et al. 2012). The angular gyrus is a likely candidate
for such an interaction since it segregated with SENT_MEM
areas in two clustering methods and is involved in both lan-
guage and theory-of-mind tasks (Wang et al. 2017).

The fact that these posterior areas were segregated with
the posterior hippocampus, involved in both the actual per-
ception and the encoding of scenes (Zeidman and Magu-
ire 2016), suggests that the SENT_MEM network is also
involved in the image processing of the drawings, a compo-
nent common to the three sentence tasks. In fact, all partici-
pants performed well in the recall of these sentences (more
than nine out of ten images recalled).

Finally, three hROIs were located along the occipito—tem-
poral junction. The posterior part of the inferior temporal
lobe (T3_4), the inferior occipital gyrus (O3_1) and the mid-
fusiform gyrus (FUS4), with activity and leftward asym-
metry, are likely related to the processing of the sentence
content in relation to the one-second drawing presentation
(minus the scramble version of the word-list reference tasks)
common to all tasks. In her meta-analysis, Price considered
these areas to be involved in direct visual combinations
(Price 2010), consistent with the design of the present para-
digm wherein the participants dealt with images related to
sentence content regardless of the sentence task modality
and the fact that the mean value and asymmetry of this net-
work did not vary with the language tasks. Furthermore, in
her 2012 review, Price considered these areas to be involved
in sentence processing depending on the task demand (Price
2012). FUS4 is a region of the ventral route that corresponds
to the visual word form area (Mellet et al. 2018). It is nota-
ble that this region was activated and leftward asymmetrical
during the three tasks and segregated with the other visual
regions at rest. Such a behaviour is in accordance with Price
and Devlin’s proposal that the mid-fusiform area is involved
not only in word and visual processing but is a multimodal
area whose function is determined by the set of interact-
ing areas (Price and Devlin 2003). FUS4 involvement in
the present study is likely to be in the association between
the meaning conveyed by the pictures and the sentences and
appears to be at play whatever the sentences’ modality. The
fact that FUS4 did segregate with visual areas rather than
sentence areas at rest supports this hypothesis (Fig. 2). In
fact, visual hROIs were not correlated with SENT_CORE
networks, meaning that they do not exchange information
at rest. However, these areas involved in visual processing,
as well as the other hROIs that did not constitute a network
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at rest with sentence core areas, showed a strong leftward
activation during the language tasks, suggesting that their
involvement during sentence is, at least in part, related to
top-down influences from language networks.

The degree of centrality measured in SENT_CORE
explains the activation variability during the three
language tasks

To our knowledge, this study is the first to report a positive
correlation between DC and task-induced activation values.
Considering that the correlations between DC values and
activation were positive for all hROIs, we suggest that the
mechanism underlying this result may be that regions more
highly connected within the SENT_CORE network are more
highly recruited during language tasks. Such a hypothesis
is supported by a very recent work conducted with elec-
trocortical stimulation that demonstrated that critical lan-
guage sites have significantly higher connectivity (Rolston
and Chang 2018). It is also important to note that for 8 of
the 13 hROIs, no significant effect of the nature of the task
on the correlation strength was observed: the positive cor-
relation did not differ regardless of whether the participants
produced, read or listened to sentences compared to listing
words. Such a relationship was also observed when plotting
all SENT_CORE regions of all subjects, as reported by oth-
ers in a different context (Buckner et al. 2009), meaning that
the relationship between resting-state intrinsic connectivity
and activation strength remains regardless of the participant
and cortical area being considered. In Buckner’s study, the
authors hypothesized that beta amyloid accumulates in high
DC regions because their high metabolism makes them more
vulnerable to the disease, consistent with the report that the
DC calculated at the voxel level in the entire hemisphere
is correlated with cerebral blood flow values (Liang et al.
2013). Similarly, DC values computed at the hROI level in
the SENT_CORE network may also indicate the metabolism
of language areas in a given individual, which may be of
interest in the evaluation of pathological states. Mesulam
et al. reported the selective atrophy of right hemisphere areas
in a PPA patient with right hemisphere dominance for lan-
guage, an observation suggesting that language networks are
specifically targeted by this illness (Mesulam et al. 2005).
DC measurements in SENT_CORE may thus be a valuable
index with which to evaluate inter-individual variations in
language area activities in relation to anatomical and clinical
patterns in such pathologies.

Previous investigations dealing with the relationships
between tasks and the resting state have compared the func-
tional connectivity during cognitive tasks with that measured
during the resting state (Cole et al. 2014; Gerchen and Kirsch
2017), as reviewed by Wig (2017). Reports more closely
related to the approach used herein have compared resting-state
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connectivity and hemispheric activation asymmetries obtained
during language production in healthy individuals (Joliot et al.
2016) and epileptic patients (Doucet et al. 2014), or during
story listening (Raemaekers et al. 2018). Other investigations
have found correlations between the task-induced and intrin-
sic connectivity asymmetries measured in selected sets of
hROIs (Liu et al. 2009), such as the set of regions involved in
a semantic decision task (Wang et al. 2014). Seeding specific
language areas, a previous study involving epileptic patients
demonstrated that the functional connectivity measured at rest
was correlated with lateralization indices measured during lan-
guage tasks. In this last work, the intrinsic connectivity most
strongly correlated with asymmetry of task-induced fMRI was
between the inferior frontal and temporo-parietal language
areas, all regions constituting SENT_CORE (Teghipco et al.
2016). The set of consistent findings across the latter stud-
ies show that asymmetries of intrinsic connectivity partially
explain the variability in activation asymmetries measured
during language tasks. However, to our knowledge, there are
no previous reports of a relationship between intrinsic DC and
activation strength, probably because such a relationship is
lacking when comparing whole-brain intrinsic connectivity
to variations in activity triggered by cognitive tasks that are
underpinned by specific networks. In fact, in the present study,
this relationship was observed when the DC computation con-
sidered only the 18 hROIs of the SENT_CORE network and
disappeared when the DC computation included all of the left
hemisphere hROIs. This is an important observation because it
underlines the necessity of exploring the properties of intrinsic
connectivity within specific networks rather than at the whole-
brain level.

Considering that the rs-fMRI acquisition was completed
on average 11 months before the language fMRI session
herein, it was surprising that the rs-fMRI-derived DC values
explained up to 11% of the variance in the language fMRI-
derived activation amplitudes in 12 of the 18 SENT_CORE
network regions. Thus, DC values at rest in regions consti-
tuting SENT_CORE can be considered as proxies of their
potential involvement during sentence processing. However,
to generalize this observation, we need to both investigate
how the SENT_CORE DC is modified in individuals atypi-
cal for language and to confirm that such a relationship
between the DC value during the resting state and activa-
tion strength also exists for networks supporting other cog-
nitive domains, specifically the attentional system, in the
same participant.

Conclusion

Based on the fMRI analysis of 3 language tasks performed by
144 healthy adult right-handers combined with the analysis of
intrinsic resting-state connectivity in 138 of the participants,

we propose a SENSAAS atlas of high-order sentence pro-
cessing areas. This atlas includes 32 regions decomposed
into 3 networks, including one (SENT_CORE) specifically
composed of essential areas for sentence reading, listening
and production. This atlas also contains the features of these
three networks, a graph analysis of the intrinsic connectivity
of regions that compose SENT_CORE (their degree central-
ity values that correlate with their strength of activation dur-
ing the language tasks) as well as the relationships across the
different language networks at rest. Such a positive correla-
tion between the DC at rest and the language task-induced
activation amplitude in the left hemisphere language network
opens the way for investigating participants with language
pathologies or population neuroimaging studies searching for
the genetic basis of language by analysing only resting-state
acquisition. Finally, the methodology we applied, identifying
regions from activation studies for selecting the networks at
play, advanced the specificity of resting-state graphical analy-
sis and shed light on the relationships between resting-state
and task-related networks.
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Abstract

We aimed at identifying plurimodal large-scale networks for producing, listening to and reading word lists based on the
combined analyses of task-induced activation and resting-state intrinsic connectivity in 144 healthy right-handers. In the
first step, we identified the regions in each hemisphere showing joint activation and joint asymmetry during the three tasks.
In the left hemisphere, 14 homotopic regions of interest (hROIs) located in the left Rolandic sulcus, precentral gyrus, cingu-
late gyrus, cuneus and inferior supramarginal gyrus (SMG) met this criterion, and 7 hROISs located in the right hemisphere
were located in the preSMA, medial superior frontal gyrus, precuneus and superior temporal sulcus (STS). In a second
step, we calculated the BOLD temporal correlations across these 21 hROISs at rest and conducted a hierarchical clustering
analysis to unravel their network organization. Two networks were identified, including the WORD-LIST_CORE network
that aggregated 14 motor, premotor and phonemic areas in the left hemisphere plus the right STS that corresponded to the
posterior human voice area (pHVA). The present results revealed that word-list processing is based on left articulatory and
storage areas supporting the action—perception cycle common not only to production and listening but also to reading. The
inclusion of the right pHVA acting as a prosodic integrative area highlights the importance of prosody in the three modali-
ties and reveals an intertwining across hemispheres between prosodic (pHVA) and phonemic (left SMG) processing. These
results are consistent with the motor theory of speech postulating that articulatory gestures are the central motor units on
which word perception, production, and reading develop and act together.

Keywords Word production - Word perception - Word reading - Hemispheric specialization - Resting state

Introduction

Language is one of the most important and specific cognitive
P4 Isabelle Hesling abilities of human beings. According to De Saussure (1975),

isabelle.hesling @u-bordeaux.fr language is a universal structure encompassing the abstract,
systematic rules and conventions of a unifying system, which
is independent of individual users, while speech is the per-
sonal use of language, thus presenting many different varia-
tions such as style, grammar, syntax, intonation, rhythm, and
pronunciation. Though neuroimaging studies of language
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type of language modality (Price 2010, 2012). However, the
question of the existence of core areas independent of the
modality of the language task is still open. Regarding the
left hemisphere arrangement of language areas, two diver-
gent theories explain the relations of speech perception and
speech production to language. The former, called the hori-
zontal view, proposes that the elements of speech are sounds
that rely on two separate processes (one for speech percep-
tion, the other for speech production) that are not special-
ized for language until a cognitive process connects them
to each other and then to language (Fodor 1983). The latter,
called the vertical view (or motor theory of speech percep-
tion), posits that speech elements are articulatory gestures
serving both speech perception and production processes
that are immediately linguistic, thus requiring no cogni-
tive process (Liberman and Whalen 2000). More generally,
the existence of a bilateral dorsal-ventral model of speech
processing with preferential leftward involvement has been
widely accepted (Binder et al. 1996; Hickok and Poeppel
2004; Rauschecker and Tian 2000). This model posits the
coexistence of (1) a dorsal pathway, i.e. the “where stream,”
in which an acoustic—phonetic—articulatory transformation
linking auditory representations to motor representations
is reported to occur in superior temporal/parietal areas and
ultimately in frontal areas (Buchsbaum et al. 2001); and (2)
a ventral pathway, i.e. the “what stream”, in which speech-
derived representations interface with lexical semantic
representations, reported to involve the superior, middle,
and inferior temporal gyri (Binder et al. 2000; Hickok and
Poeppel 2000). Interestingly, concerning the dorsal path-
way, the postulated existence of an auditory—motor system
(Hickok and Poeppel 2000) has been supported by studies
that aimed at examining the role of motor areas in speech
perception. Hence, an fMRI study revealed that listening to
syllables and producing the same syllables led to a common
bilateral network encompassing a superior part of the ven-
tral premotor cortex, suggesting the existence of a common
phonetic code between speech perception and production
(Wilson et al. 2004). Furthermore, another study has not
only suggested that the cortical motor system is organized
in a somatotopic way along the precentral cortex with the lip
area being superior to the tongue area, but also revealed that
these precentral regions are consistently activated by syllable
articulation and syllable perception, hence demonstrating a
shared speech-sound-specific neural substrate of these sen-
sory and motor processes (Pulvermiiller et al. 2006). These
findings were supported by a meta-analysis revealing that in
right-handers, activations of the posterior part of the frontal
lobe distributed along the precentral gyrus were strongly
left lateralized during both production and auditory tasks
at the word or syllable level, together with the involvement
of the supramarginal gyrus (SMG) (Vigneau et al. 2006).
Moreover, a recent MEG study reported a synchronization
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between the anterior motor regions involved in syllable artic-
ulation and the posterior regions involved in their auditory
perception during perception of these syllables (Assaneo and
Poeppel 2018). In addition, studies on split-brain patients
have demonstrated a strict leftward lateralization concern-
ing phonological processing, with split-brain patients’ right
hemisphere lacking categorical perception of phonemes
(Gazzaniga 2000; Sidtis et al. 1981). Such a leftward lat-
eralization was confirmed by studies using the Wada test
procedure (Dym et al. 2011), and the leftward asymmetry
of the audio—motor loop measured with functional imag-
ing actually supports the left hemisphere specialization for
the phonological processing of speech (Vigneau et al. 2006,
Zago et al. 2008).

Though mastered afterwards, human beings have devel-
oped other ways of using language through other sensory
modalities, such as the visual system in the case of reading.
Accurate perception and production of speech sounds are
essential for learning the relationship between sounds and
letters. Phonological awareness, i.e. the ability to detect and
manipulate speech sounds, or phonemes, is the best predic-
tor of reading ability. Reading is based on both the abil-
ity to hear and segment words into phonemes and then to
associate these phonemes with graphemes, with the map-
ping of orthographic to phonological representations dur-
ing reading being intrinsically cross-modal (McNorgan et al.
2014). Research has revealed that a phonological process-
ing deficit underlies reading difficulties in dyslexic children,
establishing a link between perception and reading abili-
ties (Gillon 2004). In the case of disorders of oral language
development, specific language impairment (SLI) is the
most frequently studied developmental disorder. Children
with specific language impairment have been reported to
present impairments in phonological processing, whether in
phonological awareness or in phonological memory, which
is evidence of a link between production and reading abili-
ties; the neural support of this link still needs to be clarified
(Catts et al. 2005). Different studies examining the word
processing cerebral networks common to the auditory and
visual modalities have revealed the supramodal involvement
of anterior regions [supplementary motor area (SMA) and
prefrontal, premotor and inferior frontal gyri], whereas vari-
ations have been observed in the temporal lobe depending on
the language task (Booth et al. 2002a, b; Buckner et al. 2000;
Chee et al. 1999), making it difficult to conclude the exist-
ence of a common antero-posterior network for plurimodal
word processing. Regarding semantic processing, it should
be noted that one study addressing production and read-
ing in four languages revealed a common bilateral network
involved in these two tasks (Rueckl et al. 2015). Moreover,
since the complete development of speech in literate indi-
viduals leads to the mastering of the written language, we
expected that the core word areas developing conjointly in
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the three modalities would include some visual areas, which
would be part of a large-scale plurimodal network underpin-
ning word processing. It is worth emphasizing that, even
if less investigated, the first phase of speech acquisition in
newborn babies is perceptual, as the infant hears others’
vocalizations, highlighting the importance of prosody in
speech processing. Speech prosody, i.e. the musical aspects
of speech, is an early-developing component of speech,
which could be compared to a musical stave upon which
phonemes would be placed (Locke and Pearson 1990). This
perceptual phase is crucial considering the inability to learn
spoken language or even normally babble when infants are
born deaf (Oller and MacNeilage 1983) or in the case of
wild children (Curtiss 1977). In other words, children have
to listen to the prosody of their mother tongue to be able to
reproduce it. Lesional studies have revealed that the tonal
prosodic brain areas are located in the right hemisphere
along the STS, which includes the posterior human voice
area (pHVA), highlighting the potential role of these right
hemispheric regions during development. The second phase
of speech acquisition is production. In fact, children master
the prosodic dimension before producing their first words
(Bever et al. 1971). Production develops through the process
of imitation, highlighting that prosodic processing is one
element of the construction of a strong dependency between
perception and production throughout development. This is
illustrated, for example, by persisting difficulties in speech
production encountered by infants who were tracheotomized
at a time when they should have normally babbled (Locke
and Pearson 1990). Interestingly, metre in speech, whose
acoustic correlate is stress, has been revealed to be important
for both speech perception (Jusczyk et al. 1993) and produc-
tion (Gerken et al. 1990). Once the metrical rules (which
provide important cues for speech segmentation within the
continuous speech stream) have been acquired, a speech
metre contributes to phonological (Pitt and Samuel 1990),
semantic (Schwartze et al. 2011) and syntactic (Roncaglia-
Denissen et al. 2013) processing. Musical rhythmic priming,
using metres, has been revealed to enhance phonological
production in hearing-impaired children due to an enhanced
perception of sentences (Cason et al. 2015). Furthermore,
in the context of speech rehabilitation therapies, musical
rhythm has been revealed to be a fluency-enhancing tool
(Thaut 2013). More generally, the prosodic dimension of
speech has been used to restore the speech of Broca’s apha-
sic patients, and the term Melodic Intonation Therapy was
coined to refer to this technique based on the use of melody
and singing, which would be core musical elements pre-
dominantly engaging the right hemisphere (Thaut and McI-
ntosh 2014). The right STS specialization for tonal process-
ing was evidenced by a neuroimaging study as a rightward
asymmetry of activation (Zatorre and Belin 2001). Other
studies have highlighted the role of the right hemisphere,

particularly the right STS, in the prosodic dimension of
speech (Beaucousin et al. 2007; Belin et al. 2004; Sammler
et al. 2015). Given the importance of prosody in language
development, we hypothesized that in addition to left hemi-
sphere participation, right hemispheric regions hosting the
tonal dimension of speech prosody may be involved in all
three tasks, i.e. production, perception and reading tasks.

In summary, previous studies on phonological/word
processing have, at best, dealt with two different language
modalities (either production and listening or production and
reading) focusing on discrete cortical areas a priori selected
(articulatory motor areas and SMG). In the present work,
we assessed the three main language modalities: listen-
ing, production and reading. Furthermore, considering the
importance of lateralization reported above, we took into
consideration the right and left hemisphere contribution to
task completion at the word or syllable levels in the present
work. Finally, we integrated the connectivity data provided
by a resting-state acquisition to propose a comprehensive
view of the plurimodal large-scale networks for phonologi-
cal/word processing and their potential roles.

To achieve the identification of plurimodal large-scale
networks for word-list processing, a large population of
144 right-handers who completed word-list processing in
the three modalities, production, reading and listening, dur-
ing task-induced fMRI acquisition, was selected from the
BIL&GIN database (Mazoyer et al. 2016). In this sample
of healthy right-handers, we (1) identified left brain regions
showing both leftward joint activation and leftward joint
asymmetry and right brain regions showing both rightward
joint activation and rightward joint asymmetry during the
three word-list tasks; (2) identified the network organization
at play within the areas previously identified based on the
hierarchical clustering of the BOLD temporal correlation
measured during a resting-state acquisition completed in
the same individuals; and finally, (3) conducted a compre-
hensive investigation of how these areas were modulated
according to the task and integrate the present results into
the literature to elucidate the identified supramodal word-list
network’s function/role.

Materials and methods
Participants

The present study included a sample of 144 right-hand-
ers balanced for sex (72 women) and picked from the
BIL&GIN database, which is a multimodal imaging/
psychometric/genetic database specifically designed for
studying the structural and functional neural correlates of
brain lateralization (Mazoyer et al. 2016). The selected
participants had French as a mother tongue and were

@ Springer



3078

Brain Structure and Function (2019) 224:3075-3094

free from developmental disorders and neurological and
psychiatric histories. A local ethics committee (CCPRB
Basse-Normandie, France) approved the experimental
protocol. The participants gave their informed, written
consent and received an allowance for their participation.
All subjects were free of brain abnormalities as assessed
by an inspection of their structural T1-MRI scans by a
trained radiologist.

The mean (+ standard deviation) age of the sample was
27 + 6 years (range 19-53), and the mean level of edu-
cation (corresponding to the number of schooling years
since the first grade of primary school) was 16 + 2 years
(range 11-20), corresponding to 4 years at the university
level.

Handedness was self-reported by the subjects, and
their manual lateralization strength was assessed using
the Edinburgh inventory (Oldfield 1971) with values
ranging from — 100 to + 100. The average MLS value of
the subjects was 93.48 (SD=11.49).

Fig. 1 Description of the
paradigm for one event from
each Word-List task. In the
three conditions, an event was
initiated by the presentation of
a scrambled picture for one sec-
ond, followed by a central cross
that participants were instructed
to look at while they were
producing the list of months

of the year (a) or listening to

a list of words (b). During the
reading run, instead of a cross
fixation, lists of words (either
weeks, hours, seasons, days,
months) were presented. The
participants had to click when
they had finished producing,
listening to or reading, and they
subsequently had to indicate by
clicking when the central cross
that reappeared was changed
into a square. In this figure, for
reading convenience, the stimuli
were zoomed in on compared to
the presentation of the stimuli
during the scanning session

@ Springer

Functional imaging
Paradigm of the word-list tasks

Three runs were administered. The participants had to cov-
ertly generate (PROD), listen to (LISN) or covertly read
(READ) lists of words (Word-List). These tasks were part
of a run that alternated these word tasks with sentence tasks
(see Labache et al. 2019 for the complete methodology).
The stimuli were lists of over-learnt words, such as
months of the year, making it possible to decrease the
weight of lexico-semantic and syntactic processing and
enhancing phonetic encoding, phonology, articulation and
word retrieval while inducing prosodic processing due to the
specific metrics of serial automatic speech. For each task,
the participants were shown a scrambled drawing for 1 s,
immediately followed by a central fixation crosshair (see
Fig. 1). While fixating the cross, the subjects performed
either the listening or production Word-List tasks and had
to click on the response pad with their right hand after the

A Producing word-lists
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task completion. During reading, the participants had to
read lists of words that were flashed on the screen instead
of fixating the cross, but still had to click on the response
pad with their right hand after the task completion. Then,
a low-level reference task followed each event (sentence or
Word-List), consisting of sustaining visual fixation on the
central cross and pressing the pad when the fixation cross
was switched to a square (both stimuli covering a 0.8°x0.8°
visual area). This second part of the trial, which lasted at
least half the total trial duration, aimed at refocusing the
participant’s attention to a non-verbal stimulus and control-
ling for manual motor response activation, which was also
present in the first part of the trial. This second part lasted
from 8 to 14 s for the production task and from 6 to 10 s for
the perception and reading tasks.

The design was almost identical for the three tasks. Dur-
ing PROD, the participants were asked to covertly generate
the list of the months of the year from January to December
during each of the ten Word-List trials, which lasted 18 s.
During LISN, they were instructed to listen to 13 of 14-s
trials of lists of the months, days of the week and/or sea-
sons. During READ, they were asked to read lists of days
of the weeks, months, and/or seasons that were flashed on
the screen, and this task consisted of 13 trials lasting 14 s.
Response times were recorded during the fMRI experiment
for each event of each run for each participant. The mean
response time corresponded to the mean response time of
each of the 144 participants during a given task. Note that
the participants responded with their right hand.

Image acquisition and pre-processing
Structural imaging

Structural images were acquired using a 3T Philips Intera
Achieva scanner and included high-resolution T1-weighted
volumes [sequence parameters: repetition time (TR),
20 ms; echo time (TE), 4.6 ms; flip angle, 10°; inversion
time, 800 ms; turbo field echo factor, 65; sense factor, 2;
field of view, 256 X256 X 180 mm®; isotropic voxel size,
1 x 1 x 1 mm?®]. For each participant, the line between the
anterior and posterior commissures was identified on a mid-
sagittal section, and the T1-MRI volume was acquired after
orienting the brain in the bi-commissural coordinate system.
T2*-weighted multi-slice images were also acquired [T2*-
weighted fast field echo (T2*-FFE); sequence parameters:
TR =3500 ms; TE=35 ms; flip angle =90°; sense factor=2;
70 axial slices; isotropic voxel size, 2 X2 X2 mm?].

Task-induced image acquisition and analysis

The functional volumes were acquired as T2*-weighted
echo-planar images (EPI) (TR=2 s; TE=35 ms; flip

angle =80°; 31 axial slices; field of view, 240 x 240 mm?;
isotropic voxel size, 3.75x3.75x3.75 mm?). In the three
runs, 192, 194 and 194 T2*-weighted volumes were
acquired for the Word-List production, listening and read-
ing tasks, respectively.

For each participant, the pre-processing of T2*-weighted
echo-planar EPI images included (1) the T2*-FFE volume
rigid registration to the T1-MRI; (2) the T1-MRI segmen-
tation into three brain tissue classes: grey matter, white
matter and cerebrospinal fluid; and (3) the T1-MRI scans
normalization to the BIL&GIN template, which included
301 volunteers from the BIL&GIN database (aligned to the
MNI space), using the SPM12 “normalize” procedure with
otherwise default parameters. For each of the three fMRI
runs, data were then corrected for slice timing differences
and, to correct for subject motion during the runs, all the
T2*-weighted volumes were realigned using a six-parameter
rigid-body registration. The EPI-BOLD scans were then rig-
idly registered to the structural T2*-FFE image. The com-
bination of all registration matrices allowed for warping the
EPI-BOLD functional scans to the standard space with a
single trilinear interpolation.

