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‭Growing‬‭into‬‭Adolescence‬‭After‬‭Early‬‭Focal‬‭Brain‬‭Injury:‬
‭Insights‬‭into‬‭Long-Term‬‭Brain‬‭Plasticity‬‭in‬‭Children‬‭after‬
‭neonatal‬ ‭stroke.‬ ‭Longitudinal‬ ‭multimodal‬ ‭MRI‬ ‭and‬
‭neuropsychology study‬

‭Abstract‬

‭This‬ ‭thesis‬ ‭explores‬ ‭the‬ ‭long-term‬ ‭neurodevelopmental‬ ‭implications‬ ‭of‬ ‭unilateral‬
‭neonatal‬‭arterial‬‭ischemic‬‭stroke‬‭(NAIS)‬‭during‬‭childhood‬‭(at‬‭age‬‭7)‬‭and‬‭adolescence‬‭(at‬‭age‬
‭16),‬‭within‬‭a‬‭prospective‬‭French‬‭cohort‬‭of‬‭children‬‭who‬‭experienced‬‭NAIS.‬‭This‬‭longitudinal‬
‭prospective‬ ‭study‬ ‭aims‬ ‭to‬ ‭identify‬ ‭early‬ ‭markers‬ ‭of‬ ‭motor‬ ‭and‬ ‭cognitive‬ ‭outcomes‬ ‭by‬
‭combining‬‭morphometric,‬‭microstructural‬‭(diffusion),‬‭and‬‭functional‬‭MRI‬‭markers‬‭with‬‭clinical‬
‭and cognitive data.‬

‭This‬ ‭project‬ ‭required‬ ‭the‬ ‭development‬ ‭of‬‭methodological‬‭approaches‬‭tailored‬‭to‬‭the‬
‭longitudinal‬‭study‬‭of‬‭growing‬‭and‬‭injured‬‭brains,‬‭along‬‭with‬‭comprehensive‬‭quality‬‭control‬‭at‬
‭every stage.‬

‭Through‬‭a‬‭multifactorial‬‭morphometric‬‭analysis‬‭of‬‭anatomical‬‭MRI,‬‭we‬‭examined‬‭the‬
‭clinical‬ ‭factors‬ ‭that‬ ‭may‬ ‭influence‬ ‭brain‬ ‭growth‬ ‭trajectories.‬ ‭The‬ ‭results‬ ‭indicate‬ ‭that‬ ‭male‬
‭patients‬ ‭exhibit‬ ‭lower‬‭contralesional‬‭hemispheric‬‭brain‬‭volume‬‭compared‬‭to‬‭females‬‭at‬‭age‬
‭7, with no significant sex differences at age 16.‬

‭This‬ ‭suggests‬ ‭that‬ ‭puberty‬ ‭has‬ ‭little‬ ‭effect‬ ‭on‬ ‭these‬‭volumetric‬‭trajectories‬‭and‬‭that‬
‭most‬‭of‬‭the‬‭deviations‬‭in‬‭male‬‭patients‬‭occur‬‭during‬‭early‬‭childhood.‬‭This‬‭pattern‬‭aligns‬‭with‬
‭perinatal‬ ‭vulnerability‬ ‭described‬ ‭in‬ ‭other‬ ‭male‬ ‭brain‬ ‭development‬ ‭disorders,‬ ‭without‬ ‭later‬
‭compensation.‬ ‭However,‬ ‭this‬ ‭concept‬ ‭of‬ ‭vulnerability‬ ‭should‬ ‭be‬ ‭nuanced,‬ ‭as‬ ‭these‬
‭morphological differences do not appear to correlate with the cohort's clinical performance.‬

‭In‬ ‭the‬ ‭second‬ ‭part‬ ‭of‬ ‭the‬ ‭study,‬ ‭we‬ ‭examined‬ ‭functional‬ ‭and‬ ‭microstructural‬
‭alterations‬ ‭in‬ ‭language‬ ‭hemispheric‬ ‭specialization‬ ‭and‬ ‭functional‬ ‭networks‬ ‭involved‬ ‭in‬
‭mental‬ ‭calculation‬ ‭using‬ ‭functional‬ ‭MRI‬ ‭and‬ ‭diffusion‬ ‭MRI‬ ‭to‬ ‭test‬ ‭the‬ ‭hypothesis‬ ‭of‬ ‭a‬
‭"crowding‬ ‭effect"‬ ‭(competition‬ ‭within‬ ‭a‬ ‭constrained‬ ‭neural‬ ‭space),‬ ‭particularly‬ ‭in‬ ‭the‬
‭dominant hemisphere for language.‬

‭The‬‭results‬‭confirm‬‭atypical‬‭right-hemisphere‬‭language‬‭specialization‬‭in‬‭patients‬‭with‬
‭lesions‬ ‭in‬ ‭the‬‭left‬‭perisylvian‬‭regions‬‭(2/3‬‭of‬‭the‬‭subjects).‬‭This‬‭right-lateralization‬‭seems‬‭to‬
‭be‬ ‭associated‬ ‭with‬ ‭better‬ ‭language‬ ‭and‬ ‭cognitive‬ ‭scores‬ ‭than‬ ‭bilateral‬ ‭language‬
‭representation.‬ ‭Preliminary‬ ‭analyses‬ ‭of‬ ‭the‬ ‭microstructural‬ ‭correlates‬ ‭of‬ ‭this‬ ‭atypical‬
‭dominance‬ ‭show‬ ‭no‬ ‭significant‬ ‭differences‬ ‭in‬ ‭the‬ ‭integrity‬ ‭of‬ ‭the‬ ‭language-related‬ ‭tracts‬
‭between‬‭the‬‭two‬‭hemispheres,‬‭though‬‭this‬‭finding‬‭must‬‭be‬‭interpreted‬‭cautiously‬‭due‬‭to‬‭the‬
‭limited sensitivity of the chosen metrics.‬

‭Finally,‬ ‭functional‬ ‭analyses‬ ‭suggest‬ ‭a‬ ‭typical‬ ‭organization‬ ‭of‬ ‭activations‬ ‭related‬ ‭to‬
‭primary‬ ‭functions‬ ‭(auditory,‬‭visual,‬‭hand‬‭motor)‬‭at‬‭the‬‭group‬‭level,‬‭regardless‬‭of‬‭the‬‭side‬‭of‬
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‭language‬ ‭dominance.‬ ‭However,‬ ‭parietal‬ ‭lobe‬ ‭activations‬ ‭related‬ ‭to‬ ‭calculation‬ ‭appear‬
‭predominantly‬‭lateralized‬‭in‬‭the‬‭language-dominant‬‭hemisphere,‬‭whereas‬‭they‬‭show‬‭a‬‭more‬
‭bilateral‬‭distribution‬‭in‬‭controls.‬‭These‬‭findings‬‭encourage‬‭us‬‭to‬‭temper‬‭the‬‭"crowding‬‭effect"‬
‭hypothesis, but they do not allow us to reject it entirely.‬

