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Résumé 
 
Une expérience interdisciplinaire, réalisée en 2007 à Strasbourg (France) a 
permis de déterminer les corrélats neuronaux et physiologiques du principe 
d’adhésion à une réalité fictive (théâtrale). Elle a démontré que l’adhésion à cette 
réalité fictionnelle est induite par une mise en scène spécifique. Une analyse 
phénoménologique des liens entre le théâtre et l’enseignement a permis de poser 
l’hypothèse que l’adhésion est également mise en œuvre en situation 
pédagogique et qu’elle impacte l’apprentissage. Il est en effet admis que les 
enseignants tentent de construire, consciemment ou non, une représentation du 
réel pour favoriser l’apprentissage des étudiants. Les moyens à l’œuvre relèvent 
donc d’une « mise en scène pédagogique ». Le présent article pose les bases 
théoriques de l’adhésion dans le champ pédagogique et propose un cadre 
expérimental ancré dans la neuroscience éducationnelle. En effet, les situations 
d’apprentissage étant complexes, seule une combinaison de méthodologies 
permet une meilleure compréhension des processus cognitifs sous-jacents. Ainsi, 
pour démontrer l’adhésion des étudiants au cours d’une intervention éducative, 
plusieurs conditions sont nécessaires: l’intention de l’enseignant véhiculée par la 
mise en scène pédagogique, la convergence de corrélats physiologiques et 
neurologiques spécifiques et la confirmation subjective des étudiants eux-mêmes. 
Sur cette base, deux expériences pilotes ont été conçues pour répondre aux 
questions suivantes: est-il possible d’induire l’adhésion des étudiants à un cours 
magistral ? Le concept connexe de mise en scène pédagogique améliorerait-il 
leur mémorisation des informations transmises ainsi que leurs résultats aux tests 
d’évaluation par rapport à une transmission plus classique des savoirs ?  
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1. Introduction 
 
Le théâtre est défini comme un art dont le but est de donner à voir et à entendre 
à un public, une suite d’évènements et d’actions par le biais d’acteurs qui se 
déplacent sur une scène et qui utilisent le discours et l’expression corporelle. 
Il représente donc une forme de réalité circonscrite dans l’espace et le temps. 
À travers l’histoire, les metteurs en scène ont cherché, par l’écriture et la mise 
en scène, à faire croire à cette réalité fictionnelle. Le paradoxe est que le 
spectateur entre dans cette réalité, il y adhère en laissant momentanément de 
côté la réalité physique et sensorielle qui l’entoure. Quels sont donc les 
processus cognitifs, neurologiques et physiologiques qui conduisent un 
spectateur à percevoir Hamlet à la cour d’Elseneur alors qu’il a sous les yeux 
un comédien sur des planches de théâtre?  
 
Une expérience interdisciplinaire a permis de déterminer les corrélats 
neuronaux et physiologiques de cette adhésion du sujet-spectateur (Bressan, 
2012; Metz-Lutz, Bressan, Heider et Otzenberg, 2010). Pour cette expérience, 
un dispositif théâtral a été recréé en laboratoire (mise au noir, lumières, etc.). 
Des représentations d’Onysos le Furieux (Gaudé, 2000) ont été jouées par un 
comédien professionnel, filmées et diffusées en direct à 20 sujets-spectateurs. 
Le metteur en scène, lors de son travail préparatif de la représentation, dirigeait 
le comédien en lui demandant de souligner certains moments de la 
représentation par de subtiles attitudes corporelles, des regards, un rythme de 
voix ou des déplacements particuliers. Les expérimentateurs ont précisément 
identifié ces interventions en les nommant « événements-théâtre ». Durant les 
14 minutes de la représentation, ils ont acquis des images IRMf et enregistré 
un électrocardiogramme pour chacun des sujets-spectateurs. Dans une 
approche neurophénoménologique, ils ont complété l’acquisition des données 
neurologiques et physiologiques par une « méthodologie à la première 
personne » en faisant remplir aux sujets un questionnaire a posteriori. Chacun 
d’eux a commenté ses impressions tout au long de l’expérience et a indiqué 
les moments où il a adhéré à la réalité fictionnelle (événements subjectifs). De 
manière intéressante, les évènements-théâtre préalablement définis par le 
metteur en scène ont coïncidé dans 69 % des cas avec les évènements 
subjectifs et dans 80% des cas, avec des modifications de l’activité cérébrale. 
Parmi les régions cérébrales dont l’activité a été significativement modifiée par 
les évènements-théâtre (par comparaison à des moments neutres), les 
expérimentateurs ont identifié la zone temporo-pariétale gauche, le gyrus 
frontal inférieur, le sillon temporal supérieur gauche et le précuneus. Ils ont 
également repéré une diminution de la variabilité du rythme cardiaque durant 
ces évènements. L’ensemble des résultats ont amené les expérimentateurs à 
discuter l’hypothèse selon laquelle les évènements-théâtre font non seulement 
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intervenir les zones cérébrales impliquées dans l’empathie, la métaphore et la 
théorie de l’esprit mais qu’ils induisent aussi un changement subtil de l’état de 
conscience des spectateurs. Ce changement les a amenés à une perte 
temporaire de la sensation du corps et de la représentation du soi. L’adhésion 
d’un sujet à une réalité théâtrale procède donc d’un « basculement », c’est-à-
dire d’une dissociation entre une expérience mentale en cours et l’expérience 
physique immédiate. Au cours de l’adhésion, le sujet libère son esprit et son 
attention de ses sensations immédiatement perceptibles afin d’accéder à la 
fiction dramatique. Ce phénomène est borné dans l’échelle du temps, il est 
sous-tendu par des processus physiologiques et cognitifs définis et il est 
identifiable a posteriori par le sujet lui-même. Marie-Noëlle Metz-Lutz, qui a 
contribué à l’étude, commente ainsi ces résultats (Bressan, 2013, p. 149) : 

« L’adhésion est inhérente au théâtre même, puisque ce que va en 
faire le metteur en scène, c’est chercher à faire adhérer le 
spectateur, et le spectateur se laisse tromper; il vient pour être 
trompé. Le théâtre est peut-être la situation expérimentale idéale où 
on introduit dans la perception du fait une perception faussée, 
décidée, mise en scène. C’est le principe de tout discours: introduire 
dans la pensée de l’autre un déplacement de perception. » 
 

Cette première étude a permis de déterminer les corrélats neurologiques et 
physiologiques de l’adhésion du sujet-spectateur à la réalité théâtrale mais elle 
met aussi en relief deux autres notions. D’abord, le metteur en scène, 
présumant de l’adhésion du spectateur, détiendrait ainsi un pouvoir de 
manipulation sur le sujet. Ce pouvoir est cependant atténué par la diversité des 
spectateurs qui ne percevraient pas tous les évènements-théâtre de la même 
manière. Ensuite, le théâtre apparaît comme un cadre expérimental 
particulièrement riche pour les sciences cognitives (Bressan, 2012). C’est 
d’ailleurs à ce titre qu’ont émergé les premières questions à propos de 
l’extension du concept d’adhésion au champ pédagogique. Les proximités 
observables entre les cadres théâtral et éducationnel peuvent-elles conduire à 
concevoir une « mise en scène pédagogique »? Si oui, celle-ci pourrait-elle 
venir renforcer la transmission des savoirs? 
 
2. Le cadre théorique: extension du concept d’adhésion au champ 
pédagogique 
 
Les rapports entre le théâtre et la pédagogie sont anciens mais ambigus et le 
Cours Magistral (CM), exercice emblématique de l’enseignement universitaire, 
en est une des meilleures preuves. En effet, la théâtralité du CM n’est pas une 
simple métaphore suggérée par la disposition des lieux où il est donné 
(amphithéâtre en français, lecture theater en anglais), elle est ontologique ce 
qui implique que, par essence et depuis ses origines, le CM est un exercice 
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théâtral. Un bel exemple vient de la description précise des cours du 
philosophe Hegel rapportée en 1835 par un de ses auditeurs, Hotho, et 
récemment commentée par Pierre Macherey (2011) : 

Le premier enseignement qui se dégage de cet impressionnant 
morceau d’écriture, dont l’auteur s’est employé à restituer, au plus 
près de ce qu’il avait éprouvé sur le moment, son expérience 
personnelle d’auditeur des cours de Hegel, c’est que, tels que ce 
dernier en gérait l’économie, ils étaient montés comme un spectacle 
qui, en mettant en scène la parole professorale, exploite tous les 
ressorts d’une action dramatique. Hegel ne se contentait pas 
d’exposer en chaire des idées, en les alignant platement et 
machinalement les unes à la suite des autres, comme si elles 
coulaient de source; mais, avec les moyens du théâtre, il donnait la 
démonstration d’un « effort », pour reprendre le terme qui revient 
tout au long du témoignage de Hotho et en constitue le fil 
conducteur. 

 
Les recherches historiographiques ont montré que cette théâtralité a été 
initialement reconnue et valorisée par l’Université puis progressivement mise 
au second plan pour des raisons didactiques (Noguès, 2008). Les approches 
pédagogiques « actives » et centrées sur l’étudiant, apparues vers la fin du 
XXe siècle, ont sévèrement critiqué le CM et son côté théâtral, jugé comme 
une tradition archaïque et contre-productive (Charles, 1997). Dès lors, la 
théâtralité du CM est rejetée dans un subconscient universitaire collectif, mais 
elle réapparaît régulièrement dans la littérature pédagogique comme un 
élément métaphorique et non plus ontologique. Ainsi, plusieurs auteurs ont 
appelé, à intervalles réguliers, les enseignants à s’inspirer de l’acteur de 
théâtre pour innover, améliorer ou s’approprier leurs propres pratiques (Harris, 
1977; Murray et Lawrence, 1980; Waack, 1983; Greenberg et Miller, 1991; 
Pineau, 1994; Griggs, 2001; Baruch, 2006). La théâtralisation de 
l’enseignement permettrait également aux éducateurs de s’affirmer, de gagner 
en confiance et de mieux gérer la diversité de l’auditoire (Feagan et Rossiter, 
2011; Souto-Manning, 2011). Cette approche métaphorique est, certes, 
féconde mais elle permet de contourner avantageusement les craintes et/ou le 
refus des enseignants d’êtres considérés comme des acteurs, éludant ainsi un 
intéressant débat de fond. Une autre façon de rapprocher théâtre et 
enseignement est de considérer que les deux contribuent à créer une réalité 
ou, du moins, une certaine représentation de la réalité avec laquelle les 
spectateurs/étudiants sont invités à interagir.  
 
La proximité entre le théâtre et la pédagogie est donc patente, mais elle est 
complexe dans le sens où sa perception et son usage ont évolué dans le 
temps. Néanmoins, elle autorise un transfert analogique du concept d’adhésion 
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décrit ci-dessus dans le champ éducatif. Intuitivement, le pédagogue qui 
s’intéresse au sujet va avoir une double interrogation: les étudiants en situation 
d’auditeurs d’un cours magistral peuvent-ils adhérer au discours de 
l’enseignant? De quels ressorts ce dernier use-t-il pour susciter l’adhésion des 
étudiants? Là aussi, une analyse de la littérature montre que ce concept a déjà 
été pressenti dans le champ pédagogique sur des bases intuitives ou 
phénoménologiques parfois anciennes ou plus récemment au travers de la 
notion d’intérêt situationnel (Schraw et Lehman, 2001; Hidi et Renninger, 2006; 
Dohn, Madsen et Malte 2009). Un nouveau champ de recherches s’ouvre 
donc. En s’appuyant sur la neuroéducation comme paradigme de référence 
pour délimiter les cadres théorique et expérimental, les premières questions 
de recherche qui émergent sont les suivantes: est-il possible d’induire 
l’adhésion des étudiants lors d’un cours magistral? L’adhésion a-t-elle un 
impact sur leurs apprentissages? Quels en sont les ressorts cognitifs et 
neurologiques? Peut-elle être mise en œuvre dans d’autres situations 
pédagogiques (e-learning)? 
 
Ces premières questions de recherche vont guider les outils expérimentaux à 
mettre en œuvre dont certains seront proposés plus loin. Elles suscitent 
également des développements théoriques intéressants au sujet de l’impact 
potentiel de l’adhésion sur les deux protagonistes du CM: les étudiants-
spectateurs et l’enseignant-acteur. Concernant les étudiants, l’adhésion 
pourrait interférer avec leurs apprentissages de plusieurs façons : élévation de 
leur niveau d’attention, augmentation de l’intérêt situationnel, amélioration des 
processus de mémorisation et diminution de la charge cognitive durant les CM. 
Concernant l’enseignant, s’il recherche consciemment ou non l’adhésion des 
étudiants, il devra adapter par divers moyens sa conduite du CM. Il pourra, 
entre autres, retravailler son message pédagogique sur le fond et sur la forme, 
adapter sa voix et sa gestuelle. De manière intéressante et comme nous 
l’avons déjà souligné, la littérature traite de ces adaptations en les désignant 
comme de simples « recettes » ou tips inspirées du théâtre. Ainsi, nous 
proposons que le concept d’adhésion soit d’abord subordonné à une intention 
de l’enseignant puis à la mise en place par ce dernier d’un ensemble d’actions 
regroupées dans une « mise en scène pédagogique » (Bressan, 2012b). Enfin, 
il est tout à fait envisageable que d’autres facteurs interviennent dans 
l’adhésion des étudiants comme la taille du groupe et ses interactions ou 
l’interposition d’un écran entre l’enseignant et les étudiants.  
 
Outre leur apport purement conceptuel, ces développements théoriques 
permettent de guider les approches expérimentales en identifiant les variables 
qu’il est possible de modifier pour explorer l’adhésion en tant que phénomène 
cognitif dans une situation pédagogique. 
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3. Le cadre expérimental pour explorer le concept d’adhésion dans le 
champ pédagogique 
 
La mise en évidence du concept d’adhésion dans le contexte théâtral a été 
réalisée par une double approche, subjective et objective. Une approche 
similaire devrait donc être utilisée pour son exploration dans un contexte 
pédagogique. Or, la recherche en neuroscience éducationnelle s’organise 
autour d’un consensus méthodologique (Campbell et Pagé, 2012; Mercier, 
Léger, Girard et Dion, 2012) qui allie les méthodes dites à la troisième 
personne (recueil de données psychophysiologiques) et celles dites à la 
première personne (analyse du comportement, du discours, etc.). Il apparaît 
ainsi que le cadre expérimental à mettre en œuvre pour explorer l’adhésion en 
pédagogie s’ancre naturellement dans le champ de la neuroéducation. La 
nouveauté est conceptuelle mais les jalons expérimentaux sont déjà posés 
(Metz-Lutz et al., 2010; Campbell et Pagé, 2012). 
 
La principale hypothèse que nous souhaitons tester est la suivante: « Est-il 
possible d’induire l’adhésion des étudiants au cours d’une intervention 
éducative? ». Les expériences qui seront construites en ce sens reposeront 
sur deux éléments: une intervention éducative spécifique et un recueil de 
plusieurs types de données. Le protocole devra être soumis et approuvé par le 
comité de protection des personnes de l’institut de recherche. 
 
3.1 L’intervention éducative 
 
L’intervention consiste en un cours magistral délivré par un enseignant 
expérimenté. Il a été montré que l’adhésion à une réalité fictionnelle est très 
dépendante de l’intention du metteur en scène (Bressan, 2012; Metz-Lutz et 
al., 2010). Il convient donc que le CM intègre de manière claire et repérable 
l’intention de l’éducateur de faire adhérer les étudiants. Ce sera le cas au 
travers de la mise en scène pédagogique du CM. L’enseignant présentera 
certains messages pédagogiques dont le contenu et la forme seront 
spécifiques et préparés en amont. En se basant sur l’étude de Metz-Lutz et al. 
(2010), nous postulons que ces messages pédagogiques mis en relief, ou mis 
en scène, susciteront l’adhésion des étudiants. 
 
3.1.1 Les participants 
 
Les participants à l’expérience seront des étudiants adultes en 2e cycle 
d’études de santé (médecine, pharmacie, élèves sages-femmes) ayant déjà 
une bonne expérience du CM. L’effectif sera de 12 étudiants (6 hommes, 
6 femmes) réputés indemnes de pathologie neurologique ou cardiaque. Ils ne 
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seront pas rémunérés, mais recevront une version écrite du CM un mois après 
l’expérience. 
 
