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1. INTRODUCTION G£N£RALE 
 

 

Le but initial de cette th¯se ®tait appliqu®, côest-̈-dire comprendre les m®canismes 

dôalt®ration du sens de soi corporel dans la schizophr®nie (SZ) (Ferri et al., 2014; Martin 

et al., 2017; Parnas & Handest, 2003; Sandsten et al., 2020). Dans ce but nous avons 

construit un nouveau protocole, adapt® dôune exp®rience bien connue dans la litt®rature 

(la óvariable foreperiodô que nous appellerons ót©che dôattente temporelleô dans les parties 

francophones de ce manuscrit) (Capizzi et al., 2015; Karlin, 1959; Niemi & Nªªtªnen, 

1981; Vallesi & Shallice, 2007). Nous pensions simplement adapter la t©che pour la 

rendre plus pertinente pour ®tudier les troubles cognitifs li®s au sens de soi corporel. Nous 

avons donc ajout® une composante motrice et tactile ¨ la t©che dôattente temporelle. Mais 

nous sommes all®s de surprise en surprise. Cette th¯se r®sume ces surprises et comment 

nous les avons interpr®t®es. Les r®sultats ont amen® ¨ des questions fondamentales, m°me 

si ce nô®tait pas lôobjectif initial. Les travaux ont donc n®cessit® plusieurs ajustements 

successifs, et une litt®rature chaque fois nouvelle, comme lôint®gration sensorimotrice, ou 

les effets du neurod®veloppement. La litt®rature est d®velopp®e dans lôintroduction 

sp®cifique de chaque travail, parce quôil semblait plus simple de pr®senter le 

d®veloppement des ®tudes dans lôordre chronologique plut¹t que dôannoncer toutes les 

surprises ¨ lôavance dans lôintroduction g®n®rale. Celle-ci inclue donc principalement les 

connaissances de base dont nous sommes partis, et plus particuli¯rement, des concepts du 

temps en psychologie exp®rimentale. 

 

Le temps est omnipr®sent dans notre environnement et influence lôensemble de nos 

comportements. Notre perception est celle dôun temps unique, qui sô®coule 

inexorablement. Cependant, il nôest pas certain que le cerveau utilise un m®canisme 

temporel unique (Mauk & Buonomano, 2004). Il pourrait faire appel ¨ des processus 

distincts (Buhusi & Meck, 2009; Buonomano & Laje, 2010; Garavaglia et al., 2024) et 

certains auteurs ont propos® des m®canismes locaux, par exemple sp®cifiques aux 

diff®rentes modalit®s sensorielles (Gamache & Grondin, 2010; Mioni et al., 2016), ¨ des 

t©ches diff®rentes (Ivry, 1996) ou ¨ des dur®es diff®rentes ¨ estimer (Grondin et al., 1999). 

Dans ce travail nous nous int®ressons ¨ la fa­on dont nous ajustons nos actions dans le 
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temps selon les contextes. Par exemple, lorsque lôon est arr°t® ¨ un feu rouge, nous 

attendons que le feu passe au vert pour d®marrer notre voiture. Nous anticipons ¨ la fois 

le moment o½ le feu changera de couleur et le moment o½ nous appuierons sur 

lôacc®l®rateur. Une question fondamentale de la litt®rature, encore non r®solue, est de 

savoir si les m°mes m®canismes dôanticipation temporelle nous pr®parent ¨ la fois ¨ 

percevoir le feu vert et ¨ appuyer sur la p®dale (Correa et al., 2006a; Ramirez et al., 2021; 

Thomaschke et al., 2011; Volberg & Thomaschke, 2017). En dôautres termes, selon que 

lôon attend un ®v®nement perceptif (le feu passant au vert) ou moteur (appuyer sur la 

p®dale), sôagit-il des m°mes m®canismes temporels qui entrent en jeu ? Les r®sultats que 

nous avons obtenus avec notre nouvelle t©che dôattente temporelle nous ont conduits ̈  

explorer cette question chez des individus neurotypiques. Cet objectif a ®t® abord® dans 

les ®tudes 1 et 2. 

 

La deuxi¯me partie de la th¯se sôest int®ress®e aux populations neuro-atypiques, dans le 

but dôutiliser notre t©che pour mieux comprendre les diff®rents types de troubles de la 

pr®paration temporelle en condition pathologique. Notre ®tude s'est concentr®e sur la SZ, 

une condition caract®ris®e par un ensemble de sympt¹mes complexes qui touchent au 

sens de soi (Ferri et al., 2014; Martin et al., 2017; Parnas & Handest, 2003; Sandsten et 

al., 2020), mais aussi par des alt®rations du contr¹le moteur (T®r®metz et al., 2017), 

notamment lors de la planification de s®quences motrices complexes (Delevoye-Turrell 

et al., 2007; Giersch et al., 2016; Peralta et al., 2010; Walther & Strik, 2012). Une 

s®quence motrice est un encha´nement ordonn® de sous-mouvements coordonn®s pour 

produire un mouvement fluide. La bonne ex®cution de ces s®quences repose sur la 

capacit® ¨ organiser les sous-mouvements dans un ordre temporel pr®cis. Un manque de 

coh®rence temporelle pourrait compromettre la pr®paration et l'ex®cution des 

mouvements complexes. Des d®ficits moteurs seraient dôailleurs d®j¨ pr®sents avant le 

d®veloppement de la maladie, chez des individus ayant un haut-risque (HR) g®n®tique de 

d®velopper la pathologie (Damme et al., 2024; Delevoye-Turrell et al., 2012; Manschreck 

et al., 2015). Il a ®t® sugg®r® que les troubles de la programmation motrice pourraient 

contribuer aux d®ficits moteurs observ®s chez les individus atteints de SZ (Delevoye-

Turrell et al., 2007) et plus particuli¯rement, les troubles de pr®paration temporelle 

(Giersch et al., 2016). Notre protocole nous a permis dôexplorer cette hypoth¯se. 
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Le second objectif, dôordre clinique, ®tait dôexaminer les m®canismes de pr®paration 

temporelle dans le contr¹le moteur chez les populations consid®r®es comme neuro-

atypiques. Il a ®t® explor® dans les ®tudes 3 et 4. Cet objectif requiert un d®veloppement 

sur les m®canismes qui permettent la pr®paration temporelle, et plus particuli¯rement les 

liens entre passage du temps et pr®diction temporelle. 

 

1.1. Lien entre passage du temps et pr®diction temporelle 
 

Le temps s'®coule de mani¯re continue, sans interruption entre les moments qui 

constituent nos vies. Pourtant, le moment pr®sent est per­u comme un instant unique, une 

pause dans cette continuit® temporelle. Ces deux impressions sont contradictoires, ce qui 

soul¯ve la question de leur coexistence (Wittmann, 2011). L'exemple de la m®lodie 

propos® par Husserl (1991) permet de comprendre comment les capacit®s de pr®diction 

temporelle concilient la notion dôinstant pr®sent et le sentiment de continuit® temporelle. 

Lorsque nous ®coutons une m®lodie, la ligne de la m®lodie est d®finie par la note pass®e 

(dont nous nous souvenons), la note pr®sente, et la note future (que nous anticipons). Nous 

sommes conscients des trois notes au m°me instant. Si chaque note ®tait per­ue isol®ment, 

il serait impossible de reconna´tre la m®lodie. De m°me, notre perception du temps est un 

processus dynamique qui int¯gre les moments pass®s et pr®sents pour anticiper ceux ¨ 

venir et nous procurer une sensation de continuit® temporelle (Fuchs, 2007). Par ailleurs, 

anticiper les ®v¯nements de son environnement permet de sôy pr®parer et dôy r®pondre de 

mani¯re optimale. Cette pr®paration temporelle est essentielle pour adapter son 

comportement  ̈diverses situations quotidiennes. Reprenons l'exemple d'une voiture 

arr°t®e ¨ un feu rouge. ê mesure que le temps passe, la probabilit® que le feu passe au 

vert augmente, tout comme le niveau de pr®paration pour d®marrer la voiture. Cette 

pr®paration permet de r®agir plus rapidement, côest-̈-dire de d®marrer la voiture d¯s que 

le feu passe au vert, ®vitant les d®sagr®ments de klaxons impatients. La mani¯re dont le 

passage du temps permet dôoptimiser la pr®paration ¨ un ®v¯nement pr®dictible est 

op®rationnalis®e en laboratoire gr©ce aux t©ches dôattente temporelle. 

 

Avant dô®voquer comment lôattente temporelle est mesur®e, nous r®sumons bri¯vement 

la question du contenu de cette attente, côest-̈-dire la fa­on dont la dur®e est ®valu®e. En 

effet, quand on attend que le feu passe au vert, il nôest pas n®cessaire de penser au temps, 

on parle alors dôattente implicite. N®anmoins, si le feu tarde ¨ passer au vert, on ressent 
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de lôimpatience. Ceci montre que la dur®e a ®t® ®valu®e, et quôelle joue un r¹le dans 

lôattente. La question des m®canismes dô®valuation de la dur®e va au-del¨ des objectifs 

de la th¯se. Nous lô®voquons bri¯vement en raison de lôimportance des mod¯les propos®s 

pour expliquer la perception de dur®e.  

 

1.2. £valuation du passage du temps 
 

L'®valuation explicite de la dur®e se distingue de la perception implicite dans la mesure 

o½ elle requiert d'estimer explicitement la dur®e ®coul®e. De nombreuses exp®riences 

permettent d'®valuer ces capacit®s d'estimation temporelle ¨ travers des t©ches 

perceptuelles ou motrices. Par exemple, dans des t©ches de jugement de dur®e, les 

participants comparent deux intervalles de temps d®finis par un stimulus de d®but et de 

fin, et indiquent si ces dur®es sont ®quivalentes et, le cas ®ch®ant, laquelle est la plus 

longue. Ces t©ches peuvent ®galement inclure une composante motrice, comme dans les 

t©ches de reproduction motrice. Dans ce cas les participants doivent reproduire une dur®e 

de r®f®rence en appuyant sur un bouton au d®but et ¨ la fin de cette dur®e (Droit-Volet, 

2022; Kononowicz & Penney, 2016). 

 

Une question centrale est : quels m®canismes c®r®braux sous-tendent l'estimation du 

temps ? Le premier mod¯le, propos® par Treisman (1963), est celui de l'horloge interne, 

qui comprend un interrupteur contr¹l® par l'attention, un pacemaker produisant des 

impulsions r®guli¯res, et un accumulateur, qui comme son nom lôindique, accumule ces 

impulsions. Au d®but de la dur®e ¨ estimer, l'interrupteur se ferme, permettant 

lôaccumulation des pulsations. ê la fin de la dur®e, l'interrupteur s'ouvre, arr°tant ainsi 

l'accumulation. La dur®e subjective d®pendrait donc du nombre de pulsations.  

 

Cependant, de nombreuses ®tudes ont contest® l'id®e d'une horloge unique (Ivry & 

Schlerf, 2008). De nombreux auteurs ont en effet montr® que les performances 

d'estimation temporelle varient en fonction de l'activit® r®alis®e ou m°me de la modalit® 

sensorielle impliqu®e, et sugg®r® lôexistence dôhorloges multiples (Bueti, 2011; Bueti et 

al., 2008; Gamache & Grondin, 2010; Grondin & Rousseau, 1991; Toso et al., 2021). De 

plus, de nombreuses aires c®r®brales sont impliqu®es dans diff®rentes t©ches temporelles 

(Coull, 2009; Coull et al., 2013, 2014, 2016; Coull & Giersch, 2022; Koziol et al., 2014; 

Macar et al., 2006; Nozaradan et al., 2017) : par exemple, les ganglions de la base sont 
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impliqu®s dans la perception explicite du temps, mais aussi dans la perception des 

rythmes. Le cortex pari®tal et le cortex pr®frontal jouent un r¹le dans lôestimation de 

dur®e, mais aussi dans lô®valuation des probabilit®s dôoccurrence dôun stimulus avec le 

passage du temps. Le cortex pari®tal serait ®galement impliqu® dans la perception de 

lôordre temporel. Le cervelet joue un r¹le dans lôestimation de dur®e ainsi que dans la 

coordination motrice et le s®quencement des mouvements. Lôaire motrice suppl®mentaire 

pourrait jouer un r¹le dans lôextraction explicite des dur®es. Cette diversit® a donn® lieu 

¨ des mod¯les alternatifs ¨ celui du mod¯le de lôhorloge. 

 

Le mod¯le de Buonomano (Buonomano, 2000; Buonomano & Karmarkar, 2002; 

Karmarkar & Buonomano, 2007) propose que la perception du temps d®coule non 

seulement de neurones sp®cifiques, mais ®galement de lôactivit® et des interactions de ces 

neurones au sein de r®seaux. Dans cette perspective, le temps est cod® par la structuration 

temporelle de lôactivit® neuronale (les ópatternsô), chaque instant ®tant li® ¨ une 

configuration unique. Ce mod¯le met en avant le caract¯re dynamique et plastique de 

notre perception temporelle, qui s'ajuste en fonction des exigences de la t©che et de nos 

exp®riences ant®rieures (Hardy et al., 2018). Ce mod¯le rejoint des donn®es 

exp®rimentales qui sugg¯rent que notre perception explicite du temps se d®veloppe 

implicitement ¨ travers nos actions (Coull & Droit-Volet, 2018). 

 

Ces mod¯les et r®sultats concernent la perception explicite du temps, mais ils se 

rapportent ¨ la question initialement soulev®e par cette th¯se, ¨ savoir : l'existence de 

m®canismes multiples de la perception du temps, et qui fonctionnent en parall¯le. 

 

1.3. T©che dôattente temporelle et marqueurs de la pr®diction 

temporelle 
 

Contrairement aux t©ches dô®valuation de dur®e, qui requi¯rent un jugement explicite sur 

la dur®e ®coul®e, les t©ches dôattente temporelle ne n®cessitent pas ce type de jugement. 

Comme nous lôavons pr®c®demment mentionn®, ces t©ches sont implicites. Le moment 

dôoccurrence dôun ®v®nement est pr®dit automatiquement afin de sôy pr®parer au mieux. 

La pr®diction peut °tre bas®e sur les ®v®nements r®cents, par exemple lôestimation dôune 

probabilit® de survenue de lô®v®nement. Cette estimation peut °tre bas®e sur lôensemble 

des ®v®nements pass®s (la distribution), ou sur les occurrences r®centes (ce qui sôest pass® 
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juste avant). Par exemple si une lumi¯re rouge est toujours suivie par une lumi¯re verte, 

lôattente de celle-ci sera forte. En revanche, si la lumi¯re verte est un ®v®nement rare, son 

apparition ne sera pas n®cessairement anticip®e. De m°me, si la lumi¯re verte survient 

toujours moins de deux secondes apr¯s la lumi¯re rouge, lôattente dispara´tra apr¯s ce 

d®lai (Correa et al., 2006b). 

 

Exp®rimentalement, les t©ches dôattente temporelle reposent sur le principe suivant : un 

premier signal est pr®sent® aux participants, suivi, apr¯s un d®lai court ou long, dôune 

cible. Les participants doivent r®agir le plus rapidement possible ¨ lôapparition de la cible, 

g®n®ralement en appuyant sur un bouton r®ponse. Le temps de r®action (TR) sert 

d'indicateur comportemental pour mesurer les performances dans ce type de t©che. Le 

b®n®fice du passage du temps, lôun des marqueurs des capacit®s de pr®diction temporelle, 

se manifeste sur les TRs de la mani¯re suivante : plus la cible survient apr¯s un d®lai long, 

plus le niveau de pr®paration des participants est ®lev®, plus les TRs sont rapides (Coull, 

2009; Han & Proctor, 2022; Johnson et al., 2015; Niemi & Nªªtªnen, 1981; Zahn & 

Rosenthal, 1966). Lôune des explications possibles est la prise en compte de la probabilit® 

dôoccurrence de la cible (Janssen & Shadlen, 2005; Nobre et al., 2007). En effet, dans le 

cadre de la óhazard functionô, il y aurait un calcul automatique de la probabilit® 

conditionnelle qu'un ®v®nement se produise alors qu'il ne s'est pas encore produit. Ce 

mod¯le explicatif rend compte des manipulations de probabilit® dôoccurrence des cibles. 