‭This‬ ‭work‬ ‭represents‬ ‭a‬ ‭first‬ ‭step‬ ‭towards‬ ‭the‬ ‭creation‬‭of‬‭a‬‭database‬‭of‬‭markers‬‭for‬
‭multimodal‬ ‭exploration‬ ‭of‬ ‭risk‬ ‭factors‬ ‭associated‬ ‭with‬ ‭neonatal‬ ‭stroke.‬ ‭It‬ ‭will‬ ‭contribute‬ ‭to‬
‭deepening‬ ‭the‬ ‭understanding‬ ‭of‬ ‭early‬ ‭brain‬ ‭plasticity,‬ ‭helping‬ ‭clinicians‬ ‭in‬ ‭prognosis‬
‭establishment‬‭and‬‭in‬‭the‬‭development‬‭of‬‭personalized‬‭care‬‭and‬‭early‬‭rehabilitation‬‭programs‬
‭for future newborns with early brain lesions.‬

‭Keywords‬

‭Neonatal‬ ‭Stroke,‬ ‭MRI,‬ ‭Functional‬ ‭MRI,‬ ‭Diffusion‬ ‭MRI,‬ ‭Morphometry,‬ ‭Mixed‬ ‭Linear‬ ‭Model,‬
‭Sex Effects, Neurodevelopment, Brain Plasticity, Crowding Effect‬
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‭Devenir‬ ‭adolescent‬ ‭après‬ ‭une‬ ‭lésion‬ ‭cérébrale‬ ‭focale‬
‭précoce‬ ‭(AVC‬ ‭néonatal)‬ ‭:‬ ‭une‬ ‭fenêtre‬ ‭sur‬ ‭la‬ ‭plasticité‬
‭cérébrale‬‭à‬‭long‬‭terme‬‭chez‬‭l'enfant.‬‭Etude‬‭longitudinale‬
‭en IRM avancée multimodale et en neuropsychologie‬

‭Résumé‬

‭Cette‬ ‭thèse‬ ‭explore‬ ‭les‬ ‭implications‬ ‭neurodéveloppementales‬ ‭à‬ ‭long‬ ‭terme‬ ‭de‬
‭l’accident‬ ‭vasculaire‬ ‭cérébral‬ ‭(AVC)‬ ‭néonatal‬ ‭unilatéral‬ ‭durant‬ ‭l’enfance‬ ‭(à‬ ‭7‬ ‭ans)‬ ‭et‬
‭l’adolescence‬ ‭(à‬ ‭16‬ ‭ans),‬ ‭dans‬ ‭une‬ ‭cohorte‬ ‭prospective‬ ‭française‬ ‭d’enfants‬ ‭ayant‬ ‭subi‬ ‭un‬
‭AVC‬ ‭néonatal‬ ‭(AVCnn).‬ ‭Cette‬ ‭étude‬ ‭prospective‬ ‭longitudinale‬ ‭cherche‬ ‭à‬ ‭identifier‬ ‭des‬
‭marqueurs‬‭précoces‬‭de‬‭l’évolution‬‭motrice‬‭et‬‭cognitive‬‭en‬‭combinant‬‭des‬‭marqueurs‬‭d’IRM‬
‭morphométrique,‬ ‭microstructurelle‬ ‭(diffusion)‬ ‭et‬‭fonctionnelle‬‭avec‬‭les‬‭données‬‭cliniques‬‭et‬
‭cognitives.‬

‭Ce‬ ‭projet‬ ‭a‬ ‭nécessité‬ ‭des‬ ‭développements‬ ‭méthodologiques‬ ‭adaptés‬ ‭à‬ ‭l'étude‬
‭longitudinale‬ ‭de‬ ‭cerveaux‬ ‭lésés‬ ‭et‬ ‭en‬ ‭croissance,‬ ‭ainsi‬ ‭qu’un‬ ‭contrôle‬ ‭qualité‬ ‭exhaustif‬ ‭à‬
‭chaque étape.‬

‭À‬ ‭travers‬ ‭une‬ ‭analyse‬ ‭morphométrique‬ ‭multifactorielle‬ ‭de‬ ‭l’IRM‬ ‭anatomique,‬ ‭nous‬
‭avons‬ ‭examiné‬ ‭les‬ ‭facteurs‬ ‭cliniques‬ ‭susceptibles‬‭d’influencer‬‭la‬‭trajectoire‬ ‭de‬‭croissance‬
‭cérébrale.‬ ‭Les‬ ‭résultats‬ ‭montrent‬ ‭que‬‭la‬‭croissance‬‭cérébrale‬‭des‬‭patients‬‭masculins‬‭dans‬
‭l’hémisphère‬ ‭contralésionnel‬ ‭est‬ ‭plus‬ ‭faible‬ ‭que‬ ‭chez‬ ‭les‬ ‭filles‬ ‭à‬ ‭l’âge‬ ‭de‬ ‭7‬ ‭ans,‬ ‭sans‬
‭évolution nette des différences liées au sexe à 16 ans.‬

‭Cela‬‭suggère‬‭que‬‭la‬‭puberté‬‭a‬‭peu‬‭d'effet‬‭sur‬‭ces‬‭trajectoires‬‭volumétriques,‬‭et‬‭que‬
‭la‬ ‭plupart‬ ‭des‬ ‭déviations‬ ‭chez‬ ‭les‬ ‭patients‬ ‭masculins‬ ‭se‬ ‭produisent‬ ‭pendant‬ ‭la‬ ‭petite‬
‭enfance.‬‭Ce‬‭pattern‬‭semble‬‭en‬‭accord‬‭avec‬‭la‬‭vulnérabilité‬‭périnatale,‬‭décrite‬‭pour‬‭d’autres‬
‭pathologies‬ ‭du‬ ‭développement‬ ‭du‬ ‭cerveau‬ ‭masculin,‬ ‭et‬ ‭sans‬ ‭compensation‬ ‭par‬ ‭la‬ ‭suite.‬
‭Cette‬‭notion‬‭de‬‭vulnérabilité‬‭est‬‭à‬‭nuancer,‬‭car‬‭ces‬‭différences‬ ‭morphologiques‬‭ne‬‭semblent‬
‭pas corréler avec les performances cliniques de la cohorte.‬

‭Dans‬‭la‬‭2eme‬‭partie‬‭du‬‭travail,‬‭nous‬‭avons‬‭étudié‬‭en‬‭IRM‬‭fonctionnelle‬‭et‬‭en‬‭IRM‬‭de‬
‭diffusion‬ ‭les‬ ‭modifications‬ ‭fonctionnelles‬ ‭et‬ ‭microstructurelles‬ ‭de‬ ‭la‬ ‭spécialisation‬
‭hémisphérique‬‭du‬‭langage‬‭et‬‭des‬‭réseaux‬‭fonctionnels‬‭impliqués‬‭dans‬‭le‬‭calcul‬‭mental‬‭pour‬
‭tester‬ ‭l'hypothèse‬ ‭d’un‬ ‭effet‬ ‭de‬ ‭“surpeuplement”‬ ‭ou‬ ‭“crowding‬ ‭effect”‬‭(compétition‬‭dans‬‭un‬
‭espace neural restreint), notamment dans l’hémisphère dominant pour le langage.‬