The initial analysis included the application of a 6-mm
full-width at half-maximum Gaussian filter to each func-
tional volume of each run. Global linear modelling [sta-
tistical parametric mapping (SPM), http://www.fil.ion.ucl.
ac.uk/spm/] was then used to process the task-related fMRI
data. For each participant, BOLD variations corresponding
to each Word-List task versus the cross-change detection
task belonging to the same run were computed [Word-List
production (PROD), Word-List reading (READ), and Word-
List listening (LISN)].

Homotopic regions of interest analysis

Since the brain presents a global torsion, the Yakovlevian
torque, which prevents a perfect point-to-point correspond-
ence between cortical areas that are functionally homotopic
(Toga and Thompson 2003), the use of flipped images to
calculate asymmetries appears problematic since the flipped
regions do not correspond to the equivalent of the other hem-
isphere. A new atlas, called AICHA, based on resting-state
fMRI data and composed of homotopic functional regions of
interest (hROIs), has been devised to circumvent this prob-
lem and is thus suited for investigating brain hemispheric
specialization and lateralization, allowing the determination
of the right and left hemispheric contribution in language
and for computing functional asymmetries in regions having
equivalent intrinsic connectivity (Joliot et al. 2015).

BOLD signal variations were thus calculated for the right
and left hROI BOLD signal variations for each of 185 pairs
of functionally defined hROIs of the AICHA atlas (Joliot
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et al. 2015) adapted to SPM12 in the three contrast maps
(defined at the voxel level) for PROD, LISN and READ.

Part 1: identification and characterization
of hROIs exhibiting both activation
and asymmetry in all three tasks

To complete the identification of language areas underpin-
ning production, listening and reading tasks at the word
level, we first searched for hROISs that were both significantly
co-activated and significantly co-asymmetrical on average
among the 144 participants during the PROD, LISN and
READ tasks for each hemisphere. The idea behind the con-
junction of activations and asymmetries during the three
tasks was to be selective enough to present brain areas spe-
cifically lateralized during the tasks. In a second step, we
described the variation in activity and asymmetry in each
hemisphere for the selected regions to obtain information
on their functional nature from their modulation by the task
component.

Statistical analyses
hROlIs selection

Using JIMP14 (http://www.jmp.com, JMP® 2018), a con-
junction analysis was conducted to select the left hemi-
spheric hROIs exhibiting BOLD signal variations that were
both significantly positive and significantly larger than those
of their right counterparts in all three tasks. An hROI was
selected whenever it was significantly activated in each of
the three task contrasts using a significance threshold set
to p <0.05 per contrast. The significance threshold for the
conjunction of activation in the three tasks was thus 0.05x0.
05x0.05=1.25x 10~*. The second criterion for hROI selec-
tion was the existence of a significant leftward asymmetry in
each of the three task contrasts, with the threshold of signifi-
cance of this second conjunction being 1.25x 10, Finally,
to be selected, a given hROI had to fulfil both criteria, and
the overall significance threshold for the conjunction of the
conjunction analyses was 1.56x 1078 =(1.25x 10™)2. This
procedure was conducted separately for the left and right
hemispheres.

Characterization of hROI activations and asymmetries
across tasks

Taking the right and left hROIs separately, we tested the
existence of significant effects of Task (PROD, LISN,
READ) on the selected hROIs, as well as the effect of Side
(left or right) and their interactions, using two repeated-
measures linear mixed-effects models. The analysis was
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conducted on the 144 individuals entering the variable Sub-
ject as a random effect.

Two-sided Tukey’s range tests on the mean activation
or asymmetry values were then completed for the left (14
hROIs) and right (7 hROIs) hROISs to identify the origins of
the significant effects and interactions found with each linear
mixed-effects model.

Results
Task performance during the scanning session

The mean response time taken for the covert generation
of the months of the year was 5261 + 1092 ms (range
2836-7360). The mean response time taken for reading the
months of the year, days and seasons was 4405 + 603 ms
(range 2703-5681). The mean response time taken for
listening to the months of the year, days and seasons was
486+ 101 ms (range 282-794). As the mean response time
was calculated after the delivery of the stimulus, i.e. after
4386 + 484 ms of Word-Lists auditory presentation, the
response times in the three tasks were comparable.

Regions showing both joint activation and joint
asymmetry during production, listening
and reading of Word-Lists

The first observation was that 14 leftward hROIs showed
both joint leftward activation and joint leftward asymmetry,
while 7 rightward hROIs showed both joint rightward activa-
tion and joint rightward asymmetry, demonstrating the left
hemisphere dominance of brain areas dedicated to Word-List
processing (Fig. 2, Table 1).

Left hemisphere

The conjunction of significant leftward activation in the
three contrasts (PROD N LISN n READ) revealed 50 left
hROIs (Fig. 2, top row). The conjunction of a significant
leftward asymmetry in the three contrasts revealed 26
hROIs (Fig. 2, middle row), and 14 left hROIs showed
both joint leftward activation and joint leftward asymme-
try (p<1.56x107%; Fig. 2 bottom row, Table 1). Most of
these hROIs were located in the frontal cortex, including
seven hROISs straddling the Rolandic sulcus (rol1, rol2, rol3,
ROLopl) and precentral sulcus (prec2, prec5, prec6) and
four located on the dorsal part of the internal surface of
the frontal lobe (cing3, cing4, cing5, pCENT1). One hROI
was located in the parietal lobe in the supramarginal gyrus
(SMG1). Finally, one hROI was located in the occipital lobe
in the cuneus (CU1). Only one subcortical area, the pallidum



Brain Structure and Function (2019) 224:3075-3094

3081

ROLop1

Fig.2 Regions of the AICHA atlas significantly activated in the three
tasks (top row), significantly asymmetrical in the three tasks (middle
row), and significantly conjointly activated and conjointly asymmetri-
cal in the three tasks (bottom row). The hROIs are projected on the
white matter surface of the BIL&GIN template with Surf Ice (https
://www.nitrc.org/projects/surfice/) software. Leftward asymmetrical
hROIs, as well as conjointly leftward activated and conjointly asym-

Table 1 Number of hROIs identified at each selection step

metrical hROIs, are presented on the left hemisphere, and rightward
asymmetrical hROIs are presented on the right hemisphere. The
hROIs considered activated or asymmetrical per hemisphere by task
were selected according to a p value <0.05; the statistical threshold
applied to the conjunction of asymmetry and activation for a given
task was p <0.0025 for each hemisphere, and the threshold set for the
three-task conjunction was p < 6.25x 107

Contrasts L activation L asymmetry L activation
and asym-
metry

PROD 76 (94) 22 (41) 18 (26)

LISN 75 (86) 36 (62) 20 (37)

READ 89 (101) 39 (58) 3139

Conjunction 3 contrasts 63 42 14

Contrasts R activation R asymmetry R activation
and asym-
metry

PROD 85 (106) 54 (83) 39 (58)

LISN 66 (85) 26 (52) 17 (29)

READ 93 (110) 40 (68) 25 (44)

Conjunction 3 contrasts 52 21 7

a. Number of hROIs having significant left activation, leftward asymmetry or conjunction of activation and asymmetry for the three Word-List
tasks. b. Number of hROIs having significant right activation, rightward asymmetry or conjunction of activation and asymmetry for the three
Word-List tasks. For a given contrast or asymmetry and for a given hemisphere, the statistical threshold was set at 0.00027 (Bonferroni correc-
tion for 184 hROIs). For the conjunction between activation and asymmetry the statistical threshold was set at 0.016 (Bonferroni correction for
the conjunction of two contrasts) and for the conjunction between three tasks, the statistical threshold was set at 0.05 (Bonferroni correction the
conjunction of three tasks). The number of regions at a non-corrected threshold of 0.05 is given in brackets
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«Fig.3 Activity and asymmetry measured in the 21 hROIs selected
at step 1. The 14 hROIs selected as leftward asymmetrical and acti-
vated are displayed on the left column, and the 7 hROIs selected as
rightward and asymmetrical are displayed on the right column. The
top rows are the asymmetry values in each task (red corresponds to
PROD, green to LISN, and blue to READ). Note that the scale of
the right hROIs has been inverted to facilitate the comparison with
left regions, and significant differences (Bonferroni corrected for the
number of hROISs) across tasks are indicated by spheres (the blue-red
sphere corresponds to a significant difference between PROD and
READ, the red-green sphere corresponds to a significant difference
between PROD and LISN, and the blue-green sphere corresponds
to a significant difference between LISN and READ. The middle
row shows the left values of activity in the left hemisphere for the
same set of regions, and the bottom row shows the activity in the
right hemisphere. The abbreviations correspond to those provided in
Table 1

(PALL), was selected. Abbreviations of the hROIs names are
available in Table 2.

Right hemisphere

The conjunction of significant rightward activation in the
three contrasts (PROD N LISN N READ) revealed 54 hROIs
(Fig. 2, top row). The conjunction of significant rightward
asymmetry revealed 19 hROIs (Fig. 2, middle row), and the
conjunction of rightward activation and asymmetry revealed
7 hROIs (Fig. 2 bottom row, Table 1): 3 in the internal sur-
face of the frontal lobe, located anteriorly to those of the
left hemisphere (SMA1, SMA2, SMA3), 2 in the precuneus
(PRECUS, PRECUY) and 1 in the temporal cortex (STS3)
straddling the STS. Only one subcortical area, the amygdala
(AMYG), was detected. Abbreviations of the hROIs names
are available in Table 2.

Activation and asymmetry profiles of the selected
hROIs for the three tasks

Regions of the left hemisphere

There were significant main effects of Task (p <0.0001),
ROI (p<0.0001) and Side (p <0.0001), and all interac-
tions were significant: Task X Side (p=0.002), Task x ROI
(»<0.0001), Side x ROI (p <0.0001) and Side x Task X
ROI (p=0.0002).

Five left regions presented modulation in asymmetry
across the different modalities of the Word-List processing
(Fig. 3, Table 3). The motor and premotor areas situated in
the inferior part of the central sulcus, including roll, and
precS (located immediately anterior to roll) were signifi-
cantly more asymmetrical and activated during the tasks
involving a motor component (PROD and READ) than

during LISN (Fig. 3, Table 3). Two adjacent areas located
in the mid-cingulate cortex, pCENT1 and cing5, presented
a larger asymmetry during LISN than during READ and
PROD, due to a higher right activation during PROD and/or
READ than during LISN, while left activations were compa-
rable (Fig. 3, Table 3). Finally, the anterior and dorsal part
of the cuneus (CU1) was significantly more asymmetrical
and more bilaterally activated during READ than during the
other two tasks (Fig. 3, Table 3).

A second set of motor regions showed little modulation of
their asymmetry by the task modality. A first set correspond-
ing to cing3 and cing4 showed no difference in asymmetry
across tasks but higher activity during PROD and READ,
which included a stronger motor component, than during
LIST (Fig. 3, Table 3). A second region, ROLopl, situated
in the Rolandic operculum area, presented no difference in
asymmetry across tasks but showed more activity in PROD
than the two other tasks (Fig. 3, Table 3). A third set, includ-
ing prec2 and prec6 located immediately anterior to rol3,
was also characterized by small inter-task differences in
activation (Fig. 3, Table 3).

Finally, most of the regions selected in the left hemi-
sphere exhibited higher bilateral activation during the tasks
having a stronger motor component (PROD and READ) than
during LISN (Fig. 3, Table 3). In addition, SMG1 bilateral
activity was strongly increased by the auditory modality,
with stronger activation during LISN than during the other
two tasks.

Regions of the right hemisphere

In the right hemisphere, the main effects of Task
(»<0.0001), ROI (p <0.0001), and Side (p <0.0001) were
significant, as were all interactions: Task X Side (p=0.0031),
Task x ROI (p <0.0001), Side x ROI (p <0.0001) and Side
X Task X ROI (p <0.0001).

Similar to the left regions, all the right hROIs showed
bilateral activation except SMA2, which was deactivated on
the left during PROD (Fig. 3, Table 4).

One region, STS3, located in the mid-third of the STS,
presented a profile very different from all the others: STS3
presented a significantly larger rightward asymmetry during
LISN than during PROD and READ (Fig. 3, Table 4). STS3
was also significantly more bilaterally activated during LISN
than during the two other tasks (Fig. 3, Table 4).

Three hROIs on the internal surface of the frontal lobe,
labelled SMA, located at the dorsal face and anterior part
of the medial frontal gyrus, also showed a modulation of
their asymmetry by the modality of the Word-List tasks.
SMA1 was significantly more rightward asymmetrical dur-
ing PROD and READ than during LISN, whereas SMA?2
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Table2 Names and
abbreviations of the 21 hROIs
selected as either conjointly
leftward activated and
asymmetrical or conjointly
rightward activated and
asymmetrical during the three
Word-List tasks

AICHA hROI name Abbreviation Network X (mm) Y (mm) Z (mm)
Frontal and insula
G_Rolandic_Oper-1-L ROLopl WORD_CORE —46.3 3.6 9.4
S_Precentral-2-L prec2 WORD_CORE —-25.2 —-8.5 58.9
S_Precentral-5-L precS WORD_CORE —56.1 4.8 30.6
S_Precentral-6-L prec6 WORD_CORE —-29.8 —-11.2 64.7
Internal surface
G_Cuneus-1-L CUl WORD_CORE -52 -82.7 28.4
G_Paracentral_Lobule-1-L pCENT1 WORD_CORE —-6.9 —-16.8 50.9
G_Precuneus-8-R PRECUS WORD_EXE 10.5 —-68.5 41.1
G_Precuneus-9-R PRECU9 WORD_EXE 12.7 —-68.4 50.3
G_Supp_Motor_Area-1-R SMAL1 WORD_EXE 5.9 20.5 49
G_Supp_Motor_Area-2-R SMA2 WORD_EXE 10.5 18.5 62.9
G_Supp_Motor_Area-3-R SMA3 WORD_EXE 6.4 10.1 66.5
S_Cingulate-3-L cing3 WORD_CORE -7.4 4.5 48.5
S_Cingulate-4-L cing4 WORD_CORE -7.8 -63 57.4
S_Cingulate-5-L cing5 WORD_CORE -8.5 —16.4 41.6
Parietal
G_Supramarginal-1-L SMG1 WORD_CORE -54.5 —-29.5 214
S_Rolando-1-L roll WORD_CORE —-54.3 -84 32
S_Rolando-2-L rol2 WORD_CORE —-43.6 —-13.7 50.6
S_Rolando-3-L rol3 WORD_CORE —38.8 -23.1 61.4
Sub-cortical
N_Amygdala-1-R AMYG WORD_EXE 21.1 1.7 -12.3
N_Pallidum-1-L PALL WORD_EXE -18.6 -8.2 -0.5
Temporal
S_Sup_Temporal-3-R STS3 WORD_CORE 53.1 -31.9 -0.3

The network label to which they were clustered and their coordinates in MNI space after SPM12 normali-
zation of the AICHA atlas are also provided

and SMA3 were significantly more asymmetrical during
PROD than during the two other tasks (Fig. 3, Table 4).

In contrast, PRECUS8, PRECU9 and AMYG did not show
any variation in asymmetry according to the task modality.

Apart from STS3, the profiles of activation were compa-
rable across tasks. However, there was less left activation
in SMA1, SMA2 and SMA3 during PROD (with a deac-
tivation for SMA3) and less left activation in PRECUS8
during READ. On the right, activation was inferior dur-
ing READ, in PRECUS8 and PRECU9 than during PROD
and LISN, respectively, and in SMA1 during PROD than
during READ.
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Part 2: intra- and inter-hemispheric
connectivity at rest

Methods

Participants

A subset of 138 participants [mean age: 27.3 years
(SD=6.4 years); 68 women] also completed a resting-
state fMRI (rs-fMRI) acquisition lasting 8 min. Note that
this resting-state acquisition was performed on average
9 months (SD =9.6 months) before the language task
acquisition in all but five cases for which the resting-state
acquisition occurred approximately 1 year after the lan-
guage session (range 11.2—-13.8 months).
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Table 3 Mean activation in

. hROIs abb  PROD LISN READ

each Word-List contrasts of the

14 hROIs showing joint left Mean (SD) ¢ P Mean (SD) ¢ p Mean (SD) ¢ P

activation and left asymmetry

during the three tasks (abb Left activation

corresponds to the abbreviation CU1 024 (0.38) 7.45 <0.0001 0.14(0.35) 4.87 <0.0001 0.55(0.71) 9.32 <0.0001

of the AICHA hROI name pCENT! 0.14(0.27) 636 <0.0001 0.18(0.24) 930 <0.0001 0.13(0.34) 4.65 <0.0001

provided in Table 2) ROLopl  0.51(0.27) 22.93 <0.0001 0.24(0.26) 10.98 <0.0001 0.28(0.33) 10.28 <0.0001
SMGI  0.41(0.39) 12.60 <0.0001 0.94 (0.63) 17.95 <0.0001 0.12(0.49) 2.98  0.0034
PALL  0.25(0.19) 16.09 <0.0001 0.11(0.16) 823 <0.0001 0.42(0.27) 19.00 <0.0001
cingd  0.83(0.39) 25.61 <0.0001 0.47(0.32) 17.81 <0.0001 0.69 (0.49) 16.74 <0.0001
cingd  0.52(0.34) 1871 <0.0001 0.27(0.26) 12.40 <0.0001 0.38 (0.43) 10.46 <0.0001
cings  0.15(026) 6.88 <0.0001 0.15(0.22) 832 <0.0001 0.16(0.31) 6.00 <0.0001
prec2  0.12(023) 637 <0.0001 0.08(0.21) 448 <0.0001 0.24(0.39) 7.30 <0.0001
prec5  0.76(0.49) 18.67 <0.0001 0.40(0.36) 1346 <0.0001 0.91 (0.54) 20.09 <0.0001
prec6  0.20(0.36) 6.54 <0.0001 0.19(0.32) 726 <0.0001 0.4 (0.49) 5.80 <0.0001
roll 0.66 (0.51) 1545 <0.0001 0.26 (0.29) 11.01 <0.0001 0.54 (0.50) 13.03 <0.0001
rol2 0.61 (0.43) 16.85 <0.0001 0.40(0.33) 14.78 <0.0001 0.72(0.52) 16.55 <0.0001
rol3 021(031) 791 <0.0001 0.17(0.32) 653 <0.0001 0.28(0.43) 7.70 <0.0001
Asymmetry (left-right)
cul 0.04(0.19) 275 00068 0.05(0.17) 3.70  0.0003 0.15(0.34) 5.40 <0.0001
pCENTI 0.13(0.12) 128 <0.0001 0.20(0.18) 13.88 <0.0001 0.15(0.18) 9.89 <0.0001
ROLopl 0.07(0.23) 3.62  0.0004 0.10(021) 557 <0.0001 0.11(0.27) 4.86 <0.0001
SMGI  026(0.34) 923 <0.0001 0.25(0.69) 437 <0.0001 0.35(0.43) 9.69 <0.0001
PALL  0.03(0.13) 298 0.0034 0.04(0.12) 336 00010 0.03(0.17) 2.02  0.0451
cingd  0.07(0.26) 336 0.0010 0.10(0.20) 5.72 <0.0001 0.11(0.30) 4.32 <0.0001
cingd  0.09(021) 528 <0.0001 0.11(0.16) 7.77 <0.0001 0.13(0.22) 6.97 <0.0001
cings  0.05(0.14) 434 <0.0001 0.15(0.16) 11.34 <0.0001 0.10(0.18) 6.70 <0.0001
prec2  0.08(0.20) 5.14 <0.0001 0.12(020) 692 <0.0001 0.12(0.30) 4.54 <0.0001
prec5  0.37(0.53) 826 <0.0001 0.14(042) 3.93  0.0001 048 (0.51) 11.42 <0.0001
prec6  0.15(0.33) 545 <0.0001 0.18(0.35) 6.12 <0.0001 0.16(0.43) 4.37 <0.0001
roll 0.27(0.29) 1129 <0.0001 0.08(0.24) 4.20 <0.0001 0.25(0.29) 10.49 <0.0001
rol2 0.43(0.35) 14.69 <0.0001 0.37(0.36) 12.32 <0.0001 0.44(0.43) 12.25 <0.0001
rol3 021(0.29) 842 <0.0001 0.18(5.88) 037 <0.0001 0.20(0.40) 5.88 <0.0001

Resting-state image acquisition (rs-fMRI) and processing

Spontaneous brain activity was monitored for 8§ min (240
volumes) using the same imaging sequence (T2*-weighted
echo-planar images) as that used during the language task.
Immediately prior to rs-fMRI scanning, the participants
were instructed to “keep their eyes closed, to relax, to refrain
from moving, to stay awake and to let their thoughts come
and go” (Mazoyer et al. 2016). After pre-processing iden-
tical to that used for task-induced fMRI acquisition, time
series of white matter and cerebrospinal fluid (individual
average time series of voxels that belonged to each tissue
class) and temporal linear trends were removed from the
rs-fMRI data series using regression analysis. Additionally,
rs-fMRI data were temporally filtered using a least squares
linear-phase finite impulse response filter design bandpass
(0.01-0.1 Hz).

For each of the 138 participants who completed the rest-
ing-state acquisition and for each of the same 185 homotopic
ROIs, an individual BOLD rs-fMRI time series was com-
puted by averaging the BOLD fMRI time series of all voxels
located within the hROI volume.

From the BOLD fMRI time series of hROIs, we com-
puted the Pearson correlation coefficients for each hROI
pair of the 21 selected hROIs in each participant. We then
averaged the Fisher z-transformed correlations among
pairs of hROIs across the 138 individuals, resulting in a
matrix of intrinsic connectivity for the whole population.

Resting-state image analysis: characterizing networks
within the 21 selected hROIs

Using the same methodology as Labache et al. (2019),

we applied an agglomerative hierarchical cluster analysis
method on the intrinsic connectivity matrix to identify the
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Table 4 Mean activation and asymmetry in each Word-List contrasts of the seven hROIs showing right activation and right asymmetry during
the three tasks (abb corresponds to the abbreviation of the AICHA hROI name provided in Table 2)

hROIs abb PROD LISN READ
Mean (SD) t p Mean (SD) t p Mean (SD) t p

Left activation
PRECUS 0.36 (0.46) 9.48 <0.0001 0.32 (0.39) 9.85 <0.0001 0.23 (0.44) 6.18 <0.0001
PRECU9 0.42 (0.39) 13.04 <0.0001 0.31 (0.4) 9.34 <0.0001 0.48 (0.55) 10.42 <0.0001
SMAL1 0.46 (0.45) 12.24 <0.0001 0.52 (0.37) 16.83 <0.0001 0.63 (0.49) 15.36 <0.0001
SMA2 0.20 (0.38) 6.34 <0.0001 0.24 (0.35) 8.35 <0.0001 0.20 (0.42) 5.70 <0.0001
SMA3 0.80 (0.58) 16.43 <0.0001 0.66 (0.46) 17.26 <0.0001 0.72 (0.61) 14.04 <0.0001
AMYG 0.17 (0.37) 5.48 <0.0001 0.08 (0.34) 2.97 0.0035 0.14 (0.51) 3.34 0.0011
STS3 0.49 (0.35) 15.05 <0.0001 1.85 (0.82) 27.06 <0.0001 0.45 (0.37) 14.70 <0.0001

Asymmetry (left-right)
PRECUS —0.11 (0.28) —4.77 <0.0001 —0.07 (0.28) -3.18 0.0018 —0.12 (0.37) -3.82 0.0002
PRECU9 —-0.12 (0.32) —4.55 <0.0001 —0.06 (0.30) -2.30 0.0226 —0.12 (0.49) —2.85 0.0051
SMA1 -0.32(0.28) —13.85 <0.0001 —0.16 (0.23) —-8.56 <0.0001 -0.27(0.31) -10.51 <0.0001
SMA2 -0.28 (0.30) —11.28 <0.0001 —0.15 (0.28) -643 <0.0001 —0.14 (0.35) —4.86 <0.0001
SMA3 —0.29 (0.45) —7.64 <0.0001 —0.18 (0.33) -6.48 <0.0001 —0.11 (0.48) —2.65 0.0089
AMYG —0.10 (0.22) -5.74 <0.0001 —0.06 (0.17) —-4.22 <0.0001 —0.09 (0.26) —-4.13 <0.0001
STS3 -0.33(0.28) —-13.85 <0.0001 -0.79 (0.64) —14.73 <0.0001 —0.16 (0.36) -5.22 <0.0001

different networks supporting the organization across the
21 hROIs. We tested the reliability of the identified net-
works using a multiscale bootstrap resampling method,
which provides us with an approximately unbiased (AU)
p value representing the stability of the networks based on
the average matrix of intrinsic connectivity.

Finally, we calculated the average functional intrinsic cor-
relations between the identified networks. The significance
of these correlations compared to 0 was assessed using a
non-parametric sign test at a significance level of 0.05 (Bon-
ferroni correction for the number of network pairs).

Results

Identification of networks based

on the resting-state connectivity of the 21 hROIs
showing both joint leftward activation and joint
leftward asymmetry or both joint rightward
activation and joint rightward asymmetry
during the three Word-List tasks

A hierarchical clustering analysis revealed two networks
from the selected set of 21 hROIs (Fig. 4); one labelled
WORD-LIST_CORE was composed of 13 left hROIs and 1
right hROI, and the other we labelled WORD-LIST_CON-
TROL was composed of 1 left area and 6 right hROIs.