Un mod¯le alternatif a ®t® d®velopp® pour expliquer pourquoi les TRs sont plus rapides 

au d®lai long qu'au d®lai court. Selon le mod¯le formalis® des traces multiples de la 

pr®paration temporelle (fMTP), cette pr®paration est influenc®e par les traces m®morielles 

laiss®es par les essais pr®c®dents. Ces traces m®morielles contribuent ¨ optimiser la 

pr®paration du syst¯me moteur, facilitant ainsi la r®action ¨ l'apparition de la cible (Los 

et al., 2014, 2017; Salet et al., 2022). Cet effet rend ®galement compte dôinfluences dôessai 

en essai.  

 

En effet, dans les t©ches dôattente temporelle, le d®lai dôapparition de la cible varie dôun 

essai ¨ lôautre, et le d®lai de lôessai pr®c®dent influence les performances ¨ lôessai suivant, 

un ph®nom¯ne appel® óeffets s®quentielsô (Los & Heslenfeld, 2005; Steinborn et al., 2008; 

Van der Lubbe et al., 2004; Woodrow, 1914). Ces effets, robustes et automatiques, 

reposent sur la pr®diction que deux essais cons®cutifs seront similaires (Kong et al., 2015; 

Vallesi et al., 2014), ou sur les effets m®moriels dans le mod¯le fMTP. En tenant compte 
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des probabilit®s de lôoccurrence de la cible, apr¯s un essai avec un d®lai long, le d®lai 

suivant est pr®dit comme ®tant long. Si le d®lai suivant est finalement court, la cible 

survient plus t¹t que pr®vu, ce qui induit un effet de surprise (non conscient) et un 

ralentissement des TRs. Plus pr®cis®ment, un TR plus lent est observ® apr¯s un d®lai court 

pr®c®d® dôun d®lai long (s®quence long-court) compar® ¨ deux d®lais courts cons®cutifs 

(s®quence court-court). Ces effets s®quentiels sont dits asym®triques car lôinfluence du 

d®lai pr®c®dent sur le TR nôest pr®sente que lorsque le d®lai de lôessai actuel est court 

(Capizzi et al., 2015; Karlin, 1959; Los, 2010; Mento, 2017). Lors dôun essai avec un 

d®lai long, m°me si le d®lai pr®c®dent ®tait court et que les participants pr®disent une 

apparition de la cible au d®lai court, cela nôaffecte pas leur performance. M°me si la cible 

ne survient pas au d®lai court, la pr®paration est maintenue jusquôau d®lai long, assurant 

ainsi un TR optimal lorsque la cible intervient. 

 

Les explications pour les effets s®quentiels sont similaires pour le mod¯le fMTP et le 

mod¯le qui tient compte des probabilit®s dôoccurrence de la cible. La principale diff®rence 

est que lôimplication de la m®moire dans le mod¯le fMTP permet de se d®tacher des 

m®canismes de pr®diction. Une discussion sur ces mod¯les va au-del¨ des objectifs de 

cette th¯se. Nous ne manipulons pas les probabilit®s dôoccurrence des cibles, toujours ¨ 

100%, et nous utilisons les influences dôessai en essai comme un outil pour explorer nos 

questions. Leurs m®canismes sous-jacents ne font pas lôobjet de notre travail. Nous 

devons cependant reconnaitre une influence forte du mod¯le qui tient compte des 

probabilit®s dôoccurrence de la cible sur notre travail, ce qui nous conduit ¨ mentionner 

fr®quemment le terme de ópr®dictionô temporelle. 

 

Les effets observ®s pendant les t©ches dôattente temporelle sur les TRs peuvent °tre 

®galement observ®s sur un indicateur ®lectroenc®phalographique (EEG) classiquement 

mesur® dans les paradigmes dôattente temporelle : la variation contingente n®gative 

(CNV) (Los & Heslenfeld, 2005; Mento, 2017; Mento et al., 2013; Trillenberg et al., 

2000). 

 

1.4. Un indicateur EEG de la pr®diction temporelle 
 

La CNV a ®t® d®crite pour la premi¯re fois par Walter et al. (1964) comme un potentiel 

®voqu® par un premier stimulus, qui persiste jusquô¨ lôoccurrence dôune cible qui peut 
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°tre pr®dite dans le temps. Elle a initialement ®t® interpr®t®e comme un indicateur de 

pr®paration temporelle, impliquant des processus moteurs et cognitifs. Certains auteurs 

ont utilis® des indices attentionnels qui indiquent le d®lai auquel la cible arrive (Coull & 

Nobre, 2008; Mento, 2017). Ils ont montr® que l'amplitude de la CNV est plus n®gative 

lorsque les participants savent quand la cible va arriver, comparativement ¨ une condition 

dite neutre o½ cette information nôest pas disponible (Griffin & Nobre, 2003; Mento, 

2017; Mento & Vallesi, 2016). Cette modulation de la CNV a ®t® interpr®t®e comme un 

marqueur de pr®paration motrice proactive, refl®tant une anticipation optimis®e de la 

r®ponse ¨ fournir. 

 

La CNV ne refl¯te pas uniquement des processus moteurs ou attentionnels; son amplitude 

est influenc®e par dôautres processus cognitifs, d®pendant du type de t©che temporelle 

consid®r®. Par exemple, dans les t©ches temporelles explicites, les participants doivent 

®valuer consciemment le temps ®coul® (Kononowicz & Penney, 2016), en comparant 

deux dur®es ®coul®es ou en reproduisant une dur®e m®moris®e. Cette focalisation sur la 

dur®e se traduit par une variation de lôamplitude de la CNV (Giovannelli et al., 2014; 

Macar et al., 1999; Pfeuty et al., 2008). Kononowicz & van Rijn (2015) ont propos® que 

la CNV refl¯te des processus d®cisionnels ¨ lôîuvre dans lô®valuation de dur®e. Ces 

r®sultats suggr̄ent que ce potentiel ®voqu® int¯gre non seulement la perception 

consciente du temps, mais aussi des processus cognitifs de haut niveau, tels que 

lôattention, la m®moire de lôintervalle temporel appris et la prise de d®cision (Arjona et 

al., 2014; Brunia, 1993; Ng et al., 2011; Wiener & Thompson, 2015). 

 

La CNV reste un indicateur EEG privil®gi® pour lô®tude des capacit®s de pr®diction 

temporelle, car les m®canismes sous-jacents ¨ sa gen¯se peuvent °tre dissoci®s des 

processus moteurs et d®cisionnels. Mento (2013) a utilis® une t©che dôattente temporelle 

dans laquelle aucune r®ponse motrice nô®tait requise ¨ lôoccurrence de la cible. Dans cette 

t©che, le d®lai ®tait constant dôessai en essai, mais variait entre les blocs exp®rimentaux. 

Une CNV a ®t® observ®e tout au long du d®lai pr®c®dant lôoccurrence de la cible, avec 

une amplitude croissante au fil des essais, refl®tant un apprentissage progressif de la 

structure temporelle du bloc exp®rimental. Cet apprentissage implicite sôest manifest® 

m°me en l'absence de r®ponse motrice ou de prise de d®cision, sugg®rant que la CNV 

refl¯te une forme de pr®diction temporelle ind®pendante des processus de d®cision et de 

r®ponse. 
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Lôamplitude de la CNV est ®galement sensible aux effets s®quentiels : avant lôoccurrence 

de la cible au d®lai court, la CNV est plus n®gative si le d®lai de lôessai pr®c®dent ®tait 

®galement court plut¹t que long. Comme pour les effets s®quentiels observ®s sur les TRs, 

ces effets sur la CNV sont asym®triques, car lôamplitude de la CNV au d®lai long nôest 

pas affect®e par le d®lai de lôessai pr®c®dent (Los & Heslenfeld, 2005; Mento, 2017; 

Mento et al., 2013; Van der Lubbe et al., 2004). 

 

La CNV est donc bien pertinente pour les t©ches dôattente temporelle. Lôimplication 

relative des processus perceptifs et/ou moteurs nôest pas toujours claire cependant. Cette 

question est importante pour la CNV comme pour les r®ponses comportementales. 

Certaines ®tudes d®crites ont ®t® r®alis®es avec des t©ches dans lesquelles il a ®t® observ® 

que les capacit®s de pr®diction temporelle influen­aient les processus perceptifs (Correa 

et al., 2006a; Coull et al., 2000; Lange & Rºder, 2006; Ramirez et al., 2021), tandis que 

dôautres ont sugg®r® quôelles optimisaient la pr®paration motrice (Hasbroucq et al., 1999; 

Korolczuk et al., 2020; Thomaschke et al., 2011; Volberg & Thomaschke, 2017). Dans la 

suite, nous d®veloppons les mod¯les qui ®clairent la composante motrice de notre t©che. 

 

1.5. Les mod¯les du contr¹le moteur  
 

Les mod¯les du contr¹le moteur distinguent le mod¯le inverse et le mod¯le óforwardô, qui 

interagissent pour ajuster la planification et l'ex®cution des mouvements (Flanagan & 

Wing, 1997; McNamee & Wolpert, 2019; Wolpert et al., 1995; Wolpert & Ghahramani, 

2000). Le mod¯le inverse calcule la commande motrice n®cessaire pour atteindre lô®tat 

final souhait® et d®termine les actions requises pour passer de lô®tat initial ¨ cet ®tat cible. 

Une copie de la commande motrice, appel®e copie dôeff®rence, est envoy®e au mod¯le 

forward. Celui-ci pr®dit lô®tat futur du corps et les retours sensoriels associ®s au 

mouvement (proprioceptifs, visuels, tactiles) ¨ partir de cette copie. Les pr®dictions du 

mod¯le forward sont ensuite confront®es aux retours sensoriels r®ellement per­us durant 

lôex®cution du mouvement. La diff®rence entre les pr®dictions et les perceptions peut 

g®n®rer une erreur de pr®diction, qui conduit ¨ un ajustement en temps r®el de la 

commande motrice produite par le mod¯le inverse. Toutefois, les retours sensoriels 

n®cessaires pour g®n®rer cette erreur de pr®diction ne sont pas per­us instantan®ment en 

raison des d®lais internes au syst¯me, tels que la conduction axonale des r®cepteurs 

sensoriels vers le syst¯me nerveux central. Par opposition, on retrouve des d®lais externes 
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au syst¯me, lesquels se r®f¯rent aux contraintes temporelles impos®es par 

l'environnement. Ces contraintes externes peuvent notamment n®cessiter d'ex®cuter un 

mouvement en un temps pr®cis. Par exemple, lorsque l'on danse, l'ajustement de ses 

mouvements au rythme de la musique illustre une contrainte temporelle externe qui 

influence notre contr¹le moteur.  

 

Cela soul¯ve la question des m®canismes qui compensent (1) les d®lais internes pour 

synchroniser les retours sensoriels pr®dits et r®els, et (2) les d®lais externes au syst¯me 

pour assurer une ex®cution motrice optimale. 

 

1.5.1. Le óSmith Predictorô 
 

Pour compenser les d®lais internes, le óSmith Predictorô a ®t® propos® (Miall et al., 1993; 

Miall & Wolpert, 1995). Ce mod¯le utilise deux boucles de r®troaction : la premi¯re inclut 

le mod¯le forward, pr®c®demment d®crit, et la seconde int¯gre le mod¯le des d®lais. Ce 

dernier ajuste les pr®dictions du mod¯le forward en les retardant, pour tenir compte des 

d®lais internes au syst¯me, et sôassurer de la synchronisation temporelle entre pr®dictions 

et retours sensoriels per­us. Les pr®dictions ajust®es sont ensuite compar®es aux retours 

r®els gr©ce ¨ un comparateur qui calcule lôerreur de pr®diction. Si les retours sensoriels 

arrivent plus tard que pr®vu, une erreur survient. Pour la compenser, des ajustements 

correctifs en ligne permettent de corriger le d®calage. 

 

Pour v®rifier lôexistence dôun tel m®canisme, des chercheurs ont introduit des d®lais 

internes artificiels entre un mouvement et ses retours sensoriels, en imposant par exemple 

un d®calage temporel dans les retours visuels ou proprioceptifs du mouvement (Miall & 

Jackson, 2006; Rasman et al., 2024). Bien que ces d®lais artificiels ne correspondent pas 

aux d®lais intrins¯ques r®els du syst¯me, ils modifient la temporalit® entre le mouvement 

ex®cut® et le retour sensoriel. En ce sens, ils sont consid®r®s comme un nouveau d®lai 

interne par le syst¯me. Les r®sultats de ces exp®riences montrent que les participants 

ajustent progressivement leurs r®ponses motrices en r®ponse ¨ ces d®lais internes 

artificiels, sans avoir recours syst®matiquement ¨ des ajustements correctifs en ligne, 

comme le pr®dit le mod¯le du Smith Predictor. Cependant, ces r®sultats ne permettent pas 

de d®terminer avec pr®cision ¨ quel niveau du contr¹le moteur (mod¯le inverse ou mod¯le 
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forward) ces d®lais internes artificiels sont int®gr®s pour faciliter un ajustement progressif 

de la commande motrice.  

 

Un ®l®ment de r®ponse est fourni par les travaux de Rasman et al. (2024). Dans leur 

exp®rience, ils ont d®montr® que l'adaptation aux d®lais internes artificiels se g®n®ralise 

¨ diff®rents effecteurs musculaires, allant des muscles de la main aux jambes. Ces 

r®sultats sont surprenants, car selon le mod¯le du Smith Predictor, l'adaptation aux d®lais 

internes devrait °tre sp®cifique ¨ chaque effecteur. En effet, les d®lais de transmission 

axonale varient en fonction de la longueur et de la vitesse de conduction neuronale, 

comme c'est le cas entre un bras et une jambe. Si l'apprentissage et l'adaptation ¨ ces 

d®lais internes artificiels peuvent s'appliquer ¨ plusieurs effecteurs musculaires, cela 

sugg¯re que la prise en compte des d®lais internes au syst¯me n'est pas limit®e ¨ une seule 

commande motrice, mais pourrait °tre g®n®ralis®e ¨ l'ensemble du contr¹le moteur. 

 

La question demeure concernant la gestion des d®lais externes, ceux impos®s par 

l'environnement, qui ne peuvent pas toujours °tre anticip®s avec pr®cision. Par exemple, 

un joueur de tennis doit frapper la balle au moment opportun tout en sôadaptant aux 

variations constantes de sa vitesse et de sa trajectoire. Dans ce contexte, il devient difficile 

de pr®voir pr®cis®ment quand stopper le mouvement, car l'®v®nement ext®rieur impose sa 

propre temporalit®. La mani¯re dont ces contraintes sont int®gr®es dans le contr¹le moteur 

reste encore floue. Les mod¯les inverse et forward pourraient y contribuer : le mod¯le 

inverse pourrait int®grer ces contraintes temporelles dans la commande motrice initiale, 

tandis que le mod¯le forward ajusterait les pr®dictions sensorielles en temps r®el pour 

adapter le mouvement aux impr®vus de lôenvironnement. 