‭Les‬ ‭résultats‬ ‭confirment‬ ‭la‬ ‭spécialisation‬ ‭hémisphérique‬ ‭atypique‬ ‭droite‬ ‭chez‬ ‭les‬
‭patients‬ ‭présentant‬ ‭une‬ ‭lésion‬ ‭dans‬ ‭les‬ ‭régions‬ ‭périsylviennes‬ ‭gauches‬ ‭(⅔‬ ‭des‬ ‭sujets).‬
‭Cette‬ ‭latéralisation‬ ‭droite‬ ‭semble‬ ‭associée‬ ‭à‬ ‭de‬ ‭meilleurs‬ ‭scores‬ ‭langagiers‬ ‭et‬ ‭cognitifs‬
‭qu’une‬ ‭représentation‬ ‭bilatérale‬ ‭du‬ ‭langage.‬ ‭Les‬ ‭analyses‬ ‭préliminaires‬ ‭des‬ ‭corrélats‬
‭microstructurels‬ ‭de‬ ‭cette‬ ‭dominance‬ ‭atypique‬ ‭ne‬ ‭montrent‬‭pas‬‭de‬‭différences‬‭de‬‭l’intégrité‬
‭des‬‭faisceaux‬‭impliqués‬‭dans‬‭le‬‭langage‬‭entre‬‭les‬‭deux‬‭hémisphères,‬‭mais‬‭elles‬‭doivent‬‭être‬
‭nuancées par manque de sensibilité des métriques choisies.‬
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‭Enfin,‬‭les‬‭analyses‬‭fonctionnelles‬‭suggèrent‬‭une‬‭organisation‬‭typique‬‭des‬‭activations‬
‭liées‬ ‭aux‬ ‭fonctions‬ ‭primaires‬ ‭(auditives,‬ ‭visuelles,‬ ‭motrices‬ ‭de‬ ‭la‬ ‭main)‬ ‭à‬ ‭l’échelle‬ ‭des‬
‭groupes, quel que soit le côté de la dominance du langage.‬

‭En‬‭revanche,‬‭les‬‭activations‬‭liées‬‭au‬‭calcul‬‭dans‬‭le‬‭lobe‬‭pariétal‬‭semblent‬‭nettement‬
‭prédominantes‬ ‭dans‬ ‭l’hémisphère‬ ‭dominant‬ ‭pour‬ ‭le‬ ‭langage,‬ ‭alors‬ ‭qu’elles‬ ‭ont‬ ‭une‬
‭distribution‬ ‭plus‬ ‭bilatérale‬ ‭chez‬ ‭les‬ ‭contrôles.‬ ‭En‬ ‭l’état,‬ ‭ces‬ ‭résultats‬ ‭nous‬ ‭poussent‬ ‭à‬
‭nuancer l'hypothèse du “crowding effect”, mais ne permettent pas de la réfuter.‬

‭Ce‬ ‭travail‬ ‭constitue‬ ‭la‬ ‭première‬ ‭étape‬ ‭vers‬ ‭la‬ ‭création‬ ‭d'une‬ ‭base‬ ‭de‬ ‭données‬ ‭de‬
‭marqueurs‬‭pour‬‭une‬‭exploration‬‭multimodale‬‭des‬‭facteurs‬‭de‬‭risque‬‭liés‬‭à‬‭l'AVC‬‭néonatal.‬‭Il‬
‭contribuera‬‭à‬‭approfondir‬‭la‬‭compréhension‬‭de‬‭la‬‭plasticité‬‭cérébrale‬‭précoce,‬‭afin‬‭de‬‭guider‬
‭les‬‭cliniciens‬‭dans‬‭l'établissement‬‭d'un‬‭pronostic‬‭et‬‭la‬‭mise‬‭en‬‭place‬‭de‬‭soins‬‭personnalisés‬
‭et‬‭de‬‭programmes‬‭de‬‭rééducation‬‭précoces‬‭pour‬‭les‬‭futurs‬‭nouveau-nés‬‭atteints‬‭de‬‭lésions‬
‭cérébrales précoces.‬

‭Mots clés‬

‭AVC‬ ‭Néonatal,‬ ‭IRM,‬ ‭IRM‬ ‭fonctionnelle,‬ ‭IRM‬ ‭de‬ ‭diffusion,‬ ‭Morphométrie,‬ ‭Modèle‬ ‭Linéaire‬
‭Mixte, Effets du Sexe, Neurodéveloppement, Plasticité Cérébrale, Crowding effect‬
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‭Tous‬ ‭les‬ ‭membres‬ ‭de‬‭l'équipe‬‭InDev,‬‭particulièrement‬‭David‬‭Germanaud,‬‭pour‬‭ses‬‭apports‬
‭sur‬‭les‬‭corrections‬‭de‬‭volumes‬‭cérébraux‬‭en‬‭morphométrie,‬‭Clément‬‭Poiret‬‭pour‬‭m'avoir‬‭mis‬
‭le‬‭pied‬‭à‬‭l'étrier‬‭dans‬‭l'environnement‬‭numérique‬‭de‬‭Neurospin.‬‭Eliot‬‭Kerdreux‬‭pour‬‭son‬‭aide‬
‭précieuse‬ ‭en‬‭statistique‬‭et‬‭son‬‭investissement‬‭pour‬‭la‬‭cohésion‬‭de‬‭l'équipe,‬‭Aurelie‬‭Lebrun‬
‭pour‬‭nos‬‭longs‬‭échanges‬‭méthodologiques‬‭en‬‭IRM‬‭de‬‭diffusion‬‭et‬‭de‬‭soutiens‬‭mutuels,‬‭Julia‬
‭Micaux‬ ‭pour‬ ‭sa‬ ‭gentillesse‬ ‭et‬ ‭son‬ ‭soutien‬ ‭moral.‬ ‭Lucas,‬ ‭Jérémie,‬ ‭Justine,‬ ‭Florent,‬‭Amaia,‬
‭Nils,‬‭Angèle,‬‭et‬‭tous‬‭ceux‬‭que‬‭je‬‭n’ai‬‭pas‬‭cité,‬‭mais‬‭qui‬‭ont‬‭compté‬‭par‬‭leur‬‭bonne‬‭humeur,‬
‭ou simplement leur présence.‬

‭J'aimerais‬ ‭également‬ ‭citer‬ ‭quelques‬ ‭chercheurs‬ ‭seniors,‬ ‭qui‬ ‭ont‬ ‭aimablement‬ ‭accepté‬ ‭de‬
‭m'accorder‬‭du‬‭temps‬‭pour‬‭aborder‬‭des‬‭points‬‭parfois‬‭assez‬‭compliqués‬‭des‬‭approches‬‭que‬
‭nous‬ ‭avons‬ ‭déployé‬ ‭dans‬ ‭ce‬ ‭projet.‬‭Le‬‭Dr‬‭Edouard‬‭Duchesnay,‬‭qui‬‭m'a‬‭apporté‬‭beaucoup‬
‭en‬‭vision‬‭d'ensemble,‬‭en‬‭stat,‬‭et‬‭qui‬‭s'est‬‭toujours‬‭très‬‭investi‬‭lors‬‭de‬‭nos‬‭discussions.‬ ‭Le‬‭Dr‬
‭Bertrand‬ ‭Thirion,‬ ‭qui‬ ‭a‬ ‭aimablement‬ ‭libéré‬ ‭du‬ ‭temps‬ ‭dans‬ ‭son‬ ‭planning‬ ‭pour‬ ‭aborder‬‭des‬
‭questions‬ ‭statistiques‬ ‭en‬ ‭IRMf.‬ ‭Le‬ ‭Dr‬ ‭Mickael‬ ‭Dinomais‬ ‭et‬ ‭toute‬ ‭l'équipe‬ ‭d'Anger,‬ ‭qui‬ ‭ont‬
‭beaucoup enrichi nos échanges. Le Dr Pauline Favre pour son aide sur R et sa disponibilité.‬