@ Springer

The WORD-LIST_CORE network

The WORD-LIST_CORE network (Fig. 4, green) was
composed of 13 hROIs hosting motor and premotor areas
of the left hemisphere gathered along the Rolandic sul-
cus (roll, rol2, rol3), the precentral sulcus (prec2, prec5,
prec6), the Rolandic operculum (ROLopl), motor and
premotor areas of the medial surface (pCENTI, cing3,
cing4, cing5), the cuneus of the occipital lobe (CU1) and
SMGT1 of the parietal lobe. It is important to emphasize
that the WORD-LIST_CORE network is also an inter-
hemispheric network since it comprises the right STS3
in addition to the 13 left hROIs. We named this network
WORD-LIST_CORE because it included essential pho-
nological processing regions, as further described below.
WORD-LIST_CORE was the largest network in terms
of volume (53136 mm?), as it was 4.05 times larger than
WORD-LIST_CONTROL (13104 mm?).

ROLopl appeared to be a very important hROI for com-
munication within this network since it was among the top
5% of the strongest correlations among non-contiguous
hROIs (ROLop1-SMG1: r=0.62, ROLop1—cing3: r=0.59,
ROLopl-cing4: r=0.52). It is interesting to note that the
SMG1-cing4 correlation (r=0.53) was also among the 5%
highest correlations underlying a very strong antero-pos-
terior tripartite connection between ROLop1, SMG1 and
cing4.
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Fig.4 Intra- and inter-hemispheric correlations at rest across the
21 hROIs selected as either conjointly leftward activated and asym-
metrical or conjointly rightward activated and asymmetrical during
the three language tasks. The left motor areas and the right STS are
strongly and positively correlated, and they constitute the WORD-

The WORD-LIST_CONTROL network

The second network consisted of seven hROIs: six right
hROIs including the three superior motor areas of the inter-
nal frontal lobe surface (SMA1, SMA2 and SMA3, which is
SMA proper), the posterior part of the precuneus (PRECUS8
and PRECU9) and the AMYG. In addition to these right
areas, the left PALL was also part of the network. We
labelled this network WORD-LIST_CONTROL because it
included regions involved in the monitoring aspect of the
tasks that were common to the three tasks, that is to say,
maintaining the instructions, detecting the end of each word-
list task and clicking on the response pad.

Note that the AU p values provided by the multiscale
bootstrap resampling method showed that both networks
were 81% reliable.

Temporal correlation across networks
and significance

The chord diagram shown in Fig. 4 describes the average
correlations between each pair of hROIs in the two networks.
A non-significant negative mean intrinsic correlation was
found between WORD-LIST_CORE and WORD-LIST_
CONTROL (R=-0.04; 55.07% of the participants showed
a negative correlation, p=0.13).

WORD-LIST_CORE

0.6

0.4

0.2

-0.2

-04

-06

-08

WORD-LIST_CONTROL

LIST_CORE network (green) that is not significantly anticorrelated
with the WORD-LIST_CONTROL network, composed of the right
precuneus and SMA regions and the left pallidum (pink). The chord
diagram was produced by R with the “circlize” package (Gu et al.
2014)

Summary of the results of the whole study

The analysis of the connectivity at rest across the 21 hROIs
common to the production, listening and reading of over-
learnt lists of words made it possible to identify a set of
two networks. A large WORD-LIST_CORE network made
of plurimodal areas was revealed and included in the left
hemisphere, premotor and motor regions that were more
activated during PROD and READ than during LISN, an
auditory area situated in the anterior part of the left SMG
that was more activated during LISN than during PROD
and READ, and a visual region, CU1 that was more acti-
vated and more asymmetrical during READ than during
the two other tasks. Importantly, the strongest correlations
at rest between these 21 hROIs were observed across the
anterior and posterior areas (action—perception), namely,
Rolop1 and cing4 with SMG1. In the right hemisphere, the
WORD-LIST_CORE network included STS3, located in the
mid-third of the sulcus, which was significantly more acti-
vated and asymmetrical during LISN than during PROD and
READ. Note that a second network (WORD-LIST_CON-
TROL), composed of the right SMA1 and SMA?2 (located at
the preSMA), SMA3 (SMA proper) and precuneus, as well
as the left PALL, was identified and was not correlated with
the WORD-LIST_CORE network. The areas comprising this
WORD-LIST_CONTROL network are mainly involved in
extra linguistic, executive processes and attentional systems
recruited to manage task completion.
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Discussion

Here, we demonstrate a large-scale network of areas com-
monly shared by the production, listening and reading of
lists of words. This network includes not only articulatory
and auditory areas, but also a region of the visual cortex,
the cuneus. Though more recruited during the reading task,
this region, considered to be a component of accurate pho-
nological awareness (Bolger et al. 2008), is also involved in
word-list articulation and listening. During human develop-
ment, speech perception and speech production, engaging
auditory and motor (articulation) modalities, are initially
linked together. The subsequent acquisition of reading skills,
engaging the visual modality, is built upon these two compo-
nents. The present results show a brain organization in adults
that is a reflection of the whole developmental and learning
processes of language, where action and perception circuits
are interdependent and organized in networks, among which
a trace of the learning modality is still present in the brain.

We will first discuss the WORD-LIST_CORE network
from the left motor and premotor areas involved in action,
up to the involvement of the audio—motor loop extending to
the phonological loop and the right STS.

WORD-LIST_CORE network underpinning
supramodal WORD-LIST processing

Left motor and premotor areas: from the speech
effector areas to the hand area

On the action side, the results revealed seven areas strad-
dling the Rolandic sulcus and precentral gyrus and four oth-
ers located at the internal surface of the frontal lobe, all of
which were modulated by the mere nature of the task and
dependent on the modality.

The regions with the strongest motor involvement were
located along the Rolandic sulcus and included primary
motor areas that showed very large activations during PROD
and READ. This is in accordance with Penfield’s cortical
stimulation studies, which provided the first functional sup-
port for the existence of somatotopy in the lower part of
the Rolandic sulcus corresponding to motor control of the
orofacial region (Penfield and Roberts, 1959). In fact, roll
and adjacent rol2 match not only the area involved in speech
production as described by Wilson (Wilson et al. 2004), but
also the areas involved in mouth, larynx, tongue, jaw and
lip movements, as reported in several studies (Brown et al.
2009, 2008; Fox et al. 2001; Grabski et al. 2012; Wilson
et al. 2004) (Fig. 5). More precisely, along the dorsal-to-
ventral orientation of roll, the somatotopic representation
of speech listening and mouth, lips, jaw, tongue and larynx
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Fig.5 Locations of the activation peaks from five studies on the left
hemisphere coronal, sagittal and axial slices from the BIL&GIN dis-
play template; the hROI numbers correspond to the x, y and z-axes in
the MNI space. In green, the representation of roll. Larynx areas are
in blue (Brown et al. 2009) and orange (Brown et al. 2008). In red,
the mouth area (Fox et al. 2001). In purple, the lips, tongue, jaw and
vowels areas (Grabski et al. 2012). In brown-grey, the activation peak
of the motor areas for speech production (4p and 4a/6), and in green,
the activation peak of the superior part of the ventral premotor cortex
during listening to speech (Wilson et al. 2004)

movements clearly resembles the somatotopic organization
of speech effectors proposed by Conant and collaborators
(Conant et al. 2014). Moreover, the strongest asymmetry
in this area during PROD and READ is consistent with
the fact that these two tasks involved covert articulation or
subvocalization. The premotor area prec5, tightly linked to
roll along with cing3, was characterized by a very strong
BOLD increase during READ compared to both PROD and
LISN, suggesting an involvement of motor programming
and articulatory coding (Dietz et al. 2005; Price 2012). Fur-
thermore, damage to a similar region in the premotor cortex
in a sample of 106 patients with diverse profiles of aphasia
was shown to be strongly correlated with phonological nam-
ing errors (Schwartz et al. 2012). On the internal surface,
cing3 and cing4, partly overlapping the SMA tongue area,
and the anterior part of the mid-cingulate cortex situated
at the tongue cingulate motor area according to Amiez
et al. (2014), also presented a strong motor component, as
revealed by their increased activation in PROD and READ
compared to LISN. In addition, the left PALL was more acti-
vated during READ than during the two other tasks, which
is in accordance with results from a meta-analysis revealing
that, compared to children, adult readers recruit a larger net-
work, including the left PALL (Paulesu et al. 2014). Impor-
tantly, the same region has been shown to be involved in the
audio—motor adjustments during auditory feedback control
of speech, confirming its involvement in plurimodal modula-
tion (Tourville et al. 2008).

On the most ventral part of the Rolandic sulcus, ROLop1
presented a greater involvement in PROD than in the other
tasks. This region has been reported to be activated by overt
and covert articulation (Heim et al. 2002; Herbster et al.
1997; Price et al. 1996) and to be involved in phonological
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rehearsal (Veroude et al. 2010) and in silent recitation of
the months of the year (Wildgruber et al. 1996); moreover,
lesions in this region have been associated with articula-
tory disorders (Tonkonogy and Goodglass 1981), which is
in accordance with the motor component revealed in the
present study. The lower activation of ROLopl compared
to roll and prec5 was because this region is a secondary
motor area. It could also be suggested that ROLop1 acti-
vation could implement a simulation of phoneme produc-
tion according to the model by Wilson and Iacoboni (2006),
which stipulated that the prediction of the acoustic conse-
quences of phoneme production can be compared in the
superior temporal cortex with the acoustic analysis of the
speech sounds heard. In the present study, we cannot dis-
entangle an actual motor component related to subvocali-
zation from a simulation, both being potentially engaged
depending on the task: simulation during the listening task
and vocalization during the production task as well as a very
likely vocalization aspect during the reading task. Moreover,
within the WORD-LIST_CORE network, intrinsic connec-
tivity at rest revealed that ROLop1 was an essential hROI
for communication within this network, as it was particularly
correlated not only with the mid-cingulate cortex tongue
areas cing3 and cing4, but also with SMG1.

On the dorsal part, a last set of areas, the prec2 and prec3
premotor areas situated along the precentral sulcus and
tightly linked to rol3, which is at the location of the hand-
motor area (Mellet et al. 2016), presented joint activation
during the three tasks and did not show strong differences
across tasks. On the internal surface, pCENT1 and cing5,
located in the mid-cingulate cortex, have also been shown
to be involved in hand representation (Amiez and Petrides
2014). Given their functional location, one explanation
concerning the language ontogenesis observations could
stipulate that the motor control of the vocal tract (speech
articulators) and the motor control of the hand develop in
cooperation, arguing for a hand—mouth gestural basis for
language (Iverson 2010). An alternative explanation would
be in relation to the motor response provided by the subjects
at the end of each Word-List task; however, as the central
cross-change detection is likely to cancel out most of these
non-specific hand-motor activations and as there is a lack
of somatosensory activation, it does not seem to support the
latter hypothesis.

Involvement of the audio—-motor loop and extension
to the phonological loop during READ

The results of the intrinsic connectivity showed a strong
correlation between SMG1 and cing4: this underlies a
very strong antero-posterior tripartite connection between
ROLopl, SMGI and cing4. Therefore, there does exist a
group of hROIs common to the three Word-List tasks, with

a leftward involvement of brain areas specifically involved
in word processing. These areas, found to be strongly and
positively synchronized at rest, constitute a network includ-
ing the more anterior left SMG hROI, namely, SMG1, as
well as the frontal and cingulate motor and premotor areas
mentioned above. These frontal and temporal regions, con-
nected through the arcuate fasciculus tract (Catani et al.
2005), appear to consist of hROIs involved in the plurimodal
representation of speech sound processing, the so-called
audio—motor loop (Vigneau et al. 2006). The left areas of
the audio—motor network, conjointly recruited during the
three Word-List tasks, correspond at large to the neural
bases of a perception—action cycle for speech sounds. Such
a model, based on the link between speech perception and
speech production, posits that articulatory gestures are the
central motor units on which both speech perception and
production develop and act according to the motor theory of
speech (Liberman and Whalen 2000). More recently, neu-
robiological theories of speech perception have proposed
a more dynamic and integrative model in which language
processing relies on action—perception circuits distributed
across the auditory and motor systems (Pulvermiiller and
Fadiga 2010, 2016). Within the WORD-LIST_CORE net-
work, areas hosting mostly motor and premotor areas were
also activated during LISN, although at a lower intensity
and with a lower asymmetry. If we regard the recruitment
of the SMG1 in the production task, all this taken together
favours the theory supporting an involvement of action—per-
ception circuits regardless of the Word-List task (Pulver-
miiller and Fadiga 2010, 2016). It is interesting to observe
that READ also appears to recruit this action—perception
circuit, revealing a significant activation in roll compared
to LISN. Interestingly, this circuit, posited to subserve the
mapping between sensory and motor phonological codes,
is also engaged in reading (Danelli et al. 2015; Malins
et al. 2016). The action—perception circuit recruited in the
present study for READ also reflects the fact that the par-
ticipants were instructed to engage their attention in the
reading of each word and covertly articulate the lists of
words at a slow speech rate. The fact that ROLop1 activa-
tion in the present study was similar for READ and LISN
favours the recruitment of the action—perception circuit, and
may be an indication that while reading these over-learnt
words, the subjects tended to subvocalize them, which is
supported by the gradient of significant activation in roll
(production > reading > listening).

Within the large perception—action model of Fuster
(2001, 2014), the literature has identified a set of areas that
are considered the neural support of the phonological work-
ing memory loop postulated by Baddeley et al. (1998). In
fact, experience with the Word-List automatically engages
working memory processes and that component is common
to the three word tasks. On the perception side, one cluster
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(SMGT1) was more activated and asymmetrical in LISN than
in READ and PROD. Interestingly, the SMG1 is situated
on the posterior part of the planum temporale, correspond-
ing in the literature to the Sylvian—parietal-temporal area
or Spt (Buchsbaum et al. 2011; Yue et al. 2018), and has
been described as a sensory—motor integration area for the
vocal tract. Area Spt would be part of the phonological loop
described by Baddeley et al. (1998), in which the content
of the phonological store can be kept active via articulatory
rehearsal (Buchsbaum et al. 2011). More precisely, the Spt
area has been assumed to have a storage function (Martin
2005; Smith and Jonides 1998) and to play an important role
in the short-term storage of phonological representations by
serving as a phonological buffer (Yue et al. 2018). The activ-
ity of area Spt is thought to be correlated with some frontal
speech production areas even if their precise locations differ
across studies: the pars opercularis according to Buchsbaum
et al. (2001) and Poldrack et al. (Poldrack et al. 1999) and
the dorsal part of the pars triangularis of the inferior frontal
gyrus (F3t) according to the meta-analysis by Vigneau et al.
(2006). It is noteworthy that F3t was bilaterally activated
during the three tasks in the present study (Fig. 2, top row);
this bilateral involvement impeded conjoint activation and
asymmetry. Together with the F3t activation, on the action
side, prec5 was found to show both joint leftward activation
and joint leftward asymmetry during the three Word-List
tasks, with a gradient of activation ranging from more acti-
vation for READ and PROD and less activation for LISN.
This premotor area, precS, has been proposed to make up
a subvocal rehearsal system (Chein and Fiez 2001) and/or
to support executive processes allowing the maintenance
of content in verbal working memory (Smith and Jonides
1998), which is in accordance with the highest levels of acti-
vation during READ and PROD in our study. Furthermore,
a single rTMS intervention targeting either the left SMG or
the left posterior part of the inferior frontal gyrus, which
are considered phonological nodes, was sufficient to disrupt
phonological decisions, providing further support for the
view that both regions contribute to efficient phonological
decisions, particularly subvocal articulation (Hartwigsen
et al. 2016).

Activation of the right STS3 involved in prosodic
integration during PROD and READ and strong
connection of the right STS3 with motor areas
within the WORD-LIST_CORE network

The rightward conjoint activation of STS3 as well as its
rightward asymmetry, though more activated in LISN but
less activated in READ, could be accounted for by a right-
ward preference for non-linguistic information such as tonal
prosody (Belin et al. 2002). More particularly, the right
STS3, which is located in the mid-part of the STS, closely
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matched the activation peak showing rightward asymmetry
described by Beaucousin and others (2007). This area over-
laps the posterior human voice area (pHVA, Pernet et al.
2015) and corresponds to the posterior voice area described
by Bodin et al. (2018). The pHVA is located on a sulcal pit
corresponding to the place of the larger sulcal depth. In addi-
tion, the rightward asymmetry of this sulcal depth is specific
to humans and exists regardless of the age of the subjects
(infants, children or adults) (Leroy et al. 2015). The present
study brings new understanding on the precise role of this
region, which is not fully understood as yet. We propose that
the metrics of the lists of words, resembling a reciting, are
processed in this area, which is supported by its greater acti-
vation during LISN. This is in accordance with the auditory
material presented to the participants, that is, the list being
spoken along with the specific prosody of a list. Moreover,
this region was more activated during a prosodic task than
during a phonetic task (Sammler et al. 2015). During speech,
words present non-verbal prosodic information that is inter-
twined with verbal information (Kotz and Paulmann 2007,
Pell and Kotz 2011). Furthermore, prosodic and verbal cues
in speech differ in their spectro-temporal properties: pro-
sodic cues consist of slow spectral changes (over more than
200 ms) and phonemic cues consist of fast spectral changes
(less than 50 ms). The right hemisphere has been suggested
to be more sensitive to fine spectral details over relatively
long time scales, and the left hemisphere is more sensitive
to brief spectral changes (Boemio et al. 2005; Poeppel et al.
2008; Zatorre and Belin 2001).

The link between the STS3 (corresponding to pHVA),
which is a prosodic integrative area, with the left SMG and
roll instantiated in the resting-state connectivity approach
reflects the intertwining between prosodic and phonemic
information. The present results are supported by a recent
fMRI/ERP study that revealed that activity in the left SMG
together with the central sulcus area occurred earlier than in
the left superior temporal cortex during phonological pro-
cessing of ambiguous speech syllables, whereas attention to
the spectral (prosodic) properties of the same stimuli led to
activity in the right STS (Liebenthal et al. 2016). The present
study demonstrated that the pHVA was part of not only the
WORD-LIST_CORE network, but also showed both right-
ward joint activation and rightward joint asymmetry during
the three Word-List tasks. These results suggest that pHVA
is involved in the tonal processing of word lists that underlie
speech segmentation processing for each task (PROD, LISN
and READ). Moreover, the rhythmicity of the word lists pro-
cessed by the right pHVA seems to be the basis of the articu-
latory process, which involves the left audio—motor loop,
and is consistent with the recent neuroscientific literature
supporting the use of musical training. Rhythmic stimula-
tion related to the rhythm and intonation patterns of speech
(prosody) has been shown to improve auditory processing,
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prosodic and phonemic sensitivity in dyslexic children who
perform poorly on tasks of rhythmic perception and percep-
tion of musical metres (Flaugnacco et al. 2015).

Inclusion of the right visuospatial and attentional
cortical areas supporting the executive aspects
of the tasks in the bilateral WORD-LIST_CONTROL
network

The brain areas constituting the second network were more
related to the attentional processes conjointly shared by the
three tasks, which is in accordance with the anticorrelation
of the WORD-LIST_CONTROL network with the WORD-
LIST_CORE network (although not significant). Among
these areas, SMA1, SMA2 and SMA3 overlap the location
of the supplementary frontal eye fields and partially cor-
respond to the dorsal frontal attentional network (Corbetta
and Shulman 2011). The fact that these areas were more
activated on the right and showed more rightward asym-
metry during PROD, which was the most effortful task, is in
line with a role for attentional control. The rightward asym-
metry and activation of the precuneus regions, without any
between-task difference, suggested that it could be related
to mental imagery triggered by the scrambled version of the
picture or to episodic memory encoding in reference to the
list of the days and months (Cavanna and Trimble 2006).

General conclusion and perspectives

The present study, based on the fMRI analysis of three
Word-List tasks performed by 144 healthy adult right-
handers combined with the analysis of intrinsic resting-state
connectivity in 138 of the same participants, makes it pos-
sible to propose, for the first time, a model of the neural
organization of Word-List processing during production, lis-
tening and reading tasks. This model posits that (1) action
and perception circuits are interdependent and organized in
networks, among which a trace of the learning modality is
still present in the brain; (2) the involvement of phonological
action—perception circuits, such as the phonological working
memory loop, in which articulatory gestures are the central
motor units on which word perception, production and read-
ing develop and act according to the motor theory of speech
(Liberman and Whalen 2000), as revealed by the recruitment
of leftward frontal and precentral areas together with tem-
poro-parietal areas, and (3) the involvement of the left SMG
with the right STS3 (pHVA), which is a prosodic integrative
area, could reflect the intertwining between prosodic and
phonemic information. The set of regions that constitutes
the Word-list Multimodal Cortical Atlas (WMCA) is avail-
able for download at http://www.gin.cnrs.fr/fr/outils/wmca/.
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was no unstable network among the atlas networks. The second method high-
lighted the presence of two distinct sub-populations with different age-related
brain organizations.

Keywords hierarchical clustering, inter-individual variability, detection of
sources of instability, fMRI
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1 Introduction

The analysis of the partitions stability of a dendrogram is a crucial issue in
order to check the replicability of the selected partitions.

For classical two-dimensional data, it is possible to obtain a measure of
the stability of the clusters (obtained from a given partition) using the ap-
proximately unbiased p-value (AU-value) obtained with a multiscale boot-
strap resampling method (MBR: [I]) available via the pvclust function of
the R library of the same name [2]. The AU-value then indicates the unbi-
ased frequency of occurrence of a cluster across the reference population of
the dendrogram.

There is currently no counterpart to this method for three-dimensional
data. This paper thus develops a similar method to pvclust that is adapted
to any kind of three-dimensional data and, in particular, for resting-state func-
tional Magnetic Resonance Imaging (rs-fMRI) data.

fMRI allows to obtain regional brain electrical activity ([3], [4]) by mon-
itoring relative fluctuations in the Blood Oxygen Level Dependent (BOLD)
signal.

The study of human brains’ resting state functional organization consists
in analyzing the synchronicity between the BOLD signals of different brain
areas or networks. Commonly, the synchronicity study is performed using the
calculation of Pearson correlation coefficients between the BOLD signals of
all network pairs, resulting in correlation matrices of dimension K x K for K
brain networks. There are databases of several hundred individuals containing
3D structures (of dimension K x K) that gather all of the correlation matrices
Mg, s=1,...,5 of the S individuals in the database.

For a some databases, in this case, the BIL&GIN database, [0]), the first
work consisted of a agglomerative hierarchical clustering of K brain networks.
The second step was to find an optimal number of clusters reflecting the best
resting state cerebral organisation [6]. The methodology consisted of averaging
all the Fisher transformations of the matrices M in the following way:

(1)

M tanh (Zle arctanh(MS)>
m = tan
S

This matrix is then transformed into a dissimilarity matrix D,, : D,, =
(1—M,,)/2.. Then m the aggregation of the K brain networks is accomplished
via agglomerative hierarchical clustering(according to Ward’ method)based on
D,,.

Taking into account the inter-individual variability, [6] adapted a procedure
called pvclust [7] which allows researchers to assess the uncertainty associated
with the different partitions of the hierarchical clustering through a p-value
obtained by bootstrapping. The previous methodology provides a Bootstrap
Probability p-value (called BP-value) and after correction, an Approximately
Unbiased p-value (denoted AU-value). The AU-values are calculated using the
bootstrap values recommended in [2] by using anywhere from 50% to 140%
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of the sample. These p-values indicate how well the different partitions are
supported by the data.

To illustrate this methodology, let us consider a population of 439 subjects.
The optimal number of clusters was determined using the R library NbClust
[8]. This package provides 30 statistical indices for determining the optimal
number of clusters and offers the best clustering scheme from the different
results obtained by varying all combinations of the number of clusters for
the chosen method, in this case, hierarchical clustering with Ward’s criterion.
We selected the number of clusters that satisfied a maximum of indices and
found it to be equal to 3. For the corresponding three optimal clusters the
associated BP and AU-values are equal to 100% (Fig. [). [2] recommends
using AU-values, these 3 retained clusters were perfectly represented by our
data. However, the AU-values represent the stability of the M, based clusters
and not on the empirical frequency of appearance through these clusters across
the S subjects, called individual frequencies below. Fig. [I}illustrates this event.
We can see the evolution of the BP-values as a function of the proportion of
subjects used in the bootstrap sampling, as well as the actual value of the
individual frequencies of cluster occurrence. For example, for the considered
partition of 3 clusters, the corresponding three BP-values are 100%, whereas
the individual frequencies of appearance are respectively 5% , 4% and 12% for
these 3 clusters. The individual frequencies of occurrence correspond to the
number of times a cluster appears among the individual dendrograms of the
population. In the study of intrinsic brain organization, these proportions are
unreliable and, in a general framework, this shows that the pvclust algorithm
cannot be used for three-dimensional data; the BP-values do not reflect the
individual frequencies.

In this paper, two methodologies are proposed to better understand the
inter-individual variability of partitions from M,, :

— the first one allows the identification of networks that can lead to unstable
partitions from M,,;

— the second one allows the identification of homogeneous subpopulations of
subjects across the population by maximizing the individual frequency of
appearance of clusters from the partitions built on their associated M,,
matrices.