3.1.2 Le CM 
 
Le cours a pour intitulé: « Modifications métaboliques et hématologiques au 
cours de la grossesse ». Il développe certaines des modifications 
physiologiques de l’organisme d’une femme enceinte. Le sujet a été choisi en 
raison de l’intérêt potentiel qu’il peut susciter chez les étudiants. En effet, tout 
futur professionnel de santé devrait connaître ces notions, mais elles sont 
rarement abordées dans les cursus académiques généralistes. Le CM a une 
durée de 20 minutes et sera délivré en matinée. Il se décline en 18 diapositives 
projetées sur un écran. La première diapositive présente le titre du cours, 
chacune des 17 suivantes délivre ensuite un message pédagogique unique. 
Les messages sont décrits succinctement dans le Tableau 1. 
 
3.1.3 La mise en scène 
 
La mise en scène pédagogique révèle l’intention de l’enseignant. Elle est, par 
postulat, indispensable à l’adhésion des étudiants. Étant un concept nouveau 
et non théorisé, nous en posons les premières bases selon une approche 
phénoménologique, à la lumière de notre expérience pédagogique et scénique. 
Par analogie avec l’importance du texte et de l’acteur dans la représentation 
théâtrale, nous proposons une première typologie des mises en scène 
pédagogique basée sur la place de l’enseignant et du support visuel dans le 
CM. D’autres éléments peuvent intervenir, mais pour ces premières 
expériences, nous avons élaboré deux mises en scène diamétralement 
opposées. Le choix de cet antagonisme repose sur l’hypothèse que tous les 
étudiants seront sensibles à l’une au moins de ces méthodes : 

 Méthode 1 ou « avec acteur et sans support»: l’enseignant prend 
le pas sur le support. Il projette une diapositive noire, attire l’attention 
des étudiants vers lui, les interpelle sur l’importance du message 
pédagogique et le délivre avec une gestuelle et une intonation vocale 
qui soulignent cette importance.  

 Méthode 2 ou « avec support et voix off »: l’enseignant s’efface 
au profit du support, il n’intervient que par la voix et utilise un mode 
narratif. Dans ce CM, la diapositive projette le fac-similé d’un 
échange de deux courriels entre un médecin qui demande une 
interprétation des examens qu’il a prescrits à une de ses patientes 
enceintes et le biologiste qui a les a réalisés. L’enseignant lit le 
premier courriel et insiste sur le mode interrogatif. Il laisse quelques 
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secondes aux étudiants puis projette le courriel de réponse qui 
contient explicitement le message pédagogique.  
 

Treize messages du CM seront délivrés sous une forme neutre, c’est-à-dire 
par simple lecture et/ou commentaire par l’enseignant des diapositives 
correspondantes. Pour ces messages qui servent de condition de contrôle, 
l’enseignant conserve une attitude et une intonation de voix uniques et neutres. 
Quatre messages sur les dix-sept seront mis en scène (conditions de test): les 
messages 4 et 12 seront délivrés avec la méthode 1, les messages 8 et 16 le 
seront avec la méthode 2 (Tableau 1). Le choix de ces messages particuliers 
repose à la fois sur leur intérêt pédagogique (notions importantes à connaitre) 
mais aussi sur le fait qu’ils se prêtent plus facilement que d’autres à la mise en 
scène. L’enseignant devra répéter les mises en scène pour se les approprier. 
La durée des diapositives varie entre 50 et 90 secondes en fonction du contenu 
et de la mise en scène. 

Tableau 1. Messages pédagogiques du CM (durée totale : 20 minutes). Chaque message est 
délivré par une diapositive projetée, lue et/ou commentée par l’enseignant. Les messages en 
gras sont mis en scène (*méthode 1, **méthode 2, cf. texte pour plus de détails), les autres 
messages sont délivrés de manière neutre et servent de condition contrôle. 

Message 1 Les modifications physiologiques au cours de la grossesse peuvent 
significativement faire varier le bilan sanguin d’une femme enceinte 

Message 2 Le métabolisme maternel doit s’adapter aux besoins croissants du fœtus 
Message 3 Le métabolisme est différent avant et après 20 semaines de grossesse 
Message 4* Le « yo-yo » glycémique de la femme enceinte 
Message 5 Les paramètres du bilan glycémique sont modifiés au cours de la 

grossesse 
Message 6 Le bilan lipidique est globalement modifié 
Message 7 Les variations des lipoprotéines 
Message 8** Le retour à la normale du bilan lipidique après l’accouchement 
Message 9 Les besoins fœtaux en protéines 
Message 10 Les variations plasmatiques des protéines et acides aminés chez la mère 
Message 11 La rétention physiologique de l’eau au cours de la grossesse 
Message 12* Impacts maternels des besoins du fœtus en calcium et en fer 
Message 13 Les besoins maternels en vitamines 
Message 14 Les modifications de l’hémoglobine 
Message 15 Les modifications de la numération leucocytaire 
Message 16** Les modifications de la numération plaquettaire 
Message 17 L’état d’hypercoagulabilité sanguine durant la grossesse 
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3.2 Le recueil des données 
 
Comme il a été récemment recommandé pour les recherches en neuroscience 
éducationnelle, (Campbell et Pagé, 2012; Mercier et al., 2012), plusieurs 
méthodologies seront utilisées pour le recueil des données expérimentales. 
 
3.2.1 Entretiens et questionnaires  
 
A l’issue du CM, les étudiants seront interrogés par un intervenant neutre sur 
leurs opinions et sensations. Ils commenteront de manière générale le cours 
et citeront les moments qui les ont particulièrement marqués (événements 
subjectifs). Ce débriefing se fera en revisionnant la vidéo du CM. Pour préciser 
leur discours, ils répondront ensuite par écrit à dix questions qui portent sur 
des points spécifiques (l’enseignant, le thème du cours, l’intérêt de certains 
messages pédagogiques, etc.). Certaines seront ouvertes et d’autres seront à 
items de Likert. Exemple de questions: Y a-t-il eu durant le cours, un ou 
plusieurs instants durant lesquels vous avez oublié que vous participiez à une 
expérience? Réponses possibles (items de Likert): pas d’accord du tout, plutôt 
pas d’accord, pas d’accord, plutôt d’accord, d’accord, complètement d’accord. 
Lesquels? (question ouverte). Comment qualifierez-vous la partie sur les 
besoins en calcium et fer du fœtus? (message 12, mis en scène). Comment 
qualifierez-vous la partie sur les besoins maternels en vitamines? (message 
13, neutre). Réponses possibles (items de Likert): très ennuyeux, ennuyeux, 
plutôt ennuyeux, plutôt intéressant, intéressant, très intéressant. Après 
synthèse, les réponses concernant les messages neutres et les messages mis 
en scène seront synthétisées et comparées. 
 
3.2.2 Électrocardiogramme (ECG) 
 
Les étudiants porteront durant le cours un enregistreur ECG. Les tracés seront 
analysés a posteriori. La dynamique cardiaque (dont notamment les intervalles 
R-R) acquise durant les messages pédagogiques sera comparée à celle des 
messages neutres. 
 
3.2.3 Imagerie cérébrale par IRMf 
 
Une imagerie cérébrale sera obtenue selon le protocole suivant. Le CM sera 
préalablement enregistré sur vidéo. Avant la session d’IRMf, chaque étudiant 
rencontrera physiquement l’enseignant. Il sera ensuite installé dans le tunnel 
et équipé d’oreillettes et de lunettes spéciales qui lui permettent d’écouter et 
de regarder le CM projeté sur un écran. Brièvement, la comparaison des 
signaux BOLD (Blood Oxygen Level Dependant) acquis durant les messages 
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neutres et les messages mis en scène permettront d’identifier les zones 
cérébrales spécifiquement activées par la mise en scène pédagogique. 
 
3.2.4 Évaluation pédagogique 
 
L’intervention éducative sera évaluée avec un pré-test (juste avant le CM) et 
deux post-tests : immédiat (juste après le CM) et différé (quinze jours après). 
Les étudiants répondront à un jeu identique de questions à choix multiples 
(QCM). Six QCM seront construits, chacun ayant quatre items dont un seul est 
correct. Chaque QCM se rapporte à un message pédagogique unique et deux 
QCM sur les six portent sur les messages mis en scène (n°4, 8, 12 ou 16). La 
comparaison des réponses permettra d’explorer l’impact éducationnel de la 
mise en scène des messages et en particulier l’amélioration du processus de 
mémorisation. 
 
3.2.5 Les limites de l’étude 
 
Comme dans toute étude expérimentale, plusieurs limites méthodologiques 
sont à relever. La première concerne la difficulté de la synchronisation 
temporelle des différents recueils de données. Les signaux recueillis, 
notamment pour l’ECG et l’IRMf, devront être associés sans ambiguïté aux 
messages pédagogiques correspondants. La solution passe par un 
chronométrage très précis du CM et des différents enregistrements. La 
seconde limite est l’obtention d’un ratio signal/bruit suffisant dans les 
enregistrements et la troisième est la variabilité intra- et interindividuelle des 
réponses. La conception de l’intervention éducative choisie tente de réduire 
ces deux difficultés. En effet, deux types différents de messages mis en scène 
ont été conçus (limiter la variabilité interindividuelle). Quatre messages de ce 
type ont été dispersés dans le CM afin de limiter l’effet d’une éventuelle 
distraction (diminuer la variabilité intra-individuelle). Chaque message mis en 
scène est encadré par un message neutre afin de créer un effet de contraste 
(augmenter le rapport signal/bruit). Il faut noter ici le rôle important de 
l’expérimentation à la première personne qui renforce la spécificité des signaux 
recueillis. Enfin, la dernière limite, et non des moindres, est d’ordre statistique. 
Ce type d’expérience pilote et interdisciplinaire n’autorise pas les grands 
effectifs. Si des tests statistiques robustes peuvent prendre en charge des 
effectifs réduits, l’interprétation des résultats reste problématique. En effet, des 
résultats non significatifs peuvent provenir d’un manque de puissance, mais 
des résultats significatifs restent à manier avec prudence. Cette situation 
constitue un des écueils méthodologiques actuels des neurosciences (Button 
et al., 2013). 
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4. Les expériences-pilotes 
 
Pour valider l’hypothèse initiale: « Est-il possible d’induire l’adhésion des 
étudiants au cours d’une intervention éducative? » deux expériences 
successives seront menées avec 6 étudiants chacune (3 hommes et 3 
femmes), répartis par randomisation. Cette répartition permettra de recueillir le 
maximum de données susceptibles de confirmer l’adhésion des étudiants au 
CM. Un élément subjectif sera recherché au cours des debriefing des deux 
expériences: l’oubli transitoire des étudiants qu’ils participent à une 
expérimentation. Cet oubli qui témoigne de la « déconnexion » de la réalité 
physique est un argument important en faveur de l’adhésion. 
 
4.1 Expérience 1: Entretiens + ECG + Évaluation pédagogique 
 
Au cours de cette expérience, les 6 étudiants suivront ensemble le CM délivré 
par l’enseignant dans une petite salle de cours. Avant le CM, ils seront équipés 
des enregistreurs ECG et répondront au questionnaire d’évaluation pré-test. 
Immédiatement après le CM, ils répondront à l’évaluation post-test. Ils seront 
ensuite débarrassés de l’enregistreur puis participeront aux entretiens 
individuels avec des intervenants neutres. Quinze jours après l’expérience, ils 
recevront de nouveau le questionnaire d’évaluation qu’ils renverront par 
courriel. Un mois après l’expérience, ils recevront une version écrite intégrale 
du CM. 
 
L’adhésion des étudiants sera confirmée s’il y a convergence des évènements 
subjectifs recueillis lors des entretiens et de la variation du rythme cardiaque 
avec au moins deux messages mis en scène. L’évaluation permettra de 
démontrer l’impact de la mise en scène sur les performances des étudiants.  
 
4.2 Expérience 2: IRMf + ECG + Entretiens 
 
Avant la session IRMf, les 6 étudiants seront équipés avec l’enregistreur ECG 
puis rencontreront physiquement l’enseignant. Après la session IRMf durant 
laquelle le CM aura été projeté, ils participeront aux entretiens individuels avec 
les intervenants neutres. Le débriefing sera réalisé en visionnant de nouveau 
la vidéo du CM. L’adhésion sera confirmée s’il y a convergence des 
événements subjectifs et des variations du rythme cardiaque avec au moins 
deux messages mis en scène. Les zones cérébrales activées seront identifiées 
et comparées à celles décrites par Metz-Lutz et al. (2010). 
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5. Conclusion 
 
L’adhésion à une réalité fictionnelle provoque la dissociation entre l’expérience 
mentale du spectateur et ses perceptions physiques immédiates. Ce 
phénomène est sous-tendu par des processus physiologiques et cognitifs 
définis et reste identifiable a posteriori par le sujet lui-même. Par une analyse 
philosophique et phénoménologique des liens entre le cours magistral et le 
théâtre, ce concept d’adhésion a pu être étendu au champ pédagogique. Ce 
travail en pose les bases théoriques et postule que sa survenue relève d’une 
mise en scène pédagogique. Il propose également une approche 
expérimentale multidisciplinaire spécifique à la neuroéducation. Les 
expériences conçues ont pour objectif de recueillir plusieurs types de données 
qui convergent en faveur de l’adhésion des étudiants, mais aussi de montrer 
que la mise en scène pédagogique a un impact positif sur l’apprentissage des 
étudiants. 
 
La confirmation que l’adhésion puisse être déclenchée dans le champ 
pédagogique après celui du théâtre appelle des prolongements théoriques. Il 
devient possible de concevoir que l’adhésion est nécessaire à l’émergence 
d’une réalité et qu’inversement, il ne peut y avoir émergence d’une réalité sans 
adhésion. L’adhésion d’un sujet à une représentation, une idée ou un discours 
constituerait ainsi un méta-phénomène qui ouvre de nouvelles perspectives de 
recherche en psychologie cognitive. 
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Abstract 
 
In this article we propose some adjustments to the models of conceptual change 
that belong to the “classical” tradition for the purpose of improving the efficiency 
of science teaching that aims at producing such “conceptual changes”. These 
adjustments are suggested on the basis of recent research results in 
neuroeducation and psychopedagogy. We first present a synthetic description of 
the classical tradition of conceptual change, its founding principles, and the 
literature that supports it, as well as pointing out some of its shortcomings. Next, 
we present the relevant results that call the model into question, and we propose 
some adjustments in the form of a three-step procedure that we believe can better 
produce appropriate “conceptual prevalence.” Finally, we present plausible 
implications of the discussed neuroeducative findings for learning in general. 
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1. Introduction 
 
1.1 Teaching for conceptual change in real-life contexts 
 
There is absolutely no doubt that the most cited and most influential model of 
conceptual change was proposed by Posner, Strike, Hewson, and Gertzog 
(1982), which we will refer to as “PSHG” throughout the following article. This 
model, which was mainly inspired by the Piagetian concept of accommodation 
(Piaget, 1968) and by the Khunian concept of “scientific revolution” (Kuhn, 
1962), addresses the difficult problem of making learners modify the 
“misconceptions” they hold about how the physical world works. 
 
Most of the time these “misconceptions” are defined by their inconsistency with 
scientific knowledge. They have also been widely known to be persistent and 
hard to change (diSessa, 2006). And even though the term “misconceptions” 
has been widely accepted and frequently used in research and teacher training, 
it has still been severely criticized by the scientific community of educators for 
not recognizing the ecological validity (in everyday life) of many students’ ideas 
(Caravita & Hallden, 1994). Indeed, these misconceptions, even though they 
do not conform to knowledge that is recognized by the scientific community, 
can still be very useful and sometimes more than sufficient for students to lead 
productive lives. The use of the term “misconception” has also been criticized 
because its public utilization puts learners’ pride and self-confidence at risk 
(Stavy, 1991) because of its negative connotations (Abimbola, 1988). 
 