 

Cette question rev°t un int®r°t fondamental et clinique, car y r®pondre permettrait de 

mieux caract®riser les sympt¹mes moteurs observ®s dans certaines populations neuro-

atypiques, comme celle atteinte de SZ. Ces sympt¹mes ne semblent pas enti¯rement li®s 

¨ des alt®rations dopaminergiques ou ¨ des anomalies neuroanatomiques classiques du 

syst¯me moteur, mais pourraient plut¹t, ou aussi, r®sulter de difficult®s ¨ programmer ses 

actions motrices dans le temps (Giersch et al., 2016). Ces troubles sont d®crits dans la 

suite dans cette introduction. 
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1.6. Une population neuro-atypique : lôexemple de la 

schizophr®nie 
 

1.6.1. G®n®ralit®s 
 

La SZ touche environ 1% de la population mondiale (Roy et al., 2021), mais son impact 

d®passe ce chiffre. La prise en charge des individus atteints inclut des soins m®dicaux 

prolong®s et un soutien accru des familles. En outre, l'incapacit® fr®quente des personnes 

atteintes ¨ maintenir une activit® professionnelle limite leur int®gration sociale et 

contribue ¨ leur isolement, ce qui entra´ne des r®percussions sur leur qualit® de vie et sur 

leur participation active ¨ la soci®t® (Charrier et al., 2013). Ces ®l®ments soulignent que 

les cons®quences soci®tales de la SZ s'®tendent au-del¨ des 1% individus concern®s. 

 

La SZ est une pathologie neurod®veloppementale dont les origines sont multifactorielles 

et encore mal comprises. Bien que des facteurs de risque g®n®tiques et environnementaux 

aient ®t® identifi®s, leur pr®sence ne permet pas de pr®dire avec certitude le 

d®veloppement de la maladie ni dôen expliquer pleinement lô®tiologie (Abel, 2004; 

Birnbaum & Weinberger, 2017; Yamada et al., 2019). Le diagnostic de la SZ repose sur 

l'identification de plusieurs sympt¹mes pr®sents sur une certaine p®riode, principalement 

d®tect®s ¨ partir des rapports subjectifs des individus en l'absence de biomarqueurs 

sp®cifiques. Ces sympt¹mes sont vari®s et se r®partissent en trois grandes 

cat®gories (American Psychiatric Association, 2013): 

р Sympt¹mes positifs : ces sympt¹mes sôajoutent au fonctionnement classique de 

l'individu, et incluent hallucinations et d®lires. 

р Sympt¹mes n®gatifs : ces sympt¹mes sont retranch®s du fonctionnement habituel, 

et sont souvent associ®s ¨ une diminution de la motivation, du plaisir, ou de 

l'expression ®motionnelle. 

р Sympt¹mes de d®sorganisation : les sympt¹mes de d®sorganisation englobent des 

comportements d®sorganis®s, notamment des troubles de la pens®e, du discours, 

et du comportement moteur. 

 

Dans les sympt¹mes positifs, on retrouve aussi des troubles de lôagentivit® qui se 

manifestent par des d®lires dôinfluence o½ les individus atteints de SZ ont l'impression 

que leurs pens®es ou actions sont influenc®es ou contr¹l®es par des forces ext®rieures. 
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Certains auteurs ont sugg®r® que ce type de sympt¹mes pouvait °tre sous-tendu par un 

d®ficit des mod¯les internes du contr¹le moteur (Frith, 2004; Giersch et al., 2016; 

Haggard et al., 2003). 

 

1.6.2. Lôhypoth¯se de lôalt®ration de la d®charge corollaire 
 

Comme d®crit dans la section 1.5, les mod¯les internes du contr¹le moteur impliquent 

une copie dôeff®rence, côest-̈-dire une copie interne des commandes motrices envoy®es 

aux muscles, pour pr®dire les cons®quences sensorielles du mouvement. Ces pr®dictions 

sont compar®es aux retours sensoriels r®els, et si une diff®rence est d®tect®e, le 

mouvement est ajust®. Quand les signaux sensoriels per­us correspondent aux pr®dictions 

(erreur sensorielle faible ou nulle), ils confirmeraient que lôaction a ®t® g®n®r®e par le 

sujet qui r®alise lôaction. Selon Frith (2004) côest la correspondance entre lôinformation 

pr®dite et r®elle qui permet de se sentir auteur de son acte. En outre, cette m°me 

correspondance aurait des implications pour le traitement du retour sensoriel. En effet, il 

nôest pas n®cessaire de traiter davantage les signaux qui correspondent aux pr®dictions, 

justement parce que ces signaux sont d®j¨ pr®dits (Shergill et al., 2003). Cette inhibition 

du retour sensoriel est permise par la d®charge corollaire dans les cortex sensoriels. La 

d®charge corollaire informe les syst¯mes sensoriels des informations attendues (Von 

Holst & Mittelstaedt, 1950). Lôatt®nuation du retour sensoriel est particuli¯rement 

importante dans le cas des sensations auto-g®n®r®es. Par exemple lorsque nous parlons, 

la d®charge corollaire informe le cortex auditif des sons ¨ venir (Eliades & Wang, 2003; 

M¿ller-Preuss & Ploog, 1981). Gr©ce ¨ ce signal, la r®ponse sensorielle aux sons auto-

g®n®r®s est att®nu®e. Cette att®nuation emp°che une r®action inappropri®e ¨ notre propre 

voix et permet de mieux se concentrer sur les sons externes. 
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Figure 1. Repr®sentation sch®matique des mod¯les de contr¹le moteur inverse et 

pr®dictif. Le cercle gris (A) repr®sente le point de contr¹le moteur o½ le mod¯le inverse 

ajuste sa commande motrice en fonction de lô®tat initial, actualis® par les informations 

sensorielles. Le cercle gris (B) constitue le syst¯me sensoriel. Enfin, le cercle gris (C) est 

le contr¹leur qui g®n¯re lôerreur sensorielle. Figure adapt®e de (Winstein et al., 2003). 

 

Dans la SZ, une alt®ration de la d®charge corollaire entra´nerait une att®nuation 

inad®quate des sensations auto-g®n®r®es. Ceci pourrait compromettre la perception des 

actions comme ®tant auto-initi®es et pourrait contribuer aux troubles de l'agentivit® (Frith, 

2004; Shergill et al., 2005; Wang et al., 2014). Par exemple, lors de la parole, la N1, une 

composante EEG observ®e environ 100 ms apr¯s un stimulus auditif, est normalement 

r®duite chez les individus neurotypiques, gr©ce ¨ la d®charge corollaire qui permet 

dôatt®nuer les sons auto-g®n®r®s. Chez les individus atteints de SZ, cette r®duction de 

l'onde N1 est beaucoup moins marqu®e, sugg®rant un dysfonctionnement de la d®charge 

corollaire (Be¶o-Ruiz-de-la-Sierra et al., 2024; Ford et al., 2007; Mathalon et al., 2019). 

En outre, cette alt®ration de la r®duction de N1 a ®t® directement corr®l®e ¨ la s®v®rit® des 

exp®riences anormales de soi chez les individus atteints de SZ (Be¶o-Ruiz-de-la-Sierra 

et al., 2024). Ces r®sultats sugg¯rent que l'alt®ration de la d®charge corollaire pourrait 

contribuer aux troubles de l'agentivit® observ®s dans cette population. 

 

Il reste ¨ d®terminer si cette difficult® ̈ supprimer les signaux sensoriels pr®dits chez les 

individus atteints de SZ est due ¨ une alt®ration de la d®charge corollaire ou ¨ un 

dysfonctionnement du contr¹le moteur en amont de la gen¯se de la d®charge corollaire, 

lors de la planification motrice. 
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1.6.3. Lôhypoth¯se dôune planification motrice alt®r®e 
 

Delevoye-Turrell et al. (2006) ont explor® les capacit®s attentionnelles allou®es ¨ la 

planification et ¨ lôex®cution motrice chez des individus atteints de SZ et des 

neurotypiques en utilisant un paradigme de double t©che. Les participants effectuaient des 

actions de pr®hension et de d®placement dôobjets en condition de t©che simple ou double. 

Dans la double t©che, les participants devaient non seulement manipuler un objet, mais 

aussi r®agir ¨ un signal sonore en appuyant sur un interrupteur plac® sous leur talon. Les 

TRs en r®ponse ¨ ce signal ont ®t® mesur®s ¨ trois moments distincts : (1) avant l'initiation 

du mouvement, permettant d'®valuer le TR lors de la phase de planification, (2) pendant 

la manipulation de l'objet, ce qui mesurait l'impact du signal sonore sur la performance 

pendant l'ex®cution des mouvements, et (3) apr¯s que les participants avaient repos® 

l'objet, pour ®valuer les TRs pendant la phase de r®initialisation. En condition de double 

t©che, le TR des individus atteints de SZ ®tait plus ®lev® pendant l'ex®cution que lors de 

la planification motrice. En revanche, chez les neurotypiques, le TR augmentait 

davantage lorsque la double t©che intervenait pendant la planification plut¹t quôau cours 

de l'ex®cution. Ces r®sultats sugg¯rent que chez les neurotypiques la planification motrice 

requiert de lôattention, tandis que cette phase nôest pas optimale et ne mobilise pas 

lôattention dans le cas des individus atteints de SZ. Dôautres r®sultats sugg¯rent ®galement 

une anomalie de lôallocation de lôattention durant les t©ches motrice dans la SZ. En 

particulier, une sensibilit® anormale ¨ des distracteurs a ®t® d®crite durant des t©ches 

motrices chez les individus avec SZ (Carment et al., 2019). Les troubles attentionnels sont 

connus dans la SZ, et pourraient impacter le contr¹le moteur. Une alternative (non 

exclusive) est que les alt®rations de la programmation motrice requi¯rent une 

compensation attentionnelle lors de lôex®cution motrice (Delevoye-Turrell et al., 2006).  

 

Une alt®ration sp®cifique de la programmation motrice a en effet ®t® observ®e chez les 

individus atteints de SZ lors de l'ex®cution de mouvements complexes n®cessitant une 

planification pr®cise. Delevoye-Turrell et al. (2007) ont compar® des individus atteints de 

SZ ¨ des neurotypiques dans une t©che de pointage du doigt sur une surface. Le 

mouvement ®tait d®compos® en s®quences de complexit® croissante : une s®quence ¨ deux 

®l®ments (pointer et lever le doigt), une s®quence ¨ trois ®l®ments (atteindre la surface, 

pointer, et lever le doigt), et une s®quence ¨ quatre ®l®ments (atteindre, pointer, lever le 

doigt, puis stabiliser la main ¨ 30 cm au-dessus de la surface). Le temps de contact du 



CHAPITRE 1. INTRODUCTION GÉNÉRALE 

16 

doigt avec la surface ®tait utilis® comme indicateur de la planification motrice. Une bonne 

anticipation de ce contact devrait permettre un temps de contact tr¯s court, sans attente 

du retour sensoriel pour effectuer le retrait du doigt. En effet, si l'on attend le retour 

sensoriel, cela prend au moins 90 ms pour que l'information sensorielle parvienne au 

cerveau et qu'une commande motrice soit renvoy®e en p®riph®rie (Johansson et al., 1992). 

Toutefois, les individus atteints de SZ ont montr® un temps de contact significativement 

prolong® par rapport aux neurotypiques, avec une augmentation du temps de contact 

proportionnelle ¨ la complexit® des s®quences. Ce temps de contact allong® sugg¯re que 

les individus atteints de SZ attendent le retour sensoriel avant de lever leur doigt, ce qui 

indiquerait une alt®ration de la planification de la s®quence motrice.  

 

Il ®tait possible que le temps de contact prolong® soit d¾ ¨ une alt®ration des processus de 

retours sensoriels, ou ¨ un ralentissement non sp®cifique. Cependant, il a ®t® d®montr® 

que les individus atteints de SZ peuvent agripper un objet glissant de fa­on r®flexe aussi 

vite que les individus neurotypiques (Delevoye-Turrell et al., 2007). Cela indique que 

l'information sensorielle est utilis®e de la m°me mani¯re chez les individus neurotypiques 

et atteints de SZ pour adapter leur mouvement. Le d®ficit observ® dans la r®alisation de 

mouvements complexes chez les individus atteints de SZ semble r®sulter dôune alt®ration 

des m®canismes de planification de lôaction. Planifier une s®quence de sous-mouvements 

pour r®aliser un mouvement fluide n®cessite d'ordonner chaque ®tape dans le temps. Les 

s®quences motrices planifi®es doivent s'ex®cuter rapidement et de mani¯re coordonn®e, 

sans d®pendre excessivement du retour sensoriel. En revanche, chez les individus atteints 

de SZ, l'allongement des d®lais entre les sous-®l®ments r®v¯le des mouvements 

fragment®s, moins efficaces. Ces effets pourraient °tre dus ̈  un d®faut de planification 

temporelle. 

 

1.6.4. Le temps dans la schizophr®nie 

 

Dans les t©ches d'attente temporelle, certaines ®tudes ont montr® que les individus atteints 

de SZ et les neurotypiques obtiennent des r®sultats similaires, avec un TR plus rapide 

lorsque la cible survient apr¯s un d®lai long par rapport ¨ un d®lai court (Ciullo et al., 

2018; Martin et al., 2017). Ces r®sultats sugg¯rent que ce b®n®fice du passage du temps 

est pr®serv® chez les personnes atteintes de SZ. Cependant, Martin et al. (2017) ont 

montr® que cette pr®servation n'est pas uniforme dans la SZ : les individus pr®sentant des 
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troubles du sens de soi ne montrent pas de variation de leur TR en fonction du d®lai, ce 

qui indique qu'ils ne b®n®ficient pas du passage du temps. 

 

Des r®sultats r®cents ont sugg®r® que le b®n®fice du passage du temps est plus largement 

alt®r® chez les individus atteints de SZ, au niveau du groupe (Foerster & Joos et al., 2024). 

Lôapproche a consist® ¨ isoler le b®n®fice du passage du temps des effets s®quentiels. 

Nous avons vu que le d®lai de l'essai pr®c®dent influence le TR de l'essai actuel, 

ind®pendamment du b®n®fice du passage du temps (Vallesi & Shallice, 2007) : les TRs 

au d®lai court sont ralentis lorsque le d®lai pr®c®dent ®tait long (s®quence long-court), par 

rapport ¨ des essais o½ le d®lai pr®c®dent ®tait ®galement court (s®quence court-court). 

Dans une distribution o½ 50% des essais ont un d®lai court et 50% ont un d®lai long, la 

moiti® des essais avec un d®lai court est pr®c®d®e dôun d®lai long. Ainsi, environ 50% des 

TRs au d®lai court seront ralentis en raison des effets s®quentiels. Les effets s®quentiels 

ne sont pas perturb®s chez les individus atteints de SZ (Foerster & Joos et al., 2024), et 

peuvent annuler lôalt®ration de lôeffet du passage du temps. 

 

Pour isoler l'effet du passage du temps sur les TRs, il est n®cessaire de dissocier cet effet 

des effets s®quentiels. La m®thode propos®e par Foerster et Joos et al. (2024) consiste ¨ 

analyser uniquement les essais pr®c®d®s d'un essai avec un d®lai identique, en comparant 

sp®cifiquement les s®quences dôessais court-court et long-long. En appliquant cette 

m®thode, les auteurs ont d®montr® que chez les individus atteints de SZ, le b®n®fice du 

passage du temps sur les TRs n'®tait pas pr®serv®. Contrairement aux individus 

neurotypiques, les individus atteints de SZ ne montrent pas de TR plus rapide lorsque la 

cible survient apr¯s un d®lai long compar® ¨ un d®lai court. Ces r®sultats 

comportementaux sugg¯rent que les capacit®s de pr®diction temporelle sont alt®r®es dans 

la SZ. Ces r®sultats sont coh®rents avec les donn®es EEG, qui montrent une r®duction de 

l'amplitude de la CNV chez les individus atteints de SZ par rapport aux individus 

neurotypiques (Ford et al., 2010; Osborne et al., 2020). 