In the first part of this paper, we will present how to calculate the empirical
frequency @y through a network Ry based on the comparison of its position in
the average dendrogram with respect to the individual dendrograms. We will
present how to use it to identify an unstable network at the population level.
Finally, from the individual frequency of a cluster, we show how to extract,
from the initial population, subpopulations that are, on average, more stable.

2 Presentation of the proposed approaches

Consider My, s =1,...,.5, the S individual correlation matrices of dimension
K x K.
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Fig. 1 Agglomerative hierarchical clustering from My, (top). Evolution of BP-value as a
function of the proportion of individuals sampled in the bootstrap (below). The individual
frequency of the clusters are in blue. The BP-values are in green. The AU-values are in red.

Starting from the hierarchical ascendant clustering based on the mean ma-
trix M,, defined in the introduction, K nested partitionsP?,, j =1,..., K can
be obtained and summarized by vectors of size K defined as follows: for the
partition (also called pattern afterwards) into j clusters, the k' component
of PJ, is equal to 1 if the network R}, appears in the new cluster created by
switching from a partition into (j + 1) clusters to a partition into j clusters .

In the following, we will note:
P, ={P),...,P},....PE} (2)

with P}, = (1,...,1) and PX = (0,...,0) by convention.
In the same way, for each subject s, the corresponding K nested partitions

can be constructed from the M, matrices:

P,={P!...,PI ... P} fors=1,...,8 (3)

For each non—trivialleﬂ partition from M, , we will search, among the

(K — 2) non-trivial partitions of each subject s, the element of Py closest to
PJ, based on the Sorensen-Dice index defined as follows:

1 Partitioning into one cluster (respectively into K clusters ) is considered as trivial.



Study of inter-individual variability of three-dimensional data table 5

2(P,)' P

CI=1— min - -
1=2,...K=1 (P},)' P, + (PL)' P!

S

(4)

where the notation v’ denotes the transpose of the vector v. A zero index
CJ (respectively equal to 1) indicates that the vectors P}, and P/ are equal
(respectively, do not share a common network).

In the following, we call alternative pattern to PJ,, denoted by P7 hereafter,
the pattern(s) of Py closest to PJ, in the sense of the index C? (if this pattern
is not equal to the average pattern PJ).

From the set of the P7, it is then possible to calculate a Qj, score of partici-
pations for each network Ry . This score @) represents the empirical frequency
(expressed in %) that the network Ry, is constituted of an alternative pattern,
whatever the average pattern. For an average pattern PJ,, let us define FJ
as the number of single subjects expressing the alternative pattern Pi, and
let 7 be the number of single subjects expressing the alternative pattern pi
containing the network k. The empirical frequency @y of a network Ry is then
defined as follows:

K-—2 j
Py B ()
Zj:l F]

Note that an alternative pattern of PJ, can never be equal to an average
pattern P/, of another level than [ # j.

Qr =

2.1 Method for identifying an unstable network

From the participation score @y of each network Ry, it is possible to identify
the one that will be said to be unstable among the K networks (i.e. a network
that will not be stable with respect to Pm across the subjects). Typically, a
network Ry~ that “roams” on the dendrogram associated with P,, without
having a fixed attachment within the S individual dendrograms P; leads to
an unstable mean tree. The network showing the most marked instability is
obtained by :

k* = arg ,hax Qk (6)

=1,...,

By convention, if @1 = ... = Qk, it is considered that there are no unstable
networks.
2.2 Method for identifying subpopulations of subjects

Let us first define the individual frequencies of the average dendrogram pat-
terns PJ, denoted F}, as the number of single subjects expressing P7, .
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First, the methodology consists of iteratively selecting the subjects belong-
ing to the pattern P,J; such that j* = argminj—s  x_1 Fj. At each iteration,
the selected subjects then form a new subpopulation, and the new current
population is composed of the unselected subjects. The stopping criterion is
to obtain a tree in the current subpopulation such that Vj, FJ, = 1.

In order to counteract the presence of noise in the data, the cophenetic cor-
relation d [9] between each of the dendrograms obtained from the mean matrix
of each identified subpopulation is then calculated. This allows to group sub-
jects belonging to the same subpopulations based on cophenetic correlations
above a fixed threshold ¢. The choice of ¢ is left to the user: however it should
be noted that: 1) the threshold ¢ directly influences the creation of subpopula-
tions and 2) it allows the reduction of noise in the tridimensional data, if noise
is present. A high value of ¢ (i.e. close to 1) will be recommended if similar
populations in the three-dimensional data is suspected, close to 0.5 otherwise.
To do this, we set up the following iterative procedure. Initially, we calculate
the matrix of cophenetic correlations between the mean dendrograms of the
subpopulations obtained at the end of the first step. Thereafter, we threshold
this matrix according to ¢ (i.e. correlations lower than ¢ are set to 0). From this
matrix, we construct the d-weighted graph G, where each node represents a
subpopulation. Thanks to the Louvain method [I0], an optimal partition num-
ber is obtained by maximizing the modularity of the G graph. Subsequently,
the subpopulations are grouped together according to the Louvain partition-
ing, then a new cophenetic correlation matrix is computed from the mean
dendrograms of these new subpopulations. Louvain partitioning procedure is
then repeated until G has only one node.

This procedure (Algorithm [1)) leads to iteratively extracting the most sta-
ble subjects from the average current PS“""¢" dendrogram. It should be noted
that by construction, PS4 "¢ will vary in terms of the arrangement and com-
position of its scores.

Finally, this procedure is able to identify the existence of a subpopulation
of subjects with a pattern that differs constantly within it, or identify the
existence of a subpopulation that does not have a strong structure in terms of
dendrogram.
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Algorithm 1: Identification of subpopulations
Input: FJ,,individuals, PJ,
while Vj, FJ, = 1 do
group; < individuals € Pﬂ; ,J¥ =argminj_s . g1 Fi;
curent Population < individuals ¢ group,;
(FJ,, PJ., Dend;) + frequency_extraction(curentPopulation);
end
while |graphFromMatriceD| == 1 do
matriceD < cophenetic(Dend;);
matriceD <t < 0;
modules < Louvain(graphFromMatriceD);

subPopulation < individuals € modules;

end
Output: subPopulation

where frequency_extraction is the implemented algorithm described in Sect.
in order to extract the individual frequencies of the average dendrogram par-
titions, cophenetic is the function that computes the matrix of cophenetic
correlations between all the dendrograms two by two of a list of dendrograms,
Louvain is the implemented Louvain algorithm for identifying modules from
a weighted graph G (here each node of the graph is a dendrogram composed
of s individuals), and dendrograms is the function computing the dendrogram
from M,,.

3 Study of numerical behavior

The numerical behaviour of the two proposed methodologies is illustrated on
simulated fMRI-type data.

— In the first simulation study, we consider a population of S subjects whose
correlation matrices Mg, s = 1,...,S are close (in terms of mean dendro-
gram), except for a network RF" which is randomly permuted for each
subject. The objective here is to detect this unstable network which makes
the mean dendrogram P,, not very representative of the population of .S
subjects.

— In the second simulation study, the population of S subjects is composed
of two subpopulations of homogeneous subjects (in terms of the average
dendrogram). The objective here is to identify these two subpopulations.

Data generation. In order to create subjects close to each other in the
population (or subpopulation), we introduce a correlation matrix M that we
will noise with a Gaussian random error € centered with a standard deviation
o as follows: for 1 <i< [ < K,

M; 1y = tanh(arctanh(M; 1)) +ei1) et Mgy = My (7)



8 Loic Labache et al.

where M(; ;) denotes the element (i, j) of the matrix M and e(; ;) is a real-
ization of the noise e. Different noise levels o were considered in the simulation
study. Naturally, the higher the noise level, the less homogeneous the popula-
tion (or subpopulation) generated. To make the simulation study interesting,
we consider ¢ values such that the mean dendrogram is similar to the un-noised
mean dendrogram.

Thereafter, we will work with data similar to those presented in the intro-
duction (i.e. correlation matrices consisting of K = 28 resting-state networks
Ry).

3.1 Simulation 1: identification of the unstable network

In this first simulation, we will generate for a noise level of 0 < o < 1 with a
step of 0.1, with K groups of S = 500 subjects from one of the individual M
matrices presented in the introduction. For each noise level and each network,
we have randomly permutedﬂ a network Ry, i.e: for a given noise level o,
we have K = 28 groups of S = 500 subjects. The objective is to detect, for
each noise level and for each permutation, the targeted network Ry (i.e. the
permuted network) as the unstable network using the proposed methodology.

Using the methodology proposed for a noise level 0 = 0, we can see in
Fig. |2 that we manage in 89.3% of the cases to detect the permuted network
as the one with the highest @) score. Looking more closely, we can see on the
average dendrogram of the group before permutation (Fig. , that for the
permutations of the networks R, (RN11, RN23 and RN29), the network R** is
detected each time the one which is directly linked to R (RN22, RN14 and RN7
respectively) instead of Ry itself.

Taking the RN38 network as an example, when we look at the power of the
method across all the different noise levels o (Fig. [}, we can see that we are
able to detect the correct permuted network (i.e. Ri+ = RN38) regardless of
the noise level applied to the population of 500 subjects whose network has
been permuted. In this example, although RN38 (in green in Fig. [4]) is always
the network with the highest @ score, the network RN6 (in yellow in Fig. [4)) is
very close behind. By removing the RN38 network from the whole population,
we can see that the new mean dendrogram is much more stable with only a few
alternative non-dominant patterns (due to the different noise level); leading
to a much higher individual frequency of the mean P patterns, which is a
very low standard deviation of the Qi score without a k* ever actually being
detected.

Globally, for 11 different noise levels from 0 to 1 (step of 0.1), out of the 28
possible permutations, we detect the correct kx* (i.e. the permuted network Ry,)
95.1% of the time. The 4.9% error corresponds each time to the identification
of the network directly linked to the network Ry initially swapped for the
simulation.

2 i.e. switch the values of the corresponding row/column in the correlation matrix
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Fig. 3 Average dendrogram (constructed from My,) of the population of S = 500 subjects
before the permutation of any network Rj. In the red box, permuted Rj networks not
detected as kx at noise level o = 0.

Our methodology allows us to detect the permuted Ry~ network leading to
the instability of the mean dendrogram and those regardless of the noise level
injected in the data. Note that when o increases, (there is no more information
/ common structure in the data), all Qj scores will converge to 1/k, i.e. each
network participates in many alternative patterns or none of the networks
participate in alternative patterns.
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Fig. 4 Example of the evolution of the Qj score of the permuted network Rj; = RN38 as
a function of the noise level o in a population of S = 500 subjects. The colored curves
correspond to the 4 Ry being most often detected as Rg«. In green the target network RN38,
in yellow the network RN6 directly linked to RN38 in the initial dendrogram (see Fig.[3)

3.2 Simulation 2: identification of homogeneous subpopulations
3.2.1 Detection of equidistributed population

In this part, we will consider two populations (Gi, and G%,) of S = 500
subjects. In each population, the subjects are equally divided into two sub-
populations A and B of 250 subjects each. For G,, the proximity between
the mean dendrogram of A and B is measured by the cophenetic correlation
is 0.18 (i.e. subpopulation A is very distant from subpopulation B in terms
of the brain organization of their resting-state networks Rj). For G%,, the
cophenetic correlation between A and B is 0.95, which means they are two
subpopulations whose brain organization is very close to each other.
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Table 1 Evolution of the detection of subpopulations A and B according to the evolution
of the noise level ¢ in Group 1 (G1) and 2 (G2). Equidistributed population: Group Géov
cophenetic correlation between A and B of 0.18, 50% of subjects of each subpopulation A
and B. Group Ggo, cophenetic correlation between A and B of 0.95, 50% of subjects of each
subpopulation A and B. Not equidistributed population: Group G%S, cophenetic correlation
between A and B of 0.18, 75% of subjects of the subpopulation A and 25% of B. Group
G?S, cophenetic correlation between A and B of 0.95, 75% of subjects of the subpopulation
A and 25% of B.

Equitably distributed population (50% A & 50% B)

Subpopulation A Subpopulation B

c=0 0=012 0¢=025 0¢=050 o0c=0 0¢=0.12 o0=025 o0=0.50
Group 1 50 44 28 11 50 36 12 0
Group 2 50 24 1 0 50 17 8 11
Not equitably distributed population (75% A & 25% B)

Subpopulation A Subpopulation B

c=0 0¢=012 06=025 o0=050 o0c=0 o¢=0.12 ¢=025 o0=0.50
Group 1 75 65 64 0 25 11 0 0
Group 2 75 58 33 10 25 0 21 0

Finally, for G, and G%;, we will consider different cases with a noise level
o ranging from 0 to 0.5.

These two case studies, represented by G1, and G%;, will allow us to eval-
uate the subpopulation detection power of our algorithm in addition to the
presence of noise. Concerning the grouping threshold for the part of the method
using the Louvain method; ¢t = 0.8 for G}, and t = 0.99 for G2,,. Note that the
threshold is more restrictive for G2, since A and B are more similar in this
population.

The results for the G}, study are provided in Tab. [Il For a null noise level,
the algorithm perfectly identifies individuals as belonging to subpopulation A
or B. For a noise level o = 0.12, the algorithm is able to identify 44% of the
individuals belonging to subpopulation A and 36% belonging to population
B. For a noise level o = 0.25, the algorithm finds more than 50% of the indi-
viduals belonging to subpopulation A (28% of individuals identified belonging
to this subpopulation), but less than 25% of the individuals belonging to sub-
population B. At the maximum noise level o = 0.50, the algorithm finds 11%
of individuals from subpopulation A and none from subpopulation B.

The results for the G2, study are shown in Tab. [1} In contrast to G,
the mean dendrograms of subpopulations A and B are here similarly closer
to each other according to their cophenetic distance (equal to 0.95 for G2,
0.18 for G'). This has a direct impact on the algorithm’s ability to identify
individuals as belonging to subpopulation A or B. Concerning subpopulation
A, the algorithm identifies correctly the individuals for a zero noise level, but
the identification drops to 24, 1 and 0% as it increases, which is worse than
for G'. There were the same results for the identification of subpopulation B,
with results half as good as for G*.
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For a noise level ¢ multiplied by 2, the proportion of individuals identified
as belonging to subpopulation A or B tends to be divided by 2. Moreover, in
view of the results, subpopulation B of G}, seems less stable on average than
subpopulation A; the opposite is true for GZ,.

3.2.2 Detection of not equidistributed population

In this part we will consider two populations (G1** and G?%%) of S = 500
subjects. In each of the populations the subjects are equally divided into two
subpopulations A and B; of 375 subjects for A and 125 for B. For G!, the
proximity between the mean dendrogram of A and B is the same as in the
previous part, as the grouping threshold for the part of the method using the
Louvain method.

Finally, for G1*** and G?***, we simulated different cases with a noise level
o ranging from 0 to 0.5.

The simulation results are available in Tab. [} Concerning subpopulation A
for G and G?"*%, the algorithm identifies more than 85% of its individuals
up to a noise level o = 0.25. As for the equitably distributed subpopulations,
the algorithm manages to identify 100% of the individuals belonging to the
different subpopulations when the noise level is zero, and 0% when o = 0.50
(there is an exception for G?*** where 10% of the individuals of subpopulation
A are correctly identified).

Again, we can note that the more noise increases one group disappears,
either the A group or the B group. The more the number of subjects belonging
neither to A nor to B increases up to a rate of 100%.

We alos note from Tab. [1| that: first the subjects detected as belonging to
group A or B are initially subjects belonging to these groups (very low noise
error rate). Secondly, it is interesting to note that the category of subjects
neither belonging to group A or B is composed of similar proportions to the
one we initially injected during the creation of the simulation.

4 A real case study

An example of the application of the method may be found in [II]. There is
currently no brain atlas of the intrinsic organization of the brain constructed
from populations whose individuals are over 40 years of age. However, the
brain, and thus the brain networks that compose it, undergo continuous re-
configuration throughout adult life ([I2], [13]). The absence of brain atlases
from older populations therefore directly influences the results related to the
different properties of intrinsic networks. In this context, the objective of the
study was to construct a reliable brain atlas derived only from healthy older
participants. Doucet et al. [I1] analyzed resting-state fMRI data from 184 indi-
viduals aged 55-80 years from the SALD cohort (Southwest University Lifespan
Dataset, [14]). Using a multi-step independent component analysis approach
they identified 24 Resting-state Networks (RNs, Fig. [5]- A.).
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Fig. 5 Presentation of the Resting-state Networks (RNs) of the SALD cohort and their stabil-
ity. A. Spatial map of the RNs obtained from the multi-step independent component analysis
on the intrinsic connectivity data of the SALD cohort. B. Tukey box of the stability Qj score
for each network in the SALD cohort. The horizontal red line represents the limit at which a
RN is considered unstable (extremum).

In this framework, our method was used to verify: 1) the stability of the
identified intrinsic networks (RNs) and 2) the presence of subpopulations in
the data (the cophenetic threshold was fixed at 0.85).

We found that no RNs in the SALD sample of individuals aged 55 or older
were unstable (Fig. [5]- B.).

In addition, two subpopulations were identified in the SALD cohort Fig. [6]
The first one (Subpopulation 1 in Fig. @ is composed of 85 individuals and
has a mean age of 62.5 years old. The second one (Subpopulation 2 in Fig. @
is composed of 94 individuals and has a mean average age of 64.5 years old. A
two-tailed Student’s t-test revealed no difference between the 2 subpopulations
in terms of demographics variables (Edinburgh test: p = 0.8, sexe: p = 0.15,
Pearson’s chi-squared test), neither in anatomical variables (Total Intracranial
Volume: p = 0.81) or in quality control variable (all p > 0.2). A one-tailed t-
test revealed a significant inferior average age in the first subpopulation than
in second one (p = 0.032).

A comparison of the average dendrograms of the two subpopulations high-
lights the existence of 2 partitions in each subpopulation. The first one in-
cludes RNs related to the extrinsic system (blue rectangles in Fig. @: which is
a system driven by external inputs and activated during sensory stimulations,
including the attentional and the sensory-motor network. The second partition
corresponds to the intrinsic system (Red rectangle in Fig. @ that is used in
inner-oriented mental activity.
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This organization of resting-state brain processes corresponds well to the
organization highlighted in [6]. The calculation of the cophenetic distance be-
tween the two means dendrograms of the two subpopulations was 0.76, reveal-
ing two slightly different organizations. The main difference between the two
subpopulations (Fig. |§| comes from the networks RN18 and RN17, which in the
case of subpopulation 1, belongs to the extrinsic system whereas these RNs
belong to the intrinsic system in the second. The RN18 corresponds to one of
the fronto-temporo-parietal network involved during the executive processes of
selecting and monitoring our behaviours. The RN17 corresponds to the spatial
attention network. These two RNs are grouped together very early in the two
dendrograms, thus we can tentatively identify this couple as being a marker of
the resting state activity either turned towards the outside, or towards oneself.

This organizational difference, possibly related to age, compared to young
subjects [6], deserves to be addressed more in-depth study with complementary
neuroscientific approach, such as the resting state questionnaire for evaluation
of inner experience during the conscious resting state [15].
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5 Concluding remarks

In this study, we introduced two statistical approches allowing: 1) to ana-
lyze the stability of the constituent features of an average dendrogram pro-
duced from three-dimensional data, which is the Qj score, and 2) to extract
homogeneous subpopulations in terms of individual dendrograms from three-
dimensional data.

The first one is based on the new reliability Qj score introduced in Sec-
tion [2} This core represents the relative position of the network k across the
individual dendrograms, relative to the average dendrogram. The simulation
study provided good numerical performance of the proposed methodology.

Furthermore, the second proposed approach is able to identify the existence
of a subpopulation of subjects with a pattern of features that differs constantly
within it, or the existence of a subpopulation that does not have a strong
structure in terms of dendrogram.

Concerning the capacities of the algorithm to identify subpopulations, the
similarity between subpopulations, the proportion of each subpopulation di-
rectly influences the performance of the algorithm. A subpopulation which is
small in number of individuals and whose mean dendrogram is not singular: i.e.
whose cophenetic distance is high in relation to the mean dendrogram of the
other subpopulations, will be difficult to identify. In contrast, a large subpop-
ulation with a singular dendrogram will be easy to identify. The modulation of
the threshold value t comes into play here, a t value close to 1 allowing a bet-
ter distinction between two similar dendrograms according to the cophenetic
distance.

These two new methods will soon be available via a library called SIMS
(Similarity of Individual MatriceS) on GitHub, on CRAN, and it can also be
directly requested from the first author.
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2. Librairie R de SIMS

La librairie SIMS (Similarity of Individual MatriceS) implémente la
méthodologie présentée au chapitre précédent permettant d’étudier la stabilité de
données tridimensionnelles via la détection de variables instables et/ou de
sous-populations dans [’échantillon. SIMS est développé sous R (version 3.6.3,
[RCT20]). Je présente ici les principales fonctions permettant de détecter une variable
instable dans un jeu de données, ainsi que celles permettant de détecter la présence de
sous-populations dans I’échantillon de départ.

Dans ce cadre, j'utiliserai le jeu de données tridimensionnelles que nous avons
utilisé comme exemple dans la derniere partie du chapitre précédent : i.e. les 184
individus, agés de 55 a 80 ans, de la cohorte SALD (Southwest University Lifespan
Dataset, [WEI17]). Doucet & al. ont mis en avant la présence de 24 RNs™
(Resting-state Network) dans cette cohorte [DOU20]. Chaque individu est alors défini
par sa matrice de connectivité intrinseque. Une matrice représente les corrélations

paire par paire des 24 RNs.

La fonction weighingVariable implémente ’algorithme qui permet de calculer
la stabilité de chaque variable d’intérét, a travers les dendrogrammes individuels : ici
les RNs. Les dendrogrammes individuels sont construits en utilisant la méthode de
Ward & partir de la matrice des distances Dl.J. =(1- MZ.J)/2, (i,j=1,2, ..., n avec n=
24). Toutes les partitions individuelles sont comparées entre les individus a ’aide de
Iindice de Sorensen-Dice. L'unique argument de la fonction est le tableau
tridimensionnel T de taille 184 24 = 24 contenant ’ensemble des données. La fonction
renvoie une variable contenant le score Q attribué a chaque RN, ainsi qu’un graphique
(boite de Tukey) permettant de déterminer visuellement la présence d'extrema parmi

les variables (Figure 29).

5 TLes RNs sont numérotés “RNX”, X étant le numéro attribué au réseau.
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dim(Q) ; summary(T)
[1] 184 24 24

Min.

1st Qu.

Median

Mean

3rd Qu.

-0.78304 -0.07808 ©0.13945 0.17595 0.39509

Q <- weighingVariable(T)

plot(Q) # affiche la boite de Tukey

Max.

1.00000
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Figure 29 : Présentation des réseaux intrinseques de la cohorte SALD et de leur stabilité. A. Carte
spatiale des composantes obtenues & partir de Ualgorithme de [NAV1Z2] sur les données de connectivité
intrinséque de la cohorte SALD. Figure adaptée de [DOUZ20]. B. Boite de Tukey du score Q de stabilité
pour chaque réseaw de la cohorte SALD. La ligne rouge horizontale représente la limite & partir de
laquelle un réseau est considéré comme instable (extremum). Graphique réalisé a Uaide de la librairie R
ggplot2 [WIC16].

La fonction subPopulation implémente la méthode permettant d’identifier la
présence ou non de sous-populations dans la population d’origine, a savoir ici parmi les
184 individus de la cohorte SALD. Les arguments de la fonction sont ici :

e le tableau tridimensionnel T de taille 184 24 %24 contenant I’ensemble
des données,

e le seuil de la distance cophénétique coph au-dessus duquel les groupes
d’individus identifiés sont regroupés, car jugés trop similaires par

'utilisateur, afin d’obtenir les sous-populations finales.
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La fonction subPopulation retourne une liste P contenant K éléments, K étant

égal au nombre de sous-populations identifiées, chaque élément de P contient :

un vecteur v de la liste des individus formant la sous-population,

leur dendrogramme moyen d,

un vecteur contenant le score Q de la stabilité de chaque variable pour
cette sous-population,

une matrice ¢ contenant les distances cophénétiques entre chaque

dendrogramme des K sous-populations.

La fonction permet également de visualiser la différence d’organisation des

dendrogrammes de chaque sous-population a I’aide d’un tanglegram (Figure 30).

P <- subPopulation(T, coph = 0.85)

length(P)
[1] 2

head(P[[1]1$v, 3) ; length(P[[1]]%$v)
[1] "t@123" "tee12" "tee34"

[1] 71

head(P[[1]]1$Q, 3)
[1] 1.5 2.7 3.9

P[[1]]%c
[1] ©.76
plot(P)
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Figure 30 : Tanglegram entre les sous-populations présentes dans la cohorte SALD.
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Partie IV

Conclusion et perspectives
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J’ai développé au cours de cette these plusieurs méthodes statistiques
fructueuses permettant dans un premier temps d’élaborer des atlas des réseaux
cérébraux sous-tendant les fonctions cognitives latéralisées, puis dans un second temps,
d’évaluer et caractériser la variabilité inter-individuelle.