‭Enfin‬ ‭je‬ ‭souhaiterais‬ ‭remercier‬ ‭Dr‬ ‭Joel‬ ‭Fluss‬ ‭et‬ ‭Dr‬ ‭Renaud‬ ‭Lopes,‬ ‭qui,‬ ‭en‬ ‭tant‬ ‭que‬
‭rapporteurs,‬ ‭ont‬ ‭consacré‬ ‭leur‬‭temps‬‭et‬‭leurs‬‭efforts‬‭du‬‭jury‬‭pour‬‭évaluer‬‭mon‬‭travail,‬‭ainsi‬
‭que‬ ‭les‬ ‭Dr‬ ‭Catherine‬ ‭Oppenheim,‬ ‭Arnaud‬‭Cachia,‬‭Josselin‬‭Houenou,‬‭Frédérique‬‭Liegeois,‬
‭Guillaume Auzias.‬
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‭Dédicaces‬
‭A‬ ‭ces‬ ‭amis‬ ‭que‬ ‭je‬ ‭me‬ ‭suis‬ ‭fait‬ ‭à‬ ‭Neurospin‬ ‭:‬ ‭Wenqi,‬ ‭Corentin,‬ ‭Pamela,‬ ‭Alexane,‬ ‭Bosco,‬
‭Chloé,‬ ‭Cyril,‬ ‭sans‬ ‭qui‬ ‭NeuroSpin‬ ‭aurait‬ ‭paru‬ ‭plus‬ ‭terne,‬ ‭et‬ ‭que‬ ‭j'espère‬ ‭recroiser‬ ‭dans‬ ‭le‬
‭future‬

‭A‬ ‭ma‬ ‭famille‬ ‭me‬ ‭soutenant‬ ‭dans‬ ‭ce‬ ‭qu’on‬ ‭espère‬ ‭ma‬ ‭onzième‬ ‭et‬ ‭dernière‬ ‭année‬ ‭en‬ ‭tant‬
‭qu’étudiant‬

‭Alice,‬‭qui‬‭fait‬‭de‬‭moi‬‭une‬‭personne‬‭meilleure,‬‭qui‬‭m'a‬‭encouragé‬‭à‬‭chaque‬‭étape‬‭et‬‭qui‬‭m'a‬
‭permis d’aller au bout de ce projet.‬
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‭List of abbreviations‬
‭ACT : Anatomically Constrained Tractography‬
‭AD : Axial Diffusivity‬
‭ADC : Apparent Diffusion coefficient‬
‭ALE : Activation Likelihood Estimation‬
‭ANTs : Advanced Normalization Tools‬
‭AP : Anterior-Posterior‬
‭APPIS : Arterial Presumed Perinatal Ischemic Stroke‬
‭AR : AutoRegressive‬
‭AVC : Accident Vasculaire Cérébral‬
‭BBT : Box and Block Test‬
‭BFMF : Bimanual Fine Motor Function‬
‭BIDS :‬ ‭Brain Imaging Data Structure‬
‭BOLD‬ ‭: Blood-Oxygen-Level-Dependent‬
‭BRI : Behavior Regulation Index‬
‭BRIEF‬‭: Behavioral Rating Inventory of Executive Function‬
‭CAT12 : Computational Anatomy Toolbox‬
‭CBF : Cerebral Blood Flow‬
‭CEA : Commissariat à l'énergie atomique‬
‭CELF : Clinical Evaluation of Language Fundamentals‬
‭CHU : Centre Hospitalier Universitaire‬
‭CP : Cerebral Palsy‬
‭CSF : CerebroSpinal Fluid‬
‭CST : Cortico-Spinal Tract‬
‭CSVT : Cerebral sinovenous thrombosis‬
‭CT : Cortical thickness‬
‭DISCO : DIffeomorphic Sulcal-based COrtical technique‬
‭DK : Desikan-Killiany‬
‭dMRI : Diffusion Magnetic Resonance Imaging‬
‭DTI : Diffusion Tensor Imaging‬
‭DTVP : Developmental Test of Visual Perception‬
‭ECLA : Evaluation des Compétences de Lecture chez l'Adulte‬
‭EFC : Entropy Focused Criterion‬
‭EPI : Echo Planar Imaging‬
‭FA : Fractional Anisotropy‬
‭FAMD : Factor Analysis for Mixed Data‬
‭FBA : Fixel-Based Analysis‬
‭FC : Fiber Cross-section‬
‭FD : Fiber Density‬
‭FDC : Fibre Density and Cross-section‬
‭FDR : False Discovery Rate‬
‭FOD : Fiber Orientation Distributions‬
‭FWE : Family-Wise Error‬
‭GEC  : Global Executive Composite‬
‭GLM  : Generalized Linear Model‬
‭GMFCS : Gross Motor Function Classification System‬
‭GRAPPA : Generalized Autocalibrating Partially Parallel Acquisitions‬
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‭GSR : Ghost to Signal Ratio‬
‭HCP : Human Connectome Project‬
‭HD-BET : High Definition Brain Extraction Tool‬
‭HIP : High Intellectual Potential‬
‭IQR : Image Quality Ratio‬
‭IRMf : Imagerie par résonance magnétique fonctionnelle‬
‭LI : Lateralization Index‬
‭LMM : Linear Mixed Model‬
‭MACS : Manual Ability Classification System‬
‭MCA : Middle Cerebral Artery‬
‭MD : Mean Diffusivity‬
‭MFA : Multiple Factor Analysis‬
‭MI : Metacognition Index‬
‭MNI : Monteal Neurological Institute‬
‭MPRAGE : Magnetisation Prepared Rapid Gradient Echo‬
‭MRA : Magnetic Resonance Angiography‬
‭MRI : Magnetic Resonance Imaging‬
‭NAIS : Neonatal Arterial Ischemic Stroke‬
‭NDI : Neurite Density Index‬
‭N-EEL : Nouvelles Epreuves pour l’Evaluation du Langage‬
‭NHS : Neonatal hemorrhagic stroke‬
‭NODDI : Neurite Orientation Dispersion and Density Imaging‬
‭ODI : Orientation Dispersion Index‬
‭OHBM : Organization of Human Brain Mapping‬
‭PA : Posterior-Anterior‬
‭PAIS : Perinatal Arterial Ischemic Stroke‬
‭PC : Paralysie Cérébrale‬
‭PCA : Principal Component Analysis‬
‭PSI : Processing Speed Index‬
‭PVI : Periventricular venous infarction‬
‭QC : Quality Check‬
‭RD : Radial Diffusivity‬
‭ROI : Regions Of Interest‬
‭RS-fMRI : Resting-State fMRI‬
‭SE-EPI : Spin Echo - Echo Planar Imaging‬
‭SES : Socioeconomic Status‬
‭SGT : Sentence Generation Task‬
‭SIFT : Spherical-deconvolution Informed Filtering of Tractograms‬
‭SMA : Supplementary Motor Area‬
‭SNR : Signal-to-Noise Ratio‬
‭SPM : Statistical Parametric Analysis‬
‭SUIT : Spatially Unbiased Infratentorial Template‬
‭TE : Echo Time‬
‭TFCE : Threshold free Cluster Enhancement‬
‭TR : Repetition Time‬
‭tSNR : temporal Signal-to-Noise Ratio‬
‭UCP : Unilateral Cerebral Palsy‬
‭UMR : Unité Mixte de Recherche‬
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‭UPEC : Université Paris-Est Créteil‬
‭US : Ultrasound‬
‭VBG : Virtual Brain Grafting‬
‭VCI : Verbal Comprehension Index‬
‭WAIS : Wechsler Adult Intelligence Scale‬
‭WISC : Wechsler Intelligence Scale for Children‬
‭WMI : Working Memory Index‬
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‭The AVCnnADO project specifically aims to investigate several aspects:‬