We all agree that students should never be demotivated by educational 
discourse or reduced to passive “receivers,” but still, it can be argued that the 
term “misconception” makes sense for describing the real-life difficulties of 
professional science teachers. Indeed, the first job of a science teacher is to 
help students meet the requirements prescribed by educational programs. 
Usually these programs are quite loaded, and in the widespread reality of well-
filled classes, teaching brutally becomes normative and cannot succeed as 
much as it can be “optimized.” Therefore, elementary and high school teachers, 
for example, rarely have the opportunity to invest much time in the exploration, 
individual treatment, or co-modelisation of individual conceptions. The greater 
part of their school year is often a race against time in an attempt to cover all 
the numerous objectives and content-knowledge elements (Perrenoud, 1996) 
by the end of the semester or school year. In this practical and challenging 
context, unscientific and unprogrammed conceptions are oftentimes merely 
perceived as noise interference, and very few teachers are able to devote 
enough time and energy, or are sufficiently pedagogically knowledgeable or 
ingenious, to correctly diagnose and address students’ conceptions. In this 
context, one has to admit that most of the time students’ misconceptions are 



Potvin                                                                                     Proposition for improving the classical models of conceptual change 

ISSN: 1929-1833  © 2013 Neuroeducation – 2013 | Volume 2 | Number 1 18 

understood as mere recurrent difficulties that make students diverge from the 
intended path, leading to a possible derailment of the educative project. In this 
realistic perspective, students’ non-scientific schemas truly are wanderings, 
and the term “misconception” might not be too harsh. Sadly, it appears that 
only researchers and a few teachers who are privileged enough to be 
responsible for very few children have, for the moment, the luxury to call and 
treat misconceptions differently, or to study them thoroughly. If one realistically 
accepts the normative function of school and its economic and ordinary human 
constraints, then misconceptions can be considered as mistakes that, in the 
end, one way or the other, have to be corrected durably. 
 
That being said, denying the importance of taking into account students’ prior 
knowledge would still seem to be a major pedagogical mistake. Therefore, the 
classical models of conceptual change, like PSHG’s model, might be suitable 
compromises. Indeed, they give clear, simple, and realistically applicable 
instructions about the optimal way of favouring conceptual change when 
needed. In other words, the classical models of conceptual change are 
operational. For researchers, they offer simple criteria that could easily be used 
to build operational research protocols or that could facilitate the qualification 
or disqualification of pedagogical interventions. 
 
1.2 “Classical” models of conceptual change 
 
In the 2008 handbook she edited, Stella Vosniadou defines the “classical 
approach” of conceptual change as 

the leading paradigm that guided research and instructional practices in 
the classroom for many years. According to it, the student is like a 
scientist, the process of (science) learning is a rational process of theory 
replacement, conceptual change is like a gestalt shift that happens over 
a short period of time, and cognitive conflict is the major instructional 
strategy for promoting conceptual change (Vosniadou, 2008, p. xvi). 
 

Among the models that belong to the classical tradition, Nussbaum and 
Novick’s (NN) model of conceptual change is a strong example (Nussbaum & 
Novick, 1982). This model suggests that teachers should (1) expose alternative 
frameworks, (2) create a conceptual conflict, and (3) encourage 
accommodation. The same kind of sequence was proposed in PSHG’s model. 
In short, it proposed to (1) provoke learners’ dissatisfaction toward their own 
misconceptions by any means necessary (as in Nussbaum’s “exposing event” 
[1982]), and then present the scientific conception to learners in order for it to 
be (2) intelligible, (3) plausible, and (4) fruitful. According to the model, following 
these criteria would encourage learners to “replace” (Posner et al., 1982, 
p. 213) their therefore discredited non-scientific conceptions with the 
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programmed ones or, at least, accommodate them with the presented 
“discrepant events.” The order in which these pedagogical operations has to 
be conducted is not always perfectly clarified, but most of the time 
dissatisfaction is presented as “the first crucial step” (Nussbaum & Novick, 
1982, p. 187). 
 
PSHG’s and NN’s models can be considered as prototypical examples of the 
classical tradition of conceptual change, which has “cognitive conflict” as its 
central concept (Chan, Burtis, & Bereiter, 1997). It also became somewhat 
implicit to almost the entire field that conceptual or cognitive conflict has to be 
the “first step to achieve conceptual change” (Limon, 2001, pp. 359, 369). Scott 
also talks about the strategies “where conflict must be recognized by the 
student in the early stages of teaching if learning is to occur” (Scott, Asoko, & 
Driver, 1991, p. 76). 
 

The classical conceptual change approach involved the teacher making 
students’ alternative frameworks explicit prior to designing a teaching 
approach consisting of ideas that do not fit the students’ existing ideas 
and thereby promoting dissatisfaction (Duit & Treagust, 2003, p. 673). 
 
Following Dewey (1910), it is generally agreed that accommodation 
necessitates first of all recognition by the learner of a problem and his 
inability to solve it with his existing conceptions (Nussbaum & Novick, 
1982, p. 186). 
 
Before an accommodation will occur, it is reasonable to suppose that an 
individual must have collected a store of unsolved puzzles or anomalies 
and lost faith in the capacity of his current concepts to solve these 
problems (Posner et al., 1982, p. 214). 
 

Many other models of conceptual change were subsequently proposed by 
authors in order to go beyond the classical model tradition. Among (Carey, 
1985; Chi, 1992; Thagard, 1992), some were mostly derivatives (Hewson, 
1981) of the PSHG model, while others mainly provided analogies (Giordan, 
1991). Some were quite difficult to grasp (diSessa, 1993) or to concretely apply 
(Vosniadou, 1994; Vosniadou & Brewer, 1992), while others were effective only 
in certain contexts or were limited to specific content knowledge (see Potvin 
(2011) for more descriptions of conceptual change models). We believe that 
these “second-generation” models belong to what Ohlsson (2009) might 
describe as “transformation-of-previous-knowledge” (p. 20) models, that 
opposed the classical tradition by rejecting the idea that initial conceptions can 
be abandoned. Furthermore, “not all of these second-generation models were 
developed to be applied to the context of school learning” (Limon, 2001, 
p. 358). One cannot say that the models that followed were inefficient or 



Potvin                                                                                     Proposition for improving the classical models of conceptual change 

ISSN: 1929-1833  © 2013 Neuroeducation – 2013 | Volume 2 | Number 1 20 

uninteresting, or that they did not contribute significantly to the field; however, 
we believe that none of them reached enough teachers and researchers to 
become a leading model and supplant the ones that belong to the classical 
tradition. 
 
1.3 Dissatisfaction with the classical tradition 
 
Though very popular, the classical models have been criticized for their 
“naïveté” and because they were viewed as oversimplifying the complex reality 
of learning, considering the time it usually takes to learn, the numerous 
setbacks and iterations it seems to require, and the emotional and personal 
considerations it involves. 
 
Thousands of articles report the effectiveness of the approach with more or 
less strength, but very few record neutral results, and almost none report 
negative results (Duit, Treagust, & Widodo, 2008). Nevertheless, the classical 
models have not completely satisfied the research community. 
 
A first source of dissatisfaction might be linked to the use of the term 
“conceptual change.” Implicit in this expression is the idea that if conceptual 
change succeeds, then initial conceptions cannot be left intact. They have to 
be, according to the concept of change, either completely abandoned (Villani, 
1992), modified (Limon, 2001), replaced (Posner et al., 1982, p. 212), 
reorganized (Jensen & Finley, 1995, p. 149), eliminated (Nersessian, 1998), 
rejected (Hewson, 1981, p. 385), transformed, or “restructure[d]” (Limon, 2001, 
p. 359). 
 
It is therefore not surprising that conceptual change research has concentrated 
very little energy on analyzing what happens after change occurs. Indeed, if 
the objective is to get right answers (which are considered reliable clues that 
initial conceptions were indeed “changed”), then right answers must indicate 
the success of the process, and therefore its termination. In the demanding 
real-life context of teaching, they might also indicate that it is time to get 
interested in the following topic. 
 
A second source of dissatisfaction with the classical models might be linked to 
the use of the concept of “conception.” When used often, the concept can 
become familiar enough to become unproblematic. It can lead to some kind of 
reification. Many aware educators hold personal and prototypical examples of 
conceptions and think of them as worthy pedagogical target objects. And it 
might sometimes happen that conceptions become perceived as self-evident, 
monolithic, or thought-as-real objects. Many teachers and even researchers 
have thus confused students’ justifications (for producing such and such 
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answer) with authentic conceptions. It is true that until recently conceptual 
change research has been limited to questionnaires, interviews, and pre-post 
designs. It is also true that many famous conceptions have been labelled with 
the words students use to talk about them, but it appears more reasonable to 
think of students’ answers and justifications (which questionnaires or interviews 
reveal) as mere indirect by-products of conceptions, inclinations, or intuitions. 
If so, conceptions would benefit from somewhat of a “desecration” and by being 
understood as mere shadows, as in Plato’s allegory of the cave (Potvin, 2011, 
p. 230). To confuse answers with conceptions might lead to the presumption 
that a change in answers is a change in conceptions or might lead to important 
errors in targeting (because mere answers cannot be as complex or complete 
as conceptions, or entire networks of intuitions). Therefore, as we have argued 
before (Potvin, Masson, Riopel, & Fournier, 2007), students’ justifications might 
not be in all circumstances adequate objects of pedagogical treatment, nor 
might they inform us of the process by which they appear, or last. It therefore 
might not be enough to obtain an incorrect-but-coherent answer in order to 
declare war on the conception it is supposed to represent. As Stavy and Tirosh 
suggest, conceptions might actually only be specific instances of the use of 
intuitive rules (2000, p. 2). 
 
Many conceptions that are revealed by questionnaires or interviews might also 
be considered as rigid and lasting objects, but they could also have been 
constructed a minute ago, on the spot, for the sole purpose of satisfying the 
interviewer, on the simple basis of plausibility.1 This occurs frequently in 
science classes where students are obligated to produce answers on tests, 
even though they really have nothing to say. So if “conceptions” are sometimes 
instantaneous constructions, they could also be more fragile or ephemeral than 
expected. Some of our previous work, based on extended interviews, argues 
that many answers expressed with confidence—and presumably based on 
conceptions—are in fact quite fragile, and learners often stop insisting on using 
them as soon as the slightest ineffectiveness is noticed (Potvin & Thouin, 
2003). Other research initiatives based on transcriptions show that in fact, 
when students explain certain phenomena, they rarely mobilize well-structured 
conceptions (von Aufschnaiter & Rogge, 2010). Therefore, beginning a 
sequence by cognitive conflict might be completely ineffective because the 
presumed conception to put in conflict might not be present, or it might be in a 
diffuse form that is too slippery to smash through. 
For these and other reasons, the classical tradition of conceptual change has 
not been fully satisfactory in explaining what happens when conceptions (or 
answers) “change,” nor to produce enough successful concrete results. In early 
                                                        
1 We had previously called “instantaneous constructivism” the “on-the-fly” (diSessa, 2002) 
construction of conceptions (Potvin, 2007). 
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research, the few pedagogical prescriptions that emerged from studies based 
on classical models were said to work some of the time, but not always (Eylon 
& Linn, 1988; Guzzetti et al., 1993; Limon & Carretero, 1997; Tillema & Knol, 
1997), and misconceptions were therefore even more considered as “highly 
robust” and resistant to change (Brown & Hammer, 2008). Old conceptions 
were also sometimes observed to, even “after short periods of time after the 
instructional intervention” (Limon, 2001, p. 364), inexplicably come back to life, 
intact, or unexpectedly mixed with parts of new knowledge (Hammer, 2000). 
Students were understood as often “unable to achieve meaningful conflict or to 
become unsatisfied with their prior conceptions” (Chan et al., 1997, p. 2), even 
in cases where much effort was invested in introducing meaningful 
discrepancies (Dreyfus, Jungwirth, & Eliovitch, 1990; Jensen & Finley, 1995). 
Some cases were also reported where students “reinterpreted anomalous data 
incorporating them into their answers by making an extension of their initial 
hypotheses” (Limon, 2001, p. 363). 
 
Many research and teaching initiatives also focused on identifying the origins 
of conceptions (Thouin, 2001), believing that if their roots could be better 
known, then recurrent errors might be prevented, or more efficiently treated, 
because they would be addressed in a more fundamental way. But these 
efforts were not, in our opinion, successful. Misconceptions were 
phenomenological (diSessa, 2004), social (Perret-Clermont, 1996), 
experiential, or based on core intuitions (Brown, 1993), automatic mental habits 
(Fischbein, 1987), intuitive rules (Stavy & Tirosh, 2000), and frameworks 
(Vosniadou & Brewer, 1992), etc. The multiplicity of their origins, added to the 
multiplicity of their forms, from one culture to another (Loubaki, Potvin, & 
Vazquez-Abad, 2012; Stavy et al., 2006), from one learner to another, made 
the task of diagnosing all the possible conceptions ecologically unviable, and 
the possibility of intervening adequately on all of them even more unviable. 
 
But if “this strategy has not been successful as expected” (Limon, 2001, p. 359) 
to produce the desired changes in students, and even with the lack of precision 
in “what changes in conceptual change” (diSessa & Sherin, 1998), the classical 
tradition, we argue, has rarely been seriously threatened, reconsidered, or 
modified. After all, it is so far the best, simplest, and most operational tool 
teachers have to ascertain corresponding difficulties and, without a better 
alternative, there is no reason to abandon it. Doing so, a teacher or a 
researcher might appear like “the carpenter who blames his tools.” 
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2. New findings about how the brain works 
 
Recently, findings from neuroscientific and neuroeducational research, that 
might shed light on the conceptual change issue, have been published. 
 
2.1 Neuroimaging research on scientific expertise 
 
Differences between experts and novices have been thoroughly investigated 
in many contexts. Many definitions of experts exist, but in conceptual change 
studies, participants who give right answers to questions involving common 
misconceptions can be considered as learners that have gone through the 
process of conceptual change successfully. Even though there is no certainty 
that these experts once believed in or held the studied misconceptions, there 
is a good chance that they once held them if these misconceptions are 
frequently observed at early ages. 
 
Therefore, if longitudinal studies about conceptual change are difficult to 
manage, the transversal study of differences between novices and experts can 
be considered as a good approximation of conceptual change learning. 
 
Recently, a growing number of studies have shown interest in the differences 
in cerebral activations between novices and experts during scientific tasks 
involving common misconceptions. Some of these studies were conducted in 
Canada, in different scientific fields. Dunbar, Fugelsang, & Stein (2007), for 
example, and Brault Foisy, Masson, Potvin, & Riopel (2012) studied 
misconceptions involving falling objects. Masson (Masson, Potvin, & Riopel, 
2010a, 2010b; Masson, Potvin, Riopel, & Brault Foisy, submitted) also studied 
misconceptions in basic electricity, and Nelson, Lizcano, Atkins, & Dunbar 
(2007) studied misconceptions in chemistry. These authors have been able to 
show that when experts succeed in scientific tasks, they activate brain 
mechanisms usually associated with the function of inhibition, as seen when 
people perform Stroop (MacLeod, 1991) or “Go/no-go” (Rubia et al., 2001) 
tasks. In this case, inhibition is understood as a brain function that allows 
resistance to distractors and interferences (Houdé, 2008). 
 
The cerebral regions involved in these tasks are the prefrontal cortex 
(ventrolateral and dorsolateral cortices) and sometimes the anterior cingulate, 
which is usually associated with the detection of conflict (Botvinick, 2007). A 
conceptual interpretation of these results would support the hypothesis that 
conflict and inhibition still exist in the minds of experts even though they are not 
necessarily aware of it (Masson, Potvin, Riopel, Brault Foisy, & Lafortune, 
2012). 
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If experts are considered (as they are by these authors) as learners who have 
gone through a scientific conceptual change, then the activation of inhibition 
mechanisms raises the question of what has been inhibited. In every case, the 
authors’ interpretations point to the initial but no longer prevailing 
misconceptions. Therefore, all of these authors conclude that there is a 
coexistence of scientific and non-scientific schemas within the experts’ minds. 
 
Other recent results (Houdé et al., 2011) obtained with children using a typically 
Piagetian conservation task also lead to interpretations involving inhibition. 
Houdé suggests that even at a very early age (5–6 years), development in 
logical functions might well be explained by the development of inhibition 
(activation of prefrontal regions). We believe that these results are interesting 
for science education because much of basic scientific knowledge and many 
difficulties involve conservation errors, but Houdé goes much further, affirming 
that “development is all about learning to inhibit”2 (Théodule, 2005). Houdé also 
makes a strong case in favour of inhibition-based explanations for object, 
number, categorization, and reasoning tasks (Houdé, 2000), involving 
functions obviously important for learning science. 
 