 

Cette th¯se est la continuation de ces travaux et consistait initialement ¨ d®velopper un 

protocole permettant de sensibiliser la mesure des alt®rations des capacit®s de pr®diction 

temporelle en lien avec le sens de soi. En effet, Martin et al. (2017) avaient d®j¨ ®tabli, 

dans le cadre d'un protocole de t©che d'attente temporelle, une corr®lation entre les 

alt®rations du b®n®fice du passage du temps et celles du sens de soi, ®valu® cliniquement. 
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Pour rendre notre t©che plus sensible aux troubles du sens de soi, nous avons choisi 

d'utiliser des stimuli tactiles. La modalit® tactile est particuli¯rement pertinente pour 

l'®tude du sens de soi, et plus sp®cifiquement du soi corporel, alt®r® dans la SZ (Ferri et 

al., 2014; Thakkar et al., 2011).  

 

Nous avons ®galement propos® d'inclure une composante motrice pendant l'attente de la 

cible. Cette composante devait ®galement sensibiliser notre mesure aux troubles du sens 

de soi corporel. Le lien entre le soi corporel et la motricit® est manifeste ; nos mouvements 

contribuent ¨ notre perception d'°tre les auteurs de nos actions, un aspect central du soi 

corporel (Gallagher, 2000), souvent alt®r® dans la SZ (Frith, 2004; Giersch, 2018). De 

plus, le mouvement g®n¯re des retours sensoriels dits óhaptiquesô, englobant les 

informations tactiles et proprioceptives associ®es ¨ nos actions. Cette perception haptique 

est essentielle ¨ la construction dôun sens de soi corporel coh®rent (Foerster et al., 2021).  

 

1.7. Objectifs de la th¯se : 
 

Cette th¯se s'est concentr®e sur le d®veloppement et l'application de nouvelles t©ches 

dôattente temporelle. Compte tenu de la dimension m®thodologique de ce travail, il est 

essentiel de r®sumer bri¯vement en quoi consistent ces t©ches afin de mieux comprendre 

les objectifs des ®tudes men®es.  

 

Nous avons con­u un protocole d'attente temporelle o½ les participants devaient effectuer 

un mouvement continu pendant la p®riode dôattente. Concr¯tement, lôindex de leur main 

dominante ®tait pos® sur une surface plane, et ils devaient d®buter un mouvement lin®aire 

sur cette surface d¯s quôune vibration tactile ®tait ressentie au coude (signal de d®part). 

La consigne qui leur ®tait donn®e ®tait de poursuivre ce mouvement jusquô¨ ce quôune 

vibration tactile soit ressentie apr¯s un d®lai court ou long au poignet cette fois (signal 

cible). Lorsque le signal cible ®tait ressenti, les participants devaient stopper le plus 

rapidement possible leur mouvement. Les mouvements ®taient effectu®s ¨ l'int®rieur d'une 

bo´te ferm®e pour ®viter que les participants ne puissent voir leur main.  

 

Initialement, nous avons utilis® une t©che au cours de laquelle les participants changeaient 

de direction ¨ chaque essai. Nous avons mesur® le temps quôils mettaient pour arr°ter leur 

mouvement, ce qui constituait leur TR, un indicateur classique d'ex®cution de la r®ponse 
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utilis® dans la litt®rature des t©ches d'attente temporelle. Nous avons v®rifi®, sur une 

cohorte de volontaires sains, si nous pouvions observer les indicateurs des capacit®s de 

pr®diction temporelle, typiquement rapport®s dans la litt®rature sur les t©ches d'attente 

temporelle, en ce qui concerne les TRs dans notre protocole. Nous avons constat® le 

b®n®fice du passage du temps : les participants r®ussissaient ¨ arr°ter leur mouvement 

plus rapidement lorsque le signal cible survenait apr¯s un d®lai long plut¹t qu'apr¯s un 

d®lai court. Cependant, ¨ notre grande surprise, nous nôavons observ® aucun effet 

s®quentiel sur les TRs. Pour rappel, le moment o½ le signal cible survient lors de lôessai 

pr®c®dent devrait influencer la pr®diction de son occurrence  ̈lôessai suivant. Par 

exemple, apr¯s un essai o½ lôarr°t a eu lieu au d®lai long, le mouvement suivant devrait 

°tre pr®par® pour un arr°t au d®lai long. En cas dôarr°t au d®lai court, lôarr°t devrait °tre 

moins efficace. Pourtant, nous avons observ® que, au d®lai court, lôefficacit® de lôarr°t 

®tait similaire, que le d®lai pr®c®dent ait ®t® court ou long. 

 

Nous avons formul® l'hypoth¯se selon laquelle l'absence dôeffets s®quentiels est li®e au 

changement de direction entre les essais. Le changement de direction implique un 

changement de commande motrice dôun essai ¨ lôautre, puisque d®placer son bras vers 

l'avant ou vers l'arri¯re sollicite les muscles et articulations diff®remment. Comme nous 

l'avons discut® dans la section 1.5 sur le contr¹le moteur, le mod¯le inverse est celui qui 

®tablit les commandes motrices (Wolpert & Ghahramani, 2000; Wolpert & Kawato, 

1998). Si la pr®diction temporelle s'int¯gre ¨ ce mod¯le, elle est alors associ®e ¨ une 

commande motrice sp®cifique. Dans ce cas, la pr®diction du moment d'occurrence du 

signal cible, fond®e sur son occurrence ¨ l'essai pr®c®dent, serait intrins¯quement li®e ¨ 

un mouvement particulier. Lorsque la commande motrice change, il devient alors difficile 

de transf®rer cette pr®diction ¨ l'essai suivant.  

 

Pour valider notre raisonnement, nous avons con­u une t©che o½ le mouvement serait 

r®p®t® dans la m°me direction ¨ chaque essai. Si des effets s®quentiels r®apparaissaient 

sur les TRs dans cette t©che, cela indiquerait que le changement de direction ®tait 

probablement la cause de l'absence d'effets s®quentiels dans la t©che initiale. Côest ainsi 

que ces r®sultats pr®liminaires ont men® ̈  la question de lôint®gration de la pr®diction 

motrice dans le programme moteur.  
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Deux t©ches ont ®t® utilis®es : 

р La t©che unidirectionnelle : apr¯s l'arr°t du mouvement, les participants revenaient 

syst®matiquement ¨ leur position de d®part, et devaient attendre le prochain signal 

de d®part pour d®buter leur nouveau mouvement. Cette consigne permettait aux 

participants dôeffectuer les mouvements dans la m°me direction ¨ chaque essai. 

р La t©che multidirectionnelle : apr¯s l'arr°t, les participants restaient immobiles et 

attendaient le prochain signal de d®part pour effectuer un nouveau mouvement, 

dans une direction diff®rente du pr®c®dent. Par exemple, s'ils s'®taient d®plac®s 

vers la droite lors de l'essai pr®c®dent, ¨ lôessai suivant ils pouvaient aller dans 

une des trois directions suivantes : la gauche, lôavant ou lôarri¯re. 

 

En plus des TRs, nous avons recueilli des indicateurs cin®matiques tout au long de la 

trajectoire. Nous avons en particulier d®termin® le moment o½ la vitesse du mouvement 

commence ¨ ralentir, ce qui refl¯te la pr®paration ¨ l'arr°t (Woodworth, 1899). Un 

mouvement nôest jamais programm® pour durer ind®finiment ; l'arr°t du mouvement fait 

partie int®grante du programme moteur. Cependant, dans nos t©ches, l'arr°t est d®clench® 

par l'occurrence dôun signal cible, dont le moment peut °tre anticip®. Cette anticipation 

devrait influencer la cin®matique du mouvement en permettant un ralentissement de 

lôaction pour pr®parer son arr°t. En effet, le plus souvent le mouvement m¯ne au contact 

avec une surface, et il faut ®viter une collision brutale avec la surface. Ce risque explique 

lôimportance et lôautomaticit® du ralentissement de lôaction en amont de son arr°t. La 

question centrale de nos nouvelles t©ches exp®rimentales est donc de comprendre 

comment la pr®diction temporelle influence ¨ la fois la pr®paration de l'arr°t et lôarr°t lui-

m°me, un aspect qui nôest pas clairement ®tabli dans les mod¯les classiques de contr¹le 

moteur. 

 

Nous avons examin® les effets s®quentiels sur les indicateurs de pr®paration (indicateurs 

cin®matiques) et d'ex®cution (TR) de l'arr°t recueillis dans nos t©ches exp®rimentales, afin 

de v®rifier lôabsence dôeffets s®quentiels dans la t©che multidirectionnelle, et sa 

restauration dans la t©che unidirectionnelle.  

 

Lôobjectif de lô®tude 1 ®tait de comprendre comment la pr®diction temporelle sôint¯gre 

dans le contr¹le moteur chez une population neurotypique, avant de lôappliquer ¨ des 

populations neuro-atypiques.  
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Nos r®sultats ont r®v®l® une double pr®diction temporelle ¨ la m°me ®chelle temporelle. 

D'une part, nous avons observ® une pr®diction temporelle li®e ¨ la commande motrice, 

mise en ®vidence par les effets s®quentiels sur nos indicateurs comportementaux 

s®lectivement dans la t©che unidirectionnelle. D'autre part, une pr®diction temporelle 

ind®pendante du mouvement sp®cifique a ®t® observ®e, avec des effets s®quentiels 

observ®s ¨ l'EEG dans les deux t©ches exp®rimentales (Arrouet et al., 2024, r®vision 

soumise ¨ NeuroImage).  

 

La caract®risation d'une pr®diction temporelle li®e ¨ la commande motrice soul¯ve des 

questions sur son d®veloppement au cours de la vie. Dans les t©ches classiques dôattente 

temporelle, les adultes montrent des TRs plus rapides et des r®ponses plus pr®cises que 

les jeunes individus, sugg®rant des m®canismes de contr¹le moteur qui se perfectionnent 

avec l'©ge (Adams & Lambos, 1986; Eckert & Eichorn, 1977; Johnson et al., 2015). Bien 

que les jeunes et les adultes b®n®ficient dôune mani¯re similaire du passage du temps pour 

pr®parer leur r®ponse ¨ un stimulus pr®dictible (Droit-Volet & Coull, 2016), la fa­on dont 

ces m®canismes de pr®diction temporelle sont li®s ¨ la pr®paration motrice pourrait 

diff®rer et °tre plus efficace chez les adultes (Mento & Tarantino, 2015; Vallesi & Shallice, 

2007).  

 

Lôobjectif de lô®tude 2 ®tait de comprendre comment les capacit®s de pr®diction 

temporelle associ®es ¨ une action motrice ®voluent avec lô©ge.  

 

Nous avons compar® les performances de participants neurotypiques ©g®s de 9 ¨ 24 ans 

et observ® des effets s®quentiels sur les indicateurs cin®matiques des trajectoires, 

ind®pendamment de l'©ge, sugg®rant que la pr®diction temporelle motrice est d®j¨ 

pr®sente ¨ 9 ans. En revanche, des effets s®quentiels ont ®t® observ®s sur les TRs dans les 

deux t©ches exp®rimentales, contrairement ¨ la premi¯re ®tude. Ces effets s®quentiels sur 

le TR pourraient refl®ter des processus de pr®paration motrice (arr°t) et sensorielle 

(pr®diction du signal cible). Dans la t©che multidirectionnelle, la commande motrice 

change. La pr®diction temporelle du signal cible nôest donc pas associ®e ¨ un mouvement 

sp®cifique. La pr®sence dôeffets s®quentiels sur la r®ponse dans la tache 

multidirectionnelle montre donc une influence dissoci®e du programme moteur. Cela 

sugg¯re que l'int®gration sensorimotrice n'est pas encore pleinement ®tablie avant l'©ge 
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adulte, ce qui pourrait expliquer l'am®lioration des performances dans ce type de t©che 

avec l'©ge (Arrouet et al., 2024, en pr®paration). 

 

Dans les ®tudes 3 et 4 de cette th¯se, nous avons explor® les troubles de la pr®diction 

temporelle en populations neuro-atypiques afin de mieux comprendre ces 

dysfonctionnements en condition pathologique. 

 

Lô®tude 3 avait pour objectif dôexaminer si la pr®diction temporelle associ®e ¨ une action 

motrice, pr®sente chez les adolescents neurotypiques, ®tait alt®r®e chez des enfants et des 

adolescents ¨ HR de conversion psychotique. Par ailleurs, elle avait pour objectif de 

v®rifier si la maturation des processus dôint®gration sensorimotrice diff®rait selon les 

populations exp®rimentales. 

 

Chez les individus ¨ HR, les effets s®quentiels dans la t©che multidirectionnelle ®taient 

plus marqu®s par rapport aux neurotypiques, tant sur les TR que sur les indicateurs 

cin®matiques. Pour rappel, des effets s®quentiels dans cette t©che sont synonymes dôune 

int®gration sensorimotrice impr®cise. Cette diff®rence pourrait indiquer que les processus 

d'int®gration sensorimotrice chez les individus ¨ HR sont moins matures que chez leurs 

pairs neurotypiques. De plus, des effets s®quentiels ont ®t® observ®s m°me au d®lai long. 

Entre le d®lai court et avant lôoccurrence du signal cible au d®lai long, la pr®paration de 

lôarr°t devrait °tre optimis®e, ind®pendamment du d®lai de lôessai pr®c®dent. Nous 

sugg®rons que la pr®diction sensorielle chez les individus ¨ HR est plus dissoci®e du 

programme moteur par rapport aux neurotypiques, soulignant ainsi une immaturit® plus 

prononc®e des processus sensorimoteurs (Arrouet et al., 2024, en pr®paration). 

 

Lô®tude 4 visait ¨ examiner les processus de pr®diction temporelle li®s ¨ une action 

motrice chez des individus atteints de SZ de mani¯re chronique. 

 

Les r®sultats pr®liminaires nôont pas permis dôexplorer les indicateurs cin®matiques de la 

trajectoire ni les effets s®quentiels. Cependant, les performances comportementales et les 

r®ponses EEG ont montr® que les individus atteints de SZ b®n®ficiaient du passage du 

temps de mani¯re similaire aux neurotypiques dans nos t©ches motrices. Ces r®sultats 

sugg¯rent que la r®alisation dôun mouvement continu pendant la p®riode dôattente pourrait 

r®tablir le b®n®fice du passage du temps chez cette population.
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2. MAT£RIELS ET M£THODES 
 

 

2.1. Participants 
 

Les caract®ristiques d®mographiques des participants de chaque ®tude sont r®sum®es dans 

le tableau 1. Dans l'®tude 4, six participants (sur sept) de chaque groupe sont appari®s 

selon le sexe, l'©ge, et le niveau d'®tudes avec un participant du groupe oppos®. 