‭1.‬ ‭Assessment‬ ‭of‬ ‭Clinical‬ ‭Motor‬ ‭and‬ ‭Cognitive‬ ‭Outcomes:‬ ‭This‬ ‭objective‬ ‭focuses‬ ‭on‬
‭evaluating‬ ‭the‬ ‭clinical‬ ‭motor‬ ‭and‬ ‭cognitive‬ ‭outcomes‬ ‭of‬‭adolescents,‬‭examining‬‭the‬
‭evolution‬‭of‬‭cognitive‬‭impairments‬‭and‬‭abilities,‬‭including‬‭motor‬‭skills,‬‭oral‬‭and‬‭written‬
‭language,‬‭visual,‬‭spatial,‬‭and‬‭executive‬‭functions‬‭between‬‭ages‬‭7‬‭and‬‭16.‬‭The‬‭goal‬‭is‬
‭to‬ ‭identify‬ ‭determinants‬ ‭of‬ ‭inter-subject‬ ‭variability‬ ‭in‬ ‭developmental‬ ‭trajectories‬ ‭and‬
‭their‬ ‭impact‬ ‭on‬ ‭life‬ ‭outcomes‬ ‭(e.g.,‬‭schooling‬‭and‬‭vocational‬‭training)‬‭and‬‭quality‬‭of‬
‭life.‬ ‭It‬ ‭is‬ ‭hypothesized‬ ‭that‬ ‭children‬ ‭with‬ ‭more‬ ‭pronounced‬ ‭motor‬ ‭and‬ ‭language‬
‭impairments‬ ‭at‬ ‭age‬ ‭7‬ ‭may‬ ‭experience‬ ‭a‬ ‭relative‬ ‭decrease‬ ‭in‬ ‭higher-level‬ ‭cognitive‬
‭abilities‬ ‭over‬ ‭time,‬ ‭suggesting‬ ‭that‬ ‭intellectual‬ ‭efficiency‬ ‭may‬ ‭not‬ ‭remain‬ ‭stable‬
‭despite‬‭a‬‭fixed‬‭lesion.‬‭Additionally,‬‭quality‬‭of‬‭life‬‭indices‬‭might‬‭be‬‭more‬‭influenced‬‭by‬
‭factors such as fatigue and slowness rather than specific impairments.‬
‭This‬ ‭clinical/behavior‬ ‭research‬ ‭part‬ ‭is‬ ‭being‬ ‭handled‬ ‭mostly‬ ‭by‬ ‭colleagues‬ ‭with‬
‭appropriate‬ ‭backgrounds‬ ‭within‬ ‭the‬ ‭AVCnnADO‬ ‭project‬ ‭(language‬ ‭outcomes‬ ‭after‬
‭NAIS‬ ‭:‬ ‭PhD‬ ‭project‬ ‭of‬ ‭L‬ ‭Drutel,‬ ‭Motor‬ ‭outcome‬‭:‬‭Pr‬‭M‬‭Dinomais,‬‭Angers‬‭University‬
‭Hospital,‬ ‭Clinical‬ ‭and‬ ‭neuropsychological‬ ‭outcome‬ ‭at‬ ‭adolescence‬ ‭after‬ ‭NAIS‬ ‭:‬ ‭S‬
‭Neumane,‬‭H‬‭Costa,‬‭M‬‭Chevignard,‬ ‭Quality‬‭of‬‭Life‬‭after‬‭NAIS:‬‭MD‬‭practice‬‭thesis‬‭of‬‭J‬
‭Arnadottir, etc.).‬

‭2.‬ ‭Study‬ ‭of‬ ‭Brain‬ ‭Plasticity:‬ ‭This‬ ‭objective‬ ‭involves‬ ‭examining‬ ‭the‬ ‭plasticity‬ ‭of‬ ‭brain‬
‭architecture‬ ‭using‬ ‭structural‬ ‭and‬ ‭functional‬ ‭connectivity‬ ‭imaging‬ ‭approaches‬ ‭in‬
‭relation‬‭to‬‭behavioral‬‭and‬‭clinical‬‭variables‬‭(e.g.,‬‭age,‬‭sex,‬‭and‬‭lesion‬‭characteristics).‬
‭It‬‭aims‬‭to‬‭understand‬‭the‬‭impact‬‭of‬‭ongoing‬‭brain‬‭maturation‬‭on‬‭the‬‭(re)organization‬
‭of‬ ‭motor,‬ ‭language,‬ ‭executive,‬ ‭and‬ ‭visuospatial‬ ‭networks,‬ ‭as‬ ‭well‬ ‭as‬ ‭the‬ ‭global‬
‭functional‬ ‭architecture‬ ‭following‬ ‭an‬ ‭early‬ ‭stroke.‬ ‭It‬ ‭is‬ ‭proposed‬ ‭that‬ ‭more‬ ‭mature‬
‭systems‬‭at‬‭the‬‭time‬‭of‬‭injury‬‭(e.g.,‬‭motor)‬‭may‬‭demonstrate‬‭stability‬‭over‬‭time,‬‭while‬
‭still-developing‬ ‭cognitive‬ ‭functions‬ ‭(e.g.,‬ ‭executive,‬ ‭language)‬ ‭may‬ ‭show‬ ‭greater‬
‭deviations from normal patterns in controls, correlating with behavioral variability.‬

‭3.‬ ‭Characterization‬ ‭of‬ ‭the‬ ‭Crowding‬ ‭Effect:‬ ‭This‬ ‭objective‬ ‭seeks‬ ‭to‬‭better‬‭characterize‬
‭the‬ ‭crowding‬ ‭effect,‬ ‭which‬ ‭refers‬ ‭to‬ ‭the‬ ‭structural‬ ‭and‬ ‭functional‬ ‭links‬ ‭between‬
‭language‬ ‭abilities‬ ‭and‬ ‭other‬ ‭cognitive‬ ‭functions.‬ ‭It‬ ‭aims‬ ‭to‬ ‭understand‬ ‭the‬ ‭neural‬
‭correlates‬ ‭of‬ ‭the‬ ‭crowding‬ ‭effect,‬ ‭believed‬ ‭to‬ ‭be‬ ‭related‬ ‭to‬ ‭the‬ ‭competition‬ ‭within‬‭a‬
‭constrained‬‭'neural'‬‭space.‬‭Previous‬‭research‬‭has‬‭indicated‬‭that‬‭visuospatial‬‭abilities‬
‭are‬ ‭often‬ ‭impaired‬ ‭in‬ ‭children‬ ‭with‬ ‭left‬ ‭brain‬ ‭lesions,‬ ‭potentially‬ ‭due‬ ‭to‬ ‭right‬
‭hemisphere language reorganization rather than to lesion volume.‬