2.2 Research on accuracy and reaction times 
 
As argued before, conceptual change research has not always been interested 
in what happens after accurate answers are produced, but there is a growing 
body of evidence that suggests that even when accurate answers are given, 
conflict still exists. These research projects are mainly interested in reaction 
times, and use equivalently difficult questions that differ by the fact that 
common misconceptions are presumed to interfere with (questions often 
labelled “counter-intuitive”) or encourage (those labelled “intuitive”) the 
production of scientifically accurate answers. 
 
It is argued that if some correct answers require more time to be produced than 
others, it is because they require more demanding cognitive procedures. In 
tasks used by researchers (because differences in time reactions have been 
associated with differences in the involvement of common misconceptions), 
lags have been attributed to the suppression of initial conceptions. 
 
Results that support this hypothesis were obtained by Babai and Amsterdamer 
(2008) in conceptions about solids and liquids, and by Babai, Sekal, and Stavy 
(2010) about living things. In a very convincing way, results were also obtained 
by Shtulman and Valcarel (2012) in no less than 10 scientific domains. A kind 
of lag called “negative priming” has also been recorded for right answers 
                                                        
2 “Se développer, c’est apprendre à inhiber.” 
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immediately following counter-intuitive questions, suggesting the presence of 
inhibition (Babai, Eidelman, & Stavy, 2012). Reaction times to a buoyancy task 
have also been studied by Lafortune, Masson, & Potvin (2012) in a 
developmental study, and they concluded that inhibition is most likely involved 
in the explanation of the improvement of answers as children grow older (ages 
8-13). 
 
2.3 Other research 
 
Other research initiatives have also contributed to the idea that anterior 
knowledge does not disappear with learning, but remains active, though not 
always prevalent. When subjects with Alzheimer’s disease (a condition well 
known to weaken executive functions such as inhibitive functions) are offered 
the choice between naïve or scientific answers, more often they choose 
teleological (Lombrozo, Kelemen, & Zaitchick, 2007) or animistic (Zaitchick & 
Solomon, 2008) ones (both typical of behaviour displayed by young children). 
This suggests that these explanations, to which the subjects most likely 
adhered to in their childhood, in fact never ceased to intervene in their decision 
making, even though they were not prevalent during their entire life until the 
onset of the disease. A similar effect can be observed when normal subjects 
are required to produce answers more rapidly. These situations, known to 
weaken inhibition, reveal the presence of teleological (Kelemen & Rosset, 
2009) and non-scientific conceptions, even with professional scientists 
(Kelemen, Rottman, & Seston, 2012). 
 
Other research projects have attempted with some success to estimate the 
share of inhibition in the prediction of conceptual gain. It appears that inhibition 
can explain from 18 (Thibault, 2013) to 29 percent (Kwon & Lawson, 2000) of 
the conceptual gain in certain tests, including the well-known Force Concept 
Inventory (Hestenes, Wells, & Swackhammer, 1992), in a semester. 
 
2.4 What can be learned of these results? 
 
As these kinds of results accumulate, it becomes clearer and clearer that 
conceptual change models should benefit from integrating the idea that initial 
misconceptions are not restructured, replaced, or abandoned by learners, even 
though students happen to produce accurate answers or even though they 
eventually become experts. 
 
It would be unfair to claim that this idea had never been suggested before in 
the field of conceptual change. Indeed, some authors had already argued that 
conceptions might not be rejected or replaced (Solomon, 1983; 1984). 
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Mortimer (1995), for example, suggested that changing conceptions could 
merely be changing “profiles” and explains that 

[o]nly a few authors have explicitly recognised the impossibility of 
effecting this kind of change which results in the replacement of the 
student's initial ideas. Solomon has pointed out “that means should not 
be found to extinguish them (the everyday notions)” (Solomon 1983, 
p. 49-50). More recently Chi (1991) showed the possibility of the 
coexistence of two meanings for the same concept, which are accessed 
in the appropriate context. Linder (1993) argues that this coexistence is 
possible even within scientific concepts and illustrates this thesis with 
examples from mechanics, optics and electricity, where the classical and 
modern views of the same phenomena are not consonant (p. 268). 

 
In a commentary article, Spada (1994) had also suggested that “multiple 
representations” could coexist and that old beliefs “do not have to be replaced. 
In particular, they think that misconceptions are very predictive and useful in 
daily life, so they do not have to be abandoned” (Limon, 2001, p. 363). 
 
Some authors have also argued that, at least for the first steps of conceptual 
change, there might be a competition between coexisting theories: “[d]uring a 
large part of the learning process, students are elaborating new academic 
models without leaving behind their spontaneous models, and it ought to be 
considered, in many cases, a normal and rational behaviour” (Villani, 1992, 
p. 231). Even Strike and Posner have suggested that “competition between 
conceptions results in a process of accommodation characterized by temporary 
advances, frequent retreats, and periods of indecision” (1985, p. 221). This 
indecision suggests coexistence, even if the final objective still remains 
accommodation, and therefore restructuration of knowledge. Duit and Treagust 
(2003) have also suggested that “when a competing conception does not 
generate dissatisfaction, the new conception might be assimilated alongside 
the old, which Hewson (1981) calls ‘conceptual capture’ ” (p. 676). 
 
Most of such arguments, that appeared sporadically in the science education 
literature, were however rather marginal, usually epistemology-based and were 
mostly theoretical suggestions. We believe that the neuroscientific results 
described in the three previous sections bring important additional 
experimental arguments for the coexistence claim and that efforts should now 
be made to fully extrapolate the consequences that come with the idea that 
conceptions continue to exist within learners’ cognitive decision-making 
process and interfere (more or less), even if they sometimes do not prevail. In 
this context, forgetting seems to be unlikely, and expertise and “conceptual 
change” appear to be more about making appropriate intuitions prevail than 
having the non-scientific ones altered. The inexplicable and disappointing 
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“resurrection” of many initial conceptions that were presumed to be “defeated” 
by training becomes, in this sense, unproblematic: training merely made some 
other function temporarily supplant them. Hypotheses about reasons why they 
started to prevail again are easy to imagine: they were reinforced somehow 
(either socially or through interaction with the environment) and their status was 
therefore increased, supplanting again what had supplanted them before. This 
idea of a dynamic competition between “overlapping waves” has been well 
illustrated by Amélie Lubin (Lubin, Lanoë, Pineau, & Rossi, 2012) and by 
Sandrine Rossi (Rossi, Lubin, Lanoë, & Pineau, 2012). 
 
The idea of a coexistence between conceptions also suggests that we can think 
of performance only in terms of prevalence and teaching for scientific 
conceptual change in terms of strategies that aim at durably increasing the 
status of the particular inclinations that lead to scientifically correct 
performances. In this sense, no reduction of adhesion to initial conceptions 
appears to be likely, appropriate, or useful. “Overtaking” therefore would seem 
to be the appropriate pedagogical objective to pursue, and only by adding 
information or experiences that have (1) the potential to “block” the increase of 
a misconception’s status and to (2) sufficiently increase the status of a 
prescribed conception, can desired prevalence hopefully be obtained. 
 
In this exclusively “additive” “model of conceptual change”, it appears 
appropriate to (1) obtain the initial availability of programmed conceptions, (2) 
develop and support watchfulness for contexts where intuitive prevalence 
produces unwanted performances, and (3) favour durable prevalence of 
programmed conceptions by meaningfulness and automaticity. 
 
In this context, generating a cognitive conflict at the beginning of a teaching 
sequence in order to discredit them seems to be as futile as tilting at windmills, 
because at this stage learners have nothing to attach discrepant events or 
arguments to (incommensurability). This might explain why cognitive conflict 
(viewed as a preliminary step) has not been fully satisfactory. Cognitive conflict 
might benefit more from occurring at a moment when the availability of a fully 
credible competitor has already been achieved. As Koslowski and Maqueda 
(1993, p. 113) suggest, “for confirmation and disconfirmation to be significant, 
a hypothesis must be tested not merely against alternative hypotheses, but 
against alternatives that are plausible.” 
 
This suggestion is also reinforced by an fMRI study conducted by Fugelsang 
and Dunbar (2005), whose results support the idea that when they are exposed 
to apparently non-plausible possibilities, subjects’ brains treat these 
possibilities as mere errors, and actively turn away their attention. 
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Kuhn (1962), one of the main inspirations of PSHG’s model, had also argued 
that (italics added) 

a scientific theory is declared invalid only if an alternate candidate is 
available to take its place [...]. The decision to reject one paradigm 
is always simultaneously the decision to accept another, and the 
judgment leading to that decision involves the comparison of both 
paradigms with nature and with each other" (p. 77);  

and 
[t]o reject one paradigm without simultaneously substituting another 
is to reject science itself. That act reflects not on the paradigm but 
on the man. Inevitably he will be seen by his colleagues as “the 
carpenter who blames his tools” (p. 79). 

 
 
3. Operational proposition for improving the classical tradition of 
conceptual change 
 
We present here a detailed and complete version of our proposition so that the 
reader can better understand the numerous operational (teaching) implications 
of neuroeducative research results. Such a proposition would, before anything 
else, favour the 
 
1. availability of the programmed (desired) conception. This is the first 

fundamental difference with the classical models, which suggest beginning 
a teaching sequence with a cognitive or conceptual conflict. From a 
“prevalence” perspective, conflict has meaning only in the context of 
competition; learners should therefore be given the chance to benefit from 
the availability of a “new branch” to grab onto before being invited or incited 
to let go of the “old one.” Respecting this condition might therefore avoid, 
in our opinion, students treating the eventually presented scientific 
conceptions as errors (Fugelsang & Dunbar, 2005). The Adaptative 
Behavior and Cognition research group also demonstrated the importance 
and role of the “recognition heuristic” in the decision-making process. This 
heuristic immediately makes familiar information or functions more 
valuable and credible to the eyes of a person than another information or 
function, that is less familiar3 (Gigerenzer & Todd, 1999). In the race to 
prevalence, the first thing that is evoked might therefore benefit from some 
kind of head start. To use Ohlsson’s words, “This implies, in turn, that the 
theory will be applied more often, which gives it yet more opportunities to 
demonstrate its utility and hence again further advantages over its 

                                                        
3 For example, this heuristic is often used in publicity, where presenting a mere logo is 
enough to increase perceived credibility and sales, or to better understand situations where 
the popularity of a person is sufficient to trigger additional credibility and interest. 
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competitor” (2009, p. 29). On the contrary, attacking misconceptions 
(thereby evoking them) at the beginning of the sequence might accidentally 
boost their familiarity, and therefore their credibility or status. Making this 
exercise “public” also puts learners who did not initially adhere to 
misconceptions at risk of being “contaminated.” This risk was already well 
demonstrated by Hynd, McWhorter, Phares and Suttles (1994) when she 
studied the effects of free discussions between students. We believe that 
beginning the teaching sequence with a conceptual conflict could still be 
useful, but since not every student will adhere to the targeted 
misconceptions, then it will be at least partially useless. To obtain 
availability, PSHG’s condition of “intelligibility,” taken integrally, in our 
opinion seems to be extremely relevant. It is also possible that plausibility 
has to be discussed with learners at this stage, to encourage them to 
consider—either consciously or not—the new conception as a worthy 
opponent. We also suggest that the proposition of beginning teaching 
sequences with availability is quite in line with research results that explain 
why students with the best “prior knowledge” will benefit more from the 
conceptual change classical models (Chinn & Brewer, 1993; Limon, 2001; 
Limon & Carretero, 1997). In fact it is plausible that the reason why the 
classical models work better with them is that the condition of availability 
(or initial assimilation) of scientific conceptions (or either parts of them or 
crucial information about them) is initially already fulfilled for these learners, 
therefore making a meaningful cognitive conflict possible right at the 
beginning of the teaching sequence. In compliance with this interpretation, 
we have already shown that students with a higher feeling of certainty 
benefit more from conceptual change interventions (Potvin, Riopel, 
Masson, & Fournier, 2010) than others who express uncertainties about 
the answers they propose. Once availability is obtained and confirmed (and 
only then), we suggest that there must be 
 

2. installation of inhibitive “stop signs.” Since the adhesion of a learner to a 
misconception cannot be weakened, it must not in any way be allowed to 
strengthen during the teaching sequence. Therefore, it appears that 
learners must be made aware of the insufficiencies of their misconceptions 
and warned that in certain identified contexts, they have limits. These limits 
must be shown through any crucial demonstration (logical, rhetorical, 
experimental, based on analogies, examples, cases, etc.) that can be 
made. It is basically the same condition of “dissatisfaction” from PSHG’s 
model except that, instead of being done with the goal of discrediting 
misconceptions by clear exposition or explicitation, it is done for the sole 
purpose of obtaining the correct recognition of particular contexts where 
they lead to errors. Instead of falling into dialectic psychoanalyses of 
misconceptions or argumented refutations, a simple “in such and such 
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circumstances, it appears intuitively tempting to think or to answer in such 
and such way, but we shouldn’t, because this often leads us to make such 
and such errors,” might be enough, assumed that arguments or credible 
demonstrations are also provided, when possible. In this perspective, 
leading extended and heavy epistemological assaults on presumably 
present misconceptions would be pointless because “lowering the status 
of [...] alternative conceptions to allow conceptual exchange [...] or 
reconciliation” (Hewson, 1981, p. 395) is unlikely to happen. Ohlsson also 
argues that the “anomaly-accumulation theory” (2009, p. 23) has not been 
proven effective enough and rather supports theories, like 
“resubsumption”, that prevents the difficulties of cognitive conflict by 
avoiding conflicts altogether. We will not go that far, but we nevertheless 
believe that efforts to produce conflicts and refutations might sometimes 
unfortunately lead to all kinds of confusions. In our view, simple 
demonstrations of the ineffectiveness (in certain contexts) of certain 
predictions might often be sufficient. From our perspective, when teachers 
are able to notice the development of strong enough inhibitive reflexes 
about major misconceptions, they can move on to the next step (less 
frequent incorrect intuitions can be dealt with later, during more 
personalized interventions). The limits of misconceptions can be shown, 
we believe, through cognitive conflict, by introducing discrepant events or 
potentially surprising outcomes. In this context, asking learners to explicitly 
predict the outcome of a demonstration, for example, is a very interesting 
strategy that helps teachers to better diagnose undesired intuitions. At the 
same time, it betrays students’ adhesions while making subsequent denial 
hard to defend. In our opinion, this kind of conflict is pedagogically 
interesting because it makes learners aware of the importance of installing 
in themselves a systematic watchfulness and the reflex of holding back 
their first intuitions when needed, but nothing more. Houdé has already 
shown, with PET scan research, that simple warnings about the possible 
existence of traps are often sufficient to completely change the brain’s 
reactions to stimuli, and to transfer rear activation into frontal activation in 
logics tasks (Houdé et al., 2000). Similarly, students could be invited, within 
simple metacognitive discussions, to become vigilant when it is 
appropriate. We have also shown in previous research that, assuming 
students are able to experimentally test their hypotheses, initial exchanges 
of personal conceptions do not lead to contamination (Potvin, 2012). We 
therefore suggest that cognitive conflicts should preferably be induced by 
experimental means, letting nature reinforce (or not) the available 
conceptions or intuitions. These means should be numerous, rich, and 
astute in order to prevent any important misleading intuitions from eluding 
teachers’ efforts. In our opinion, designing such means is one of the most 
stimulating parts of the professional work of a teacher. Once availability of 
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the desired conception is obtained and adequate “stop signs” or “warning 
signs” are installed in front of certain intuitions or misconceptions, we 
propose to work for 
 

3. durable prevalence of the programmed conception. It appears to be rather 
easy to obtain the short-lived prevalence of an intuition. In our previous 
work, we were able to show that minimal conflict can easily lead to at least 
short-term changes in behaviour toward a problem (Potvin, 2010) or 
question (Richer, 2010). But the durability of a conceptual change is 
something else. In these research projects, we have observed many 
“revivals” of previously abandoned conceptions, simply caused by short 
interruptions in exploration sessions (Potvin, 2010). It seems that recent 
experiences can have strong but brief influence on the status of a 
conception, and that they must not, if taken alone, be considered as having 
the potential for long-term effects. We believe that conceptual change often 
fails because this problem is underestimated and not addressed properly. 
If we consider conceptual prevalence instead of conceptual transformation, 
then the appropriate attitude toward initial misconceptions, from the 
moment they cease to manifest themselves, would be to consider that they 
have not been defeated and are, most likely, just temporarily supplanted or 
masked (Shtulman & Valcarel, 2012), waiting for the slightest opportunity 
to be reinforced and possibly come back again later as prevalent ones. We 
believe that durable prevalence requires automaticity, and that PSHG’s 
fruitfulness criteria could be of use here. But we do not believe that the 
purpose of this criteria would be to “resolve its predecessor’s anomalies” 
(Posner et al., 1982, p. 222). We agree with them, however, that it can 
“lead to new insights and discoveries, [making] the new conception [...] 
appear fruitful and the accommodation of it [...] seem persuasive” (ibid.). 
But above all, we agree that it must be conducted for the sake of 
automaticity, which is the key to durable prevalence and true expertise. In 
this case, every means is welcome. Teacher training initiatives have striven 
to convince teachers to use numerous and appropriate examples (common 
and less common examples, as well as counter-examples [Potvin, 2011, 
pp. 50-54]), and psychology research is filled with convincing behavioural 
efforts that studied the conditions under which learning becomes durable. 
Much of this research as well as down-to-earth teaching experiences also 
show the importance of repetition. The human brain appears to obey some 
sort of “law of least mental effort” (Botvinick, 2007). Since research shows 
that with repetition, it takes less energy to succeed in carrying out a task 
(Chein & Schneider, 2005), it seems reasonable to assume that eventually 
automated knowledge (conceptions) will inevitably be intuitively preferred. 
It also seems important to reinforce not only the desired conceptions but 
also the “inhibitive stop signs” that were previously installed (step 2). We 
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do not mean that teachers should explicitly address the topic of the 
interfering misconceptions with extended discussion or argumentation, but 
simply that they should repeatedly exercise reflexes of inhibiting certain 
“temptations” (regardless of their nature) that lead to the unscientific 
treatment of problems or questions in the contexts in which they occur. 
Therefore, the numerous problems learners should be subjected to should 
offer a rich variety of contexts, often containing classic lures that 
correspond to classic errors. These reinforcement programs should extend 
over time to ensure durability. We believe that it is only when automaticity 
is achieved that enough cognitive resources are freed to authorize a more 
thorough comprehension. Automaticity can therefore be understood as an 
important prerequisite for expertise. 