La méthodologie combinant I’analyse par conjonction, la classification
ascendante hiérarchique et la théorie des graphes a conduit a la publication de deux
articles concernant les bases anatomo-fonctionnelles des réseaux supportant le
traitement de la phrase : 'atlas SENSAAS, et du mot : 'atlas WMCA. Le travail
réalisé concernant 1’étude de la variabilité interindividuelle a conduit au développement
d’une nouvelle méthodologie d’évaluation de la variabilité interindividuelle basée sur la
classification hiérarchique : la méthode SIMS.

Dans la continuité du travail commencé, j’ai utilisé SENSAAS afin d’étudier
latypicalité de la latéralisation du langage via une classification hiérarchique
multitache et multimodale. Je présenterai par la suite un bref résumé d’une sélection de
travaux réalisés par d’autres équipes de recherche qui ont utilisé SENSAAS dans leurs
études. De plus, j’ai élaboré deux atlas supplémentaires concernant le support
anatomique du controle sensorimoteur de la main, ainsi que du support
anatomo-fonctionnel de I’attention visuo-spatiale. SIMS a également permis d’évaluer
la stabilité des réseaux intrinseques identifiés au cours du développement d’un nouvel
atlas cérébral global adapté aux individus de plus de 55 ans, ainsi que d’évaluer
I’homogénéité des 3 cohortes utilisées pour son élaboration.

Ces travaux sont présentés dans les chapitres qui suivent et sont suivis d’idées
prospectives concernant les suites possibles a donner aux recherches développées au

cours de cette these.
1. Applications de I'atlas SENSAAS

1.1. Etude de l’organisation typique et atypique de 'organisalion

cérébrale du langage

J’ai utilisé 'atlas des aires supramodales de la phrase (SENSAAS, [LAB19])
afin d’étudier la variabilité interindividuelle de la latéralisation hémisphérique du

langage ([LAB20], Partie I - chapitre 3.2.3.). Ce travail identifie trois groupes
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d'individus caractérisés par différentes organisations inter- et intra-hémisphériques du
réseau du langage : deux groupes de sujets typiques et un groupe de sujets atypiques.
Il nous a également permis de caractériser dans ces 3 groupes la variabilité de
l'intégration de l'information au repos dans les régions de SENSAAS, d'analyser
I'occurrence des dissociations de latéralisation au cours des différentes modalités
langagieres et de montrer des différences d'organisation anatomique et de compétences
cognitives. En conclusion, I'organisation cérébrale atypique du langage, révélée par une
asymétrie droite induite par les taches langagieres, est soutenue au repos par des
réseaux homotopiques connectés bilatéralement pour le langage (Figure 31) et par une
forte connectivité intrinseque grace a un large corps calleux. L’article correspondant est

disponible en Annexes : 2.

Fortement typique

9

0.2 0.5 0.8 L1

Figure 31 : Figure de synthese illustrant les différentes organisations du langage intra- et
inter-hémisphériques observées dans les 3 groupes identifiés dans [LAB20]. La colonne de gauche
montre la carte d'activation moyenne de l'hémisphére gauche des groupes lors de la tiache de production
de phrase (I'amplitude d'activation du signal BOLD est donnée par l'échelle de couleurs) et la colonne de
droite la carte d'activation moyenne de 'hémisphére droit superposée aw gabarit de la BIL&GIN dans
lespace MNI réalisée a Uaide du logiciel Surf Ice. Les deuxiéme, troisiéme et quatriéme colonnes
monlrent les vues latérales gauche, supérieure et droite du réseaw de connectivité intrinséque du langage,
chaque région du réseaw etant représentée par une sphére située au centre de masse de ses coordonnées
MNI. Pour chaque région, une sphére colorée indique la centralité de degré (DC) moyenne du groupe (la
valeur de DC' est donnée par l’échelle de couleurs, et la taille de la sphére est proportionnelle @ la valeur).
Les lignes colorées indiquent la valeur du coefficient de corrélation de Pearson r entre deux régions (la
valeur est indexée par léchelle de couleurs, et l'épaisseur de la ligne est proportionnelle & la valeur).
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1.2.  Applications de SENSAAS par d’autres équipes de recherche

SENSAAS a déja utilisé dans le cadre de 1’étude des bases génétiques de la
dominance atypique de I’hémisphere droit pour le langage. Carrion-Castillo & al. ont
notamment mis en évidence chez les individus atypiques une mutation des genes
impliqués dans le cytosquelette de Iactine” [CAR19]. Cette découverte offre pour la
premiere fois un apercu des influences génétiques moléculaires sur les mécanismes
conduisant & la mise en place de la dominance hémisphérique pour les processus
langagiers.

Un second exemple concerne 1’étude du réseau du langage et de la mémoire chez
des individus souffrant d'épilepsie du lobe temporal médian. Ici, Roger & al. ont montré
une hyperconnectivité des aires limbiques avec le reste du réseau, alors que cette zone
est atrophiée chez les patients. La réorganisation du réseau en termes de force de
connectivité intrinseque n’est pourtant pas associée avec de meilleurs performances

cognitives [ROG20].

2. Elaboration de nouveaux atlas cérébraux

2.1.  Mise au point d’atlas des régions de la preférence manuelle et

de lattention visuo-spatiale

2.1.1. HAMOTA : Hand Atlas of MOTor Areas

Comme présenté dans la Partie I - chapitre 3.1., nous avons identifié un
ensemble de 13 hROIs sous-tendant le controle sensorimoteur de la main (Figure 24).
Cet ensemble inclut des régions motrices primaires, prémotrices, somatosensorielles
primaires et secondaires, le thalamus et le putamen dorsal, ainsi que le 4*™ lobe
cérébelleux. Une analyse descriptive des variations du signal BOLD au cours des
taches de RFTT et LFTT dans les 13 ROIs a mis en évidence®, et ce dans les deux

groupes, de fortes activations controlatérales et désactivations ipsilatérales dans les

6 L’actine est une protéine jouant un role important dans l'architecture et les mouvements
cellulaires.
" Ces observations sont évidemment inversées pour le cervelet.
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aires motrices et somatosensorielles primaires, conduisant a de larges asymétries en
faveur de la main préférée.

HAMOTA a non seulement permis d’identifier les aires recrutées pour le
mouvement de la main, mais a également mis en évidence, pour la premiere fois et de
maniere originale, le support anatomo-fonctionnel de la préférence manuelle en
expliquant 81% de sa distribution. En effet, I’examen des profils des différences
controlatérales et ipsilatérales entre les mouvements de la main préférée et non
préférée dans les 11 hROIs incluses dans le modele révele que de plus fortes activations
controlatérales et des désactivations ipsilatérales des hROIs motrices sont liées au coté
de la main utilisée, tandis que dans les autres hROIs, de plus fortes activations
controlatérales et des désactivations ipsilatérales sont reliées a la latéralisation de la

main (main préféremment utilisée).

2.1.2. ALANSs : Atlas of Lateralized Attention Networks

Comme présenté dans la Partie I - chapitre 3.1., nous avons identifié un
ensemble de 66 hROIs significativement activées et asymétriques droites durant la
tache de JBL dans un groupe de 130 individus droitiers (Figure 23, [ZAG20]). Nous
avons dans un second temps caractérisé ces hROIs en fonction d’une tache
attentionnelle de bas niveau : SGV. Une analyse de la connectivité intrinseque de
I’ensemble de 66 hROIs, telle que réalisée dans [LAB19], nous a ainsi permis
d'identifier 4 réseaux sous-tendant la dominance des fonctions attentionnelles spatiales.
Il s’avere que les sous-ensembles obtenus a partir de I’analyse par conjonction des
taches de JBL et SGV se répartissent de maniere graduelle au sein des 4 réseaux de
connectivité intrinseque. Ce résultat permet de mettre en évidence une spécialisation
des réseaux du repos : 1- les 4 réseaux possedent environ 25% de hROIs impliquées
dans les 2 taches attentionnelles, 2- un réseau occipital spécialisé dans les processus
attentionnel de bas niveau (67% de hROIs également activées au cours de SGV), 3- un
réseau pariéto-frontal spécialisé dans les processus attentionnels de haut niveau (80%
des hROIs étant spécifiques a la tache de JBL), 4- un réseau temporo-frontal et
occipito-pariétal médian intermédiaire impliqué a part égale a la fois dans l'attention de

bas et de haut niveau.
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2.2. Application de SIMS a [élaboration d’un atlas de la

connectivilé inlrinseque

La nouvelle méthode SIMS développée au cours de ma these permet de prendre
en compte la variabilité inter-individuelle lors de la classification et de questionner
I’existence de sous-populations au sein d’une population. Elle a été utilisée afin
d’étudier la stabilité des réseaux de connectivité intrinseque obtenus chez des individus
agés de plus de 55 ans, ainsi que la stabilité des données utilisées [DOU20]. Les 5
réseaux intrinseques forment ainsi un atlas fonctionnel des réseaux du repos pour la fin
de I’age adulte. Doucet & al. ont ainsi montré que les réseaux intrinseques chez les

individus agés different significativement de ceux identifiés chez le jeune adulte.

3. Perspectives de recherches

Une premiere piste de recherche directement inspirée des différents travaux
présentés est 1’élaboration d’un atlas intégrant D’ensemble des réseaux de la
spécialisation hémisphérique : a partir des atlas SENSAAS, WMCA, HAMOTA et
ALANs. Le DMN sera également intégré du fait de la mise en évidence récente de son
role dans l'organisation atypique du langage [RAK18] et dans la centralisation de
I'information provenant des réseaux attentionnels et langagiers ([FOX20] et
[GOR20]).

Cet atlas multimodal et multi-échelle permettra de caractériser la topologie
globale des fonctions étudiées sous l'influence de la spécialisation hémisphérique chez
les individus typiques et d’étudier régionalement les patterns de dominance. La
caractérisation topologique sera multimodale intégrant les caractéristiques
fonctionnelles (IRMf), mais également anatomiques (épaisseur corticale, myélinisation
du cortex, surfaces) et psycho-comportementales (performances cognitives).

D’un point de vue méthodologique, la construction d’un atlas intégré de la
spécialisation hémisphérique permettra d’attribuer a chaque région un ou plusieurs
roles via 'utilisation des techniques de la théorie des réseaux multi-couches [BET17].

La théorie des réseaux multi-couches permet d’empiler les atlas individuels les uns au
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dessus des autres en les reliant via leurs régions communes. Jusqu’ici 1’étude
topologique des réseaux fonctionnels a été réalisée de maniere statique, I'utilisation
d’une méthode dynamique telle que la théorie du controle [JU20] permettrait d’étudier
la reconfiguration des réseaux au cours de différents états cognitifs [SAL20], mais
également au cours de la réhabilitation pour les patients.

Un tel atlas permettra de caractériser, de maniere longitudinale, les régions et
les mécanismes supports du rétablissement des fonctions langagieres et attentionnelles
chez des patients ayant subi des lésions cérébrales sur la base de I’hypothese du
phénomene de degeneracy. Le phénomene de degeneracy, introduit en neurobiologie par
le Pr. Gerald Edelman, est défini comme “la capacité d’élément structurellement
différent permettant de remplir la méme fonction ou de produire le méme résultat”
[EDEO1]. Pour ce qui nous concerne, cela signifie qu'un processus cognitif particulier
peut étre sous-tendu par plus d’'un ensemble de régions cérébrales [PRIO2]. L’étude de
patients ayant subi des lésions cérébrales permettrait alors d’identifier un ensemble de
régions support de la récupération. Cet ensemble de région pourra étre mis en parallele
avec I’ensemble des régions clés de la spécialisation hémisphérique et de la répartition
inter-hémisphérique de la dominance pour différentes fonctions cognitives identifié chez
les individus non pathologiques, afin d’établir une possible correspondance entre ces

deux mécanismes [ VIN19].

Concernant les perspectives de SIMS, le développement du cadre théorique
supportant la méthode pourrait étre envisagé, a I'image du cadre théorique supportant
poclust [SUZO06]. De plus, la méthode est applicable deés que des données
tridimensionnelles se présenteront. L'utilisation de SIMS afin de mettre en relation les
questionnaires du repos et l'interaction entre les réseaux intrinseques est envisageable
et offre des perspectives intéressantes sur la caractérisation de 1’état mental des

individus au cours de 1’état de repos conscient.
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Annexes

1. Construction du référentiel stéréotaxique

La construction de ’espace proportionnel de Talairach (Figure 32) pour un
individu repose sur la localisation et 1’alignement de deux reperes anatomiques (amers™
ou points remarquables communs) [TAL52] ; la commissure antérieure (CA, origine de
I’espace 3D) et la commissure postérieure (CP). Ces deux points sont des faisceaux de
fibres blanches reliant les deux hémispheres. Le choix de ces faisceaux est justifié par
leur proximité avec les noyaux gris centraux, structures ayant la plus faible variabilité
interindividuelle.

L’établissement des amers permet de définir un plan bicommissural (plan
CA-CP, axe z, coupe axiale) perpendiculaire au plan inter-hémisphérique (axe y, coupe
sagittale) défini a partir de la scissure longitudinale (Figure 32). Deux plans verticaux
supplémentaires sont ensuite définis (axe x, coupe coronale) ; I'un passant par la CA
(VCA), l'autre par la CP (VCP). Les limites de I’espace tridimensionnel de Talairach
sont ensuite fixées par les points ; le plus haut du cortex pariétal, le plus postérieur du
cortex occipital, le plus bas du cortex temporal, le plus antérieur du cortex frontal et le
plus latéral du cortex pariéto-temporal, la boite de I’espace stéréotaxique est ainsi
construite.

Le volume total est ensuite divisé par 8 au-dessus de la ligne CA-CP, en 4 en
dessous, en 4 antérieurement et postérieurement a la ligne VCA et VCP
respectivement. L’espace restant entre VCA et VCP est ensuite divisé par 3. Un espace
proportionnel est ainsi construit et permet par la suite de normaliser tout individu par
un jeu de transformations incluant une réorientation suivie dun “morphing”
permettant de ramener chacune de ces dimensions dans cet espace (largeur, hauteur,

longueur), afin qu’une méme structure anatomique apparaisse au méme endroit pour un

® En écho & la navigation maritime, un amer est un point de repeére fixe et sans ambiguité utilisé
pour naviguer a vue [MER14]. Dans 'espace de Talairach, les amers sont les deux commissures (CA et
CP), l'occiput, le pole frontal, le pole occipital, et la votite cranienne.
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méme triplet de coordonnées chez chaque individu. Pour se situer dans cet espace, il
faut par la suite se référer a ’atlas de Talairach [TAL67] qui contient un template dont
les structures cérébrales anatomiques et cytoarchitectoniques (d’apres les aires de
Brodmann) sont entierement labellisées. La localisation de ces structures est en réalité
probabiliste, Talairach faisant déja a I’époque référence & une forte variabilité
inter-individuelle du cortex [TAL67] ; il préconise d’ailleurs, en plus de cette approche
indirecte de localisation, d’avoir recours a une approche directe permettant une
meilleure localisation des structures cérébrales (telle que 'IRM). De plus, cet atlas se
base uniquement sur 1’hémisphere gauche (longtemps conservé dans le formol) d’une

femme de 60 ans, faisant fi de la variabilité anatomique liée au sexe, a ’age, a

I’hémisphere et aux individus.

A.

plan B. Coupe sagittale Coupe axiale
VCA —— =

VCA VCP

Supérieur

Postérieur

cp CA =
Postérieur Y Antérieur Gauche X Droite

Coupe coronale

X = 50 mm Gauche X Droite
Figure 32 : A. Illustration de I’espace commun stéréotaxique de Talairach. Aprés détection des
commissures antérieure (CA) et postérieure (CP) permettant d’orienter le cerveaw dans un plan
horizontal perpendiculaire aw plan inter-hémisphérique passant par la ligne CA-CP (en haut & gauche),
el de la délimitation des plans wverticaux de CA (VCA) et de CP (VCP) on peut appliquer les
transformations proportionnelles afin de positionner le cerveau dans la boile de lespace stéréotaxique de
Talairach (en haut & droite en vert). En bas au centre, coupe Z = 4 de Uatlas de référence de Uespace
stéréotaxique de Talavrach [TALG67], le rond rose illustre la localisation a partir d’un triplet de
coordonnées stéréotaxiques du gyrus frontal inferieur gauche (X = -50 mm, ¥ = 424 mm, Z = 44
mm). Figure adaptée de [HOUOZ]. B. Systeme de référence en anatomie cérébrale. Représentation des
trois axes principaux utilisés dans l'espace de coordonnées stéréotaxique standard pour U'IRM. Vue T1
de la coupe sagittale, axiale et coronale d’un individu acquis sur un IRM 3T Siemens PRISMA.
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Abstract Based on the joint investigation in 287 healthy volunteers (150 left-Handers (LH)) of
language task-induced asymmetries and intrinsic connectivity strength of the sentence-processing
supramodal network, we show that individuals with atypical rightward language lateralization (N =
30, 25 LH) do not rely on an organization that simply mirrors that of typical leftward lateralized
individuals. Actually, the resting-state organization in the atypicals showed that their sentence
processing was underpinned by left and right networks both wired for language processing and
highly interacting by strong interhemispheric intrinsic connectivity and larger corpus callosum
volume. Such a loose hemispheric specialization for language permits the hosting of language in
either the left and/or right hemisphere as assessed by a very high incidence of dissociations across
various language task-induced asymmetries in this group.

Introduction
Hemispheric specialization, and more particularly hemispheric specialization for language, can be
defined as “... a hemisphere-dependent relationship between a cognitive, sensory, or motor function
and a set of brain structures. It includes both the hosting by a given hemisphere of specialized net-
works that have unique functional properties and mechanisms that enable the inter-hemispheric
coordination necessary for efficient processing" (Hervé et al., 2013). Major issues on the topic of
hemispheric functional segregation have been listed in a recent review article (Vingerhoets, 2019).
Highlighting the importance of in-depth investigations of individuals exhibiting atypical hemispheric
lateralization for language production, several burning questions related to this atypical phenotype
were identified including the characterization of its regional pattern, its relationship with handed-
ness, its structural underpinnings, whether such atypicality holds for other cognitive functional phe-
notypes, and whether it is associated with variations in behavior and/or cognitive abilities.

To comprehensively understand typical and atypical hemispheric organization for high-order lan-
guage processing, it is necessary to examine the functional organization of the language network in
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the dominant hemisphere together with its interhemispheric coordination with the mirroring network
in the opposite hemisphere. Such an approach can be completed by integrating different and com-
plementary neuroimaging information provided by resting-state and task-induced activation
investigations.

Task-induced functional asymmetries are reliable markers for assessing individuals’ hemispheric
specialization for language, as attested by the very good concordance between fMRI asymmetries
measured during language tasks and Wada testing, which is considered the gold standard to mea-
sure dominance (Dym et al., 2011). This methodology makes it possible to revisit the incidence
of atypical organization in healthy individuals in relationship with handedness. The earliest research
on this topic reported that rare individuals presenting a shift in lateralization—having rightward
asymmetry during language tasks—can be found in left-handers (Hund-Georgiadis et al., 2002;
Pujol et al., 1999; Szaflarski et al., 2002). This last observation is consistent with previous aphasia
studies (Hécaen and Sauguet, 1971) and investigations of epileptic patients with Wada testing
(Isaacs et al., 2006), but the very low incidence of atypical individuals coupled with the low inci-
dence of left handedness is a difficulty in the assessment of language lateralization variability in
healthy individuals. To overcome this issue, we gathered a database of healthy volunteers specifically
enriched in left-handers (BIL and GIN; Mazoyer et al., 2016) and measured the Hemispheric Func-
tional Lateralization index (HFLI; Wilke and Schmithorst, 2006) for sentence production in 297 of its
participants. We thereby uncovered 3 patterns of language lateralization, namely, 10 strong-atypical
individuals with strong rightward lateralization that included only left-handers, 37 ambilateral individ-
uals, including 23 left-handers, with weak or no lateralization and 250 typical individuals with strong
leftward lateralization, including 120 left-handers (Mazoyer et al., 2014). In a subsequent investiga-
tion of regional asymmetries in these same participants, we provided evidence that there were no
differences between typical right- and left-handers in terms of regional patterns of asymmetry. In
contrast, left-handed ambilaterals were not lateralized unlike right-handed ambilaterals who showed
a modest leftward asymmetry (Tzourio-Mazoyer et al., 2016). Left-handed ambilaterals were also
characterized by higher connectivity at rest across homotopic language regions suggesting that
enhanced interhemispheric cooperation at rest is a marker of increased interhemispheric coopera-
tion associated with decreased asymmetries during sentence minus list production contrast
(Tzourio-Mazoyer et al., 2016).

This last result highlights the importance of resting-state fMRI for the investigation of language
network organization, as it makes it possible to measure the functional intrinsic connectivity of net-
works within each hemisphere and the differences in connectivity between the hemispheres.
Raemaekers et al., 2018 showed a significant association across individuals between the asymmetry
in functional connectivity scores and the asymmetries in language task lateralization scores measured
in language regions located along the longitudinal fissure in 423 healthy volunteers. Consistent with
the Raemaekers et al. report, we have recently shown that in the left hemisphere, the resting-state
degree centrality (Rs_DC), or strength of connectivity, was significantly correlated with task-induced
activations in the supramodal network of regions dedicated to sentence processing (SENT_CORE;
Labache et al., 2019). Moreover, the Reynolds’ study involving 117 children demonstrated that
asymmetry in the strength of connectivity between language areas followed the same developmen-
tal pattern of increases in asymmetry between 2 and 7 years old (Reynolds et al., 2019) as that
reported with task-induced activations (Friederici et al., 2011; Perani et al., 2011). Finally, such
asymmetries in within-hemisphere intrinsic connectivity at rest are modified in individuals with right-
ward lateralization for language production (Joliot et al., 2016). Taken together, these studies dem-
onstrate that language network intrinsic connectivity and its asymmetry are important markers to
characterize the variability in language organization in the brain.

A key issue that remains unresolved regarding the typical and atypical organization for language
in healthy individuals is that of dissociation. Actually, there is very little knowledge on homogeneity
in lateralization across different language components in healthy individuals. Neuropsychological
studies such as the seminal study conducted by Hécaen in left-handers (Hécaen and Sauguet, 1971,
Hécaen et al., 1981) have shown that hemispheric dominance is not a property of a given hemi-
sphere but rather that the dominant hemisphere may shift for different language functions in some
individuals. After left hemisphere lesions, left-handed aphasic patients can show rare deficits in com-
prehension, while deficits in production are constant, indicating a dissociation of these two language
components (Hécaen et al., 1981). PET studies with healthy volunteers have provided evidence of
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dissociations between production and comprehension in rare left-handers, with a leftward asymme-
try during production and a rightward asymmetry during comprehension (for example, Tzourio-
Mazoyer et al., 2004). In pathological states, particularly epilepsy, several studies have reported dis-
sociations between asymmetries for language production and those for listening (Baciu et al., 2003;
Kurthen et al., 1994; Kurthen et al., 1992; Lee et al., 2008), and the results of a longitudinal study
of Wada testing in four of these patients suggested that language production was more likely to
shift hemispheres than speech comprehension (Lee et al., 2008).

The occurrence of dissociation, particularly in some healthy individuals, suggests a potential inde-
pendence of different language components in terms of hemispheric dominance, which calls for the
search for factors in brain organization that could allow different language components to be hosted
in different hemispheres. One hypothesis could be that a loose organization in terms of lateraliza-
tion, marked by some bilateral involvement of language areas and strong interhemispheric connec-
tivity, would make it possible for different language components to be lateralized in different
hemispheres. In such a case, one should observe an increased occurrence of dissociations in atypi-
cals, and a better knowledge of the characteristics of the individuals who are more likely to host dis-
sociations will make it possible to optimize the neuroimaging paradigm used to determine language
lateralization. For example, as implemented in presurgical evaluations of epileptic patients
(Baciu et al., 2003; Baciu et al., 2005), a paradigm that includes a battery of language tasks in addi-
tion to production could be designed for this subpopulation.

Regarding these matters, the present study, which includes measures of lateralization during pro-
duction, listening and reading tasks in the same participants, is an opportunity to refine the under-
standing of dissociations. Reading is the last language function acquired through development,
since the emergence of this language component relies on strong interactions between speech, eye
motor systems, and preorthographic processing by visuospatial attentional areas whose lateraliza-
tion is located in different hemispheres (Lobier et al., 2012; Petit et al., 2015). One might suggest
that dissociations between the lateralization of speech comprehension and production could occur
from two different sources of variability: speech perception (Zatorre et al., 2002) and motor control
of speech (Lieberman et al., 2007), respectively. Nevertheless, examining reading lateralization,
which is established later on the basis of comprehension and production lateralization, will allow us
to enlarge the question of the possible sources of interindividual variability in language lateralization
to that of the relationships between rightward lateralized visuospatial functions and leftward lateral-
ized language functions.