 

Etudes Population Nombre Sexe  

H/F 

Lat®ralit® 

droite/gauche 

Age Ann®es 

dô®tudes  

1 Neurotypiques 25 6/19 23/2 22.7 Ñ 3.4 15.1 Ñ 1.6 

2 Neurotypiques  

9 ï 12 ans 

10 3/7 9/1 10.5 Ñ 1.4 5.4 Ñ 1.5 

Neurotypiques  

13 ï 17 ans 

13 6/7 12/1 14.8 Ñ 1.5 9.5 Ñ 1.5 

Neurotypiques 

18 ï 24 ans 

12 3/9 11/1 21.9 Ñ 2.1 16.0 Ñ 2.0 

3 Individus ¨ HR  

9 ï 12 ans 

9 3/6 8/1 11.2 Ñ 0.8 5.8 Ñ 0.8 

Individus ¨ HR  

13 ï 17 ans 

15 8/7 13/2 14.4 Ñ 1.2 8.5 Ñ 1.1 

4 Neurotypiques 8 7/1 8/0 41.2 Ñ 11.0 12.8 Ñ 3.0 

Individus 

atteints de SZ 

7 6/1 7/0 44.8 Ñ 10.8 10.3 Ñ 2.0 

Tableau 1. Caract®ristiques d®mographiques des participants de chaque ®tude. Lô©ge et 

les ann®es dô®tudes sont donn®s en moyenne Ñ ®cart-type. Abr®viations : H : homme, F : 

femme, HR : haut-risque g®n®tique de conversion psychotique, SZ : schizophr®nie. 

 

Tous les participants (et leur repr®sentant l®gal pour les individus mineurs) ont donn® un 

consentement ®crit libre et ®clair®. Chaque ®tude a fait lôobjet dôune approbation du 

comit® ®thique local, conform®ment ¨ la D®claration dôHelsinki. 
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2.2. £quipement 
 

Chaque ®tude sôest d®roul®e dans une pi¯ce sombre et silencieuse.  

 

Deux moteurs vibro-tactiles Precision Micro-DrivesÉ d®livraient les stimuli tactiles et 

®taient fix®s sur lôavant-bras dominant des participants : l'un sous le coude pour le premier 

stimulus (signal de d®part), et l'autre au poignet (signal cible) auquel il fallait r®agir. Les 

moteurs ®taient connect®s ¨ un bo´tier de stimulation Chronos E-Prime 3.0. L'intensit® 

des vibrations ®tait fix®e ¨ 3.0 V, soit une fr®quence de 230 Hz. En fonction des ®tudes, 

les participants portaient des bouchons d'oreilles en caoutchouc ou un casque pour ®viter 

d'entendre le bruit des vibrations. 

 

Les t©ches ®taient contr¹l®es par un ordinateur et programm®es sur E-Prime 3.0.  

 

2.2.1. T©ches motrices 
 

Les participants ®taient assis face ¨ une bo´te. Avant le d®but du protocole, les participants 

pouvaient v®rifier que lôint®rieur de la bo´te ®tait vide. Ils devaient ensuite placer leur 

main dominante ¨ lôint®rieur de la bo´te, le poing ferm® et l'index tendu. Puis, la bo´te 

®tait recouverte d'un ®pais tissu noir pour emp°cher toute visibilit® ¨ l'int®rieur et bloquer 

l'entr®e de lumi¯re.  

 

Les mouvements lin®aires de l'index des participants ®taient enregistr®s ¨ lôaide d'une 

LED rouge fix®e ¨ l'ongle de l'index, et film®s par une cam®ra GoPro HERO7. La cam®ra, 

positionn®e ¨ une hauteur suffisante pour capturer toute la bo´te, enregistrait en champ de 

vision lin®aire, avec une r®solution de 120 Hz et en format HD int®gral 16:9. 

 

2.2.2. T©che contr¹le 
 

Dans cette t©che, les participants ®taient assis face au bo´tier de stimulation Chronos E-

Prime 3.0. 
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2.3. Proc®dure 
 

Avant chaque t©che, les participants r®alisaient quelques essais d'entra´nement, dont le 

nombre variait selon les ®tudes consid®r®es. Cette phase dôentra´nement permettait ¨ 

lôexp®rimentatrice de v®rifier que les consignes de chaque t©che ®taient bien comprises 

par les participants. 

 

Pour maintenir l'impr®visibilit® du d®but de chaque nouvel essai, un intervalle inter-essai 

variable (ITI) ®tait utilis®. Le nombre total d'essais et les ITI seront pr®cis®s pour chaque 

®tude. 

 

2.3.1. T©ches motrices 
 

Dans les t©ches dôint®r°t, dites ót©ches motricesô dans la suite du texte, les participants 

devaient effectuer un mouvement lin®aire avec lôindex de leur main dominante au contact 

dôune surface. Cette surface ®tait situ®e ¨ lôint®rieur de la bo´te. Ils devaient d®buter leur 

mouvement ¨ la suite dôune vibration tactile de 100 ms appliqu®e sous le coude (signal 

de d®part) et arr°ter ce mouvement le plus rapidement possible ¨ la suite dôune vibration 

tactile de 100 ms appliqu®e au poignet (signal cible). Le signal cible survenait apr¯s un 

d®lai de 1000 ms (court) ou de 1700 ms (long). 

 

Les deux t©ches motrices diff®raient principalement par le type de mouvement effectu® 

(Figure 2). Dans la t©che dite 'multidirectionnelle' dans la suite du texte, les participants 

devaient changer la direction de leur mouvement ¨ chaque essai, comme ils lôauraient fait 

sôils devaient explorer un labyrinthe (Figure 2). Les mouvements ®taient restreints aux 

axes X et Y : ils devaient °tre effectu®s au contact de la surface dans la bo´te, en allant ¨ 

droite, ¨ gauche, vers lôavant ou vers lôarri¯re (toujours en ligne droite). Les diagonales 

nô®taient pas permises. Dans la t©che dite 'unidirectionnelle' dans la suite du texte, les 

participants devaient revenir ¨ la m°me position avant le d®but de lôessai suivant, de 

mani¯re ¨ aller dans la m°me direction ¨ chaque essai (Figure 2). 
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Figure 2. Images des trajectoires de lôindex d'un participant, r®alis®es sur la surface ¨ 

lôint®rieur de la bo´te, dans les t©ches multidirectionnelle et unidirectionnelle. Le trac® 

rouge, repr®sentant la lumi¯re de la LED film®e, permet de reconstruire toutes les 

trajectoires emprunt®es par le participant. Chaque trait correspond ¨ un essai. La 

diff®rence entre les t©ches est claire : dans la t©che multidirectionnelle, la direction change 

¨ chaque essai, tandis que dans la t©che unidirectionnelle, le participant revient 

approximativement ¨ la position de d®part avant le d®but du prochain essai, et va toujours 

dans la m°me direction ¨ lôessai suivant. 

 

2.3.2. T©che contr¹le 
 

Dans la t©che contr¹le, l'®quipement et les stimuli ®taient identiques ¨ ceux des t©ches 

motrices. Seule la mani¯re dont les participants r®pondaient au signal cible ®tait 

diff®rente. 

 

Dans cette t©che contr¹le, la vibration appliqu®e sous le coude servait ¨ avertir le 

participant que l'essai avait d®but®, et que la vibration appliqu®e au poignet (signal cible) 

allait arriver. Les participants devaient r®agir aussi rapidement que possible ¨ l'occurrence 

du signal cible en appuyant avec leur main dominante sur le bouton central du bo´tier de 

stimulation Chronos E-Prime 3.0. 

 

Cette t©che est plus proche des exp®riences utilis®es dans la litt®rature, m°me si celles-ci 

utilisent plus souvent des stimuli auditifs ou visuels (Droit-Volet & Coull, 2016; Johnson 

et al., 2015; Martin et al., 2017; Mento, 2017). Cette t©che contr¹le nous a permis de 
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v®rifier que les performances de nos participants correspondaient aux r®sultats de la 

litt®rature pour le type de population consid®r®e dans un protocole d'attente temporelle 

classique. 

 

2.4. Analyses des donn®es  
 

2.4.1. T©ches motrices 
 

Dans nos deux t©ches motrices, nous avons enregistr® les trajectoires et recueilli nos 

indicateurs comportementaux ¨ partir des images vid®o collect®es avec la cam®ra GoPro, 

import®es sous le format ó.MP4ô dans MATLAB 2021b. 

 

Nos vid®os ont ®t® segment®es en essais de 3000 ms chacun. Le d®but de chaque essai 

®tait marqu® par l'occurrence du signal de d®part. Cette vibration ®tait signal®e par une 

LED bleue ¨ l'int®rieur de la bo´te, qui s'allumait au d®but du signal de d®part et restait 

allum®e pendant 100 ms, couvrant toute la dur®e de la vibration. De m°me, lorsque le 

signal cible survenait, une LED verte s'allumait ¨ lôint®rieur de la bo´te et restait allum®e 

pendant toute la dur®e de cette vibration. 

 

Nous avons analys® les trajectoires du doigt (c'est-̈-dire de la LED) avec MATLAB. 

Nous avons ®tabli plusieurs crit¯res pour permettre au script d'identifier les latences 

dôarr°ts ou TRs d®finis ci-apr¯s. Les crit¯res sont d®crits en d®tail dans le manuscrit 

principal de lô®tude 1 (chapitre 3 page 30). 

 

2.4.1.1. Latence d'arr°t ou TR 

 

Nous avons mesur® les latences d'arr°t des participants, c'est-̈-dire le d®lai n®cessaire 

pour arr°ter le mouvement apr¯s lôoccurrence du signal cible. Cette latence d'arr°t ®tait 

utilis®e comme TR dans notre protocole. Le TR est lôindicateur le plus fr®quemment 

utilis® pour ®valuer les performances des participants dans les t©ches dôattente temporelle. 

Ce TR nous a permis d'extrapoler les indicateurs comportementaux typiques des capacit®s 

de pr®diction temporelle (côest-̈-dire, b®n®fice du passage du temps et effets s®quentiels) 

dans nos deux t©ches motrices. 
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Le TR a ®t® d®fini comme lôintervalle entre lôoccurrence du signal cible et le moment o½ 

le mouvement du participant ®tait consid®r® comme arr°t®. Puisque les TRs ont ®t® 

extraits ¨ partir dôimages vid®o dans les deux t©ches motrices, des crit¯res sp®cifiques ont 

®t® ®tablis afin que les programmes dôanalyse identifient pr®cis®ment le moment dôarr°t. 

Ces crit¯res sont d®crits dans le manuscrit principal de lô®tude 1 (chapitre 3 page 30). 

Chaque point dôarr°t d®tect® a ensuite ®t® inspect® visuellement, participant par 

participant et essai par essai, pour v®rifier la coh®rence des crit¯res appliqu®s et confirmer 

la validit® de la d®tection automatis®e. Le point d'arr°t ®tait d®fini comme le premier 

moment o½ tous nos crit¯res ®taient satisfaits. 

 

Si aucun point ne r®pondait ¨ ces crit¯res, il ®tait consid®r® que le participant ne sô®tait 

pas arr°t® (erreur dôomission) et l'essai ®tait exclu des analyses ult®rieures. De plus, si le 

mouvement ®tait arr°t® avant ou moins de 150 ms apr¯s le signal cible, cet arr°t ®tait 

consid®r® comme anticip® et l'essai ®tait ®galement exclu des analyses (Jana et al., 2020). 

Il est important de pr®ciser que les essais exclus pour arr°t anticip® incluaient ®galement 

ceux o½ les participants entraient en collision avec les parois de la bo´te durant leur 

trajectoire. Bien que rare, ce type de collision entra´nait un arr°t du mouvement avant le 

signal cible. Dans ces cas, la consigne donn®e ®tait de rester immobile jusqu'au signal 

cible dans la t©che unidirectionnelle, puis de revenir ¨ la position de d®part avant le 

prochain essai, ou de rester immobile jusquô¨ lôoccurrence du prochain signal de d®part 

dans la t©che multidirectionnelle. 

 

2.4.1.2. Points de d®c®l®ration 

 

Ralentir son mouvement en anticipation de sa fin est caract®ristique de la cin®matique du 

mouvement. Ce ralentissement refl¯te le moment et la mani¯re dont la fin du mouvement 

est anticip®e par le programme moteur (Duque et al., 2017; Woodworth, 1899). Le d®but 

de ce ralentissement est utilis® comme indicateur du moment o½ la pr®paration ¨ l'arr°t 

commence, que nous d®signerons par la suite comme le ópoint de d®c®l®rationô. Dans 

chaque t©che motrice, deux d®lais sont pr®sents, ce qui nous a amen®s ¨ consid®rer deux 

points de d®c®l®ration : le premier, qui se situe avant l'occurrence du signal cible ¨ 1000 

ms (d®lai court), et que nous appellerons le ópremier point de d®c®l®rationô, et le second, 

qui se situe entre 1000 ms et 1700 ms dans les essais avec un d®lai long, que nous 

d®signerons comme le ódeuxi¯me point de d®c®l®rationô. Avant 1000 ms, les participants 
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ne savaient pas si le signal cible surviendrait au d®lai court ou au d®lai long, ce qui justifie 

lôanalyse d'un premier point de d®c®l®ration dans tous les essais, ind®pendamment du 

d®lai. 

 

Les crit¯res utilis®s pour identifier les points de d®c®l®ration ®taient identiques, ¨ 

l'exception de la fen°tre d'int®r°t dans laquelle nous les avons d®finis. Ces crit¯res sont 

d®crits en d®tail dans le manuscrit principal de l'®tude 1 (chapitre 3, page 30). Tout comme 

pour les points d'arr°t, les points de d®c®l®ration ont ®t® d®finis comme les premiers 

ralentissements r®pondant ¨ l'ensemble de nos crit¯res. 

 

2.4.2. T©che contr¹le 

 

Dans la t©che contr¹le, les essais correspondant ¨ des omissions (i.e. aucune r®ponse 

donn®e par le participant), des r®ponses incorrectes (i.e. appuyer sur le mauvais bouton) 

et des r®ponses anticip®es (i.e. une r®ponse donn®e avant ou moins de 150 ms apr¯s le 

d®but de la vibration au poignet) ont ®t® exclus des analyses. 
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3.1. Main Manuscript 
 

 

Highlights 

 

¶ Different mechanisms of temporal prediction coexist on the same temporal scale. 

 

¶ One temporal prediction is intrinsically linked to the motor movement. 

 

¶ EEG-visible temporal preparation is not intrinsically linked to motor movement. 

 

¶ Temporal prediction affects movement execution more than its initiation 
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Abstract 

 

Time prediction is pervasive, and it is unclear whether it is supra-modal or task-specific. 

This study aimed to investigate the role of motor temporal prediction in preparing to stop 

a movement following a sensory stimulus. Participants performed a straight-line 

movement with their finger until a target signal, which occurred after a short or long 

foreperiod. In one task, participants changed movement direction between trials 

(multidirectional task), while in the other, they always moved in the same direction 

(unidirectional task). The motor trajectory and EEG signals were continuously recorded. 

During the foreperiod, participants slowed down their movement, reflecting preparation 

to stop. To assess the influence of motor temporal prediction we examined how a given 

trial influences performance on the subsequent trial (sequential effect) when the 

movement changes or stays the same (multi- vs. unidirectional). In the unidirectional task, 

but not in the multidirectional task we found sequential effects on several behavioural 

parameters. In contrast, sequential effects were observed in both tasks on EEG results. 

This study revealed a temporal prediction related to motor movement (behavioural 

indicators), and a temporal preparation while waiting for the target (EEG indicator). These 

findings highlight the importance of considering various temporal prediction 

mechanisms. 

 

Keywords: Temporal predictions; Motor; Perception; Sequential effects; Contingent 

negative variation 
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1. Introduction 

 

Timing is ubiquitous in the brain, and there is no dedicated area for time. Performing a 

motor action requires planning motor elements in time and processing sensory feedback 

at the right time. Such timing activities require the cerebellum, the supplementary motor 

area, the parietal and prefrontal cortices (Coull & Giersch, 2022), i.e. areas also involved 

in other mental activities. This makes it difficult to understand how time intervenes in the 

different functions of our every day life. This is the case for motor control, which requires 

a high level of temporal precision. To achieve optimal motor control when learning a 

motor skill, we may repeat the same movement over and over. Repetition on a trial-to-

trial basis has been shown to enhance performance on a short-term scale (Bertelson, 1961; 

Vleugels et al., 2020). It may be useful especially when playing music or dancing, where 

the timing of the movement is critical (Levitin et al., 2018). In such conditions, previous 

experience may help to execute a movement in the required time. However, the same 

movement in real life can be done while our body position changes, or the environmental 

conditions change. For example, a violinist may play the same note by moving the bow 

from right to left or from left to right. Skilled performers are supposed to be efficient even 

in altered conditions (Johnson, 1961; Ranganathan et al., 2020), meaning they can execute 

their action efficiently even when the action has to be adjusted to external conditions, 

such as a different body position, or the use of a new instrument. The question is: when 

the motor program changes, is it still possible to use the temporal information from past 

experiences? 