 
The few differences between this prevalence model and the classical one are 
mostly about the order in which the operations are conducted and the precise 
nature of the goals that they pursue. In this vocational conversion, “intelligibility” 
and “plausibility” would lead to achieve availability. Cognitive conflicts would be 
conducted not to obtain dissatisfaction, which has been recently argued as 
almost impossible (Ohlsson, 2009), but to install durable watchfulness. The 
fruitfulness criteria would be met mostly to favour automaticity. Not only 
because it favours the credibility of the desired conception with every new 
context of application, but also because every new attempt to favour 
fruitfulness is also another repetition. 
 
Our perspective fully acknowledges the normative aspect of teaching, in which 
certain conceptions are programmed and that these conceptions have to 
prevail at the end of the teaching sequence (and this has to be achieved in a 
minimal amount of time). In this way, “conceptual change” sequences are 
closer to behaviourism-inspired sequences4 but in our opinion, the proposition 
still has strong constructivist components because it systematically considers 
the initial implicit and explicit knowledge. Also, cognitive conflict operations are 
still intended, even if what they aim at achieving differs slightly. 
 
To better illustrate our perspective, we used an analogy involving a forest, in 
which conceptions are compared to trails that are progressively cleared (or 
“carved”). The more these trails are frequented, the more practical they 
become, and therefore the more they are preferred and used. Since it is 
impossible (or at least unlikely) to un-clear a trail, the only possible solution to 
persuade villagers to stop using the trail would be to put a very noticeable stop 
sign at the start of it and to clear a new and appealing trail to encourage 
                                                        
4 In the model presented in these pages, conceptions are quite closely associated more with 
the errors they produce than with hypothetic reified and abstract schemas. 
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frequent use and consequently familiarization. This use would make the trail 
wider, which in turn would favour further use and widening. In this analogy, 
there is no way to prevent the villagers from taking the initial trail. The one we 
want them to use would have to be preferred.5 
 
 
4. Discussion about the model 
 
4.1 Additional educative consequences of committing to a prevalence model 
 
Even though our “prevalence” proposition suggests that initial conceptions are 
not altered or discredited, it is not unreasonable to believe that they become, if 
unused for a long period of time, considerably weakened to the point of being 
irreparably unprevailing, or even practically eradicated, like a childhood 
memory that slowly faints and is eventually lost forever. But if the social and 
physical parameters in which they initially appeared have not changed, it 
appears difficult to believe that they would never be reinforced or reconstructed 
on the same basis. We therefore believe that the fight against misconceptions, 
at least on the scale of science lessons in a school context, would benefit from 
being considered as unwinnable for good, unless the social environment in 
which learners live their outside-of-school lives grows richer with scientific 
conceptions, and therefore durably reinforces scientific prevalence. In this light, 
it appears even more important to tenaciously favour conceptual change for 
every individual, in order for society to eventually provide a conceptually 
interesting ecology in which individuals in return mutually reinforce more 
scientifically accurate conceptions of their peers. 
 
The prevalence model also highlights the importance of good early instruction. 
Since conceptual prevalence is so difficult to shift, it suggests that the best 
situation would be the one where shifting is not necessary. Early acquisition of 
certain knowledge suggests early prevalence of this knowledge, because the 
longer an element of knowledge has been available, the more likely it has been 
reinforced. In the absence of other tools, the owner of a hammer sees 
everything as a nail, hits it, and consequently increases his or her familiarity 
with the hammer and its status as a useful tool. 
 
Finally, the model also sheds new light on the role of negative reinforcement in 
learning. For a long time, negative reinforcement was seen as a good way to 
obtain the extinction of certain behaviours, before it was highly discredited for 
its negative effect on self-confidence and, in turn, on learning. The prevalence 
model suggests that it could still be of use, but only if it clearly aims at instilling 
                                                        
5 For a better explanation of the model, see Potvin (2011, chap. 10). 
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watchfulness or “warning signs” for errors with the active and metacognitive 
participation of the learner, and not with the aim of discrediting their 
conceptions with the hope of extinction. In the long run, we believe that this 
way of doing things unfortunately causes students’ intellectual courage to learn 
through errors to go extinct instead. 
 
4.2 Misconceptions in a prevalence model 
 
In a teaching context such as the one described above, a “scientific 
misconception” would be any intuitive belief, inclination, or adhesion (implicit or 
explicit, large or small) that prevails as the basis of non-scientific treatments of 
problems, situations, or questions. Within this operational definition, entire 
mental models, as well as p-prims, intuitive rules, core intuitions, heuristics, or 
slogans can all be considered as misconceptions, even though the promoters 
and discussants of these objects would probably not agree. We believe that 
from a teacher’s standpoint (and maybe from a neuroscientific standpoint), they 
might all be considered as the same: inclinations that must no longer prevail in 
the light of demanding pedagogical projects such as they exist in school 
systems today. The perceived need for the existence of such a multiplicity of 
“conceptual objects” in science education literature might simply be the 
reaction of the scientific community to the perceived dangers associated with 
the widespread reification of the idea of conception. It might indeed have been 
seen as too crude and restrictive, and unable to explain the diversity as well as 
the invariants that exist within students’ reactions to questions. It also could not 
explain why sometimes misconceptions come back to life after training. 
 
Given more or less time and effort, all “conceptions” should be considered as 
having the potential to be supplanted by other conceptions that conform more 
to scientific knowledge, ensuring that educative efforts never lose faith in the 
ability of students to learn. Conceptual prevalence, in this light, could be 
defined as the teaching operation that consists of making a scientific 
conception available and durably prevailing. Misconceptions would then not be 
“difficult to change,” but rather difficult to supplant or overtake. 
 
One has to admit that the prevalence approach might appear to be reductive 
in its own way. It doesn’t allow historic or epistemological perspectives to take 
their place in the school curriculum because it suggests that supplanting errors 
is sufficient to educate. We acknowledge this risk. But if conceptual change is 
the goal, the detours that historic and epistemological approaches require 
might not always be optimal. A prevalence model is rather a response to the 
concrete conceptual difficulties of teachers seeking to optimize their practice. 
In other words, for other goals, other methods might be preferable. 
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4.3 Further research 
 
We believe that the classical conceptual change tradition has recorded partial 
success in the past because it partially fulfilled the conditions of a prevalence 
model. But in order to test the true benefits of the prevalence model over the 
classical ones, further research has to be conducted and the effectiveness of 
the prevalence model experimentally tested and compared. Therefore, we 
encourage all comparative research initiatives that head in this direction. 
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Abstract 
 
Neuroeducation aims to improve pedagogical approaches by adding 
neuroimaging data. Practical and technical challenges emerge when children 
undergo magnetic resonance imaging (MRI), thereby raising several problems. 
We performed a meta-analysis of functional MRI datasets that were published 
during 1995 to 2011 according to the type of training of 4001 typically 
developing children and adolescents. The meta-analysis investigated whether 
different types of training (standard, mock, coaching trainings) improved the 
success rate of functional MRI inclusion rate and decreased the exclusion rate 
for excessive motion. We wondered if these specific trainings have differential 
developmental effects. Additionally, we examined if certain factors, such as age, 
the type of the cognitive tasks, the sex ratio, the financial compensation, the 
session order with structural MRI and the duration of the functional runs would 
influence the functional MRI success rate (more inclusion and less exclusion). 
The results indicated that coaching training for all of the children is the most 
relevant type of training to reduce motion and include more data. The type of 
task also took part in the success rate for fMRI. We propose guidelines to 
optimize the inclusion rate of functional MRI studies with typically developing 
children. Finally, we offer clinical and educational implications. 
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1. Introduction 
 
Neuroeducation is a very promising research field. It came from 
developmental cognitive neuroscience and educational sciences, which aim 
to address educational issues at the brain level using neuroimaging and other 
psychophysiological techniques. The ambition of this up-and-coming research 
field is to add brain data to the models in order to improve pedagogy. One of 
the main challenges is basically to collect usable imaging data of the 
developing brain. This is more demanding with children and adolescents 
because functional Magnetic Resonance Imaging (fMRI) requires close 
cooperation and self-control for several minutes (Bookheimer, 2000). The 
applicability of fMRI has been demonstrated with a typically developing 
population (Casey et al., 1995) and since then, different types of training have 
been developed to scan young active children using fMRI. The aim of the 
present study is first to identify which one best improves the success rate of 
the fMRI inclusion rate and decreases the exclusion rate the most for 
excessive motion in particular. Secondly, the goal was to possibly detect 
additional factors that can be manipulated to maximize data quality (such as 
the financial compensation, the session order, the scan duration, the task 
type or the sex ratio) regarding experimental designs centered on the 
developmental stage/age.  
 
Functional MRI technique requires all volunteers to lay still and avoid any 
movement (i.e. no more than a very few millimeters) during the examination 
(Byars et al., 2002). Although the motivation issue in this population can be 
reduced by being cheerful and offering financial compensation when it is 
legally possible, the motion artifact still presents a serious issue. Motion 
artifacts are the first of all concerns when scanning young children (Wilke, 
Holland, Myseros, Schmithorst, & Ball, 2003). Three main training types for 
fMRI with an awake developmental population were identified in the literature: 
(1) standard training as it is usually performed with adults; (2) training with an 
MR simulator (Berl et al., 2010; Cantlon, Pinel, Dehaene, & Pelphrey, 2011; 
Scherf, Luna, Avidan, & Behrmann, 2011); and (3) coaching training (Lukins, 
Davan, & Drummond, 1997; Quirk, Letendre, Ciottone, & Lingley, 1989). 
 
A standard training consists of offering children a detailed explanation of the 
protocol and presenting tasks without focusing on the motion issue or the MRI 
environment, as for adults. The type of training is fast, easily automated 
across participants; it enables the volunteer to focus his/her attention on the 
cognitive task without particularly focusing on the motion issue or on the MRI 
environment. 
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Training with an MR simulator consists of using a mock scanner, which is a 
full-scale replica of an MRI scanner, without a magnetic field. It is generally 
equipped with a manually operated subject table, head coil, foam cushions, 
headphones, and earplugs. When possible, a sound system allows the 
volunteers to hear the different noises produced by the MR sequences. It has 
been widely experienced and described that a first exposure to an MR 
environment, with a mock scanner here, prior to the actual MR session 
dramatically decreases stress for the child and the family on one hand and 
critically improves the success of the scanning session on the other hand 
(Bookheimer, 2000). In a research context, a significant positive effect of a 
training session of 15-30 minutes, in which an MR simulator is employed, has 
been demonstrated with healthy children using heart rate measures and self-
report distress scale scores compared to children who did not undergo the 
simulation scanning procedure (Durston et al., 2009). In a clinical context, a 
mock scanner reduces the rate of general anesthesia (GA) by 17 % for 
children aged three to eight years (Carter, Greer, Gray, & Ware, 2010) and 
incurs a net cost savings of approximately $117,870 per year and per full-time 
use of one MR scanner. 
 
Parallel to these two types of training, coaching training produced good 
results. In this case, experimenters use extensive repetition of the task 
requirements and behavioral reinforcement methods to control anxiety and 
motor movements in the scanner. The coaching training methodology 
consists of relaxation sessions (Ciesielski, Lesnik, Savoy, Grant, & Ahlfors, 
2006; Lukins, Davan, & Drummond, 1997), play therapy (Pressdee, May, 
Eastman, & Grier, 1997), cognitive behavioral therapy (Byars et al., 2002; 
Rosenberg-Lee, Barth, & Menon, 2011; Slifer, 1996; Slifer, Cataldo, Cataldo, 
Llorente, & Gerson,1993, Slifer, Bucholtz, & Cataldo, 1994; Slifer, Koontz, & 
Cataldo, 2002; Tyc, Fairclough, Fletcher, Leigh, & Mulhern, 1995) or training 
for the “statue game”, for example, inside a play tunnel (Houdé et al., 2011). 
Sometimes, supplementary tools are used, such as photos, videos, an active 
presentation, a CD or a website, a guided tour of the facilities, audio-visual 
systems (Lemaire, Moran, & Swan, 2009; Slifer, Penn-Jones, Cataldo, 
Conner, & Zerhouni, 1991), decoration with colorful posters and stickers to 
create a child-friendly environment (Byars et al., 2002; Holland et al., 2001, 
2007; Houdé et al., 2011; Levesque et al., 2004; Schmithorst, Holland, & 
Plante, 2006; Yuan et al., 2009). Coaching training is a cheap and efficient 
way to familiarize children compared to the cost of a mock scanner; however, 
such efforts can be time consuming. 
 
To date, developmental cognitive neuroscience groups lack quantitative 
comparisons between the different strategies to reduce head motion during 
fMRI and to optimize successful neuroimaging sessions. We faced several 
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challenging tasks. First, we investigated whether an fMRI training (coaching 
or mock scan), as opposed to a standard training, led to greater gains in fMRI 
success rate improving the fMRI inclusion rate and decreasing the exclusion 
rate for excessive motion. Based on previous research (Berl et al., 2010; 
Cantlon, Pinel, Dehaene, & Pelphrey, 2011; Lukins, Davan, & Drummond, 
1997; Quirk, Letendre, Ciottone, & Lingley, 1989; Scherf, Luna, Avidan, & 
Behrmann, 2011), we assumed that studies with children trained with a mock 
scanner or with coaching training would show significantly greater inclusion 
rates and smaller exclusion rates than children who underwent a standard 
training. Moreover, we supposed that these specific trainings have differential 
developmental effects; the older the children, the less specific the preparation 
(LeBaron & Zeltzer, 1984). Secondly, we evaluated which factors would 
influence the fMRI success rate. Some factors, like the sex variable, have 
already been identified as an obvious candidate impacting head motion 
(Dantendorfer et al., 1997; Katz, Kellerman, & Siegel, 1980; Yuan et al., 
2009). But others remain to be investigated. We assumed that in addition to 
the type of training, the age, the duration of the functional runs, the sex ratio, 
the session order with structural MRI (sMRI), the type of task and the financial 
compensation might be potential modulation factors. According to the type of 
training published from 1995 to 2011, we performed a meta-analysis of the 
fMRI datasets, including 4001 awake and normally developing children and 
adolescents. 
 