‭The‬ ‭AVCnnADO‬ ‭project‬ ‭has‬ ‭several‬ ‭notable‬ ‭strengths:‬ ‭the‬ ‭precise‬ ‭stroke‬ ‭subtype‬
‭inclusion‬ ‭criteria,‬ ‭the‬ ‭uniqueness‬ ‭of‬ ‭the‬ ‭cohort‬ ‭with‬ ‭a‬ ‭16-year‬ ‭prospective‬ ‭follow-up‬ ‭for‬ ‭a‬
‭third‬ ‭of‬ ‭the‬ ‭subjects‬ ‭(32‬ ‭over‬ ‭100‬ ‭neonates);‬ ‭the‬ ‭repeated‬ ‭combination‬ ‭of‬ ‭comprehensive‬
‭neuropsychological‬‭evaluations‬‭and‬‭advanced‬‭MRI‬‭research‬‭at‬‭ages‬‭7‬‭and‬‭16;‬‭the‬‭expertise‬
‭of‬‭the‬‭research‬‭team‬‭in‬‭advanced‬‭imaging‬‭of‬‭neurodevelopmental‬‭phenotypes‬‭at‬‭NeuroSpin;‬
‭and‬ ‭the‬ ‭specialization‬ ‭of‬ ‭the‬ ‭clinical‬ ‭consortium‬ ‭dedicated‬ ‭to‬ ‭pediatric‬ ‭stroke‬ ‭(National‬
‭Reference Center for Stroke in Children).‬
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‭3.2.‬ ‭Focus of My Thesis Work‬

‭My‬‭PhD‬‭work,‬‭as‬‭presented‬‭in‬‭this‬‭manuscript,‬‭primarily‬‭focuses‬‭on‬‭the‬‭imaging‬‭part‬
‭of‬ ‭the‬ ‭project‬ ‭with‬ ‭2‬ ‭directions:‬ ‭to‬ ‭directly‬ ‭address‬ ‭certain‬ ‭research‬ ‭questions‬ ‭(e.g‬ ‭Sex‬
‭effects‬ ‭on‬ ‭brain‬ ‭growth‬ ‭after‬ ‭NAIS)‬ ‭and‬ ‭to‬ ‭generate‬ ‭imaging‬ ‭metrics‬‭that‬‭may‬‭assist‬‭other‬
‭researchers‬ ‭within‬ ‭the‬ ‭project‬ ‭(e.g.‬ ‭language‬ ‭lateralization‬ ‭index‬ ‭for‬ ‭the‬‭study‬‭of‬‭language‬
‭outcomes). Over the 3 years, my work has been divided into several phases:‬

‭1.‬ ‭Data‬‭Acquisition:‬‭Spread‬‭over‬‭the‬‭first‬‭two‬‭years,‬‭this‬‭phase‬‭involved‬‭my‬‭participation‬
‭in‬ ‭patient‬ ‭and‬ ‭parent‬ ‭interactions,‬ ‭motor‬ ‭assessments‬ ‭(e.g.,‬ ‭Box‬ ‭and‬ ‭Block‬ ‭test,‬
‭9-hole‬ ‭peg‬ ‭test),‬ ‭MRI‬ ‭training,‬ ‭assisting‬ ‭the‬ ‭radiographer‬ ‭with‬‭data‬‭acquisition,‬‭and‬
‭ensuring imaging quality and subject compliance with the protocol.‬

‭2.‬ ‭Development‬‭and‬‭Adaptation‬‭of‬‭dedicated‬‭Methodologies:‬‭Conducted‬‭over‬‭the‬‭three‬
‭years‬ ‭of‬ ‭the‬ ‭PhD‬ ‭work,‬ ‭this‬ ‭phase‬ ‭focused‬ ‭on‬ ‭benchmarking‬ ‭image‬ ‭processing‬
‭methods‬‭and‬‭implementing‬‭strategies‬‭to‬‭overcome‬‭the‬‭specific‬‭difficulties‬‭caused‬‭by‬
‭lesion‬‭effects‬‭in‬‭a‬‭longitudinal‬‭design.‬‭Ensuring‬‭exclusive‬‭study‬‭of‬‭non-injured‬‭tissue‬
‭was‬ ‭also‬ ‭crucial‬ ‭for‬ ‭investigating‬ ‭diffuse‬ ‭lesion‬ ‭effects.‬ ‭This‬ ‭phase‬ ‭also‬ ‭included‬
‭exploring longitudinal approaches.‬

‭3.‬ ‭Data‬ ‭Analysis‬ ‭and‬ ‭Interpretation:‬ ‭This‬ ‭phase‬ ‭involved‬ ‭designing‬ ‭specific‬ ‭statistical‬
‭tests‬ ‭and‬ ‭methods‬ ‭to‬ ‭address‬ ‭the‬ ‭project's‬ ‭hypotheses.‬ ‭The‬ ‭overall‬ ‭goal‬ ‭was‬ ‭to‬
‭extract‬ ‭imaging‬ ‭biomarkers‬ ‭at‬ ‭both‬ ‭individual‬ ‭and‬ ‭group‬ ‭levels,‬ ‭and‬ ‭longitudinally‬
‭when‬ ‭possible.‬ ‭Methodological‬ ‭issues‬ ‭related‬ ‭to‬ ‭spatial‬ ‭normalization‬ ‭of‬ ‭lesioned‬
‭brains,‬‭reconstruction‬‭of‬‭lesioned‬‭bundles,‬‭and‬‭longitudinal‬‭assessment‬‭addressed‬‭in‬
‭the previous phase were detrimental for this phase.‬

‭In‬‭relation‬‭to‬‭Clinical,‬‭cognitive,‬‭motor,‬‭and‬‭language‬‭data,‬‭we‬‭aimed‬‭to‬‭combine‬‭the‬
‭different‬ ‭MRI‬‭modalities‬‭to‬‭investigate‬‭the‬‭complex‬‭sequence‬‭of‬‭anatomical,‬‭microstructural‬
‭and functional development and plasticity of the immature brain after early stroke:‬

‭1.‬ ‭Anatomical MRI: Brain growth, lesion volume and location, sex differences, etc.‬
‭2.‬ ‭Diffusion‬ ‭MRI:‬ ‭Overall‬ ‭white‬ ‭matter‬ ‭microstructure‬ ‭integrity‬ ‭and‬ ‭structural‬

‭connectivity, using a range of methodological approaches‬
‭3.‬ ‭Activation‬‭Functional‬‭MRI:‬‭Reorganization‬‭of‬‭motor‬‭and‬‭language‬‭networks,‬‭and‬‭the‬

‭spatial‬ ‭competition‬ ‭between‬ ‭these‬ ‭functions‬ ‭and‬ ‭later-developed‬ ‭ones‬ ‭(e.g.,‬
‭mathematical calculation).‬

‭4.‬ ‭Resting-State fMRI: Changes in the brain architecture of cognitive networks.‬