 

The question is not trivial, inasmuch previous studies suggested that past time experience 

has strong influences on the current time expectations, whether tested with simple or 

choice reaction time (RT) tasks (Bertelson & Boons, 1960; Los et al., 2014; Salet et al., 

2022; Steinborn et al., 2008). The strength of these effects may give the impression that 

they are ubiquitous. Whether the influence of past time experience generalizes to the case 

where the movement changes remains nonetheless an open question. The response to that 

question may depend on the extent to which time prediction mechanisms are integral to 

movement planning. Biomechanical, internal constraints can be expected to be integral to 

the movement (Miall et al., 1993; Rasman et al., 2024). In contrast, if the movement must 

be completed in e.g. 1.2 seconds to play a specific musical note, this is an external 
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constraint, not a biomechanical one. The external constraint may or may not be integrated 

in the motor program itself. It might be processed independently and only coupled with 

the motor program. If at least part of the temporal prediction is integral to the motor 

program, it should be difficult to re-use this prediction when the movement requires a 

different motor program. For example, if the movement changes direction, different 

muscles are involved, with a different sequence, and potentially a different timing of 

muscle contraction (Miall et al., 1993). This should be the case even if the external 

constraint remains the same, i.e. if the movement should be finished at the same time. In 

this study, we gather behavioural and electroencephalographic (EEG) indicators during 

the expectancy period (rather than after) preceding the stopping of a movement, and we 

compare these indicators when the movement is repeated or changed from trial-to-trial.  

The investigation of temporal prediction abilities is based on the widely used variable 

foreperiod paradigm, where a first stimulus indicates the start of the trial, followed at a 

short or a long foreperiod by a target. It is well established in the literature that the later 

the target is presented, the faster the participant will react to it (Coull, 2009; Martin et al., 

2017; Niemi & Nªªtªnen, 1981; Nobre et al., 2007; Woodrow, 1914). According to 

hazard-based theories, the óvariable foreperiod effectô can be explained as follows: as time 

passes, the probability of the target appearing increases, and the benefit of the passage of 

time allows for a higher level of readiness. Alternatively, the formalized Multiple Trace 

Theory of Temporal Preparation (fMTP) suggests that temporal preparation in variable 

foreperiod paradigm is shaped by memory traces of previous trials, with past experiences 

optimizing the motor system readiness (Los et al., 2017; Salet et al., 2022). A discussion 

regarding these models is beyond the aim of our manuscript, but the latter interestingly 

considers the role of the motor system. 

 

Many authors raised the question of whether improved performance in variable 

foreperiod paradigms (faster RTs and higher accuracy) was due to facilitated perceptual 

processes and/or to an enhanced motor preparation in response to the target. Temporal 

expectations have been found to enhance the reaction to predictable targets over time 

(Correa et al., 2005; Correa et al., 2006a; Lange & Rºder, 2006; Ramirez et al., 2021) and 

some experiments emphasize the role of motor preparation in temporal expectation 

(Thomaschke & Dreisbach, 2013; Volberg & Thomaschke, 2017). To demonstrate the 

association between temporal preparation and motor readiness, Thomaschke et al. (2011) 

used a speeded choice RT where participants responded to a target using either the left or 
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right hand. The authors manipulated contingencies between foreperiods and either 

stimulus features (shape) or responses (right or left). For example, a specific shape was 

more frequently associated with a given foreperiod. Thomaschke et al. (2011) observed 

the typical benefits of temporal predictability on performance only when foreperiods were 

linked to response sides, not to shapes. However, it is questionable to what extent RT are 

enough to quantify in equal measure the advantage provided by motor versus perceptual 

temporal prediction, inasmuch RT is inherently associated with a motor response. It may 

have limited the chance of seeing any foreperiod effect in the case of a shape contingency. 

It is the limitations in the use of RT that led us to adapt the variable foreperiod task to 

introduce a motor component and to answer our question. As a reminder, we wish to know 

to which extent the temporal prediction associated with a motor action is independent of 

the motor program. In the present study, we created two distinct motor tasks. Concretely, 

we instructed participants to perform a straight-line movement. They initiated the 

movement after a first tactile stimulus (which we will name the óstart signalô in the 

remainder of the text) and stopped it as fast as possible after a second tactile stimulus 

(which we will call the ótarget signalô in the remainder of the text). It should be noted that 

this procedure differs from the stop signal procedure, whose aim it is to explore how the 

initiation of a task can be stopped, or not, depending on the occurrence of a stop signal 

(Logan & Cowan, 1984). In our task, participants were asked to halt a movement in all 

trials, unlike the stop signal approach, which focuses on how movement or thought 

execution can be prevented in a minority of trials by a signal that comes as a rare event. 

Additionally, in our protocol participants had no other task than stopping their movement 

after the target signal. To avoid any confusion with the stop signal procedure, we named 

our signals according to the variable foreperiod literature. 

 

In the present study we chose to use a motor action to access the motor kinematics 

parameters reflecting motor preparation. We also devised two different tasks with vs. 

without a change in movement, to test the idea of a temporal prediction attached to the 

motor program. In one task participants moved in the same direction on each trial; in the 

other participants changed the direction of their movement from one trial to the next. 

Repeating a movement allows to rely on the temporal information specifically attached 

to the previous movement. How much the temporal information is attached to the motor 

program is explored by manipulating the delay between the start signal and target signal. 

The task includes two conditions: in one, the action has to be stopped after a short 
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foreperiod; in the other, it has to be stopped after a long foreperiod. This means that there 

is no trivial repetition of a strictly identical movement. Instead, the movement can be 

short or long. In case of an additional change in the movement direction, there is also a 

change in the internal biomechanical constraints that affect the time needed to achieve the 

movement. Those constraints are known to the system, and the movement can be adapted 

accordingly. For example, the model of motor control proposed by Miall et al. (1993) 

includes a Smith Predictor, which generates specific predictions in order to anticipate 

delays that are inherent to the motor system. The Smith Predictor may thus help to adjust 

the motor program in order to realize the action in the expected time (Rasman et al., 2024). 

 

However, usual models of motor control distinguish between the feed-forward inverse 

model, which helps to build a motor program before movement execution, and the 

forward model, which predicts the sensory consequences of the action (Wolpert & 

Kawato, 1998). Some studies (Miall & Jackson, 2006) have suggested that changes in the 

sensory feedbacks might not necessarily reflect in the motor program itself, but whether 

or not this applies to time prediction is unclear. In our task, time expectation regarding 

the target signal should affect the movement kinematics by indicating when to slow down 

in anticipation of the target signal. This motor preparation should speed up the movement 

stop. According to hazard-based models, and since the probability of the target signal is 

50% at short foreperiod and 100% at long foreperiod, preparation should be optimal only 

at long foreperiod, resulting in the usual variable foreperiod effect on the motor stop 

(Correa et al., 2006a; Martin et al., 2017; Niemi & Nªªtªnen, 1981). From the standpoint 

of the fMTP, memory traces from previous trials lead to gradual motor preparation, 

allowing for a more efficient motor reaction at long foreperiods (Los et al., 2017; Salet et 

al., 2022). Both models predict faster motor times at long foreperiods. This may occur 

whether the expectation is integral to the feed-forward inverse program or only used to 

adjust the reaction to the target signal with the forward model. Our point is that if the 

feed-forward program includes the time prediction, it may be difficult to transfer this 

prediction from one action to the following one, when the movement changes. We 

investigate this by exploring trial-to-trial effects in the variable foreperiod paradigm. 

In the typical variable foreperiod task, the influence of recent temporal experience on 

current temporal expectation has been well described. Such ósequential effectsô are as 

follows: with a short current foreperiod, RT tends to be longer if the preceding foreperiod 

was long compared to when it was short. In contrast, when the current foreperiod is long, 
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the preceding foreperiod has no effect on RT (Los, 2010; Niemi & Nªªtªnen, 1981; 

Woodrow, 1914; Zahn et al., 1963). Various mechanisms could underlie sequential 

effects. The hazard-based theories cannot directly account for such effects, but dual-

process models (Vallesi et al., 2007) assume a mechanism that is distinct from the one 

originating the variable foreperiod effect, and is based on the automatic prediction that 

two consecutive trials will be similar. When two short foreperiods occur in succession, 

this corresponds to the expectation, whereas if a short foreperiod follows a long one, 

participants are not prepared to respond because they expected another long foreperiod. 

This surprise effect results in slower RTs in the long-short trial sequence compared to the 

short-short sequence. On the other hand, when the current foreperiod is long and follows 

a short foreperiod, predictions can be updated when the target does not appear after the 

short foreperiod. This way preparation can be optimal whatever the foreperiod of the 

preceding trial (Correa et al., 2006a; Karlin, 1959; Van der Lubbe et al., 2004). The fMTP 

(Los et al., 2017; Salet et al., 2022) proposes a slightly different explanation. According 

to the fMTP, sequential effects arise from the replay of the previous foreperiod. If the 

previous trial had a long foreperiod, an anticipatory response is prevented on the current 

trial by impeding a response during the short foreperiod. This also explains slower RT in 

long-short trial sequences compared to short-short sequences (Los, 2013; Los & 

Heslenfeld, 2005; Los & Van Den Heuvel, 2001). 

 

The sequential effects are observed in simple and choice RT tasks, although Steinborn et 

al. (2008) suggested them to be stronger in simple RT procedures. Our tasks only require 

to react to the target signal without imposing a choice between different responses. This 

holds true even when the movement direction changes from trial-to-trial, as participants 

choose the direction for the next movement only after responding to the current target 

signal. Whatever the precise mechanisms of the sequential effects, the foreperiod of the 

previous trial can influence performance only if this foreperiod is expected, i.e. integrated 

in the preparation. Looking at sequential effects is thus a way to verify to which amount 

external time constraints are taken into account when planning an action. To that aim it is 

not enough to look at the response occurring after the stimulus, which might reflect the 

processing of the stimulus rather than the movement planning itself. We looked also at 

motor parameters preceding the processing of the signal, as well as at EEG signals known 

to be associated with the waiting period. Motor parameters prior to the target signal can 

be expected to be inherently associated with feed-forward motor planning, but not EEG 
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signals. Exploring these two types of parameters (motor and EEG) in parallel and at the 

same time period allows us to contrast parameters differentially related to motor planning.  

Among EEG signals, the contingent negative variation (CNV) is of special interest since 

it has been associated with temporal preparation processes. The CNV starts after the 

presentation of the first signal in a trial and persists until the onset of the target (Breska 

& Deouell, 2014; Correa et al., 2006a; Griffin & Nobre, 2003; Mento et al., 2013; Walter 

et al., 1964). The CNV is observed in many different tasks, like duration estimation 

(Kononowicz & Penney, 2016), sustained attention tasks (Kropp et al., 2001; Li et al., 

2024), or in the stop signal procedure (Arjona et al., 2014). The CNV brain sources are 

multiple, as both the dorsolateral prefrontal cortex, the supplementary motor cortex, 

primary motor cortex, anterior cingulated cortex, basal ganglia, thalamus, orbitofrontal 

cortex, and even parietal areas and cerebellum are involved in the genesis of CNV (Basile 

et al., 2002; Fattapposta et al., 2024). Moreover, it has been shown that the CNV is 

influenced by various factors like the intensity of the warning signal (Loveless & Sanford, 

1975), eye movements (Tecce, 1972; Weerts & Lang, 1973), expected rewards and 

motivation (Brunia et al., 2011; Frºmer et al., 2021; McAdam et al., 1969), and attention 

(Arjona et al., 2014; Brunia, 1993; Mento, 2017). It is thus likely that the CNV reflects 

more than motor preparation. This is the case even in tasks that do not explicitly require 

attention, like in our motor task. In particular Mento et al. (2013) used a variable 

foreperiod task and dissociated the CNV from decisional processes and motor response. 

In their task, the foreperiod was constant in successive blocks, but no response was 

required. A CNV was observed during the foreperiod, and its amplitude became more 

negative as the task progressed, reflecting progressive learning of the temporal structure 

of the trials throughout the task. This implicit learning occurred even though the onset of 

the target was neither associated with a motor response nor with decision-making, 

suggesting the possibility of a motor-independent prediction. In parallel, sequential 

effects also influence the amplitude of the CNV in the variable foreperiod task: during 

the short foreperiod, the CNV amplitude is more negative if the previous foreperiod was 

also short rather than long (Capizzi et al., 2013; Los & Heslenfeld, 2005; Mento, 2013, 

2017; Van der Lubbe et al., 2004). In all, the CNV is well suited to explore time 

expectation mechanisms beyond motor preparation. 

 

Preliminary results had been obtained in a motor task in which participants had to change 

their movement from trial to trial. The results showed that sequential effects were absent 
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in kinematic parameters or behavioural responses when the movement changed from 

trial-to-trial. In contrast, sequential effects were observed on behavioural responses in the 

same participants with a simple RT task. Given these results and the fact that the 

movement was changed from trial to trial, it was possible that sequential effects 

disappeared because the program had to be reset. However, these results were obtained 

on a limited number of trials and required replication, especially given the supposed 

automaticity and replicability of the sequential effects. The unidirectional task was chosen 

to maximize our chance of observing sequential effects, while keeping the original 

multidirectional task unchanged. In the present study we contrast the CNV and the 

behavioural results in the tasks in which the movement does or does not change direction. 

Since the CNV reflects more than just motor preparation, sequential effects on CNV 

amplitude should be observed regardless of whether the motor program changes from 

trial-to-trial. Such results would show that the time characteristics of the previous trial 

have been retained. In contrast, the sequential effects at the behavioural level may be 

present or not, depending on the tasks. If preliminary results are replicated sequential 

effects disappear when the movement changes direction, it would replicate preliminary 

results and confirm that external time constraints do not necessarily influence the 

movement program. Moreover, sequential effects should be observed when the movement 

direction stays the same from trial-to-trial. Such a contrast between the two tasks would 

indicate that external time constraints can be integrated within the motor program (when 

the movement stays the same) but are not necessarily transferred to the next program 

(when the movement changes). To which amount this concerns the feed-forward inverse 

program or the adjustment of the action after the target signal is verified by looking at 

sequential effects on motor parameters preceding the target signal onset. If sequential 

effects are observed on parameters recorded before the stimulus onset, it would suggest 

that sequential effects affect the feed-forward inverse program, whereas if it affects only 

parameters recorded after the target signal it would mean that sequential effects are 

selectively used to adjust the reaction to the sensory information. 
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2. Materials and Methods 

 

2.1. Participants 

 

25 participants were recruited for this experiment, including 23 right-handed and 19 

women. We calculated the sample size based on the sequential effects observed in a 

preliminary study using a simple RT task, with the formula: N = 2*(phi*sd)Į/(m1-m2)Į, 

where: phi = 3.242 (for a power of 90%), sd = 25.42 (the standard deviation of the RT 

difference between short foreperiods depending on the preceding trial), m1 and m2 = 315 

ms and 347 ms, respectively (a 32 ms difference between RTs for short foreperiods 

preceded by either a short or long foreperiod). The calculation resulted in a minimum of 

13 participants Given the use of a new task and EEG, the use of 16 participants in the 

manuscripts of Mento (2017), and the need to assert a lack of sequential effects in the 

multidirectional task, we multiplied the sample size by 2. This number corresponds to the 

one announced in the document written for the ethical committee. The average age (mean 

Ñ SD) was 22.72 Ñ 3.43 and years of education were 15.08 Ñ 1.58. Any neurological, 

psychiatric or addiction disorders was an exclusion criterion. None of the participants 

used cannabis in the last 2 months prior to the experiment, or any other psychotropic 

treatment. Participants with a history of head injury with a loss of consciousness lasting 

more than 15 minutes were not included. 