Hemispheric asymmetries in gray and white matter have been used to investigate variability in
hemispheric specialization for language, although these measures mainly provide information on
inherited gross anatomical differences between the two hemispheres, which are observable at the
whole brain level as a global torsion of the brain (i.e. the Yakovlevian torque; Toga and Thompson,
2003). In areas related to language processing, such as the planum temporale close to the sylvian
fissure, leftward asymmetries of fissure depth are seen in utero (Habas et al., 2012), and these
asymmetries are of the same amplitude at birth as in adults (Hill et al., 2010), showing no subse-
quent modifications during development (Li et al., 2014). Notably, in adults, the gross leftward
asymmetry of the planum temporale does not have the characteristics of a marker of hemispheric
dominance at the individual level (Tzourio-Mazoyer et al., 2018). Even if some local relationships
were found between gray matter and language task-induced functional asymmetries during word-lis-
tening, they explain only a small fraction of the interindividual variability of local functional asymme-
tries (Josse et al., 2009). The corpus callosum, made of fibers connecting both hemispheres, has
also been investigated as it is the main anatomical support for interhemispheric connectivity. The
corpus callosum surface or volume has thus been measured as a potential anatomical marker of this
interhemispheric connectivity. Actually, during the course of phylogenesis, increasing brain volumes
go along with decreasing corpus callosum volumes relative to brain size (review in Hopkins and Can-
talupo, 2008). On this basis, one should expect that a strong lateralization would be associated with
a smaller corpus callosum volume, as previously observed in males for anatomical hemispheric asym-
metries (Dorion et al., 2000). To date, no studies have investigated the direct relationships between
the interindividual variability in hemispheric specialization for language and anatomical hemispheric
asymmetries or corpus callosum volume, so there is still no evidence of a direct association between
anatomical and functional asymmetries.
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This survey of previous findings can be summarized in the following way: leftward
lateralized typical individuals can be right- or left-handers, they have leftward anatomical asymme-
tries both at the hemispheric level and at the regional level, they are leftward asymmetrical during
language production and leftward asymmetrical for Rs_DC at rest, and they show lower intrinsic
interhemispheric connectivity than individuals who are symmetrical during language production. In
contrast, the type of organization in individuals who are not leftward lateralized is difficult to summa-
rize because of the low incidence of atypical language lateralization and its heterogeneity. For
instance, either a rightward asymmetry or an absence of asymmetry during language production can
be observed in atypical individuals, corresponding either to a shift in the dominant hemisphere or to
bilateral dominant or nondominant hemispheres, as we have previously shown using support vector
machine (Zago et al., 2017). Moreover, to our knowledge, there is a lack of information on the later-
alization of language comprehension and reading and the occurrence of dissociations in relation to
typical or atypical language organization.

Another open question is the relationship between typical and atypical hemispheric specialization
for language and cognitive performance that can be envisioned within different frameworks. Some
authors have proposed that the decreased verbal performance observed in language developmental
disorders may be related to a lack of lateralization (Bishop, 2013, Tallal, 1981; Tallal and Schwartz,
1981). In healthy volunteers, there is some evidence of such a relationship but with a moderate
impact on performance not specific to verbal abilities (Mellet et al., 2014b). A larger framework
would be the possible association between defects in complementary specialization and nonoptimal
cognitive functioning (reviewed in Vingerhoets, 2019), with such an abnormal setting of comple-
mentary specialization being expected to occur in individuals with atypical hemispheric specialization
for language brain organization.

To address these important questions regarding the interindividual variability in language organi-
zation in healthy individuals, we investigated 287 participants from the BIL and GIN who completed
both resting-state fMRI and task-related fMRI during sentence-production, sentence-listening and
sentence-reading tasks. These participants were also mapped for their anatomical hemispheric asym-
metries and completed a battery of seven verbal and four visuospatial tests (Mazoyer et al., 2016).

Results

Descriptive statistics of the groups identified by hierarchical clustering
The agglomerative hierarchical procedure resulted in the identification of 3 clusters; three clusters
were found to be optimal by 14 R statistical indices (from over 30 that were used to assess the qual-
ity of the classification). Hereafter, we will refer to these clusters as groups varying in their ‘language
organization’. These three clusters were labeled according to their task-induced mean asymmetries:
a first cluster including 125 participants with strong leftward asymmetries in the three language tasks
was named strong typical (TYP_STRONG; see Table 1 and Figure 1), a second cluster of 132 partici-
pants exhibiting moderate leftward asymmetry was labeled mild typical (TYP_MILD), while the third
cluster included the remaining 30 participants showing rightward mean asymmetry in the three tasks
was labeled atypical (ATYP). Whenever needed, the TYP_STRONG and TYP_MILD groups were
pooled and referred to as the TYP group.

Task performance

Response time in each of the three tasks did not depend on ‘language organization’ (Table 2), when
age, handedness and sex were taken into account (all p>0.49). The mean number of words gener-
ated per sentence was 12.4 (SD = 2.0), was also independent of ‘language organization’ classifica-
tion, when age, handedness and sex were taken into account (p=0.97). Note that the average
number of recalled sentences was 9.42 (SD = 0.96) for a maximum of 10.

Demography and handedness

A significant difference was observed in the proportion of left-handers among the 3 ‘language orga-
nization’ groups (p=0.0007) due to a larger proportion of left-handers in the ATYP (83.3%) than in
either the TYP_MILD (49.3%) or TYP_STRONG (46.4%) groups. The differences in the proportion of
left-handers were significant between the ATYP and TYP_MILD groups (p=0.0007) and ATYP and
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Table 1. Characteristics of the three groups after hierarchical clustering on the variables that served
at the classification and also on absolute values of task-induced asymmetries.

SENT_CORE network asymmetry (left minus right) was calculated as the volumetric mean of the 18
hROIs in each contrast while hub asymmetry was calculated as the volumetric mean of the 3 hROIs
classified as hubs in 145 right-handers (RH)(inferior frontal gyrus: F3t, and two regions of the superior
temporal sulcus: STS3 and STS4). mIHHC corresponds to the averaged resting-state Inter Hemi-
spheric Homotopic Correlation across the 18hROIs composing SENT_CORE (Rs_mIHHC). Resting-
state Degree Connectivity (Rs_DC) was calculated in the SENT_CORE network in each hemisphere.
Mean Rs_DC corresponds to the mean of the left and right SENT_CORE Rs_DC. The standard devia-
tions are between brackets.

TYP_STRONG TYP_MILD ATYP

N =125 N = 132 N =30
Task-induced variables
SENT_CORE asymmetry
PRODsenT-woRrD 0.557 (0.17) 0.296 (0.12) —0.114 (0.19)
LISNsenT-WORD 0.299 (0.13) 0.167 (0.09) ~0.155 (0.17)
READsenT-woRD 0.351 (0.18) 0.217 (0.14) —0.177 (0.15)
SENT_HUBS asymmetry
PRODsenT-woRD 0.80 (0.23) 0.391 (0.18) —0.119 (0.30)
LISNsenT-worp 0.42 (0.19) 0.210 (0.15) —0.291 (0.28)
READsenT-woRrD 0.51 (0.29) 0.287 (0.23) —0.358 (0.30)
SENT_CORE absolute asymmetry
PRODsenT-WoRrD 0.557 (0.17) 0.295 (0.12) 0.190 (0.12)
LISNsenT-worD 0.300 (0.12) 0.168 (0.08) 0.169 (0.12)
READsenT-worD 0.351 (0.18) 0.221 (0.13) 0.189 (0.13)
SENT_HUBS absolute asymmetry
PRODsenT-worD 0.803 (0.23) 0.393 (0.17) 0.250 (0.20)
LISNsenT-worD 0.430 (0.19) 0.214 (0.14) 0.318 (0.25)
READsenT-woRrD 0.515 (0.30) 0.307 (0.20) 0.370 (0.28)
Resting-state variables
Rs_mIHHC 0.571 (0.07) 0.578 (0.07) 0.610 (0.06)
mean Rs_DC 8.670 (1.42) 7.949 (1.24) 9.460 (1.60)
Rs_DC asymmetry 0.500 (0.77) 0.478 (0.64) —0167 (0.78)

The online version of this article includes the following source data for Table 1:
Source data 1. Data Source for Table 1.

Source data 2. Detailed information concerning the Table 1 data Source file.

TYP_STRONG groups (p=0.0001), while no difference was observed between the TYP_MILD and
TYP_STRONG groups (p=0.48).

The proportion of women differed among the three groups (p=0.006, chi-square test); the pro-
portion was significantly higher in the TYP_MILD group (58%) than in the TYP_STRONG group (38%;
p=0.0013, t-test) but was not different between the ATYP group (50%) and either the TYP_MILD
(p=0.41) or TYP_STRONG (p=0.25) groups.

Note that there were no significant differences in age or cultural levels between the three groups
(p>0.29 in both cases).

Profile of task-induced lateralization according to ‘language
organization’

A significant ‘task’ by ‘language organization’ interaction on the absolute values of task-induced
asymmetry was found for both the SENT_CORE and the SENT_HUBS set of regions of interest
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Figure 1. Scatterplots of individual asymmetry values in each task measured as the mean of SENT_CORE and as the mean of the three hubs
(SENT_HUBS) for the three groups clustered by hierarchical clustering and stratified according to their status as CONGRUENT or CROSSED and their
handedness (right-handers: RH, left-handers: LH) . The first row depicts the location of the 18 hROIs constituting the SENT_CORE network (left) and the
3 hROls constituting SENT_HUBS (right). Atypicals (ATYP), typicals with moderate asymmetries (TYP_MILD) and typicals with strong asymmetries
(TYP_STRONG) correspond to the three groups resulting from multitask and multimodal hierarchical agglomerative clustering. (PRODsgntworD: red,
LISNSENT—WORD: green and READSENT*WORD: blue).

The online version of this article includes the following source data for figure 1:

Source data 1. Data source for Figure 1.
Source data 2. Detailed information concerning the Figure 1 data source file.

(ROIs) (MANOVA analyses, p<'|0’4 for both cases; see Figure 1 and Table 1). Indeed, in contrast to
the two other groups, the ATYP group did not show any difference in asymmetry across the lan-
guage tasks in either SENT_CORE (all p>0.99) or SENT_HUBS (p>0.83). In contrast, there were sig-
nificant differences between tasks for both the TYP_STRONG or TYP_MILD groups in both
SENT_CORE and SENT_HUBS, with a stronger asymmetry during the PRODsgnT.worp than during
the READsenT.worp task (all p<0.001), with the asymmetry during the latter being larger than that
during the LISNsent-worp task (all p<0.017). Note that the ‘task’ main effect was significant for both
SENT_CORE and SENT_HUBS (p<10~%.

There was a significant ‘language organization’ by ‘handedness’ interaction on SENT_CORE
(p=10"%, although the interaction did not reach significance on SENT_HUBS (p=0.12). In SENT_-
CORE, this interaction was because the right-handed individuals in the TYP_STRONG group had
higher asymmetry strength than the left-handers (p=0.03), while the opposite pattern was observed
in the ATYP group: left-handers had stronger asymmetry strength than right-handers (uncorrected
p=0.0075). Note that there were no differences between right-handers and left-handers in the
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Table 2. Measures related to task execution in the three groups varying in hemispheric lateralization.

Mean (SD) of response times and self-reports of task difficulty rated on a 1 to 5 scale are shown for each fMRI run (Sentence produc-
tion: PROD, sentence listening: LISN, sentence reading: READ). In addition, sample mean (SD) of the average number of words per
sentence recalled during the debriefing of the PROD run is shown.

TYP_STRONG TYP_MILD ATYP

N =125 N =132 N =30
Task difficulty
LISN 1.12 (0.40) 1.14 (0.45) 1.25 (0.80)
READ 1.17 (0.40) 1.23 (0.55) 1.20 (0.43)
PROD 2.74 (1.07) 2.69 (1.06) 2.88 (1.10)
Response time (ms)
LISN 388.8 (134) 386.3 (126) 396.9 (96)
READ 3733.3 (579) 3731.8 (560) 3755.8 (552)
PROD 5600.0 (850) 5631.2 (968) 5645.5 (1095)
Number of words per sentence
PROD 12.36 (2.03) 12.37 (1.87) 12.36 (2.55)

The online version of this article includes the following source data for Table 2:
Source data 1. Data Source for Table 2.

Source data 2. Detailed information concerning the Table 2 data Source file.

TYP_MILD (p=0.64) and ATYP (p=0.08) groups. A similar pattern, although not reaching the signifi-
cance threshold, was found in SENT_HUBS.

There was no main effect of 'handedness’ on the absolute values of asymmetries with SEN-
T_HUBS (p=0.94), but there was a significant effect with SENT_CORE (p=0.0023). Finally, there was
no significant ‘language organization’ by 'handedness’ by ‘task’ triple interaction (SENT_CORE:
p=0.29; SENT_HUBS: p=0.57).

Intrinsic connectivity

In contrast to previous findings, there was no ‘handedness’ main effect or ‘handedness’ by ‘language
organization’ interaction on any of the SENT_CORE intrahemispheric and interhemispheric intrinsic
connectivity variables (p>0.52).

A significant main effect of ‘language organization’ was observed on the mean resting-state inter-
hemispheric homotopic correlation (Rs_mIHHC, p=0.0077) due to significantly lower Rs_mIHHC in
the TYP_STRONG group than in the ATYP group (p=0.01, see Table 1), while there were no signifi-
cant differences between the TYP_STRONG and TYP_MILD groups (p=0.12) or between the ATYP
and TYP_MILD groups (p=0.20).

A significant main effect of ‘language organization’ was observed on the average of the left and
right intrahemispheric degree centrality (Rs_DC, p<10™%): the ATYP group showed a significantly
higher average Rs_DC than either the TYP_MILD (p<10~%) or TYP_STRONG (p=0.013) groups, while
the TYP_STRONG group had a significantly higher average Rs_DC than the TYP_MILD group
(p<107%.

A ‘language organization’ by ’‘side’ interaction was also found to be significant on Rs_DC
(p<107%: the ATYP group showed no leftward asymmetry (asymmetry not significantly different
from 0: p=0.80), in contrast to both the TYP_STRONG and TYP_MILD groups (significant leftward
asymmetry: both p<107%), leading to significant differences between the ATYP group and the two
other groups (both p<10~%), while Rs_DC leftward asymmetry was not different between the TYP_-
MILD and TYP_STRONG groups (p=0.96).

Inspection of the right and left Rs_DC values in the three groups showed two different patterns
depending on the considered hemisphere (Figure 2 and Table 1). In the left hemisphere, the TYP_-
MILD group had a significantly lower Rs_DC than the TYP_STRONG group (p=0.0018) but was not
different from the ATYP group (p=0.063), and the TYP_STRONG group was not different from the
ATYP group (p=1). In the right hemisphere (Figure 2), the ATYP group had very strong Rs_DC
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Figure 2. Intrahemispheric mean intrinsic connectivity
strength of the SENT_CORE network in the three
groups differing in language organization. Right (green)
and left (red) values of the mean resting-state degree
connectivity (Rs_DC) of SENT_CORE in the three
groups. Significant leftward DC asymmetry is only
present in TYP groups (Tukey's HSD test p<107%, N
TYP_MILD = 132, N TYP_STRONG = 125) and right
Rs_DC is higher in the ATYP group (N = 30) than in the
TYP_STRONG and TYP_MILD groups (p<10~%, Tukey's
HSD test). Error bars correspond to the 95% confidence
intervals.

The online version of this article includes the following
source data for figure 2:

Source data 1. Data source for Figure 2.

Source data 2. Detailed information concerning the
Figure 2 data source file.
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values, which were larger than those in both the
TYP_MILD (p<10~%) and TYP_STRONG (p<10~%
groups, whereas the TYP_STRONG group
showed significantly larger Rs_DC values than
the TYP_MILD group (p=0.0044).

Dissociations in asymmetry
direction across tasks

Descriptive statistics

Twenty-three individuals exhibited dissociation
in their asymmetries induced by the three lan-
guage tasks. These 23 individuals will be
referred to as ‘CROSSED’ and the others as
‘CONGRUENT'. The occurrence of CROSSED
individuals within each lateralization group was
higher in the ATYP group (N = 12, 40%) than in
either the TYP_MILD (N = 9, 6.82%, p<10~%) or
TYP_STRONG (N = 2, 1.6% p<10~%) groups,
while the difference in the occurrence of dissoci-
ation between the TYP_MILD and TYP_STRONG
groups failed to reach significance (p=0.057).

Seventeen of the 23 (74%) CROSSED partici-
pants were left-handed, a proportion signifi-
cantly larger than that in the rest of the sample
(p=0.02). Meanwhile, the gender ratio was not
different from the rest of the sample (10 women,
43%; p=0.60).

Dissociations in the CROSSED_ATYP individu-
als mostly corresponded to leftward asymmetry
during PRODsgnt.worp together with rightward
asymmetry during READsgnT.worp and  LISN-
senT-worD, and this pattern held for both SENT_-
CORE and SENT_HUBS (Figure 3). Only 3 of the
12 CROSSED_ATYP individuals showed the
reverse pattern of rightward asymmetry during
PRODsgnT.worp together with leftward asymme-
try during READSENT-WORD and/or LISNSENT-
worp (see Figure 3).

The picture was very different for dissocia-
tions in TYP_MILD individuals who were charac-
terized by small rightward asymmetries mainly
observed with READsgnT.worp (only one partici-
pant had a strong negative asymmetry with

READsenT.worp in SENT_HUBS). Finally, the two dissociations observed in the TYP_STRONG group
were very weak negative asymmetries during LISNsent.worp regardless of the considered set of
ROIs (see Figure 3).

There was a main effect of ‘dissociation’ on the task-induced strength of asymmetry restricting
the analysis to the ATYP and TYP_MILD groups, where DISSOCIATED had lower asymmetry strength
than CONGRUENT in both SENT_CORE and SENT_HUBS (both p<0.013), without any interaction
with"task’ or”language organization’ (all p>0.20).

Dissociation and resting-state organization

Considering the TYP individuals as a single group because they did not show any difference in
Rs_DC (i.e. the TYP_MILD and TYP_STRONG groups were merged), there was a significant ‘lan-
guage organization’ by ‘dissociation’ interaction on the mean Rs_DC value (p=0.049) due, in

Labache et al. eLife 2020;9:€58722. DOI: https://doi.org/10.7554/eLife.58722 8 of 31



e Llfe Research article

Neuroscience

1.0

0.8 -

0.6

ymmetry

04

SENT_CORE MEAN BOLD as

-1.0

1.0

0.8

0.6

ymmetry

0.4

0.2

SENT_HUBS MEAN BOLD as

e e e e e e S e e e e i o S e e S e e e e heseesssasssssesassssesssbessass = =sssss=dsss=s==sk=s=s=s=-================

ATYP

TYP_MILD TYP_STRONG

Figure 3. Participants showing dissociations between their three task-related functional asymmetries in each of the three groups classified by language
organization. Individual values of left minus right blood oxygen level-dependent (BOLD) asymmetries measured during PRODsgnTworp (red), LISNsenT-
worp (green) and READsenT-worp (blue) in SENT_CORE regions (top) and in SENT_HUBS (bottom). The red dotted line corresponds to the arbitrary

threshold of 0.05 in asymmetry strength that was applied to define a rightward asymmetry.

Figure 3 continued on next page
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The online version of this article includes the following source data for figure 3:

Source data 1. Data source for Figure 3.
Source data 2. Detailed information concerning the Figure 3 data source file.

particular, to significantly higher mean Rs_DC in the CROSSED_ATYP individuals than in the
CROSSED and CONGRUENT TYP individuals (p<0.0027, for all post hoc tests corrected for multiple
comparisons). The CONGRUENT_ATYP individuals did not differ from the CROSSED or CONGRU-
ENT TYP individuals (all p>0.15), and there was no difference between the CROSSED_TYP and
CONGRUENT_TYP individuals (p=0.92). Note that there was no ‘dissociation’ main effect (all
p>0.18) and no ‘language organization’ by ‘dissociation’ by ‘side’ interaction (p interaction = 0.60).
In contrast, there was a significant ‘language organization’ by ‘dissociation’ interaction on
Rs_mIHHC (p=0.02, see Figure 4) due, in particular, to significantly higher Rs_mIHHC in the CROSS-
ED_ATYP individuals than in the CROSSED_TYP individuals (merging TYP_MILD and TYP_STRONG)
that were not different in Rs_mIHHC whether CROSSED or CONGRUENT (p<0.016 for all, post hoc

tests corrected for multiple comparisons). The
CONGRUENT_ATYP individuals did not differ
from the CROSSED or CONGRUENT TYP individ-
uals (both p>0.43), nor did the CROSSED_TYP
and CONGRUENT_TYP individuals differ
(p=0.91).

Hemispheric anatomical asymmetries
and corpus callosum volume

The tissue compartment values for the four
groups (TYP or ATYP by CROSSED or CONGRU-
ENT) are provided in Table 3. Repeated meas-
ures MANCOVA of the GMasym and WMasym
residuals (after adjusting these variables for sex,
handedness, age, and total intracranial volume)
showed a significant main effect of ‘language
organization’ (p=0.02). Post hoc t-tests showed
that both GMasym and WMasym were smaller in
the ATYP group than in the TYP group (p=0.03).
There was no effect of ‘dissociation’ (p=0.99) and
no significant ‘language organization’ by ‘dissoci-
ation’ interaction (p=0.36). There was no interac-
tion between ‘tissue compartment’ (gray or white
matter) and ‘language organization’ (p=0.92) or
between ‘tissue compartment’ and ‘dissociation’
(p=0.26), and there was no ‘tissue compartment’
by ‘language organization’ by ‘dissociation’ triple
interaction (p=0.15).

ANOVA of the CCvol residuals (after adjust-
ment for the same covariates as for GMasym and
WMasym) showed a significant ‘language organi-
zation’ by ‘dissociation’ interaction (p=0.049).
Post hoc analyses showed that the CROSSED_A-
TYP individuals had a larger CCvol volume than
the CROSSED_TYP individuals (uncorrected post
hoc t-test: p=0.037, HSD correction: p=0.16; see
Table 1).

0.80
)
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o |
I
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E, 0.70 —_
@ —
t ’_
@
v \
g -
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£ 4
i °
0.60
0.55
ATYP TYP ATYP TYP
CONGRUENT CROSSED

Figure 4. Interhemispheric intrinsic connectivity
strength across homotopic regions (Rs_mIHHC) in
SENT_CORE in the CONGRUENT and CROSSED TYP
and ATYP groups. The estimated mean
interhemispheric homotopic correlation expressed as
the Fisher z-transformation of Rs_mIHHC is higher in
the CROSSED atypicals group (N = 12) than in the TYP
group (merging TYP_MILD and TYP_STRONG, N
CROSSED = 11, N CONGRUENT = 246), regarding of
whether they are CONGRUENT or CROSSED (both
p<0.016, Tukey's HSD test).

The online version of this article includes the following
source data for figure 4:

Source data 1. Data source for Figure 4.
Source data 2. Detailed information concerning the
Figure 4 data source file.
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Cognitive abilities

Results of principal component analysis (PCA) of the 11 scores on the verbal
and visuospatial tests

The average scores for the 11 completed tests are presented for each group in Table 4. PCA
applied to the residuals of the scores (after adjustment for age, sex, cultural level and handedness)
uncovered four components that explained 49% of the total variance. The first component, which we
will refer to as spatial (SPA), aggregated residuals of the mental rotation test, the Corsi block test,
the maze test, and the Raven matrices (loadings: 0.62, 0.39, 0.60, and 0.68, respectively). The sec-
ond component, labeled phonological (PHONO), mainly included the pseudoword and rhyming test
residuals (loadings: 0.48 and 0.72, respectively) and, marginally, the vocabulary test (loading: 0.36).
The third component was mostly an auditory verbal memory component (MEM), including the audi-
tory verbal word and pseudoword learning test residuals (loadings: 0.77 and 0.49, respectively). The
fourth component was a verbal component (VERB) including all the verbal test residuals except
those of the two learning tests, with the strongest loading being for the verb fluency test (0.64) and
comparable loadings for each of the others (reading span test: 0.34, listening span test: 0.31, and
vocabulary test: 0.31).

Cognitive skills and language organization

Repeated measures MANOVA of the four PCA components (SPA, MEM, PHONO, and VERB)
revealed a significant ‘language organization’ by ‘cognitive component’ interaction (p=0.0003; Fig-
ure 5), while the ‘language organization’ main effect was not significant (p=0.21).

Post hoc analyses showed that the ‘language
organization’ by ‘cognitive component’ interac-
tion was due to the difference in variation in SPA
and MEM. The SPA scores were significantly

higher in the TYP_STRONG group than in the 0.75
two other groups, but the scores were not signifi-
cantly different between the latter (TYP_- 0.50
STRONG: 0.29 + 0.15; TYP_MILD: —0.19 + 0.14;
ATYP: —0.41 £ 0.29; uncorrected p<0.0063; 0.25

TYP_MILD vs. ATYP, p=0.39). Meanwhile, the

MEM scores were significantly lower in the ATYP ED o
group than in the two other groups (ATYP: B
—0.57 + 0.23; TYP_MILD: 0.19 + 0.11; TYP_- 3 02
STRONG: 0.05 + 0.11; p<0.043). In addition,
there was no effect of the ‘language organiza- -0.50 |
tion’ on the other two verbal components,
namely, VERB and PHONO (p>0.18 and p>0.13, -0.75
respectively). T
Finally, there was no relationship between dis- -1 = =
sociations and cognitive performance in either ATYP TYP_MILD TYP_STRONG

the ATYP or TYP_MILD individuals (p=0.17).