 
2. Method 
 
2.1. Article selection and datasets 
 
We reviewed articles with brain imaging in children from September 1, 1995 
until September 1, 2011, including healthy or control groups of alert and non-
sedated children from 4 to 17 years of age. The articles had to include original 
data in transversal fMRI designs with at least one task requiring attention from 
the participant (rest session was not considered). The number of runs was 
noted to determine the “minimum number of runs” acquired during the fMRI 
session (Tables 2, 3, 4). The resulting 247 identified articles were then 
submitted to a full text review. A total of 133 articles reporting the ratio of 
included children were considered. Of these 133 articles, we identified 23 
articles that studied the same sub-samples / samples; therefore, only the 
study reporting the whole sample was considered (Table 1). Among these 
110 original articles, the number of independent datasets was the number of 
independent samples, as specified by the authors in their Method section. 
Indeed, some studies included several samples with different ages (e.g. on 
Table 2, article N° 10 was described on two rows for the two datasets: one 
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row with a mean age of 9.3 years and another row with a mean age of 13 
years because the two samples were described separately by the authors). 
 
The final selection of 110 original articles that were included in this meta-
analysis involved 154 independent datasets with 4001 children. The datasets 
were classified into three categories according to the method section: 
participants prepared for the fMRI session with a standard training inherent to 
an fMRI session (STANDARD, n=61), with a full-scale mock scanner (MOCK, 
n=70), or with a coaching preparation (COACH, n=23; see Tables 2-4). 
 
Table 1. Study selection and datasets according to the type of training 

 STANDARD MOCK COACH Total 

Identified articles 131 93 23 247 

Included articles 
With: Redundant / Original samples 

61 
9 / 52 

57 
8 / 49 

15 
6 / 9 

133 
23 / 110 

Independent datasets 61 70 23 154 

 
For each study, the inclusion rate was defined as the percentage (N, last row 
of Table 5) of individual fMRI datasets included in the group analysis and the 
exclusion rate was the 1-N percentage. Among the 154 datasets, all of them 
indicated the number of included children, 120 denoted the number of 
excluded children according to one or several reasons and only 103 pointed 
out the number of excluded children due to excessive motion (only or with 
other reasons). The reasons of exclusion were either described in the Method 
section of the article either informed by email by the corresponding authors. 
The exclusion rate was therefore subdivided (percent) according to the 
reasons of exclusion (excessive motion, low performances, technical 
problems, sleepiness, premature stop of the scan by the child and other 
reasons). Other reasons (abnormal neurologic examination or structural MRI, 
major psychiatric condition, stainless steel dental crowns, etc.) were rarely 
mentioned except in one study of the COACH groups (Byars et al., 2002) 
where this category was broader than in other studies (history of migraines, 
weight or height greater than the 95th percentile). Note that the main reason 
of exclusion was due to excessive motion and represents the focus of this 
meta-analysis.  
 
The age groups were defined as follows: kindergarten children (range, mean 
± Standard Deviation – SD –, 4-7 years, 6 ± 1 years); school-age children (8-
9 years, 9 ± .6 years); pre-adolescents (10-12 years, 11 ± .9 years); and 
adolescents (13-17 years, 15 ± 1 years). 
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Table 2. Descriptive information of 61 STANDARD articles included in the meta-analysis revealing 61 independent datasets 
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Table 2 – continued, last page 

 

No. of part.: number of participants; F/M: female/male; n/r: not reported 

a middle value of age range 

* Percentage of participants included compared to the total number of participants scanned 

Note that some articles (e.g. articles #10, #26, #31, #34, #45, etc.) involved several independent datasets so they were described on multiple rows. 
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Table 3. Descriptive information of 57 MOCK articles included in the meta-analysis revealing 70 independent datasets 
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Table 3 – continued, last page 

 

No. of part.: number of participants; F/M: female/male; n/r: not reported 

a middle value of age range 

* Percentage of participants included compared to the total number of participants scanned 

Note that some articles (e.g. articles #2, #19, #26, #30, #31, etc.) involved several independent datasets so they were described on multiple rows. 
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Table 4. Descriptive information of 15 COACH articles included in the meta-analysis revealing 23 independent datasets 

No. of part.: number of participants; F/M: female/male; n/r: not reported; sub: submitted 

a middle value of age range 

* Percentage of participants included compared to the total number of participants scanned 

Note that some articles (articles #1 to #7, #13 and #14) involved several independent datasets so they were described on multiple rows (e.g., the 
articles numbered one to seven involved the same number of datasets from one to thirteen).  
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2.2. Statistical analysis 
 
We performed the statistical analysis using Statistica software v.10 (Statsoft 
Inc., Tulsa, OK, USA). We first conducted analysis of variance (ANOVAs) to 
test the type of training (STANDARD, MOCK, COACH) and age on the 
inclusion rate (n = 154) and exclusion rate. For each analysis, we report the 
effect size either in the ANOVA (partial eta squared noted 
ηp2) or in terms of the difference of the means (Cohen’s d). Then, when we 
compared two means, we computed one-tailed t-tests in accordance with our 
hypothesis; all the α levels for the t-tests were adjusted with a Tukey’s 
correction. Secondly, we ran 2 separate multiple regression analysis to 
predict gains in the fMRI success rates, the first based on the inclusion rate 
and the second based on the exclusion rate attributed to excessive motion. 
Finally, we tested the specific effect of the mean age and the task’s domain 
(executive function, perception, language, mathematics, reasoning, other) on 
the inclusion rate using Pearson correlations and ANOVA analysis. 
 
 
3. Results 
 
The characteristics of the datasets depending on the type of training were 
detailed in Table 5. The children aged four to seven years old were almost 
always prepared with a mock scan or coaching training (Figure 1). Also, 46% 
of the participants included in the COACH group provided from a large study 
(204 children of the 446 children came from Byars et al. 2002, Table 4). 
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Table 5. Characteristics of the datasets according to the type of training 
 STANDARD MOCK COACH Total 

Number of included children 2126 1429 446 4001 

Mean age in years (SD) 
Range 

12 (2) 
7- 16 

11 (3) 
5 - 17 

10 (3) 
5 - 17 

11 (3) 
5 – 17 

Percentage of boys (SD) 
Range 

53 (26) 
0 - 100 

47 (16) 
0 - 100 

51 (21) 
0 - 100 

50 (22) 
0 – 100 

Financial compensation in $                    
(SD) 
Range 

25 (15) 
10 - 70 

28 (15) 
5 - 70 

57 (21) 
17 - 70 

34 (21) 
5 – 70 

Number of independent 
datasets 61 70 23 154 

Number of datasets of 
session order with sMRI 1 12/21/28 21/44/5 3/20/0 36/85/33 

Total scan duration in min. 
(SD) 
Range 

15 (10) 
4 - 52 

17 (11) 
3 - 64 

11 (12) 
2 - 40 

15 (11) 
2 – 64 

Number of datasets                       
of each type of task 2 

10/9/21/14/2/5 6/15/14/13/
9/13 4/1/2/16/0/0 20/25/37/4

3/11/18 

Inclusion rate N (SD) 
Range 

80 (16) 
44 - 100 

83 (16) 
41 - 100 

80 (16) 
43 - 100 

82 (16) 
41 – 100 

1 Session order with sMRI: sMRI before fMRI / fMRI before sMRI / not reported. 
2 Type of task: numerical / perception / executive functions / language / reasoning / others 
 
 
 
 

 
Figure 1. Distribution of the datasets according to the type of training and age of the 
children. 
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3.1. First question: Do coaching or mock scan fMRI trainings lead to greater 
gains in fMRI success rate than standard training? Do these specific trainings 
have different effects across development? 
 
On the inclusion rate, the Age x Type of training interaction was not significant 
(F(2,151) = .41, p = .66,ηp2 = .04). No effect of the Type of training was 
evidenced for the entire datasets [F(2,151) = 2.0, p = .13,ηp2 = .006] but the 
main effect of age group was significant [F(1,151) = 39.9, p < .0001,ηp2 = 
.16], as expected with an increasing inclusion rate with age. The post-hoc 
revealed that inclusion rate was significantly lower for the kindergarten group 
(64 ± 17 %) compared to the older school-age children (78 ± 12 %), the pre-
adolescents (81 ± 16 %) and the adolescents (90 ± 12 %), (p < .01 for all 
comparisons). The post-hoc was not significant between the school-age 
children and the pre-adolescents (p = .73).  
 
We carried out planned comparisons for each age group to answer to the a 
priori hypothesis about the different effects of the specific trainings across 
development. The type of training was significant for school-age children [F(2, 
33) = 4.6, p < .05,ηp2 = .23] and adolescents [F(2, 49) = 3.6, p < .05,ηp2 = 
.14] only. For school-age children, inclusion rate was significantly lower when 
participants were trained with a STANDARD training (69 ± 15 %) compared to 
the MOCK training (81 ± 10 %, t(27) = 2.14, p < .05, d = 3.89) or a COACH 
training (84 ± 7 %, t(16) = 1.99, p < .05, d = 3.46). For the adolescent group, 
the inclusion rate was significantly lower when participants were trained with a 
STANDARD training (85 ± 14 %) compared to a MOCK training (94 ± 9 %, 
t(44) = 1.96, p < .05, d = .76, Figure 2).  
 

 
 
Figure 2. Percentage of inclusion rate according to the type of training in all age 
groups. Vertical bars represent standard deviation.  
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For the exclusion rate, the Age x Type of training interaction was not 
significant (F(2,117) = .04, p = .95,ηp2 = .05) and neither the main effect of 
age (F(1,117) = .006, p = .94,ηp2 = .02). In contrast, the main effect of type of 
training was significant (F(2,117) = 10.5, p < .0001,ηp2 = .22). The post-hoc 
test revealed that the exclusion rate for excessive motion was significantly 
lower for the COACH training (36 ± 44 %) compared to the STANDARD 
training (75 ± 38 %, p < .001) and the MOCK training (84 ± 26 %, p < .0001) 
(Figure 3). 
 
 

 
 

Figure 3. Percentage of the reasons of exclusion of the fMRI datasets according to 
the type of training. 
 
 
We carried out planned comparisons for each age group to evaluate the 
impact of the type of training according to the children’s age. The type of 
training was significant for kindergarten children only (F(2, 13) = 8.8, p < .01,
ηp2 = .61). Exclusion rate for excessive motion was significantly lower when 
kindergarten children were trained with a COACH training (21 ± 41 %) 
compared to a MOCK training (85 ± 18 %), t(12) = 3.29, p < .01, d = 2.03) 
and STANDARD training (100 ± 0 %, t(5) = 2.12, p < .05, d = 2.74), (Figure 
4). 
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Figure 4. Percentage of exclusion rate for excessive motion according to the type of 
training in all age groups. Vertical bars represent standard deviation. 
 
 
3.2. Second question: Do factors other than the type of training predict fMRI 
success rate? 
 
3.2.1 Effects of other variables of interests on the inclusion and exclusion 
rates 
 
Other factors than the significant age effect were likely to explain the children 
inclusion and exclusion rates of fMRI. We performed a multiple regression 
analysis to determine the specific contributions of several factors of interests 
on the child inclusion and exclusion rates for excessive motion during an fMRI 
scan. A total of 118 and 91 datasets had sufficient values for subsequent 
analysis for inclusion and exclusion, respectively, (i.e., some datasets on 
session order with sMRI or financial compensation are not reported, see 
Tables 2-4). The two multiple regressions were conducted on the residuals of 
the inclusion rate when removing the age effect and on the residuals of the 
exclusion rate for excessive motion when removing the type of training effect.  
 
Together, the type of training, sex, the financial compensation, the session 
order with sMRI, the duration of the functional runs and the type of task 
accounted for 24 % of the variance in children inclusion rate [F(12,117) = 
2.70, p < .01]. The regression weights revealed that, in addition to age, the 
type of task accounted for a unique variance in children inclusion rate of fMRI. 
The results from the multiple regression analysis are displayed in Table 6. 
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Table 6. Multiple regression results predicting children inclusion rate of fMRI from 
type of training, age, sex, financial compensation, session order with sMRI, duration 
of the functional runs and type of task (N = 118) 

 R2 F β T 
 .24 2.70***   

Type of training a  0.09 0.03 0.41 
Sex b  2.60 0.09 1.06 
Financial compensation c  0.25 0.06 0.70 
Session order with sMRI d  0.02 0.01 0.14 
Duration of the functional runs e  0.23 0.04 0.50 
Type of task f  4.93 0.54     6.37*** 
Dependent variables: a Type of training: 1 = standard, 2 = coach, 3 = mock.  
b Sex: 1 = more than 50 % of males, 2 = more than 50 % of females, 3 = equivalence of 
males and females. c Financial compensation: 1 = yes, 2 = no. d Session order with sMRI: 1 = 
sMRI before fMRI, 2 = fMRI before sMRI. e Duration of the functional runs: 1 = more than 13 
min, 2 = less than 13 min. f Type of task: 1 = numerical, 2 = perception,  
3 = executive functions, 4 = language, 5 = reasoning, 6 = others.  
*** p < .0001 
 
 
Age, sex, financial compensation, session order with sMRI, duration of the 
functional runs and type of task accounted for 11 % of the variance in children 
exclusion rate for excessive motion [F(12,90) = .82, p = .63]. The regression 
weights underscored that, in addition to the type of training, no supplementary 
factor accounted for a significant proportion of unique variance in the child 
exclusion rate of fMRI due to excessive motion. 
 
3.2.2. Specific effect of children’s age on the inclusion rate 
 
Concerning the main effect of Age on the inclusion rate, we wondered if this 
strong association was similar depending on the three Types of training. A 
moderate positive correlation between age and inclusion rate was significant 
(r = .45, p < .0001). The age and inclusion rates were positively correlated for 
each type of training with an increasing correlation from the STANDARD 
training (r = .39, p < .01), subsequently the MOCK training (r = .46, p < .0001) 
to the COACH training (r = .70, p < .001). 
 
3.2.3. Specific effect of the type of task on the inclusion rate 
 
Similarly, we tested the Type of task (numerical, perception, executive 
functions, language, reasoning or other) and the Age factors on the inclusion 
rate using an ANOVA. The interaction was not significant (F = .9, p = .46) but 
the main effects were (Age: F = 18.0, p < .0001 and Type of task: F = 2.9, 
p < .05). The post-hoc tests revealed that the numerical tasks (68 ± 4 %) and 
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the perceptive tasks (78 ± 3 %) were significantly associated with a lower 
inclusion rate compared to miscellaneous tasks (93 ± 4 %, p < .05 for both). 
 
 
4. Discussion 
 
The emergence of functional and structural MRI has opened a window into 
the human brain development. However, compared to studies on adults, there 
are very few MRI studies in children. Various technological, experimental and 
practical difficulties are amplified when imaging children and adolescents. A 
literature review illustrates a number of issues in contemporary MRI, which 
could affect a child’s ability to cope. These include claustrophobia (Absar, 
1993; Francis & Pennell, 2000; McIsaac, Thordarson, Shafran, Rachman, & 
Poole, 1998), the noise of the MRI unit, the lack of knowledge of the 
procedure together with emotional distress and anxiety present in adults but 
possibly a little bit amplified in children. The scarcity of data on the normative 
developmental population indicates that a training protocol for MRI should be 
applied with regard to children, but few studies provide a neuroimaging 
guideline targeting these particular participants (Raschle et al., 2009). As 
Carter et al. (2010) have suggested, a comparative study examining the 
benefits of different MRI trainings might be warranted. According to our 
results, training prior the fMRI session noticeably increases the success rate 
and decreases the exclusion of datasets due to excessive motion. In addition, 
this meta-analysis also evidenced that the type of training, children’s age and 
type of tasks, are crucial in order to successfully perform a pediatric 
neuroimaging session. 
 