 

All participants gave their informed written consent, and the study was conducted in 

accordance with the Declaration of Helsinki. The protocol received an agreement from 

the ethics committee of the University of Strasbourg (Unistra/CER/2019-24). 

 

2.2. Equipment 

 

Participants sat down in a dark and quiet room, in front of a box of 63 cm high, 60 cm 

wide and 47 cm deep. Before the beginning of the protocol, we showed the inside of the 

box to the participants so they could see that it was empty. Then, we instructed 

participants to put their dominant hand inside the box, fist closed, and index finger 

extended, so that they could start/stop linear movements inside the box. Precision Micro-

DrivesÉ vibro-tactile motors were attached to the forearm and wrist of the participants' 
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dominant arm. They were used to apply tactile stimuli to indicate when the movement 

should be started or stopped. The motors were connected to a Chronos E-Prime 3.0 

stimulation box. The whole task was controlled by a Dell computer model OptiPle x9020 

AIO and programmed on E-Prime 3.0. The intensity of the vibrations was set at 3.0 V, 

with a frequency of 230 Hz. Participants were provided with rubber earplugs to prevent 

them from hearing the vibrations. Before the beginning of the tasks, the box was covered 

with a thick black material so that participants could not see inside, and no light could 

come into the box. To record participants' index finger trajectories in the dark box, a red 

LED was attached to the participantôs index fingernail, and the trajectory of the LED was 

recorded with a GoPro HERO7 black camera placed at a height of 63 cm. The video 

recording parameters were linear field of view, 120 Hz resolution, 16:9 full HD format. 

 

2.3. Procedure 

 

Our protocol consisted of three experimental tasks.  

 

In the two motor experimental tasks of interest, participants were instructed to perform a 

movement in a straight line following a tactile vibration of 100 ms applied to the forearm 

(start signal) and to stop it as fast as possible following a tactile vibration of 100 ms 

applied to the wrist (target signal). The different locations of the vibrations (forearm and 

wrist) made it easy for the participants to distinguish the start and target signals. The target 

signal occurred at variable foreperiods after the start signal, either 1000 ms (short 

foreperiod) or 1700 ms (long foreperiod). The foreperiods were set to ensure that the 

shortest one (1000 ms) allows participants to perform a long enough action. The long 

foreperiod (1700 ms) was selected to be distinct from the short one while remaining short 

enough to keep participants from reaching the edge of the box. 

 

The two experimental tasks differed mainly in the type of performed movement. In the 

multidirectional task, participants had to change the direction of their movement from one 

trial to another, as they might have done if they were exploring a maze. As in a maze, 

movements were restricted to the X and Y axes (horizontal and vertical directions). In the 

unidirectional task, participants began each trial from the same position, ensuring that 

they always moved in the same direction. To make the beginning of the next trial 

unpredictable, we used a variable inter-trial interval (ITI) ranging from 2000 to 2300 ms. 
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In each experimental task there were 240 trials, 120 with a short and 120 with a long 

foreperiod, randomly distributed. 

 

Before starting each task, a training phase of 10 trials was conducted to familiarize 

participants with the tasks. During this phase, the experimenter visually ensured that 

participants initiated their movement with the start signal and stopped with the target 

signal. The speed of their movements was also visually monitored during this training 

phase to prevent them from going too fast and reaching the box edge, or too slow and 

showing a jerky trajectory. The experimenter thus ensured that all participants made 

movements with similar speeds, even if those were not strictly identical. On occasion, 

some participants did collide with a box side. In such cases, the instruction was to 

completely stop the movement and remain still until the next trial. This instruction 

allowed us to identify these trials as anticipations, enabling us to exclude them from 

further analysis. 

 

In the third control task, participants had to press a button as fast as possible in response 

to a target. This task allowed us to verify that our sample showed the temporal prediction 

indicators (variable foreperiod and sequential effects) commonly observed on RTs in a 

typical variable foreperiod protocol. As this control task was not relevant to our main 

question, this taskôs methodology and results can be found in the Supplementary Material 

- Section 1. 

 

2.4. Electroencephalography 

 

During the tasks, EEG activity was recorded using the ActiveTwo Biosemi system 

(Amsterdam, Netherlands) with 64 actives Ag/AgCl electrodes mounted according to the 

10-20 international system. Electrodes were distributed over the scalp according to the 

international 10-20 system. The ground electrode was composed of the Common Mode 

Sense (CMS) and the Driven Right Leg (DRL) electrodes. Acquisition quality was 

ensured by keeping the electrode offset (average voltage relative to the CMS) below 50 

mV. Flat-type electrodes were placed on the left and right earlobes for future referencing. 

No online filter was applied, and the signal was sampled at 2048 Hz. 
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This EEG system is based on active electrodes, which transform impedance as follows: 

the input impedance is very high (300 Mohm), while the output impedance is very low 

(< 1 Ohm). This way, the interference currents flow via very low impedances (the output 

of the active electrode) and cannot generate significant interference voltages. In addition, 

the electrode impedance does not affect the level of interference. 

 

2.5. Data analyses 

 
2.5.1. Behavioural data 

 

We recorded participantsô motor trajectories and analysed behavioural indicators from the 

collected video images on MATLAB 2021b.  

 

We segmented our videos into 240 trials of 3000 ms. The beginning of each trial was 

defined by the onset of the start signal (i.e. the first tactile vibration on the forearm). It 

was recorded by the camera thanks to a blue LED inside the box that lit up at the onset of 

the forearm vibration and lasted for 100 ms, i.e. until the offset of the vibration. Similarly, 

when the target signal occurred (i.e. the second tactile vibration on the wrist), a green 

LED inside the box lit up during the entire wrist vibration. 

 

We analysed the trajectory of the finger (i.e. of the led) with MATLAB. We established 

several criteria to enable the script to identify the indicators defined in the following. The 

criteria are described below. 

 

2.5.1.1. Stopping latency or RT 

 

We collected participantsô stopping latencies i.e. the delay they needed to stop their 

movement after the target signal. The stopping latency was used as a RT in our protocol. 

RT is the indicator commonly used to assess participants' performance in variable 

foreperiod paradigms (see our control task in Supplementary Material ï Section 1) and 

allowed us to extrapolate typical behavioural indicators of temporal prediction abilities in 

our two motor tasks. In both experimental tasks, the stopping point was defined as the 

first point where all our criteria (see below) were met. If no point satisfied the stopping 

criteria, the trial was excluded from further analyses. If the movement had been stopped 
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before 150 ms after the target signal, this stop was considered as anticipated, and the trial 

was excluded from further analyses. As a matter of fact, the time it takes to process the 

target, to make a decision and to send a motor command back means that the reaction is 

necessarily delayed relative to the target stimulus (Jana et al., 2020). Trials that were 

óanticipatedô and subsequently excluded include true anticipations as well as instances 

where participants reached the limits of the box. When they hit the box limits before the 

end of the trial, they were instructed to halt their movement before the target signal 

occurred, and the action was thus considered an anticipated stop. 

 

RT was defined as the time difference between the onset of the target signal and the 

moment participants stopped their movement. At the stopping point, the participants' 

speed was never exactly zero. If their index finger was shaking a little, a movement was 

detected and the speed, though small, was not equal to zero (see Figure 1). Therefore, we 

had to define criteria allowing us to consider the movement to be stopped. A second 

difficulty was that not all participants were moving at exactly the same speed, and we 

could not define a unique speed threshold below which the movement would be 

considered as being stopped. Therefore, we used slowdown percentages rather than exact 

speed values. To ensure that the criteria allowed us to detect the stopping point correctly, 

each trial in each participant was visually inspected using a graphical representation of 

the speed over time. We verified whether the stopping point placed by our script was 

where common sense would have placed it. 

 

For the multidirectional task, an average of 2 trials out of 120 trials per participant were 

excluded in case of a short and long foreperiod respectively. A total of 90 and 89 trials 

per participant were included for the short and long foreperiod respectively. 

 

For the unidirectional task, an average of 6 and 9 trials out of 120 trials per participant 

were excluded in the short and long foreperiod respectively. A total of 87 and 82 trials per 

participant were included for the short and long foreperiod respectively. 

 

2.5.1.1.1. Stopping point criteria in the multidirectional task 

 

An example of how speed varies during the trajectory in a trial is depicted in Figure 1. 

We refer to each maximum and minimum speed as a óspeed peakô (see Figure 1). In the 
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remainder of the text, when criteria refer to both minimum and maximum speed, the 

generic term ópeakô will be used. Otherwise, we will specify whether the criterion 

concerns a maximum or a minimum speed. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. There is an initial acceleration due to the start signal. During this acceleration, 

speed can vary, leading to speed peaks. Green arrows indicate maxima, while blue arrows 

indicate minima. After 1 second, the target signal occurs (red line on the graph), and the 

delay needed to stop the action represents the stopping latency (i.e. RT). Even though 

participants no longer continue their movement, small speed peaks, due to tremors, are 

still detected. 

 

A first criterion for the stopping point was that speed had to be slowed down by at least 

40% compared to the previous maximum speed. For example, if the previous maximum 

speed was 10 cm/sec, the speed at the stopping point had to be lower or equal to 6 cm/sec. 

This criterion allowed us to detect a significant slowdown, but was not enough to 

determine a stopping point, as it may happen that a participant's speed decreases, without 

necessarily stopping. We added a second criterion to ensure that the participant was not 

re-accelerating. A stopping point was identified as such only if the next two speed peaks 

were less than twice the speed at the stopping point. According to the previous example, 

if the speed at the stopping point was 6 cm/sec, then the speed at the two next speed peaks 

had to be strictly lower than 12 cm/sec. These two criteria still did not guarantee that the 

movement was truly stopped. We needed to establish a speed threshold below which we 

could consider the participantsô index finger was no longer moving. As emphasized, due 
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to tremors, the speed was never equal to zero. Instead of using zero speed, we decided to 

use the tremors-related speed as a threshold at the stopping point. To determine the 

tremor-related speed, we used the median speed peak of each trial (between 0 and 3 

seconds). The median speed peak was reliable because trajectory-related speed changes 

exhibited a linear variation with few peaks, whereas tremors-related peaks displayed 

irregular patterns with multiple small peaks (see Figure 1). Due to the high number of 

peaks during tremor, the median speed peak was always tremors-related. The third 

criterion was that the speed at the stopping point had to be less than or equal to 1.5 times 

the median speed peak of this trial. If we take the previous example, with a speed of 6 

cm/sec at the stopping point, the median speed peak of the trial had to be equal or lower 

than 9 cm/sec. The combination of these three criteria allowed our program to detect 

stopping points in an objective and accurate way, as verified with visual inspection. 

 

2.5.1.1.2. Stopping point criteria in the unidirectional task 

 

The criteria for the stopping point had to be adapted for the unidirectional task. In this 

task, after having stopped their movement, participants returned to the starting position 

before the onset of the next trial. The stop was therefore not as clear and the standstill 

period not as long as in the multidirectional task. Hence, we adapted the stopping criteria 

as follows: at the stopping point, the speed of the movement had to be slowed down by 

at least 30% compared to the previous maximum speed (instead of 40% in the 

multidirectional task). The second criterion was the same as in the multidirectional task: 

a stopping point was identified as such only if the next two speed peaks were less than 

twice the speed at the stopping point. When the standstill period was not long enough, the 

two next speed peaks after the stop could not be less than twice the speed at the stopping 

point. As a matter of fact, when participants went back to their starting position after 

stopping their movement, they usually did it so quickly that the following speed peak was 

the highest speed peak of the trial. If a short standstill period was detected, then a stopping 

point was identified as such only if the speed at the next maximum was at least 50% of 

the maximum speed of this trial. Finally, to ensure that the movement had truly stopped, 

we added a last criterion based on the speed itself at the stopping point, which had to be 

lower or equal to 35% of the maximum speed associated with returning to the starting 

position. The value of 35% was verified by visual inspection: stopping points would have 

been missed with a lower percentage. 
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2.5.1.2.  Deceleration points 

 

Participants slow down their movement in anticipation of the movement end. Such 

slowing down is characteristic of the movement kinematics and indicates how and when 

the movement end is prepared for in the motor program (Duque et al., 2017; Woodworth, 

1899). The start of this slowing down was taken as a proxy for the moment when 

preparation to stop the movement started. In the following, we will refer to this slowing 

down as the ódeceleration pointô for the sake of simplicity. Since we have two foreperiods 

in each task, we were interested in the deceleration point before the onset of the target 

signal at 1000 ms (short foreperiod) which we will call the ófirst deceleration pointô. The 

second deceleration point between 1000 ms and 1700 ms (long foreperiod) did not bring 

much more to the results, and we focus on the first deceleration point for the sake of 

simplicity. Results related to the second deceleration point can be found in the 

Supplementary Material ï Section 2. Before 1000 ms, participants could not know when 

the target signal would occur, and for this reason a first deceleration point was expected 

in all trials (short and long foreperiods). The criteria used to identify the first deceleration 

point were identical between the tasks. First deceleration points were defined as the first 

slowing down where all our criteria were met.  

 

2.5.1.2.1. First deceleration point (150 ï 1000 ms) criteria 

 

For the first deceleration point, we defined a temporal period from 150 until 1000 ms. At 

least 150 ms are needed for the start signal to be processed and a motor command to be 

sent back (Jana et al., 2020). Hence deceleration point below 150 ms was considered as 

an anticipation. If the target signal was expected at 1000 ms, slowing down should start 

before 1000 ms. As for the stopping point criteria, we verified the consistency of our 

criteria, described hereafter, by visual inspection, for each trial in each participant.  

 

A first criterion was that the speed at the first deceleration point had to be at least equal 

to 30% of the maximal speed in the time window of interest. Visual inspection suggested 

the criterion of 30% of the maximum speed was a good compromise between the risk of 

omission and false alarms. The two additional criteria ensured that participants were 

decelerating their movement and not preparing to accelerate further. The speed at the next 

speed peak had to be at least 10% slower than the speed at the first deceleration point, 
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and/or the acceleration at the next speed peak had to be at least 30% lower than the 

acceleration at the first deceleration point. 

 

Several additional indicators were derived from the deceleration point. In order to 

describe the data, we measured the speed at this point and the latency, i.e. the delay 

between the start of the trial and the first deceleration point (results regarding the latency 

can be found in the Supplementary Material ï Section 2). However, the main parameter 

was the deceleration slope in between the first deceleration point and the target signal (in 

case of a short foreperiod), which evaluates the efficiency of the slowing down in 

anticipation of the target signal. We calculated the relative deceleration slope according 

to this formula: [(speed at the first deceleration point ï speed at 950 ms) / speed at the 

first deceleration point] in all trials. We used the speed at 950 ms instead of the speed at 

1000 ms to avoid a potential effect of the onset of the target signal in trials with a short 

foreperiod. 

 

2.5.2. Electrophysiological data 

 

The EEG analysis was performed on MATLAB R2021b with the EEGlab toolbox 

(Delorme & Makeig, 2004). 

 

The pre-processing steps were applied to each participant and for each task separately. 