Comparison of different

classifications for language
lateralization having different language lateralization. The color code
for the components is as follows: SPA: blue, MEM: red,
PHONQO: light orange, and VERB: green. Error bars
represent 95% confidence intervals.

The online version of this article includes the following

Figure 5. Estimated loadings of the four main principal
components of cognitive abilities in the three groups

We compared the outcome of the present multi-
task multimodal hierarchical classification applied
to the sample of 287 participants to those previ-

ously obtained with two different classifications
based on the PRODsgnT.worp contrast only;
these classifications included (1) a Gaussian mix-
ture modeling of the HFLI observed for this con-
trast (Mazoyer et al., 2014) and (2) support

source data for figure 5:

Source data 1. Data source for Figure 5.
Source data 2. Detailed information concerning the
Figure 5 data source file.
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vector machine classification of each hemisphere dominance based on the pattern of its voxels in
the PRODsgnT.worp contrast maps (Zago et al., 2017). The outcomes of the multitask multimodal
hierarchical classification, Gaussian mixture modeling, and support vector machine classifications
applied to the same sample of 287 participants are presented in Figure 6.

Multitask multimodal hierarchical classification vs. Gaussian mixture
modeling

There was a high concordance of classification of typicals with the two methods (98% of Gaussian
mixture modeling typicals were classified as TYP_MILD or TYP_STRONG).

Gaussian mixture modeling identified 10 rightward lateralized LH (strong atypicals; GMM-SA in
Figure 6), among whom nine completed the resting-state acquisition and were thus included in the
present study. These nine individuals were all clustered in the ATYP group as defined by the multi-
task multimodal hierarchical classification. We also found that 15 other individuals in the multitask
multimodal hierarchical classification ATYP group actually belonged to the ambilateral group identi-
fied by Gaussian mixture modeling (GMM-AMB in Figure 6) according to their weak PRODsgnt-
worp HFLI. The remaining six individuals in the multitask multimodal hierarchical classification ATYP
group were classified by Gaussian mixture modeling as typicals (GMM-TYP in Figure 6) because of
their leftward HFLI during PRODsgnT-worD-

The multitask multimodal hierarchical classification did not individualize any cluster resembling
the group of 37 ambilaterals as defined by Gaussian mixture modeling in the Mazoyer et al., 2014
study. Rather, aside from the 15 aforementioned ambilaterals clustered in the ATYP group in the
present study, the 22 other ambilaterals as defined by Gaussian mixture modeling were here classi-
fied either as TYP_MILD (N = 16) or TYP_STRONG (N = 6).

Note that whereas all Gaussian mixture modeling-SA were left-handers, 5 among the 135 right-
handers (3.7%) were classified as atypical with multitask multimodal hierarchical classification: two
among these were dissociated with leftward lateralization during language production in SENT_-
CORE and the SENT_HUBS, leaving only three right-handers with atyical organization in the three
tasks (2%). These three right-handers were not classified as strong-atypical by Gaussian mixture

Table 3. Gray and white matter hemispheric volumes and their left minus right asymmetry (mean and (SD), in cc) as well as

midsagittal corpus callosum volume (mean and (SD), in cc), in subgroups of individuals according to their multitask multimodal

hierarchical classification and the absence/presence of dissociated task-related functional asymmetries.

TYP: participants classified with multitask multimodal hierarchical classification as either TYP_STRONG or TYP_MILD, that is
showing TYP left functional lateralization; ATYP: participants classified with multitask multimodal hierarchical classification as ATYPI-
CAL, that is showing atypical right functional lateralization. CROSSED: participants with at least one dissociation of functional lateraliza-
tion among the three language tasks; CONGRUENT: participants with no dissociation.

TYP ATYP

Congruent Crossed Congruent Crossed

N = 246 N=11 N =18 N =12
Gray Matter
Left 327.00 (32) 337.59 (47) 337.42 (35) 317.30 (16)
Right 315.64 (32) 325.72 (48) 327.77 (33) 306.48 (15)
Asymmetries 11.35 (4.00) 11.87 (4.50) 9.65 (5.03) 10.82 (3.82)
White Matter
Left 216.67 (26) 221.92 (36) 222.43 (26) 208.61 (15)
Right 213.38 (25) 217.82 (35) 220.22 (25) 206.38 (14)
Asymmetries 3.33(2.19) 411 (1.74) 2.22 (2.47) 2.23 (2.03)
Corpus Callosum 5.31 (0.85) 5.21 (0.67) 5.45 (0.90) 5.48 (0.74)

The online version of this article includes the following source data for Table 3:
Source data 1. Data Source for Table 3.

Source data 2. Detailed information concerning the Table 3 data Source file.
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Figure 6. Alluvial plots comparing the present Multitask Multimodal Hierarchical Classification (MMHC) with two previous classifications only based on
the functional asymmetry during production of sentences minus word-list in the same sample of participants: Gaussian Mixture Modeling (GMM)
classification on Hemispheric Functional Lateralization Index (HFLI, Mazoyer et al., 2014) and Support Vector Machine (Zago et al., 2017)
classification in the right (SYM-R) and left hemisphere (SVM-L). Each line corresponds to a participant with the following color code: red for multitask
multimodal hierarchical classification-atypical (ATYP), blue for multitask multimodal hierarchical classification-TYP_MILD, and green for multitask
multimodal hierarchical classification-TYP_STRONG. The Gaussian mixture modeling method identified each individual as either strong_atypical (SA),
ambilateral (AMB), or typical (TYP). identified the voxel-based pattern of each hemisphere of an individual as either dominant (DOM) or nondominant
(NON DOM).

The online version of this article includes the following source data for figure é:

Source data 1. Data source for Figure 6.
Source data 2. Detailed information concerning the Figure 6 data source file.

modeling but rather as ambilaterals because their HFLI for PRODsgnt.worp, albeit negative, was
above the threshold (—50) used for segregating strong atypicals from ambilaterals.

Multitask multimodal hierarchical classification vs. support vector machine
Seventeen of the 30 atypical individuals as defined by multitask multimodal hierarchical classification
(57%) had a right-hemisphere labeled dominant by support vector machine. Conversely, the multi-
task multimodal hierarchical classification atypical cluster aggregated 77% of the 22 participants
labeled as having a dominant right hemisphere. One should also note that 41% (7 among 17) of
these right-hemisphere dominant ATYP individuals also had a left dominant hemisphere (i.e. were
codominant), whereas the ATYP cluster aggregated 77% of the 12 participants labeled as having a
codominant hemisphere. Notably, the eight ambilaterals as defined by Gaussian mixture modeling
left-handers classified as having a dominant right-hemisphere pattern were classified as atypical by
multitask multimodal hierarchical classification (Zago et al., 2017).

Table 4. Mean (SD, in cc) of scores at the different tests of the cognitive battery in the three groups differing in their language
organization as defined by a multitask multimodal hierarchical classification.

TYP_STRONG TYP_MILD ATYP

N = 125 N = 132 N =30
Verbal tests
Rey: word learning 65.98 (7.57) 65.07 (7.51) 64.73 (7.57)
Pseudo-words learning 36.52 (10.44) 34.64 (11.16) 34.47 (9.68)
Verbal fluency 48.19 (9.82) 46.55 (10.01) 47 .63 (8.85)
Reading span test 4.07 (1.08) 3.91 (1.11) 4.25(1.11)
Listening span test 4.85 (1.06) 457 (1.14) 4.63 (1.21)
Vocabulary 28.39 (3.78) 27.80 (3.74) 28.07 (4.42)
Rhyming 68.38 (4.56) 67.17 (6.11) 65.93 (5.62)
Visuo-spatial tests
Mental Rotation Test 11.08 (4.27) 10.70 (4.60) 10.17 (4.63)
Corsi block 5.99 (1.06) 5.72 (1.04) 5.73 (0.94)
Maze 6.68 (2.66) 6.09 (2.32) 4.42 (2.39)

Raven matrix

The online version of this article includes the following source data for Table 4:
Source data 1. Data Source for Table 4.

111.78 (9.70)

Source data 2. Detailed information concerning the Table 4 data Source file.

109.82 (10.47)

106.00 (9.48)
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Summary of the results

In a sample of 287 healthy adults that included over 50% left-handers, a hierarchical classification
based both on language task-induced asymmetries and on resting-state organization within the
SENT_CORE network identified three clusters of individuals with different intra- and interhemi-
spheric organization for sentence processing. Two clusters of similar sizes aggregated 257 (90% of
the sample) leftward lateralized individuals. The 132 TYP_STRONG individuals (of which 46.4% were
left-handers) were highly leftward lateralized for both task-induced asymmetry and intrahemispheric
intrinsic connectivity, while showing low interhemispheric connectivity. This pattern of language
organization was associated with strong leftward asymmetry of gray and white matter hemispheric
volumes and with high visuospatial performance. The 125 TYP_MILD individuals (including 50.7%
left-handers) differed from the TYP_STRONG individuals by their moderate leftward task-induced
asymmetries, lower left hemisphere degree of connectivity and larger interhemispheric homotopic
connectivity. The moderate leftward language organization in the TYP_MILD individuals was more
frequent in women and was associated with a larger occurrence of dissociations than in the TYP_-
STRONG individuals (7% compared to 1.6%). Visuospatial cognitive abilities were lower in the TYP_-
MILD group than in the TYP_STRONG group. The third (ATYP) cluster of 30 individuals included the
highest proportion of left-handers (83%). Mean asymmetry in the ATYP group was rightward lateral-
ized during the three language tasks, with a striking lack of differences in asymmetry strengths
across tasks, in contrast to the two groups of typicals. Organization at rest in the ATYP group was
marked by bilateral high intrahemispheric connectivity and strong interhemispheric connectivity.
Such a low hemispheric specialization pattern was associated with a high occurrence of dissociations
among the functional asymmetries in the three language tasks (40%), lower leftward asymmetries of
gray and white matter hemispheric volumes, and when dissociated, larger corpus callosum volumes.
Finally, the ATYP cluster showed lower verbal memory abilities than the two other clusters. Compari-
son of the present classification to previous classifications based only on PRODsgnt.worp revealed
the importance of the multitask approach conjointly with resting-state measures of Rs_DC in the lan-
guage network to segregate the atypicals within the individuals with low PRODsent-worp hemi-
spheric asymmetries.

Discussion

A multimodal multitask classification provides an enhanced definition of
atypical language organization

Compared to the high consistency of the classification of individuals having typical language organi-
zation, the definition of atypicality for language lateralization based on neuroimaging investigations
is complex, and the type of brain organization supporting language functions in atypical individuals
is still not comprehensively understood.

All individuals having a rightward hemispheric lateralization of language production as measured
with Gaussian mixture modeling were classified into the ATYP group in the present study, suggest-
ing that having a rightward lateralization for production is a clear criterion of atypicality, as already
validated by Wada studies (Dym et al., 2011). However, the present classification did not individual-
ize a cluster resembling the group of 37 ambilaterals identified in Mazoyer et al., 2014, which indi-
cated that not being clearly lateralized by production was not sufficient to ascertain atypicality. The
difficulty in asserting language dominance in individuals with little fMRI lateralization during produc-
tion is consistent with Bauer et al.’s meta-analysis showing that fMRI is more accurate in assessing
language dominance in cases of strong leftward asymmetry (Bauer et al., 2014). However, the Bauer
study involved patients suffering from epilepsy and thus likely to have language network
reorganization.

To identify the discriminative variables that split the 37 ambilaterals into the 3 ‘language organi-
zation’ groups, we conducted an additional analysis entering the nine variables we used for the mul-
titask multimodal hierarchical classification as repeated measures, and we found in the 37 individuals
classified ambilaterals in Mazoyer et al., 2014 a very significant ‘language organization’ main effect
and interaction with the repeated measures (both p<0.0001). Post hoc analyses revealed that among
these 37 ambilaterals, the 12 individuals classified as ATYP had significantly lower task-induced
asymmetry in SENT_HUBS and SENT_CORE (all p<0.001) and a significantly lower Rs_DC asymmetry
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(p=0.002) than those classified as TYP_MILD or TYP_STRONG. In contrast, there was no difference
in averaged Rs_DC or Rs_mIHHC values. These findings thus confirmed that, in order to comprehen-
sively describe the dominance for language in individuals having low HFLI during language produc-
tion, it is useful to apply a multitask battery as has been proposed by some authors (Baciu et al.,
2005; Niskanen et al., 2012), which particularly allows the detection of individuals with dissociations
as demonstrated by Baciu et al., 2003. Importantly, the present study also demonstrated that rest-
ing-state connectivity variables, measured at the language network level, particularly Rs_DC asym-
metry, in association with task-induced asymmetry, are of interest for the identification of
atypical individuals.

In left-handers, a weak functional asymmetry during language production makes
atypical organization with rightward asymmetry for other language components highly probable
(80%), whereas the same weak functional asymmetry in right-handed individuals is associated with
a TYP leftward lateralization in most cases (86%). Such observations are consistent with the classifica-
tion by support vector machine showing that all ambilateral right-handers had a left hemisphere with
a dominant pattern (Zago et al., 2017), whereas the eight left-handed ambilaterals as classified with
Gaussian mixture modeling and who had a dominant right-hemisphere pattern with support vector
machine, were classified into the ATYP group by the present method.

The fact that 80% of the ATYP individuals were left-handed is consistent with previous research
showing that reverse lateralization is mainly seen in left-handers, whether in adults (Krdliczak et al.,
2016; Somers et al., 2015a) or in children (Szaflarski et al., 2012). Here, a right shift in hemisphere
dominance for language was found in 12% of left-handers (when taking into account the different
language components, as done in the present study), compared to only 6% when considering their
HFLI for production only (Mazoyer et al., 2014). The difference between these two proportions pro-
vides an estimate of the decreased sensitivity when detection of atypicals among left-handersLH is
performed using a production task only rather than a multitask multimodal approach as we imple-
mented in the present study. The present multimodal classification identified five right-handed ATYP
individuals (3.6%, compared to 16.7% of left-handers), a phenomenon as rare as the published case
reports of crossed aphasia in right-handers (Alexander and Annett, 1996; Hindson et al., 1984),
raising the question of whether this is a pathological state rather than part of interindividual variabil-
ity of language organization (Coppens et al., 2002). Among these five right-handed ATYP individu-
als, three had been previously classified as ambilaterals and two as typicals by Gaussian mixture
modeling of the PRODsgnt.worp HFLI, with the latter two individuals having negative asymmetries
during LISNsent.worp @and READsenT.worp- It is noticeable that these five right-handers had lower
task-induced asymmetry strength than the 25 left-handed ATYP individuals, independent of the task,
leaving open the question of whether right- and left-handed ATYP individuals are actually
comparable.

Finally, the present classification sheds some light on the brain organization for language in indi-
viduals as defined by the support vector machine approach (Zago et al., 2017). Actually, the ATYP
cluster aggregated 77% of the 22 participants labeled as having a right dominant hemisphere by
support vector machine. This is very consistent with the high Rs_DC found for the right SENT_CORE
network of the ATYP individuals. One should also note that 41% (7 among 17) of these right-hemi-
sphere dominant ATYP individuals also had a dominant left hemisphere (i.e. were codominant),
whereas the ATYP cluster aggregated 77% of the 12 participants labeled as having a codominant
hemisphere. This strong association between atypicality and codominance is also consistent with the
finding that ATYP individuals were characterized by high bilateral connectivity of their SENT_CORE
network, which is likely to reduce the bias toward the dominance of a given hemisphere and attest
to a more bilateral organization for language.

Organization of intrinsic connectivity in atypical individuals: although
they show rightward task-induced asymmetries, their left hemisphere is
also wired for language

In a previous study, we noted that the 10 left-handers with strong rightward HFLI exhibited a pattern
of regional asymmetries that was the reverse of the pattern observed in typical individuals (Tzourio-
Mazoyer et al., 2016), a result in line with cortical stimulation findings suggesting that individuals
shifting their dominant hemisphere actually have a reverse regional organization (Chang et al.,
2011; Drane et al., 2012). The present study results, although consistent with this view in terms of

Labache et al. eLife 2020;9:€58722. DOI: https://doi.org/10.7554/eLife.58722 16 of 31



o
ELlfe Research article Neuroscience

task-induced asymmetries, demonstrated that, by contrast, the SENT_CORE network intrinsic con-
nectivity properties of ATYP individuals did not mirror those of individuals with leftward task-induced
asymmetries. Although the mean of the group was strongly rightward asymmetrical in the three
tasks, the ATYP individuals showed high and symmetrical Rs_DC values, meaning that the SENT_-
CORE network was highly connected in both hemispheres, and it is remarkable that their left hemi-
sphere Rs_DC value was not different from that of the TYP_STRONG individuals, whereas their right
hemisphere Rs_DC value was higher than that of the TYP_STRONG individuals (Figure 7). The ATYP
individuals thus had a significantly larger mean Rs_DC value of SENT_CORE in both hemispheres,
making them highly connected individuals and suggesting that their left hemisphere could be orga-
nized in a way similar to that of the TYP individuals, that is as a potentially dominant hemisphere for
language. In addition, the ATYP individuals showed the highest interhemispheric connectivity across
SENT_CORE homotopic areas, constituting a highly efficient network for sentence processing that
straddled the two hemispheres. The fact that even in individuals shifting their task-induced lateraliza-
tion to the right, the left hemisphere is wired for high-order language processing leads to the
hypothesis that the left hemisphere is the language hemisphere by default.

TYP_STRONG

9,

T
0.2 0.5 0.8 11 22 38 55 71 02 0.4 0.6 0.8 0.2 0.5 08 11

Figure 7. Summary figure illustrating the different SENT_CORE intra- and inter-hemispheric organizations observed in the three groups identified by
hierarchical clustering. The left column shows the group mean activation maps during PRODsent.worp (BOLD activation amplitude is given by color
scale) of the left hemisphere and the right column the mean activation map of the right hemisphere superimposed on the white matter surface
rendering of the BIL and GIN template obtained with the Surf Ice software (https://www.nitrc.org/projects/surfice/). The second, third and fourth
columns show the left lateral, superior and right lateral views of the SENT_CORE intrinsic connectivity network, each region of the network being
represented by a sphere located at the mass center of its MNI coordinates. For each SENT_CORE region, a colored sphere indicate the group average
region degree centrality of intrinsic connectivity (the Rs_DC value is given by color scale, and sphere size is proportional to value), whereas a colored
line indicates the strength of the Pearson intrinsic correlation coefficient between two SENT_CORE regions (the Rs_r value is given by color scale, and
line thickness is proportional to value).

Labache et al. eLife 2020;9:e58722. DOI: https://doi.org/10.7554/eLife.58722 17 of 31



eLife

Neuroscience

A trace of how ATYP individuals overcome the left hemisphere default-mode organization for lan-
guage can be found in the loss of congruence in the sentence network at rest and during sentence
processing. In right-handers, we observed a positive correlation across individuals between asymme-
tries of activations and Rs_DC (Labache et al., 2019), while the ATYP group showed an absence of
mean Rs_DC asymmetry but mean rightward task-induced symmetries. Notably, both the CROSSED
and CONGRUENT ATYP individuals had a left hemisphere Rs_DC as strong as that in the TYP_-
STRONG individuals, meaning that their left SENT_CORE network connectivity was not different
from that of strong leftward lateralized individuals (Figure 7) supporting the hypothesis that ATYP
left hemisphere is wired for language as it is for typical individuals. Actually, ATYP differed from typi-
cals in their right-hemisphere organization at rest that exhibited a high strength of intrinsic connec-
tivity, in agreement with their task-induced rightward activations (Figure 7).

The pattern of ATYP individual network intrinsic organization is thus a networking of both hemi-
spheres profiled for the processing of high-order language, combined with strong anatomical and
functional underpinning of interhemispheric interactions as evidenced by higher correlations across
homotopic regions of SENT_CORE and larger corpus callosum in the DISSOCIATED_ATYP individu-
als. The ATYP group also showed a more bilateral anatomical organization with decreased leftward
gray and white matter hemispheric asymmetries likely to result in more flexibility in the side hosting
the different language tasks and therefore allowing dissociations. In fact, the ATYP group hosted the
largest proportion of participants showing dissociations and thus relying on one or the other hemi-
sphere as the dominant hemisphere depending on the language component, which may be related
to their stronger interhemispheric connectivity. Such a hypothesis was partly confirmed by the com-
parison of individuals with dissociations in the three groups that demonstrated that CROSSED ATYP
individuals had significantly higher interhemispheric connectivity and more variation in the strength
of asymmetries when DISSOCIATED than the two other groups. These strong between-task differen-
ces in asymmetry strengths reflect an important shift in hemispheric control, which were particularly
seen between PRODsenT.worp and the two other tasks underpinned by the strong interhemispheric
connectivity allowing for cooperation across the bilaterally located task-dependent dominant lan-
guage networks.

Two types of leftward organization for language, with an
overrepresentation of women but not of left-handers in mildly
lateralized typical individuals

The present segregation of leftward lateralized individuals in the two groups is consistent with the
two Gaussian components of the PRODsent.worp HFLI distribution in typical individuals observed in
our previous work (Mazoyer et al., 2014). However, these two Gaussian components showed too
much overlap to allow a clear separation of the two groups of typical individuals. One original obser-
vation of the present study is thus the evidence of differences in terms of functional connectivity
between two groups of typical individuals. Although leftward lateralized and showing the same gra-
dient of asymmetry across the three tasks, the TYP_MILD individuals exhibited significant particular-
ities in their inter- and intrahemispheric—although typical—intrinsic connectivity organization with
lower asymmetries of task-induced activations but also lower Rs_DC and higher Rs_mIHHC within
SENT_CORE. In other words, their decreased strength in task-induced functional asymmetries was
associated with an intra- vs. interhemispheric intrinsic connectivity pattern showing less differentia-
tion across hemispheres together with increased connection between them. Such a pattern of looser
hemispheric specialization for language in the TYP_MILD group is consistent with a higher occur-
rence of dissociations than in the TYP_STRONG group, although those dissociations were of moder-
ate intensity and mainly observed for the reading task.

The proportion of women was larger in the TYP_MILD cluster (58%) than in either of the two
other clusters (38% in the TYP_STRONG and 50% in the ATYP clusters), as well as in the whole sam-
ple (49%), consistent with previous reports of reduced language lateralization in women (Levy and
Reid, 1978; McGlone and Davidson, 1973). Interestingly, gender differences in cluster constitution
in the present work were present only in the two groups of typicals but not in the ATYP group. Such
a subtle association between sex and language lateralization may explain the inconsistency in the
reports of a sex effect in hemispheric specialization for language (Sommer et al., 2004) since, in
contrast to handedness, it is not associated with the occurrence of critical changes in language later-
alization. Actually, the proportion of left-handers was not increased in the TYP_MILD group
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(compared to the TYP_STRONG group), confirming that the relationship between handedness and
language lateralization is better grounded in the large occurrence of left-handers among rightward
lateralized individuals rather than by a decreased lateralization for language in left-handers
(Mazoyer et al., 2014).

Dissociations of lateralization across language components are of
different natures in typical and atypical individuals with a particular
status for the lateralization of reading

Dissociations were detected with higher sensitivity when considering the SENT_HUBS hROls rather
than the whole set of SENT_CORE area ROlIs. This is the reason why we considered a participant dis-
sociated if they had opposed asymmetry across tasks on either one or both variables.

The low incidence of dissociations that we observed in the TYP individuals and, in particular, in
the TYP right-handers (4%) was consistent with the literature that reports rare cases of dissociations
of production and comprehension in healthy right-handed participants (Jansen et al., 2006;
Tzourio-Mazoyer et al., 2004). A point of interest was the occurrence of dissociation between the
lateralization for reading and the lateralization for production and listening, which, to our knowl-
edge, has not yet been reported. In leftward lateralized TYP individuals, dissociations were mainly
observed in the TYP_MILD individuals for whom, as in the TYP_STRONG individuals, reading was on
average more lateralized than listening (although less than production).

Dissociations in this TYP_MILD cluster more often involved reading (5 out of 9 in SENT_HUBS;
see Figure 3). Such a larger occurrence of dissociations involving reading may be related to the late
acquisition of this language function. Indeed, the first phase of language development is perceptual,
as revealed by studies showing that the auditory system of the fetus at 30-week gestation is mature
enough to detect complex sounds (McMahon et al., 2012) and to differentiate phonemes
(Hepper and Shahidullah, 1994). After only a few hours of postnatal exposure, newborns respond
specifically to speech (Dehaene-Lambertz et al., 2002). Then, because of maturation of the vocal
tract, the second phase is production (Mowrer, 1980). From the second half of the first year of life,
the child enters the babbling phase proper and begins to make choices specific to the structures of
his or her mother tongue at the prosodic, phonetic and syllabic levels (Oller, 1980). These first steps
toward articulation are an essential step that reflects the existence of a functional link between the
processes of perception and the production of vocal sounds and gives the child the opportunity to
receive proprioperceptive feedback (Rodgon, 1976).