‭3.3.‬ ‭Structure of the Manuscript‬

‭We‬ ‭will‬ ‭first‬ ‭detail‬ ‭the‬ ‭clinical‬‭and‬‭MRI‬‭acquisition‬‭data‬‭of‬‭the‬‭cohort,‬‭as‬‭well‬‭as‬‭the‬
‭constitution‬ ‭of‬ ‭the‬ ‭control‬ ‭group.‬ ‭We‬ ‭will‬ ‭also‬ ‭outline‬ ‭the‬ ‭numerous‬ ‭methodological‬
‭considerations‬ ‭surrounding‬ ‭acquisition,‬ ‭initial‬ ‭preprocessing,‬ ‭and‬ ‭the‬ ‭various‬ ‭approaches‬
‭employed.‬

‭In‬‭chapter‬‭2,‬‭we‬‭present‬‭the‬‭results‬‭of‬‭the‬‭multifactorial‬‭morphometric‬‭analysis‬‭of‬‭the‬
‭cohort,‬ ‭considering‬ ‭factors‬ ‭such‬ ‭as‬ ‭age,‬ ‭sex,‬ ‭patient‬ ‭vs.‬ ‭control‬ ‭differences,‬ ‭hemisphere‬
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‭CELF:‬ ‭Clinical‬ ‭Evaluation‬ ‭of‬ ‭Language‬ ‭Fundamentals,‬ ‭Receptive‬ ‭Language‬ ‭Index:‬ ‭Measures‬
‭understanding‬ ‭of‬ ‭spoken‬ ‭language.‬ ‭Expressive‬ ‭Language‬ ‭Index:‬ ‭Measures‬ ‭ability‬ ‭to‬ ‭express‬ ‭ideas‬
‭verbally.‬ ‭Language‬ ‭Content‬ ‭Index:‬ ‭Assesses‬ ‭knowledge‬ ‭of‬ ‭words‬ ‭and‬ ‭content.‬ ‭Language‬ ‭Structure‬
‭Index:‬ ‭Evaluates‬ ‭understanding‬ ‭and‬ ‭use‬ ‭of‬ ‭grammatical‬ ‭rules.‬ ‭BRIEF‬ ‭:‬ ‭Behavior‬ ‭Rating‬ ‭Inventory‬ ‭of‬
‭Executive‬ ‭Function,‬‭BRI‬‭:‬‭Behavior‬‭Regulation‬‭Index,‬‭MI‬‭:‬‭Metacognition‬‭Index,‬‭GEC‬‭:‬‭Global‬‭Executive‬
‭Composite index‬

‭WAIS (Wechsler Intelligence)‬

‭VCI (M/SD)‬ ‭PRI (M/SD)‬ ‭WMI (M/SD)‬ ‭PSI (M/SD)‬

‭Male‬ ‭90.5‬‭/20.65‬ ‭89.1 /17.41‬ ‭89.65 /17.77‬ ‭87.25 /17.34‬

‭Female‬ ‭93.69‬‭/14.96‬ ‭91.85 /14.50‬ ‭90.85 /13.86‬ ‭95.62 /16.13‬

‭Table 3: Cognitive and Neuropsychology assessment of the AVCnnADO cohort at 16 years of age‬
‭WAIS‬‭:‬‭Wechsler‬‭Adult‬‭Intelligence‬‭Scale,‬‭VCI‬‭:‬‭Verbal‬‭Comprehension‬‭Index‬‭:‬‭Measures‬‭verbal‬‭reasoning‬
‭and‬‭comprehension.‬‭PRI‬‭:‬‭Perceptual‬‭Reasoning‬‭Index,‬‭Assesses‬‭non-verbal‬‭and‬‭fluid‬‭reasoning,‬‭WMI‬‭:‬
‭Working‬ ‭Memory‬ ‭Index,‬ ‭Evaluates‬ ‭short-term‬ ‭memory‬ ‭and‬ ‭attention,‬ ‭PSI‬ ‭:‬ ‭Processing‬ ‭Speed‬ ‭Index,‬
‭Measures the speed of mental processing‬

‭4.1.3.‬ ‭Control Cohorts at both ages‬

‭To‬ ‭understand‬ ‭deviations‬ ‭from‬ ‭typical‬ ‭development,‬ ‭control‬ ‭groups‬ ‭were‬ ‭studied‬ ‭at‬
‭both‬‭ages‬‭(N‬‭=‬‭37‬‭19F/18M)‬‭at‬‭age‬‭7,‬‭and‬‭N‬‭=‬‭32,‬‭16F/15M,‬‭at‬‭age‬‭16),‬‭with‬‭some‬‭subjects‬
‭assessed‬‭at‬‭both‬‭ages.‬‭These‬‭control‬‭subjects‬‭underwent‬‭the‬‭same‬‭imaging‬‭protocols‬‭as‬‭the‬
‭AVCnn‬ ‭cohort,‬ ‭but‬ ‭with‬ ‭simplified‬ ‭clinical‬ ‭evaluations,‬ ‭lacking‬ ‭formal‬ ‭language‬ ‭and‬
‭neuropsychological assessments while still including motor assessments.‬

‭4.2.‬ ‭Imaging protocol‬
‭4.2.1.‬ ‭7 years of age session‬

‭The‬ ‭imaging‬ ‭system‬ ‭used‬ ‭for‬ ‭the‬ ‭7‬ ‭years‬ ‭of‬‭age‬‭was‬‭a‬‭Siemens‬‭MAGNETOM‬‭Trio‬
‭Tim‬ ‭system,‬ ‭with‬ ‭a‬ ‭12-channel‬ ‭head‬ ‭coil.‬ ‭Anatomic‬ ‭MRI‬ ‭images‬ ‭include‬ ‭T1-weighted‬
‭MPRAGE‬‭(Magnetisation‬‭Prepared‬‭Rapid‬‭Gradient‬‭Echo)‬‭images‬‭(TR=‬‭2300‬‭ms,‬‭TE=‬‭4.18‬
‭ms,‬ ‭TI‬ ‭=‬ ‭900‬ ‭ms,‬‭voxel‬‭size‬‭1‬‭×‬‭1‬‭×‬‭1‬‭mm³,‬‭176‬‭slices),‬‭T2‬‭Flair‬‭images‬‭(TR=‬‭5000‬‭msec,‬
‭TE= 395msec, voxel size 0.9 × 0.9 × 1 mm³, 160 slices).‬

‭Functional‬‭MRI‬‭tasks‬‭were‬‭performed‬‭using‬‭an‬‭Echo‬‭Planar‬‭Imaging‬‭(EPI)‬‭sequence‬
‭without‬ ‭partial‬ ‭Fourier‬ ‭or‬ ‭GRAPPA‬ ‭(Generalized‬ ‭Autocalibrating‬ ‭Partially‬ ‭Parallel‬
‭Acquisitions). These included:‬

‭●‬ ‭Finger‬ ‭tapping‬ ‭task‬ ‭for‬ ‭both‬ ‭hands,‬ ‭according‬ ‭to‬ ‭children‬ ‭capabilities,‬ ‭with‬ ‭3‬ ‭mm‬
‭isotropic voxels, 40 slices, TR = 2500 ms, TE = 30 ms.‬

‭●‬ ‭Sentence‬‭generation‬‭task,‬‭similar‬‭to‬‭the‬‭one‬‭performed‬‭at‬‭16‬‭years‬‭of‬‭age,‬‭with‬‭3‬‭mm‬
‭isotropic voxels, 40 slices, TR = 5000 ms, TE = 30 ms‬