4.1. Coaching training for all of the children to reduce motion and include 
more school-aged children 
 
Challenges of developmental neuroimaging are numerous, but researchers 
agree that the main obstacles to overcome include: 1) the level of anxiety or 
distress and 2) children’s movements (Bookheimer, 2000; Davidson, Thomas, 
& Casey, 2003; Kotsoni, Byrd, & Casey, 2006; Poldrack, Paré-Blagoev, & 
Grant, 2002). We assumed that a training for the fMRI environment has 
benefits on the motion level in the scanner. Children often lack the ability to 
monitor their own small movements. Consequently, the training must instruct 
the child how to lie still. The present results tend to confirm that the coaching 
training offered the best outcomes for reducing the exclusion rate because of 
excessive motion for all of the children, particularly for kindergarteners; the 
coaching training prepared them to remain immobile with cognitive 
behavioral / coaching training to control anxiety and motor movements in the 
scanner. This training is particularly adapted to kindergarten children because 
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they may have difficulties understanding the instructions and requirements to 
perform functional imaging tasks. Because fMRI is highly sensitive to head 
motion artifacts, coaching training is essential to enable the children to stand 
still and simultaneously perform a cognitive task, specifically with the 
youngest children (Byars et al., 2002). Even with the oldest children, coaching 
training is recommended with a step-by-step procedure, which could pacify 
stressed and restless adolescents. A coaching training seems to be the best 
way to instruct children about immobility with play therapy, desensitization 
and cognitive behavioral therapy (Carter et al., 2010). This type of training 
consists of employing a behavior management program that uses feedback 
and success approximation techniques to desensitize the child to the MRI 
environment and train the child to stay still. Play therapy, simulation and 
behavioral approaches (e.g., cognitive behavioral therapy, behavioral 
reinforcement) are successful methods for reducing anxiety and overall 
movement and allowing MRI without sedation in children as young as 3 years 
of age (Hallowell, Stewart, de Amorim E Silva, & Ditchfield, 2008; Slifer et al., 
1993, 1994). The desensitization procedure involved setting up a play tunnel, 
hearing scanner noises, and specific training for cognitive tasks with a pad 
during several sessions (Houdé et al. 2011). Moreover, the coaching training 
increases the inclusion rate for school-age children. Because fMRI is 
stressful, a cognitive behavioral training to control anxiety and motor 
movements in the scanner is beneficial for children. 
 
4.2. Mock training to include more school-age children and adolescents 
 
With mock training, children and adolescents are familiarized with the MRI 
equipment (head coil, foam cushions, headphones, and earplugs) and the 
sounds of various scan sequences. Mock MRI reduced the need for GA in 
children with the greatest effect exhibited in children aged 3 to 8 years (Carter 
et al., 2010); this training allowed us to perform fMRI studies in children as 
young as 4 years (Cantlon, Brannon, Carter, & Pelphrey, 2006; Cantlon et al., 
2011). It increased the school-age children’s and adolescent’s inclusion rate 
probably by reducing the stress induced by the MRI (de Bie et al., 2010; 
Durston et al., 2009). There was a consensus that desensitization in a mock 
scanner greatly improved the likelihood of a successful scan (Bookheimer, 
2000) and reduced anxiety and distress. Approximately 4 % to 20 % of the 
patients refused to undergo the MRI session or finish an imaging session 
before completion (Garcia-Palacios, Botella, Hoffman, & Fabregat, 2007). 
MRI sessions in children have reportedly imposed higher levels of anxiety and 
distress (Byars et al., 2002; Davidson et al., 2003). However, Rosenberg et 
al. (1997) demonstrated that distress in children aged 6 to 17 could be 
significantly reduced by careful subject training, including the use of mock 
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scanners. The intense scanner noise was one potential cause for anxiety and 
discomfort (Cho et al., 1997). 
 
4.3. Guidelines and procedures to optimize inclusion rate of fMRI studies with 
typically developing children 
 
We should recommend for a study sampling a large age-range to recruit 20 % 
additional young children to improve the possibility of properly correlating the 
data with variables (BOLD signal, behavioral measures or biographical data). 
 
For children, we recommend a coaching training for fMRI, supported by 
developmental psychologists, to decrease the exclusion rate because of 
excessive motion. Pressdee et al. (1997) used play therapy techniques (a 
doll-sized model of an MRI unit) to prepare children for MRI. Smart (1997) 
used relaxation techniques during imaging procedures. Houdé et al. (2011) 
organized a complete educational program to train children in schools. The 
latter included informational meetings at school with parents, teachers, 
headmasters and a research team, a visit to the imaging center with children 
and their families, researchers and medical staff one month before the day of 
scanning, training at school the day before the day of scanning and training at 
the imaging center on the day of scanning. Because this MRI procedure is 
important, it is critical that children benefit from a structured, individually 
targeted approach to procedural training. This method is an efficient, fun and 
inexpensive means to train children for MRI sessions, transportable at 
schools without the need of a dedicated room at the laboratory and easy to 
transpose in any pediatric service. Children from 4 to 17 years old, and 
particularly the youngest children, require coach training supported by human 
interactions and emotional scaffolding to lie motionless in the scanner. 
Surprisingly, adolescents seem to also benefit from a mock training. During 
the breaks between the runs, the experimenter must be cheerful and interact 
as long as possible with the child in the scanner with positive reinforcement 
and feedback, even if the means of communication is restricted to audio or 
video contact (Davidson et al., 2003; Slifer et al., 1993). The training should 
be provided in advance, i.e., one or two days before the scan (Hallowell et al., 
2008; Houdé et al., 2011), to enable the children to receive, process and 
remember all of the instructions. Moreover, we suggest that adding some of 
these approaches to the mock scanning training might improve its efficiency. 
 
Even though we did not find a significant impact of the total scan duration on 
the success rate, we should consider several recommendations that were 
also suggested by Hallowell et al. (2008): a) instruction should be provided in 
short sequences because children tend to lose their focus faster than adults; 
b) cognitive tasks involving a motor response should last no more than four to 
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five minutes; and c) the session order between fMRI and sMRI is flexible 
because session order did not have any impact on the success rate. 
 
4.4. Limitations of the meta-analysis 
 
To the best of our knowledge, this meta-analysis is the first to compare 
several types of training using fMRI research protocols with the pediatric 
population. However, this study has limitations, of which several were 
unavoidable. There was a selection bias in the group construction according 
to the type of training. In our datasets, the children aged four to seven years 
were almost always prepared for fMRI. It was not possible to obtain repetition 
data for each child. We did not find many studies conducted in kindergarten 
children because the fMRI research protocols with children aged 4 to 7 
remained relatively infrequent. We encountered a large number of missing 
data about the inclusion and exclusion rates and reasons for exclusion. 
Finally, it is likely that there were false negatives (in mock or coaching 
trainings) if the authors did not mention whether they used a training tactic in 
the methods section or did not reply to our inquiry. 
 
4.5. Clinical and educational implications 
 
Future studies should address several issues. Overall, our results should be 
useful to describe a neuroimaging research project to the ethics committee, to 
set up a developmental laboratory with MRI data collection or to set up a new 
experiment with the available equipment. Our results can justify a 
methodological choice (according to the patient’s age, type of training, etc.). 
 
According to the clinical implications, our results should be relevant for 
clinicians and the medical staff working with clinical pediatric populations to 
reduce the use of pharmacological sedation or GA and help children and their 
families to resolve distress issues before an MRI scan. The potential for 
avoiding sedation or GA as a means of managing children’s compliance 
during MRI sessions represents one of the main advances of such 
preparations for the clinical practice (de Amorim e Silva, Mackenzie, 
Hallowell, Stewart, & Ditchfield, 2006; Rosenberg et al., 1997). Although 
serious adverse effects of GA are rare (Cravero et al., 2006), less serious 
effects occur in approximately 0.4-1.5 % of the patients who receive GA 
(Cravero et al., 2006; Sandborn et al., 2005). In addition to potential adverse 
patient outcomes, the use of GA has significant resource implications in terms 
of costs, staffing requirements and possible hospital admission needs (Carter 
et al., 2010). 
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Concerning educational implications, children benefit from participating in 
neuroimaging research studies, particularly when researchers use the 
experience as a teaching and educational tool. In fMRI research studies, 
children have the rare opportunity to watch their brain and interact with 
cutting-edge technology. They gain exposure to potential career choices, they 
contribute to critically needed research and they help create better 
connections between education and research. Several research studies offer 
educational fMRI training programs in schools, including implementing a 
research protocol in a pedagogical project, creating brain educational 
modules adapted from preschool to adolescence, conducting trainings for 
teachers on developmental cognitive neuroscience, and promoting 
opportunities for teaching neuroscience in early elementary settings (Houdé 
et al. 2011; Lubin, Lanoë, Pineau, & Rossi, 2012; Marshall & Comalli, 2012; 
Rossi, Lubin, Lanoë, & Pineau, 2012). 
 
 
5. Conclusion 
 
Learning about the brain should highlight the brain mechanisms underlying 
school learning and teaching in order to improve teaching practices. It should 
also help children and adolescents to better understand the brain links to all 
bodily functions (Marshall & Comalli, 2012), their own metacognitive 
strategies and change their attitudes towards disabled children who are 
affected by neurological disorders (Cameron & Chudler, 2003). However, 
there are many challenges that developmental researchers face when they 
conduct functional neuroimaging studies. One challenge is to offer children a 
relevant training that helps them successfully complete a clinical or a 
research scan without sedation or GA. This fMRI training supports the needs 
of children and adolescents to understand the procedure they are preparing 
to undergo, it helps to manage their anxiety, and it enables and improves their 
ability to lay motionless. We believe that the field of developmental 
neuroimaging will benefit from this updated review and meta-analysis and will 
have direct applications for research, clinical and educational research 
protocols. 
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Abstract 
 
Research on learning has previously focused on changes in knowledge and 
behavior occurring over long periods of time, such as over a period of hours, 
weeks, months and years. However, there is no doubt that learning-contingent 
changes in knowledge and behavior are mediated by neural processes 
occurring at much shorter timeframes (e.g., milliseconds), including the time 
between a single observable behavioral event, that help determine whether 
learning occurs. In addition, current applied research in education requires 
experimentation and assessment in authentic contexts within which learning and 
performance take place in order to provide ecologically valid results with respect 
to contemporary contexts that involve social interaction. We argue that it is now 
time for the field of neuroeducation to relate psychophysiological and behavioral 
data across time scales. Globally, a better understanding of the underlying 
cognitive processes occurring during different components of learning. This 
should lead to novel learning environments, greater and more efficient 
interactivity between teacher and learner(s), better assessment tools leading to 
qualitatively and quantitatively better development of knowledge and skills in key 
domains such as teaching, business, health professions, engineering as well as 
other domains targeting human development and well-being. Along these lines, 
this paper presents a research program oriented towards the modeling of 
learning trajectories and performance at psychophysiological, cognitive and 
social levels. The projected research findings should allow for more significant 
understandings of the implication of cognitive neuroscience in education by 
linking results with more authentic learning and performance situations. 
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1. Introduction 
 
Neuroeducation is a very dynamic field despite its relatively short history. We 
share the enthusiasm of many authors regarding the potential of this research 
for the improvement of learning. However, we are much more circumspect 
regarding its impact to date. Neuroeducation has been informative on crucial 
aspects of learning not tractable using traditional approaches in education. 
Notably, this field has shed new light on aspects of learning to read (Hruby, 
Goswami, Frederiksen, & Perfetti, 2011) and mathematics (Grabner & De 
Smedt, 2012). However, so far, the nature of these findings makes it difficult 
to translate them into prescriptions for educational practice (Hruby, 2012). 
The long-recognized divide between the contexts of experiments and the 
contexts of application of their results may just resurface abruptly with the 
advent of neuroeducational research (Ansari, Coch, & De Smedt, 2011; 
Turner, 2012). In contrast, research in applied cognitive science has led to an 
unprecedented set of implications in education, including for example how 
people take charge of their learning (Greene & Azevedo, 2010), how 
interactions with peers are beneficial or detrimental to learning (Kirschner, 
Paas, & Kirschner, 2011) and how a domain expert or a computer-based 
learning environment can foster learning through tutoring (VanLehn, 2011). 
However, these studies hinge on behavioral records of human action, and do 
not consider psychophysiological data, which can provide important 
complementary information. In sum, the objectives and means of behavioral 
studies in cognitive science on the one hand and cognitive neuroscience on 
the other hand are partly tangential to the type of research in neuroeducation 
advocated in this paper. The potential and limitations of their integration 
should be explored now that the field is being defined in terms of theoretical 
foundations, methodological approaches and research questions (Ansari et 
al., 2011). 
 
Most of the research on learning has so far focused on changes in knowledge 
and behavior occurring over long periods of time, such as over a period of 
hours, weeks, months and years. However, learning-contingent changes in 
knowledge and behavior are mediated by neural processes occurring at much 
shorter timeframes (e.g. milliseconds), including the time between a single 
observable behavioral event, that help determine whether learning occurs 
(Anderson, 2002; Fincham, Anderson, Betts, & Ferris, 2010). Furthermore, 
every moment during which a teacher interacts with a student, he/she makes 
decisions about the provision of support such as scaffolding and feedback 
that influence learning efficacy (VanLehn, 2011). Indeed, events occurring at 
the grain size of social interaction are related to events occurring at the grain 
size of learning (Anderson, 2002). 
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Research in education is at a turning point where approaches and protocols 
can inform us about optimal interventions at this level of interaction so that 
the teachers can be supported to make better decisions during student-
teacher interactions (Kent, 2013). 

Which principles, mechanisms and theories studied in educational 
research can be extended on the basis of findings from cognitive 
neuroscience? Which principles, mechanisms and theories studied 
in cognitive neuroscience might have implications for educational 
research? What research questions can be developed on the basis 
of these implications? What form could an interdisciplinary or 
transdisciplinary research program take? (de Jong et al., 2009, 
p. 2).  

Research in neuroeducation can contribute answers to these questions by 
conducting studies through innovative methodology in education by engaging 
in dialogue with researchers from other pertinent fields involving cognitive 
neuroscience, such as neuroergonomics because of its focus on natural 
performance situations (see Parasuraman, 2012; Posner, 2012). These 
answers should have a profound impact on how learning is understood and 
on how learning environments are designed and implemented for academic 
and professional learning. By hinging on a better understanding of learning, 
such learning environments could offer a greater interactivity, and even 
reactivity to the learner by incorporating better assessment tools leading to 
qualitatively and quantitatively enhanced development of knowledge and 
skills in key domains such as business, health professions, the military, 
engineering as well as teaching and other domains targeting human 
development and well-being. The view presented complements and extends 
current approaches from cognitive neuroscience in education. The aim of this 
paper is to present theoretical and methodological prescriptions for the field of 
neuroeducation that can fruitfully complement existing research and to 
provide an illustration of the advocated program of research through a 
presentation of a study in preparation. 
 

2. A framework for a neuroeducational research program oriented on 
time scales 
 
Projected research can be shortly described as adding a psychophysiological 
layer to existing empirical cognitive research on learning, sometimes in 
situations involving human interactions. This research program can be 
defined as the concomitant study of psychophysiological, cognitive, and even 
social aspects of learning. It has the following question at its core: How does 
learning arise from psychophysiological, cognitive and social cognitive 
processes during learning interactions? 
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The development of this research agenda requires major efforts in three 
synergistic aspects: (1) the development of theoretical foundations (2) the 
development and testing of research methodology and (3) conducting 
empirical research.  
 
2.1 Developing theoretical foundations 
 
The development of theoretical foundations in neuroeducation involves the 
amalgam of existing theories describing (1) cognitive functioning, (2) the 
psychophysiological substrates of behavior and learning, and (3) the social 
processes of learning situations. The resulting view borrows from diverse 
disciplines including, but not limited to, education, educational psychology, 
cognitive psychology, cognitive neuroscience, and social neuroscience.  
 
According to many authors (Anderson, 2002; Fincham et al., 2010; Newell, 
1990; Sun, 2006), the questions of what is learning and how to foster this 
process can only be understood completely using a multi-layered view of 
human behavior and a reciprocal interaction of various processes. Based on 
actual work in cognitive modeling, this perspective also posits that all levels 
below a given level are necessary to explain functioning at that level (Newell, 
1990). This raises new questions: what are the psychophysiological 
signatures of learning? What are the psychophysiological signatures of 
productive cooperation in group learning tasks (at the group level and at the 
individual level)? What is going on in people’s mind when they are not talking 
during group work in learning situations? How can we make group work in 
learning tasks as efficient as individual learning while achieving learning 
results greater than the sum of its parts? Mercier, Léger, Girard, and Dion 
(2012) summarized the data and processes that will be put in relation in 
unique ways in the projected research.  
 
At this time, we have identified specific domain-generic processes that are 
relevant to learning and amenable to valid psychophysiological measurement 
in authentic learning contexts. These processes include cognitive load 
(Antonenko, Paas, Garbner, & van Gog, 2010), task engagement (Freeman, 
Mikulka, Scerbo, & Scott, 2004), drowsiness/alertness (Stikic et al., 2011) as 
well as attention (Klimesch, Doppelmayr, Russegger, Pachinger, & 
Schwaiger, 1998) and emotions (Fulmer & Frijters, 2009). 
 