While speech perception and production tightly codevelop very early in the establishment of lan-
guage, reading is based on both the ability to hear and segment words into phonemes and then to
associate these phonemes with graphemes, with the mapping of orthographic to phonological rep-
resentations during reading being intrinsically cross-modal (McNorgan et al., 2014). In fact, reading
develops in interaction with object recognition in the left fusiform gyrus (Kassuba et al., 2011) and
rightward lateralized visuospatial and visuomotor processes such as the saccadic system supporting
eye movement during reading (Petit et al., 2009). More particularly, during reading, eye move-
ments are not only an oculomotor ability but also the integration of visual and language processes
at the word level and at the syntactic level (Richards et al., 2017). In fact, reading depends on an
alternation of fixations and saccades, the latter being defined as forward progressions or backward
regressions. Even if forward progressions are the most common eye movements, backward regres-
sions have been revealed to be correlated with the syntactic complexity of sentences, suggesting
that these eye regressions depend on the relationships that the words making up the statement
have to each other (Lopopolo et al., 2019). Thus, reading ability involves both visuospatial and lan-
guage processes. Such a late specialization could lead to the possibility that different factors could
intervene in the establishing of reading lateralization, with these factors being different from those
acting during the first stages of language development.

The picture was very different for ATYP individuals, whose predominant dissociation pattern was
a leftward lateralization for production and a rightward lateralization for both reading and listening
(Figure 3, left). Considering the developmental timing of language components mentioned above,
this could be an indication that ATYP lateralization for language perception and production is estab-
lished early in different hemispheres. The second observation is that in the ATYP individuals, the lat-
eralization of heteromodal areas during reading follows that of auditory sentence comprehension,
demonstrating the prevalence of sensory integration over action in these individuals, which is
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different from the lateralization organization in the TYP_MILD individuals. The fact that reading later-
alization has different relationships with production and listening according to the sentence laterali-
zation organization can provide new insight into the variability in the establishing of reading
dominance and, potentially, a possible relationship between atypicality and dyslexia, since there is
still a great debate between lateralization and reading impairments (Wilson and Bishop, 2018).
Assessing the type of dissociations would be of great interest for shedding new light on language
impairments.

The more frequent rightward lateralization during LISN than during PROD in the ATYP left-hand-
ers was consistent with the observation of Hécaen of a high occurrence of production deficits after
left-hemisphere lesions in left-handers, while comprehension deficits were rare (Hécaen et al.,
1981). Such a dissociation corresponds to that of action vs. perception as defined by Fuster, 2009,
with sentence reading and listening being colateralized. It is remarkable that, when compared to
both TYP groups, the ATYP group showed a decrease in (absolute value) asymmetry strength that
was larger for production than for the other tasks, leading to an absence of a difference between
the asymmetries in production, listening, and reading. Such a diminished asymmetry during produc-
tion is striking because of the link existing between hand preference and language production, with
both functions being on the action side and being localized in close frontal areas. One should have
expected left-handers to have stronger rightward asymmetry during language production than dur-
ing the other tasks in relation to their left-hand dominance. This was not the case, even when consid-
ering only the CONGRUENT_ATYP individuals. However, handedness was associated with a
stronger mean rightward asymmetry in the left-handed ATYP individuals and stronger leftward asym-
metry in the right-handed TYP_STRONG individuals, independent of the task, as if the hemisphere
controlling the dominant hand is a slight attractor for language lateralization. This modest effect of
handedness is consistent with the observation that patients who had suffered from right plexus bra-
chial injury at birth, therefore disabled in the use of their right hand, present a shifting of their lan-
guage production asymmetries toward the right hemisphere, although without a complete shift
(Auer et al., 2009).

Are different language organizations associated with differences in
cognitive abilities?

Better visuospatial performance was present in the TYP_STRONG individuals, who had the largest
between-hemisphere differences and lower interhemispheric connectivity. Such a result suggests
that the better spatial abilities reported in RHright-handers in a meta-analysis (Somers et al., 2015b)
might have been related to the fact that the TYP_STRONG group hosted the highest proportion of
right-handers. The present results suggest that strong leftward lateralization of both language task-
induced and resting-state connectivity asymmetries in the core language network is associated with
better visuospatial performance, as if less involvement of the right hemisphere in sentence process-
ing was facilitating visuospatial processing. Such an observation can be viewed as an argument in
favor of the ‘crowding effect’ theory stating that an optimal split of functions across the two hemi-
spheres facilitates cognitive functioning (review in Vingerhoets, 2019). Of course, further explora-
tion of the relationships between the different aspects of visuospatial cognitive abilities and the
strength of both leftward lateralization for language and rightward lateralization for visuospatial
functions, as well as their interindividual variability, is needed to confirm this hypothesis.

Decreased verbal memory abilities in the ATYP group suggest that the reorganization occurring
on top of the language organization by default in this group is at the cost of suboptimal cognitive
functioning, while mild, although leftward, lateralization for language appears to be as efficient for
language processing as strong leftward lateralization. Considering that the ATYP group included 15
of the ambilateral individuals defined in Mazoyer et al., 2014, the present observation is consistent
with those of Mellet et al reporting lower performance in ambilaterals (Mellet et al., 2014b) con-
cerning both verbal memory and visuospatial abilities.

Conclusions

The joint investigation of language task-induced asymmetries and intrinsic connectivity strength in
the sentence-processing supramodal network, showed that individuals with atypical rightward lan-
guage lateralization do not rely on an organization that simply mirrors that of typical leftward
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lateralized individuals but rather is associated with a loose hemispheric specialization for language.
The fact that these individuals had lower leftward gross macroscopical hemispheric anatomy
than typical individuals suggests that such organization was supported, at least in part, by early
developmental events resulting from a different trajectory or from the occurrence of plastic changes.
Support for the hypothesis of the early establishment of this atypical organization comes from the
coinvestigation of the lateralization of production and comprehension with reading. In atypicals, dis-
sociations were observed between sentence production and comprehension (whether read or lis-
tened to), two functions known to be tightly coupled and early developing. By contrast, the rare
dissociations found in typicals occurred for reading, a later acquired competence. Moreover,
atypical organization occurring mainly in left-handers has a cost in terms of language abilities with
less efficient verbal memory. Finally, the present results argue for multitask measures of language
lateralization for evaluating hemispheric specialization for language in individuals with low lateraliza-
tion for language production, especially if they are left-handed.

Materials and methods

Participants
The study sample was part of the BIL and GIN database that has been fully described elsewhere
(Mazoyer et al., 2016). Briefly, 287 healthy participants of the BIL and GIN (150 left-handed, 140
women, 72 left-handed women) who completed the fMRI battery, including several language tasks
and a resting-state acquisition, were included in the present work. The sample mean age was 25.8
years (SD = 6.5 years). The mean educational level of the participants was 15.6 years corresponding
to almost 5 years education after the French baccalaureate (SD = 2.3 years).

For each participant, we recorded self-reported handedness and manual preference (MP)
strength assessed with the Edinburgh inventory (Oldfield, 1971). Left-handed participants had an
Edinburgh score of —63.2 (SD = 39.9).

Participants’ cognitive evaluation
Participants’ verbal abilities were evaluated with the following battery of seven tests: (1) a supraspan
recall test of an 18-word-list (Van der Elst et al., 2005) for verbal memory evaluation; (2) a supra-
span recall test of a list of 15 pseudo-words for verbal memory evaluation with minimal semantic
associations; (3) a verb generation test for semantic verbal fluency exploration; (4) a synonym finding
test for estimating vocabulary extent Binois and Pichot, 1956; (5) a listening span test based on
spoken sentences; (6) a reading span test based on read sentences for verbal working memory
assessment (Daneman and Carpenter, 1980; Desmette et al., 1995) and (7) a rhyming test on 80
visually presented pairs of pseudo-words for evaluation of graphophonemic conversion ability.
Visuospatial abilities were assessed with the following four tests: (1) The Mental Rotation Test
(MRT), which estimates the ability to rotate and spatially manipulate mental images
Vandenberg and Kuse, 1978; (2) the Corsi Block test, which evaluates visuospatial short-term mem-
ory abilities Della Sala et al., 1999; (3) a home-made 3D maze test for evaluating topographic orien-
tation skills; and (4) the Raven matrix for assessing non-verbal reasoning.

Language tasks completed during fMRI

The language fMRI paradigm has been fully described elsewhere (Labache et al., 2019). In short,
three fMRI runs were completed by the participants, each including a sentence-level task and a
word-list reference task corresponding to randomized alternation of event-related trials. Within each
trial, the participant was shown for 1 s either a line drawing (taken from the ‘Le Petit Nicolas’ comic
strip series) or a scrambled drawing, that was immediately followed by a central fixation crosshair.
While fixating the cross, the participant performed either the sentence task or the word-list refer-
ence task.

During the production run (PROD), after seeing a line drawing, the participant was instructed to
covertly generate a sentence beginning with a subject and a complement, followed by a verb
describing the action taking place and ending with an additional complement of a place or a man-
ner. When a scrambled drawing was displayed, the subject was asked to covertly generate the list of
the months of the year.
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During the listening run (LISN), whenever a Petit Nicolas line drawing was displayed, the subject
was instructed to carefully listen to a sentence dealing with the line drawing and to click at the end
of the sentence. When a scrambled drawing was displayed, he/she was instructed to listen to the list
of the months, days of the week and/or seasons and click at the end of the list.

During the reading run (READ), like in the two other tasks, whenever a line drawing was dis-
played, the subject was instructed to read a sentence based on the outline drawing. When a scram-
bled drawing was displayed, he/she was instructed to read the list of months, days of the week and/
or seasons.

Task execution and performance

The response times corresponding to the end of the sentence production, sentence listening and
sentence reading were recorded for each participant during the fMRI session, and right after the
fMRI session, the participants were asked to rate the difficulty of each of the tasks on a 5-level scale
(1:easy to 5:very difficult). For the production run, each participant was asked to recall and write
down, whenever possible, the sentence he/she elaborated when presented with each image, the
average number of words per (recalled) sentence being then computed.

Image acquisition and processing

Image acquisition

Imaging was performed on a Philips Achieva 3 Tesla MRI scanner (Philips, Erlangen, The
Netherlands).

The structural MRI protocol consisted of a localizer scan, a high resolution three-dimensional T1-
weighted volume (sequence parameters: TR 20 ms; TE 4.6 ms; flip angle 10°; inversion time 800 ms;
turbo field echo factor 65; sense factor 2; field of view 256 x 256x180 mm3 1 x 1 x 1 mm?® isotropic
voxel size) and a T2*-weighted multi-slice acquisition (T2*-weighted fast field echo (T2*-FFE),
sequence parameters:TR = 3,500 ms; TE = 35 ms; flip angle = 90 deg; sense factor = 2; 70 axial sli-
ces;2x2x2 mm? isotropic voxel size).

Language task-related functional volumes were acquired using a T2*-weighted echo-planar imag-
ing (EPI) sequence (TR = 2 s; TE = 35 ms; flip angle = 80°; 31 axial slices with a 240 x 240 mm? field
of view and 3.75 x 3.75 x 3.75 mm? isotropic voxel size). In the three runs, 192, 194, and 194 T2*-
weighted volumes were acquired for the production, listening, and reading sentence tasks,
respectively.

Resting-state functional volumes (N = 240) were acquired as a single 8 min long run using the
same T2*-weighted EPI sequence. Immediately prior to scanning, the participants were instructed to
‘keep their eyes closed, to relax, to refrain from moving, to stay awake and to let their thoughts
come and go'.

Processing of structural images

For each participant, (1) the T2*-FFE volume was rigidly registered to the T1-MRI; (2) the T1-MRI was
segmented into three brain tissue classes (gray matter, white matter, and cerebrospinal fluid) and
normalized to the BIL and GIN template including 301 volunteers from the BIL and GIN database
using the SPM12 ‘segment’ procedure (http://www.fil.ion.ucl.ac.uk/spm/) with otherwise default
parameters. Whole volumes of these three compartments were extracted and brain volume calcu-
lated as their sum. In addition, hemispheric volumes (left and right) of gray and white matter were
extracted to compute their asymmetries (Table 3).

A semi-automated in-house corpus callosum segmentation procedure was then applied to extract
individual masks of corpus callosum obtained from 10 consecutive mid-sagittal slices of 1 mm width
on individual white matter maps in the MNI stereotactic space. An additional processing step to
remove the fornix, which was sometimes segmented and connected along with the corpus callosum,
was added. Quality control of corpus callosum segmentation was achieved by visual inspection of all
slices, and, when needed, manual corrections for minor segmentation error was applied using FSL
software. Each individual corpus callosum mask was then applied to each participant’s normalized
and modulated white matter partition images to estimate individual corpus callosum volume
(Table 3).
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Pre-processing of task-related and resting-state functional volumes

Functional data were corrected for slice timing differences. To correct for subject motion during the
runs, all T2*-weighted volumes were realigned using a 6-parameter rigid-body registration. The EPI-
BOLD scans were then registered rigidly to the structural T2*-FFE image. The combination of all reg-
istration matrices allowed for warping the EPI-BOLD functional scans from the subject acquisition
space to the standard space (2 x 2 x 2 mm?® sampling size) with a single interpolation.

Time series of BOLD signal variations in white matter and cerebrospinal fluid (individual average
time series of voxels that belonged to each tissue class) as well as temporal linear trends were
removed from the rs-fMRI data series using a regression analysis. Additionally, rs-fMRI data were
bandpass filtered (0.01 Hz - 0.1 Hz) using a least-squares linear-phase finite impulse response filter
design.

Language task-fMRI processing

Language task contrast maps

Statistical parametric mapping (SPM12, http://www.fil.ion.ucl.ac.uk/spm/) was used for processing
the task-related fMRI data. First, a 6 mm full width at half maximum (FWHM) gaussian filter was
applied to volumes acquired during each run. For each participant, differences between BOLD signal
volumes corresponding to sentence and list belonging to the same run were computed, namely sen-
tence minus word-list production (PRODsgnt.worp), sentence minus word-list reading (READsgnr.
worp), and sentence minus word-list listening (LISNsenT-woRD)-

Regions of interest analysis using the SENSAAS atlas

BOLD signal variations during the three language tasks and resting-state and their asymmetries
were then computed for the set of 18 pairs of homotopic frontal and temporal regions of interests
(hROIs) that we previously identified in the subgroup of 144 right-handers as constituting a core net-
work of language areas (SENT_CORE, Figure 1 [Labache et al., 2019]). These 18 hROI-pairs were
selected as activated and leftward asymmetrical in these same three tasks and as constituting at rest
a network with strong positive correlations across the hROIS. Note that SENT_CORE areas contain
the antero-posterior high-order language areas, consistent with language meta-analyses of healthy
individuals (Price, 2010; Price, 2012; Vigneau et al., 2006), including three intrinsic connectivity
hubs corresponding to the inferior frontal gyrus (F3t) and two regions of the superior temporal sul-
cus (STS: STS3 and STS4 Figure 1).

Here, for each participant, each of the three contrast maps, and each of these 18 hROls, left and
right BOLD signal variations were computed by averaging the contrast BOLD values of all voxels
located within the hROI volume. Then, for each participant and each contrast map, mean left and
right BOLD variations and asymmetry for the whole network were also computed as a weighted (by
volume) average of the corresponding 18 hROIs values (SENT_CORE), as well as the mean of the
three hubs (SENT_HUBS).

Resting-state organization of SENT_CORE network
For each individual and each hROI composing the SENT_CORE network, we computed a degree
centrality (Rs_DC) in each hemisphere. The Rs_DC in each participant and each hROI of each hemi-
sphere was calculated as the sum of the positive correlations existing between one hROI and all the
other hROIs of the SENT_CORE network. Rs_DC values were then averaged across the 18 hROIs of
the same hemisphere and the resulting left and right averaged Rs_DC values were summed and
divided by two so as to provide a SENT_CORE intra-hemispheric Rs_DC characterizing the strength
of within hemisphere intrinsic connectivity for this network. We also computed the left minus right
difference of the averaged Rs_DC values as a measure of the asymmetry in intra-hemispheric con-
nectivity strengths for the SENT_CORE network.

Interhemispheric connectivity strength was estimated in each individual by the average across the
18 hROIs pairs constituting the SENT_CORE network of the z-transformed intrinsic correlation coeffi-
cient between homotopic ROIs (mean Inter-Hemispheric Homotopic Correlations, Rs_mIHHC).
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Statistical analysis

Identification of groups of individuals with different brain organization for
language through hierarchical clustering

In a previous work (Mazoyer et al., 2014), we have shown that the distribution of lateralization for
sentence production, although of continuous nature, could be used to classify individuals into three
discrete categories. So, we believe it was justified to try to categorize individuals taking into account
not solely production but reading, listening and resting-state, as well. It is important to realize that
we did not a priori decide that the number of categories for this multivariate classification would be
3 (as it was when using production only). Rather, the optimal number of clusters for this multivariate
classification was obtained using a fully unsupervised methodology and a combination of 30 statisti-
cal criteria (see below).

The study sample was segregated in groups varying in their intra- and interhemispheric organiza-
tion in SENT_CORE using an agglomerative hierarchical clustering procedure. The variables entered
in this procedure were both functional asymmetries induced by each of the three language tasks and
intra- and interhemispheric SENT_CORE intrinsic connectivity metrics.

Task-induced functional asymmetries were obtained both at the SENT_CORE level, because of
the low intersubject variability that results from averaging over the whole set of 18 ROls, and at the
SENT_HUBS level (i.e. when averaging asymmetries over three hubs: F3t, STS3, and STS4) because,
although more variable across individuals, this hub-averaged asymmetry involves supramodal
regions having a key role in the sentence core network (see Labache et al., 2019). There were thus
six variables for task-induced activation: the SENT_CORE and SENT_HUBS asymmetries for LISN-
senT-worD, PRODsent worp and READsenT wor-

To investigate both the intrahemispheric integration in the language networks and the interhemi-
spheric differences, we included in the hierarchical classification the sum of the two hemisphere
Rs_DC values (left Rs_DC + right Rs_DC) and the Rs_DC asymmetry (left Rs_DC - right Rs_DC) calcu-
lated in SENT_CORE. To account for interhemispheric intrinsic connectivity strength, we included
the mean of the interhemispheric SENT_CORE homotopic correlation (Rs_mIHHC).

These nine variables were standardized before being jointly entered into an agglomerative hierar-
chical classification (Sneath and Sokal, 1973) that used the Euclidean distance for computing the
dissimilarity matrix and the Ward distance (Ward, 1963) to aggregate the different participants into
clusters using the ‘hclust’ function provided by default in R. The optimal number of clusters was
determined using the R library ‘NbClust’ (Charrad et al., 2014). This package provides 30 statistical
indices for determining the optimal number of clusters and offers the best clustering scheme from
the different results obtained by varying all combinations of the number of clusters for the chosen
method, in this case, hierarchical clustering with Ward's distance. We selected the number of clus-
ters that satisfied a maximum of indices and found it to be equal to 3.

Hierarchical classification was completed with R (R version 3.5.1; R Development Core Team,
2013), while other statistical analyses were performed using JMP15 (http://www.jmp.com, SAS Insti-
tute Inc, 2018).

Identification of individuals with dissociations of lateralization across tasks
In a second step, we identified individuals exhibiting at least one dissociation in their lateralization
among the three language tasks, which means those who exhibited SENT_CORE functional asymme-
tries larger than 0.05 in amplitude in the opposite direction in one task compared to the others. We
also searched for individuals exhibiting a dissociation in their SENT_HUB asymmetries, which led to
the definition of two categories of individuals: 1. those exhibiting a dissociation for either SENT_-
CORE or SENT_HUB or both, who were named ‘CROSSED’; 2. those showing either leftward laterali-
zation for all tasks for both SENT_CORE and SENT_HUBS or right lateralization for all tasks for both
SENT_CORE and SENT_HUBS, who were named 'CONGRUENT".

Pearson'’s chi-square tests were conducted to compare the proportion of ‘dissociation’ across the
clusters identified by the classification.
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Characterization of the groups provided by the classification with
different brain organization of the language network

Task performance, demography and handedness

To ensure that potential differences in the asymmetries measured during the language tasks were
not related to group differences in task execution time that was recorded during the task-induced
fMRI session, response times were compared across ‘language organization’ groups (corresponding
to the clusters of the hierarchical classification) taking into account sex, age, and brain volume. In
addition, within each ‘language organization’ group, we compared the groups of ‘CONGRUENT’
and ‘CROSSED" individuals.

The different ‘language organization’ groups were compared with variables known to be associ-
ated with variability in language lateralization, namely, handedness, sex, age, and brain volume. To
complete these analyses, Pearson’s chi-square tests were applied for discrete variables (handedness
and sex) and ANOVA with Tukey's HSD post hoc tests for continuous variables (age and brain
volume).

Task-induced and resting-state organization of the SENT_CORE network in
groups varying in their language network organization

We first comprehensively described the different types of organization of the sentence networks in
the groups issued from the hierarchical classification.

We used two repeated measures MANOVA to examine the task-induced asymmetries within
SENT_CORE and SENT_HUBS in the three language tasks searching for ‘task’ (three levels), ‘lan-
guage organization’ (three levels, that is, a number of levels corresponding to the number of identi-
fied clusters) and 'handedness’ main effects and their interactions.

Note that to ensure that this between-group difference was not due to a difference in the occur-
rences of dissociations across ‘language organization’ groups, the statistical analysis was completed
on the absolute values of asymmetries within SENT_CORE and SENT_HUBS. We also examined in
the ATYP and TYP_MILD groups the effect of ‘dissociation’ and its interactions with ‘task’ on the
strength of task-induced asymmetries. The TYP_STRONG group was not considered in this analysis
because there were only 2 DISSOCIATED individuals in this group.

In the same way, we examined the resting-state variables, that is the Rs_DC asymmetries, Rs_DC
mean and Rs_mIHHC. For Rs_mIHHC, we performed the Fisher z-transformation to conduct the
analysis.

Finally, using repeated measures MANOVA, we searched whether there was a difference in rest-
ing-state organization with the occurrence of ‘dissociations’ depending on ‘language organization’
(restricted to two factors ATYP and TYP, as the TYP_STRONG and TYP_MILD groups that were not
different for Rs_DC and Rs_mIHHC were merged) by comparing their mean Rs_DC values and asym-
metries (including a main effect of ‘side’ in the MANOVA), and SENT_CORE Rs_mIHHC.

All post hoc analyses were conducted using Tukey's HSD test for multiple comparisons.

Anatomical variables

To investigate the brain structural differences in groups with different functional organization of lan-
guage lateralization, we compared corpus callosum volume (CCvol) and asymmetries (left minus
right) in gray matter (GMasym) and white matter (WMasym) hemispheric volumes. In this analysis,
‘CROSSED’ or ‘CONGRUENT’ was studied in interaction with the ‘language organization’ main
effect restricted to two factors (‘'TYP' and ‘ATYP’).

First, to take into account variables that were found to covary with GMasym, WMasym and CCvol,
we computed the residuals of MANCOVAs that included age, sex, total brain volume and handed-
ness. These residuals of GMasym and WMasym were then entered in repeated measures ANOVA
including a ‘language organization’ main effect restricted to two factors (‘'TYP' and ‘ATYP’) and dis-
sociation (‘CROSSED’ or ‘'CONGRUENT’) and their interaction as fixed factors and their interaction
with the anatomical compartment (gray matter or white matter).

The residuals of CCvol were entered in ANOVA searching for an effect of a ‘language organiza-
tion’ main effect restricted to two factors (‘TYP’ and ‘ATYP’), an effect of dissociation with two fac-
tors ('CROSSED’ or 'CONGRUENT') and their interaction.
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Cognitive variables

First, we performed a multiple linear regression analysis of the scores of the 11 tests of the cognitive
battery, including sex, manual preference, age, education level and total intracranial volume as pre-
dictors since these variables have been shown to partly explain the variance in these scores
(Mellet et al., 2014a). Residuals of the 11 regression analyses were then entered into PCA with a
promax rotation. We used the scree criterion to determine the number of components to be
retained.

The ‘language organization’ groups were compared with regard to their cognitive abilities
through repeated measures MANCOVA including the four components of the PCA obtained from
the residuals of the 11 scores. Finally, an impact of ‘dissociation’ on cognitive abilities was also
tested in the ATYP and TYP_MILD groups (only two dissociations in TYP_STRONG).

Post hoc analyses were conducted using uncorrected Student'’s t-tests.

Comparison of the different classifications for language lateralization
We also compared the present classification based on a multitask and multimodal approach to two
other classifications that were previously applied to the same group of individuals, namely, the
Gaussian mixture modeling classification on the HFLI obtained with the PRODsgnt worp contrast
(Mazoyer et al., 2014) and an support vector machine approach applied at the voxel level, allowing
us to classify the dominant and nondominant hemispheres of each participant according to their spa-
tial pattern of activation during PRODsgnt worp (Zago et al., 2017).

To compare these three different classifications obtained in the 287 subjects, we used the 'ggallu-
vial’ R library to make an alluvial plot (Brunson, 2020). The alluvial plot allowed us to visualize, for
each subject, their classification as TYP_STRONG TYP_MILD or ATYP issued from the present work,
as typical, ambilateral (AMB), or strong-atypical (SA) based on HFLI (Mazoyer et al., 2014), and the
classification of each of the hemispheres as dominant or nondominant obtained with support vector
machine (Zago et al., 2017). Two plots were made, which included one for right-handed people and
another for left-handers.
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