‭●‬ ‭Resting-state‬‭functional‬‭imaging,‬‭3‬‭sequences‬‭with‬‭3‬‭mm‬‭isotropic‬‭voxels,‬‭40‬‭slices,‬
‭TR = 2400 ms, TE = 30 ms.‬

‭Diffusion-weighted‬ ‭Spin‬ ‭Echo‬ ‭(SE)-EPI‬ ‭images‬ ‭were‬ ‭acquired‬ ‭using‬ ‭a‬ ‭single‬ ‭shot‬
‭sequence‬‭with‬‭30‬‭diffusion‬‭encoding‬‭directions‬‭and‬‭a‬‭diffusion-weighting‬‭of‬‭b‬‭=‬‭1,000‬‭s/mm²‬
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‭(TR‬‭=‬‭9500‬‭ms,‬‭TE‬‭=‬‭86‬‭ms,‬‭40‬‭slices,‬‭voxel‬‭size‬‭=‬‭1.875‬‭×‬‭1.875‬‭×‬‭3‬‭mm),‬‭GRAPPA‬‭=‬‭2,‬
‭Partial Fourier = 6/8.‬

‭Patients were filmed and and recording during acquisition‬

‭4.2.2.‬ ‭16 years of age session‬

‭The‬ ‭imaging‬ ‭system‬ ‭used‬ ‭for‬ ‭the‬ ‭16‬ ‭years‬ ‭of‬ ‭age‬ ‭was‬ ‭aSiemens‬ ‭MAGNETOM‬
‭Prisma‬ ‭fit‬ ‭system,‬ ‭with‬ ‭a‬ ‭64‬‭channel‬‭head‬‭coil.‬‭Anatomic‬‭MRI‬‭images‬‭include‬‭T1-weighted‬
‭MPRAGE‬ ‭images‬ ‭(TR‬ ‭=‬ ‭2300‬ ‭ms,‬ ‭TE‬ ‭=‬ ‭3.05ms,‬ ‭TI‬‭=‬‭248‬‭ms,‬‭voxel‬‭size=‬‭0.9‬‭×‬‭0.9‬‭×‬‭0.9‬
‭mm³,‬‭176‬‭slices),‬‭T2‬‭Flair‬‭images‬‭(TR‬‭=‬‭5000‬‭ms,‬‭TE‬‭=‬‭396‬‭ms,‬‭voxel‬‭size=‬‭0.9‬‭×‬‭0.9‬‭×‬‭0.9‬
‭mm3 , 176 slices).‬

‭Functional‬ ‭MRI‬ ‭tasks‬ ‭were‬ ‭acquired‬ ‭using‬ ‭a‬ ‭consistent‬ ‭sequence‬ ‭for‬ ‭all‬ ‭activation‬
‭paradigm‬‭(sentence‬‭generation‬‭task,‬‭SGT,‬‭1‬‭run;‬‭localizer,‬‭2‬‭run)‬‭and‬‭all‬‭3‬‭resting-state‬‭run‬‭:‬
‭2‬‭mm‬‭isotropic‬‭voxels‬‭size,‬‭69‬‭slices,‬‭a‬‭Repetition‬‭Time‬‭(TR)‬‭of‬‭1.81‬‭seconds,‬‭an‬‭Echo‬‭Time‬
‭(TE)‬ ‭of‬ ‭30.4‬ ‭milliseconds,‬ ‭with‬ ‭3‬ ‭simultaneous‬ ‭multislice‬ ‭acquisitions‬ ‭and‬ ‭a‬ ‭partial‬‭Fourier‬
‭factor of 7/8.‬

‭Diffusion-weighted‬ ‭SE-EPI‬ ‭images‬ ‭included‬ ‭two‬ ‭acquisitions,‬ ‭b=1,000‬ ‭s/mm²,‬ ‭30‬
‭diffusion‬ ‭encoding‬ ‭directions,‬ ‭and‬ ‭b=1,500‬ ‭s/mm²,‬ ‭60‬ ‭diffusion‬ ‭encoding‬ ‭directions.‬ ‭Each‬
‭acquisition‬ ‭was‬ ‭preceded‬ ‭by‬ ‭a‬ ‭reverse‬ ‭phase‬ ‭encoded‬ ‭b0‬ ‭images.‬ ‭Other‬ ‭acquisition‬
‭parameters‬ ‭were‬ ‭the‬ ‭same‬ ‭for‬ ‭both‬ ‭images,‬ ‭78‬ ‭slices,‬ ‭TR‬ ‭=‬ ‭4,12‬ ‭seconds,‬ ‭TE‬ ‭=‬ ‭55‬
‭milliseconds, and a voxel resolution of  1.8 × 1.8 × 1.8 mm.‬

‭5.‬ ‭Specific‬ ‭methodological‬ ‭considerations‬‭to‬‭the‬‭AVCnnADO‬
‭image processing‬

‭5.1.‬ ‭Image acquisition considerations‬

‭When‬ ‭working‬ ‭with‬ ‭a‬ ‭cohort‬ ‭of‬‭adolescents‬‭with‬‭NAIS,‬‭specific‬‭considerations‬‭must‬
‭be addressed compared to typical subject cohorts:‬

‭●‬ ‭Motor‬ ‭Impairments:‬ ‭Some‬ ‭patients‬ ‭had‬ ‭motor‬ ‭impairments‬ ‭ranging‬ ‭up‬ ‭to‬ ‭cerebral‬
‭palsy.‬ ‭These‬ ‭impairments‬ ‭could‬ ‭lead‬ ‭to‬ ‭discomfort,‬ ‭spasticity,‬ ‭or‬ ‭involuntary‬
‭movements‬ ‭during‬ ‭MRI‬ ‭scanning.‬ ‭This‬ ‭also‬ ‭may‬ ‭impair‬ ‭the‬ ‭patient's‬ ‭capacity‬ ‭to‬
‭follow motor based fMRI tasks.‬

‭●‬ ‭Cognitive‬ ‭Impairments:‬ ‭Some‬ ‭patients‬ ‭with‬ ‭cognitive‬ ‭impairments‬ ‭struggled‬ ‭with‬
‭reading‬‭tasks‬‭at‬‭a‬‭high‬‭pace,‬‭became‬‭tired‬‭more‬‭rapidly,‬‭and‬‭had‬‭difficulty‬‭executing‬
‭more challenging tasks, such as calculation tasks.‬

‭To‬ ‭optimize‬ ‭subject‬ ‭compliance‬ ‭in‬ ‭the‬ ‭scanner,‬ ‭each‬ ‭participant‬ ‭underwent‬‭specific‬
‭training‬ ‭before‬ ‭the‬ ‭imaging‬ ‭session.‬‭They‬‭viewed‬‭a‬‭video‬‭describing‬‭the‬‭stimuli‬‭they‬‭would‬
‭encounter‬‭during‬‭the‬‭scan‬‭and‬‭were‬‭asked‬‭to‬‭respond‬‭orally‬‭to‬‭ensure‬‭they‬‭understood‬‭the‬
‭task‬ ‭and‬ ‭could‬ ‭respond‬ ‭promptly.‬ ‭This‬‭training‬‭procedure‬‭was‬‭documented‬‭consistently‬‭for‬
‭each subject.‬
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