2.2 Developing research methodologies  
 
A second aspect of the research program is the development and testing of 
new experimental protocols associated with the use of 
electroencephalography (EEG) and adapted to an ecologically-valid 
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educational context in which naturalistic interactions occur over extended 
periods of time. This involves obtaining interpretable data from 
psychophysiological measurements. Operations needed to obtain fine-
grained state data of brain activation associated with cognitive functions 
within social interactions in learning contexts include decontamination 
algorithms, signal transformation, and the mapping of activation patterns with 
low-level (in the sense of high temporal resolution) cognitive functions. We 
propose that this is best achieved by analyzing EEG data from the 
perspective of characterizing the brain activation at specific sites over time. 
This approach is referred to as the time-frequency analysis of EEG data 
(Roach & Mathalon, 2008). Spectral decomposition of oscillatory patterns in 
neuronal activity – determining which frequency is present for a given period 
and its power – coupled with the localization of the source of this activity, is 
indicative of brain functions that occurred during that period. Four frequency 
bands are commonly used in the interpretation of EEG data in this manner: 
delta (<4 Hz), theta (4-7 Hz) alpha (8-13 Hz) and beta (>13 Hz). 
 
For exemple, Pope, Bogard and Bartolome (1995) developed a task where a 
subject would be either solicited by a system (manual mode) or not 
(automatic mode). Collecting EEG signal and comparing mental states during 
manual (engaged) mode versus automatic (disengaged) modes, Pope’s team 
tested multiple ratio candidate that would better fit the two conditions, based 
on the vigilance literature (Davidson, 1988; Lubar, 1991; Offenloch & Zanner, 
1990). They established the best index of mental engagement to a task 
related to the sum of powers of beta / (alpha+theta) of EEG signal collected at 
the sites Cz, Pz, P3 and P4 on a 10-20 montage. This index of engagement 
was also validated in the field of neuroergonomics, in the work of Freeman, 
Mikulka, Prinzel, and Scerbo (1999), Freeman et al. (2004) and Mikulka, 
Scerbo, and Freeman. (2002). Transferred to neuroeducation, the value of 
this approach lies in the possibility to extract educationally-relevant 
information from psychophysiological data during the course of human action 
in a learning activity as traditionally recorded in applied cognitive science. By 
focusing on different system levels and time scales and the relationship 
between them, this approach may also contribute to bridging existing 
laboratory results focusing on short-term processes with instructional practice 
as understood by its practitioners.  
 
Another methodological development involves designing strategies for 
integrated data analysis, such as intra- and inter-level sequential, co-
occurrence, and prevalence approaches, applied to shorter and shorter time 
scales (see Kapur, 2011). Although not essential, designing methods for 
automated data analysis should be actively pursued to boost the production 
of results. Extracting fine-grained state data from each “numerical” data 
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source using algorithms derived from large populations of subjects seems 
worthwhile and more feasible with levels of analysis of a more “semantic” 
nature, such as speech and interaction, as current research on intelligent 
tutoring systems shows (Chi, VanLehn, Litman, & Jordan, 2011). 
 
EEG source imaging has made tremendous progress in recent years to 
provide neurophysiological interpretations of scalp recordings (Astolfi et al., 
2010). By showing the location of activation, source analysis brings additional 
explanatory power to EEG measurements and is now becoming the norm in 
the use of EEG in cognitive neuroscience. When no a priori assumptions can 
be made regarding the localization of activation (as it is practically the case in 
the study of learning interactions), mathematical solutions can be used 
effectively to determine (1) when brain activation maps differ over time, thus 
segmenting microstates representing relatively stable brain activation 
patterns and (2) the localization of brain activation during those microstates 
(Lehmann, Osaki, & Pal, 1987). Those microstates have explanatory power 
and represent functional “mind-states” during information-processing. They 
have to be further interpreted by the fine-grained localization of brain activity 
using recent event-related potential (ERP) studies, representing cognitive 
functions responsible for learning (e.g. social learning, metacognitive 
regulation in problem solving, insight in problem solving, implicit and explicit 
learning, etc. (see de Jong et al., 2009)). This interpretation relies critically on 
sufficient spatial sampling. For brain activity sampled at 1000 Hz, it is 
possible to extract discrete brain states of between 80 and 120 milliseconds 
by statistical estimation (Lehmann & Michel, 2011). Such microstates, and 
especially how they get modulated both in terms of sequence and duration, 
can be related to cognitive and interpersonal events (Grafton & Tipper, 2012). 
The study of these microstates represents aspects of the answer to the first 
question: what is the neurophysiological signature of learning? 
 
2.3 Conducting empirical research  
 
Projected empirical research will be conducted to provide elements of answer 
to three main interrelated questions focusing on how sequences of events 
caused learning (the so-called precursors referring to both antecedents or co-
occurring events): (1) What is the psychophysiological signature of learning? 
(2) What are the cognitive precursors of learning? (3) What are the social 
precursors of learning? Without answers to these three questions, it is not 
possible to know precisely when learning occurred and why it happened in 
authentic contexts, either from a cognitive or social (human interaction) point 
of view, since those contexts routinely involve self-directed and supervised 
learning activities. The strategy involves using psychophysiological methods 
in authentic contexts in conjunction with all available precautions and 
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pertinent analytical approaches to minimize measurement flaws associated 
with those contexts (Gevins, Chan, & Sam-Vargas, 2012). Contextual factors 
in which the studies will be positioned can be mapped onto various 
dimensions pertaining to how dyads of learners or a teacher and student 
interact, including how pertinent knowledge is distributed across individuals.  
 
2.3.1 Proof of concept from the field of human factors 
 
Much of recent teamwork research has used externalized events focusing on 
who is a member of the team, how they work together and what they do to 
perform their work. There have been fewer studies looking at the complex 
dynamics of how teamwork interactions unfold (Mathieu, Maynard, Rapp, & 
Gilson, 2008). Macrocognition (Warner, Letsky, & Cowen, 2005) is one 
framework for studying team interactions, and is defined as the externalized 
and internalized high-level mental processes employed by teams to create 
new knowledge. To its extreme, macrocognition involves considering a small 
group (constituted of three or more people who interact directly) as a single, 
unified thinking system. External processes are those associated with 
observable actions and measurable in a consistent, reliable, repeatable 
manner. Internalized processes are indirectly approached through qualitative 
metrics like think aloud protocols or surrogate quantitative metrics like pupil 
size, EEG or skin conductance. Speech provides a detailed and dynamic 
representation of teamwork. When team members interact, their 
communication streams contain information about knowledge, uncertainty, 
awareness of the situation, stress and other cognitive states (Cooke, 
Gorman, & Kiekel, 2008). Speech has structure in the content of what is 
being said, in flow, and relating to who is speaking along with specific speech 
functions. Speech is also sequential, temporal and relational as people tend 
to speak one after another and what is currently being said has temporal 
antecedents (Gorman, 2005). Communication streams and other non-verbal 
behavioral data are central for studying teamwork, yet additional measures 
would be useful which are relevant, unobtrusive, obtained in real-time, and 
can be practically implemented (Salas, Cook, & Rosen, 2008). 
 
Newly available psychophysiological approaches are providing such 
measures. Across multiple teamwork tasks, Stevens, Galloway, Berka, and 
Behneman (2010) found that psychophysiological patterns were shown to be 
non-random and sensitive to changes in the task and the activities of team 
members. These studies suggest that neurophysiologic correlates measured 
by EEG may be useful for studying team behavior not only at the milliseconds 
level, but at more extended time frames. Stevens, Galloway, Wang, and 
Berka (2011) more recently argued that neurophysiological data may 
complement communication metrics as measures of group cognition. 
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Projected research builds on these breakthroughs in the field of human 
factors and relates them to a single, dramatically important variable: learning. 
 
2.3.2 An example of a study: a teacher coaching a student in classic problem-
based learning 
 
Many perspectives have shown that the success of tutorial interaction for 
learning depends essentially on the contingency of the help on the learner’s 
needs (Fincham et al., 2010; Wood & Wood, 1999; VanLehn, 2011). This 
contingency depends on the moment-to-moment interaction between the tutor 
and the tutee(s) during the learning activity. In our opinion, this important 
phenomenon has been studied in research of exceptional quality regarding 
the functional aspect of discourse. Our extensive literature review suggests 
that the underlying brain activity has been much less, insufficiently studied in 
the learner, not studied in the tutor, and even less concomitantly in both 
during the course of a tutorial interaction. Indeed, these studies are based on 
conversation data, which represent partial records of participants’ cognitive 
activity since obviously they cannot all speak at the same time. The 
overarching goal of this study is to further test and contribute to theory 
regarding tutorial interaction, reputedly the most effective teaching method 
since 25 years (VanLehn, 2011).  
 
As a starting point, a study in preparation will further examine the causes of 
this efficiency as this type of tutorial interaction unfolds in classic problem-
based learning (PBL). PBL is a situation extended in time over a few sessions 
in which a group of students learn with the help of a coach on the basis of 
jointly-determined “learning issues” (Barrows, 1986). PBL is widely used 
worldwide in higher education, particularly in medical education. The causes 
of this efficacy pertaining to the interaction are still intricate and can involve 
the tutor’s initiative, the learners’ initiative, or their joint initiative (Chi, Siler, 
Jeong, Yamauchi, & Hausmann, 2001). Answers to a vast quantity of critical 
questions including the following cannot be obtained by relying only on 
conversational data: How accurate is the teacher monitoring of students’ 
learning state? What is the impact of answering the question of one student 
on the other students? What is the impact of inter-student conversation? 
What is the impact of “classroom” processes on the teacher thought 
processes? 
 
Through a multi-level view of cognition (Newell, 1990) centered on learning 
(Anderson, 2002) which postulated functional relations between brain activity, 
cognitive functioning and social interaction (Sun, 2006), this study will 
examine how intra- and inter-level relations determine the regulation of inter-
individual interactions in a learning context as well as their effects on 
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students’ learning. Five two-hour tutoring sessions, part of a regular physics 
class at UQAM will be videotaped. Electroencephalography will be recorded 
for the student and his coach. The orientation and sharing of their attention 
will be established through eye-tracking goggles. All data will be synchronized 
to the 1000th of second. The analysis will establish the intra and inter-
individual, as well as intra and inter-level (psychophysiological, cognitive, and 
social) sequential dependencies. The following questions represent the 
framework for data analysis. 
 
What is the best tutorial interaction as determined by psychophysiological, 
cognitive and social processes? The first questions have to be answered 
separately for each level (psychophysiological, cognitive, social) for each 
individual in the learning interaction before answering the second question. 
Because it is the most substantiated by theory, the cognitive level serves as 
the “anchor” in the analysis. The first question is : (1) What are the indicators 
of contingency of tutor help on learners’ needs in tutoring? This question is 
broken down into three sub-questions: (1.1) What are the indicators of 
decision-making in the coach (diagnosis of learners’ state, planning of tutorial 
moves, and evaluation of enacted moves)? (1.2) What are the indicators of 
learners’ difficulties and success in problem-solving? and (1.3) What are the 
relationships between these indicators and learning results? Elements of 
answer to all these questions are then put in relation in answering the second 
main question: (2) What is the correspondence between psychophysiological, 
cognitive, and social indicators of contingency in tutoring interaction?  
 
Briefly, the analysis of the neural data involves preserving the synchronization 
of the data for all levels, the identification of critical events on the basis of 
theory of tutoring, the specification of brain regions likely to be associated 
with these events (either confirmatory or exploratory) and finally to establish 
the intra and inter-level and intra and inter-individual causal correspondences 
on the basis of the temporal co-occurrence of events associated with every 
“trace”.  
Answers to the aforementioned questions should contribute to develop 
tutoring skills in educators by giving them additional keys to interpret their 
student’s behavior and talk during learning interactions. These results should 
also begin to show the potential and pitfalls of student-modeling based on 
psychophysiological tracing for human tutors and later, for next-generation 
intelligent tutoring systems. 
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3. Conclusion 
 
This article presented a general framework that can contribute in the 
development of bridges between educational and neuroscientific research. 
We strongly believe that researchers in neuroeducation can establish new 
research perspectives regarding how people learn, including in social 
contexts, by getting access to more complete information about the human 
mind across the multiple time scales pertinent to explain learning. While 
neural correlates of learning present high potential for the study of beneficial 
and detrimental conditions for learning, the vast majority of the best studies of 
learning rely on inferences about brain functioning based on behavior. The 
shortcoming of such inferences resides in the simple fact that 
psychophysiological processes occur faster than anything than can be 
measured behaviorally. By the direct access to brain activity in learning 
contexts that can even include social interaction, the assumptions regarding 
the psychophysiological level can be empirically tested. In our opinion, the 
key questions identified before are among the most central that the field of 
neuroeducation has to address. The framework associated with those 
questions can be further operationalized using pertinent concepts and 
methods to connect with current topics in learning and instruction. Examples 
of such topics for which research as envisioned here can be undertaken at 
the present include cognitive load (Antonenko et al., 2010), engagement 
during learning tasks (Freeman et al., 2004; Charland, Allaire-Duquette, & 
Léger, 2012), and human and computer tutoring (Mercier & Charland, 
submitted). At the moment, spectral analysis of EEG data is the approach of 
choice for this research, but current advances in single-trial in P300 
classification are likely to provide additional alternatives (Debener, Minow, 
Emkes, Gandras, & de Vos, 2012; Mattout, 2012). In this context, it is 
encouraging to note that recent experiments with portable EEG suggest that 
gains in ecological validity outweigh losses in measurement quality (Gevins et 
al., 2012; Debener et al., 2012). After many decades of theorizing and 
formulating promises about this kind of research, the time has finally come 
where it is possible to conduct high-potential research in education involving 
the integration of psychophysiological and behavioral data. Technological 
developments in the acquisition and analysis of psychophysiological data 
have recently led to the availability of appropriate equipment. 
 
Because of the inherently complex nature of most learning situations, it is 
imperative that research in neuroeducation be grounded in authentic and 
even interactive contexts to have its full impact on fostering learning. The 
view presented can contribute to forge aspects of the missing bridge between 
research in education and research in neuroeducation. Thus, fostering the 
impact of neuroeducation in educational practice involves the specification of 
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contexts and social interactions most critical to learning and most common in 
learning contexts and the study of their psychophysiological and behavioral 
aspects. It is now time to begin developing the expected theoretical, 
methodological, and empirical advances in order to foster theoretically-driven 
and empirically-based educational implications of neuroeducational research. 
This work was not possible until very recently. 
 
Projected research will have applications at different levels of instructional 
design and will be determinant in inventing the learning environments of the 
21st century. The findings of the proposed research should lead to the design 
of radically new learning environments involving teachers, instructors, and 
learning software. These environments will have increased potential to be 
optimally contingent on the learners’ needs, which are transitioning rapidly 
during the course of a learning task, during a school day, and across learning 
domains. Contingency, the dynamic matching of the learning environment 
and the learner’s state, inherently imply that the more temporally fine-grained 
characterization of the learner’s cognitive state will make possible very fine-
grained adaptations of the learning environment in terms of moment-by-
moment instantiations of specific modes of scaffolding and feedback, which 
will lead to more learning. Teaching interactions - whether in the classroom or 
distance learning - will be improved by mapping characteristics of the 
interaction with their non-behavioral fine-grained impact on learning 
(information on processing by the student(s) and teacher that does not disrupt 
the natural interaction) so that learning inductive conversation patterns can be 
identified and reproduced in face-to-face or technology-mediated interaction. 
Learning activities will be better designed given novel information regarding 
learners’ cognitive processing during those tasks (for example, engagement 
and cognitive load) coupled with performance measures during these 
activities. Learning materials will be better constructed by “customizing” them 
with the learner needs as measured by processing and related with student 
cognitive behavior. Finally, as a specific case, the development of interactive 
learning environments would benefit from these data to reinforce both the 
expert module (how the knowledge is represented in the system) and 
diagnosis module (how the learner’s needs are determined), as well as the 
planning module (how instruction is sequenced) and teaching module (how 
the knowledge is presented to the learner) that would in turn serve as 
research environments regarding the mapping of constraints between the 
psychophysiological, cognitive and social aspects of learning and 
performance. The research will require a long time and coordinated efforts 
from a substantial number of researchers. It is hoped that the perspective 
outlined and the themes identified will help foster the necessary bridges 
between educational research and neuroeducation. 
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