First, we referenced our signal with our bipolar electrodes attached to the right and left 

ears. Then we reduced the sampling rate from 2048 to 512 Hz to keep a good temporal 

resolution while reducing the analyses time. The data was band-pass filtered between 0.01 

and 30 Hz (Mento, 2017). We then applied additional cleaning and filtering steps to create 

an optimal dataset for the application of the ICA órunicaô algorithm proposed by EEGlab 

(Luck, 2022). An average of 3 Ñ 3 electrodes per participant were interpolated (a 

maximum of 12 electrodes interpolated in two participants whose EEG signal was 

particularly noisy; none concerned our electrodes of interest). 

 

We segmented our trials 200 ms before the onset of the start signal and up to 2000 ms 

after. The baseline was defined as the average EEG signal from 200 ms before to the onset 

of the start signal i.e. [-200 0] ms. Subsequently, we rejected artefacts appearing 200 ms 

before the onset of the start signal and until the target signal in the long foreperiod i.e. [-
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200 1700 ms] using a single voltage threshold Ñ 150 ɛV. An average of 110 out of 120 

trials were included for both the short and long foreperiods in the multidirectional task, 

vs. 113/120 and 112/120 trials in the unidirectional task, for the short and long foreperiods 

respectively. For three participants, the data was too noisy due to sweating artefacts, and 

was excluded from the analyses, bringing our group to 22 participants for our EEG data. 

 

2.5.3. Statistical analyses 

 

Statistical analyses were carried out in R (RStudio Team, 2016). For all the indicators, we 

worked with the median values of each participant (to avoid difficult decisions about 

outliers cutoff values). The graphs display the data averaged across participants. Error 

bars represent the standard error of the mean (SEM). 

 

For our statistical comparisons we performed repeated measures ANOVAs to examine 

interaction effects that are well-established in the literature (Correa et al., 2006a; Martin 

et al., 2017; Mento, 2017). When the assumption of normal distribution was not met in 

our datasets, we normalized them before conducting the ANOVA. To do so, we used the 

óboxcoxô function from the ôbestnormalizeô R package, which enabled our datasets to 

conform to a normal distribution (Box & Cox, 1964). This approach was predetermined 

in the ethical document. To keep a normal distribution while preserving a mean and a 

standard deviation different from 0 and 1 respectively, we applied inverse z-scores to our 

datasets before conducting the statistical analysis. Overall, the level of significance was 

set to Ŭ = 0.05. The partial eta-squared (ɖĮp) values are added as a measure of effect size. 

 

3. Results 

 

3.1. Reaction times 

 

We verified whether the previous and current foreperiods had an influence on RTs on the 

current trial. The purpose of this analysis is to ensure the presence of the typical indicators 

of temporal prediction abilities on RTs: as a reminder the decrease of RTs with increasing 

foreperiods reflects the variable forepriod effect, whereas the increase of RTs when the 

previous and current foreperiods are respectively long and short (vs. short on both trials) 
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reflects sequential effects. As already emphasized in the methods section (2.3. Procedure) 

sequential effects are not expected at long foreperiods. We focus on the typical effects, 

but full statistical analyses can be found in Supplementary Material ï Section 2. We 

performed a three-factor repeated measures ANOVA on participantsô RTs with the within-

group factors 'task' (unidirectional vs. multidirectional), óprevious foreperiodô (short vs. 

long) and ócurrent foreperiodô (short vs. long) (Figure 2). 

 

The three-factor ANOVA on RTs revealed a main effect of ótaskô [F(1,24) = 19.19, p = 

0.0002, ɖĮp = 0.44], with faster RTs in the unidirectional (351 ms Ñ 87.1) than in the 

multidirectional task (432 ms Ñ 82.0). There was also a main effect of ócurrent foreperiodô 

[F(1,24) = 161.41, p = 0.000000000004, ɖĮp = 0.87]. This effect reflects a typical variable 

foreperiod effect, with RTs being faster when the current foreperiod was long (344 ms Ñ 

65.9) rather than short (438 ms Ñ 93.7). There was finally a main effect of óprevious 

foreperiodô [F(1,24) = 45.21, p = 0.0000006, ɖĮp = 0.65], with longer RTs when it was 

preceded by a trial with a long (401 ms Ñ 93.6) rather than short (382 ms Ñ 93.2) 

foreperiod. 

 

The factor óprevious foreperiodô interacted significantly with the factor ócurrent 

foreperiodô [F(1,24) = 22.04, p = 0.00009, ɖĮp = 0.48]. A paired t-test confirmed the typical 

asymmetric sequential effects since RTs increased only when the foreperiod of the current 

trial was short and the previous foreperiod was long (456 ms Ñ 84.5) rather than short 

(421 ms Ñ 99.7), t(49) = -6.08, p = 0.0000002. 

 

There was a significant interaction between the three factors ócurrent foreperiodô, 

óprevious foreperiodô and ótaskô (unidirectional vs. multidirectional) [F(1,24) = 16.08, p 

= 0.0005, ɖĮp = 0.40]. In the unidirectional task, we observed a significant interaction 

between the factors óprevious foreperiodô and ócurrent foreperiodô [F(1,24) = 55.38, p = 

0.0000001, ɖĮp = 0.70], but not in the multidirectional task [F(1,24) = 0.70, p = 0.4, ɖĮp = 

0.03]. In the unidirectional task, we found the typical sequential effects: there was a main 

effect of óprevious foreperiodô only when the current foreperiod was short [F(1,24) = 

73.80, p = 0.000000009, ɖĮp = 0.76]. RTs on the current trial with a short foreperiod were 

longer when the previous foreperiod was long (415 ms Ñ 82.6) rather than long (358 ms 

Ñ 80.4). 
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Figure 2. RTs in ms on the current trial in both motor tasks, depending on the previous 

foreperiod. Opaque shapes with error bars show the mean RTs Ñ SEM, while transparent 

shapes reflect individual participants' data points in each condition. Statistical 

significance is denoted by *** for p-values < .001. The asterisks between the current short 

and long foreperiods indicate the main effect of the 'current foreperiod' factor. The 

asterisks above the two leftmost points on the right panel (approximately 350 ms and 410 

ms), signal an effect of the óprevious foreperiodô factor at the current short foreperiod in 

the unidirectional task. 

 

3.2. Relative deceleration slope before 1000 ms 

 

The trajectory reveals how the stop is anticipated. Such markers are not comparable 

across short and long intervals, and here we focus on sequential effects rather than on the 

variable foreperiod effect, and we consider only the deceleration before 1000 ms, i.e. 

within the short foreperiod interval (see paragraph 2.5.1.2). This means that the factor 

óvariable foreperiodô was not taken into account. As a reminder the deceleration occurs 

before the target, and all trials were taken into consideration (with a short or a long 

foreperiod). If the motor prediction is influenced by preceding trials, it leads to sequential 

effects. In this section, we explored the effect of the previous foreperiod on the relative 
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deceleration slope of the current trial. We first report a one-factor ANOVA in each 

experimental motor task separately, as those tasks are new, and as the two tasks were 

conducted separately, in distinct blocks. Since the previous foreperiod influenced the 

relative deceleration slope differently in our two experimental tasks, we conducted an 

additional analysis, with the within factor ótaskô (unidirectional vs. multidirectional) to 

verify whether results in the two tasks significantly differed (Figure 3). 

 

In the unidirectional task, the one-factor ANOVA on relative deceleration slope showed a 

main effect of óprevious foreperiodô [F(1,24) = 10.70, p = 0.003, ɖĮp = 0.31]. Participants 

showed a shallower relative deceleration slope when the previous foreperiod was long 

(0.153 Ñ 0.1) rather than short (0.194 Ñ 0.1). 

 

In the multidirectional task, the one-factor ANOVA showed no main effect of óprevious 

foreperiodô on the relative deceleration slope [F(1,24) = 0.84, p = 0.4, ɖĮp = 0.03]. 

 

To compare the two experimental tasks (Figure 3), we performed a two-factor ANOVA 

on the relative deceleration slope of the current trial. A significant interaction between the 

factors was found [F(1,24) = 4.67, p = 0.04, ɖĮp = 0.19], confirming the difference 

between the two tasks.  
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Figure 3. Relative deceleration slopes in all current trials (i.e. regardless of their 

foreperiod) in both motor tasks, depending on the previous foreperiod. This indicator 

shows how participants decelerate from the first deceleration point to the onset of the 

target signal at short foreperiod (we take into account the moment just preceding the 

onset, in order to avoid vibration-related artefacts). Opaque shapes with error bars show 

the mean relative deceleration slope Ñ SEM, while transparent shapes reflect individual 

participants' data points in each condition. Statistical significance is denoted by ** for p-

value < .01. 

 

3.3. CNV 

 

We verified whether sequential effects were observed on the CNV amplitude in both 

tasks, despite the absence of sequential effect on the behavioural indicators in the 

multidirectional task. To do so, we performed a two-factor ANOVA with the within-group 

factors 'task' (unidirectional vs. multidirectional) and óprevious foreperiodô (short vs. 

long) on the mean amplitude of the CNV on the current trial (measured between 800 and 

1000 ms) (Figure 4). In this time window we are right before the onset of the target signal 

in case of a short foreperiod. Since participants do not know whether the foreperiod will 

be short or long we averaged data over both foreperiods. We focused our analysis on FCz, 
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Cz and C1 electrodes which are traditionally used to observe the CNV (Capizzi et al., 

2013; Foerster et al., 2022; Kononowicz & Penney, 2016; Kononowicz & Van Rijn, 2011; 

Macar et al., 1999). 

 

The two-factor ANOVA on CNV amplitude revealed a main effect of óprevious 

foreperiodô [F(1,21) = 9.63, p = 0.005, ɖĮp = 0.31], with a less negative CNV amplitude 

when the previous foreperiod was long (-1 u.a Ñ 3.2) rather than short (-2.4 u.a Ñ 4). We 

found no main effect of ótaskô: [F(1,21) = 0.71, p = 0.4, ɖĮp = 0.03] nor any interaction 

between the factors [F(1,21) = 0.22, p = 0.6, ɖĮp = 0.01]. This was expected, since we had 

anticipated sequential effects on the CNV in both tasks. Nonetheless, to make sure that a 

sequential effect can indeed be found in both tasks, we performed one-factor ANOVAs in 

each task, which are available in Supplementary Material ï Section 2.  

 

Figure 4. CNV amplitudes in ÕV in multi- and unidirectional tasks (panel A and B 

respectively), averaged across three electrodes (FCz, Cz, and C1) in all current trials (i.e. 

regardless of their foreperiod). The shaded area around the lines corresponds to the SEM. 

0 ms on the abscissa marks the onset of the start signal (green line), while 1000 ms marks 

the onset of the target signal at the short foreperiod (red line). Statistical analyses were 

conducted on the average CNV amplitude in the 800-1000 ms window. Statistical 

significance is indicated by * for p-values < .05. 
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As a reminder, no sequential effect is expected at the long foreperiod. The CNV are 

nonetheless illustrated in Supplementary Material ï Section 2. The analysis shows that 

there is no difference in the CNV amplitude at the long foreperiod between the two tasks, 

and only a trend in the decrease of the CNV amplitude at long relative to short foreperiod. 

 

4. Discussion 

 

The aim of this study was to understand whether a temporal prediction is specifically 

attached to the motor action. We combined two motor tasks with the variable foreperiod 

paradigm. In the unidirectional task, participants repeated the same movement direction 

from trial-to-trial, while in the multidirectional task, they were asked to change direction 

from trial-to-trial. We replicated the usual variable foreperiod effect in both motor tasks 

(see Supplementary Material ï Section 1 for the control task), despite our change of 

protocol. Moreover, we collected kinematic parameters during the foreperiod, in addition 

to typical indicators of temporal prediction abilities (RT and CNV) and assessed 

sequential effects. The latter are thought to be robust markers of automatic temporal 

prediction abilities (Kong et al., 2015; Vallesi et al., 2014). Parameters similarly 

influenced by sequential effects in both tasks indicate a temporal prediction independent 

from the specific motor program, while those observed only in the unidirectional task 

may reflect a motor-related temporal prediction.  

 

Regarding the EEG results, sequential effects were observed on the CNV amplitude in 

our control task (see Supplementary Material ï Section 1) and in both motor tasks. 

Regardless of the motor direction taken by participants from trial-to-trial, we observed an 

impact of the previous foreperiod on participants' EEG-related preparation on the current 

trial. The presence of sequential effects on the CNV amplitude in a variable foreperiod 

task has been extensively described in the literature, contributing to establishing CNV as 

an EEG indicator of temporal prediction abilities (Breska & Deouell, 2014; Mento, 2017; 

Van der Lubbe et al., 2004; Walter et al., 1964). Our results are consistent with those 

previous findings.  

 

Sequential effects were not expected when the current foreperiod was long. For both the 

hazard-based theory and for the fMTP there is no influence from the preceding 
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foreperiods at long foreperiods (see Supplementary Material ï Section 2), and this is also 

what is usually seen in the literature (Correa et al., 2006b; Los et al., 2017; Niemi & 

Nªªtªnen, 1981; Vallesi et al., 2007; Zahn et al., 1963). This might be seen as in 

contradiction with the study of McAdam et al. (1969). However, in this study participants 

were required to emit an explicit prediction regarding the next foreperiod on each trial. 

The authors measured the impact of this prediction rather than the implicit impact of the 

recent foreperiod, which probably explains the discrepancy with our results and the 

literature. 

 

Regarding the behavioural results, we observed sequential effects on RT in the control 

task (see Supplementary Material ï Section 1) and in the unidirectional task only. In 

addition, in the unidirectional task, we observed sequential effects on the anticipatory 

deceleration of the movement. In the multidirectional task, these sequential effects were 

not present. In other words, sequential effects are observed when the same movement is 

repeated from trial-to-trial but disappear when the movement direction changes. This 

suggests that sequential effects on behavioural indicators reflect the existence of a motor-

related temporal prediction. We first detail behavioural results before discussing why we 

observe a difference in sequential effects between behavioural and EEG responses. 

 

Slowing down (decelerating) before the end of a movement has long been described 

(Woodworth, 1899). It is intrinsic to the motor program itself as it helps to avoid any 

unwanted collision, e.g. before reaching an obstacle. The timing and the way this 

slowdown occurs indicate how the end of the movement is prepared for and provide 

important insights into the motor preparation occurring before the target signal. The 

characteristics of the deceleration allow us to assess sequential effects, which demonstrate 

how motor-related predictions are adjusted based on recent experiences, whether the 

movement direction changes (multidirectional task) or remains the same (unidirectional 

task). 

 

In the unidirectional task, with short foreperiods, we observed sequential effects on the 

relative deceleration slope, likely reflecting a temporal prediction. As a reminder, the 

relative deceleration slope was calculated as (speed at the first deceleration point ï speed 

before target signal at short foreperiod) / speed at the first deceleration point. If the 

previous foreperiod had been short, the relative deceleration slope was steeper than if the 
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previous foreperiod had been long. A steeper slope indicates increased deceleration 

without requiring additional time. The slope is steeper because it starts from a higher 

speed (at the deceleration point). This result may seem counterintuitive. After a short 

foreperiod, the next foreperiod is predicted to be short, due to sequential effects. A shorter 

foreperiod would be expected to lead to earlier deceleration (see Supplementary Material 

ï Section 2), and slower speed. This was not observed. What is observed in the 

unidirectional task is increased deceleration when the previous foreperiod was short as 

compared to long. It is as if the repetition of the movement from trial-to-trial helps to 

optimize the deceleration phase. In contrast, when participants change direction from one 

trial to the next (multidirectional task), no sequential effects were observed on behaviour. 

The change in movement appears to preclude an optimization of the deceleration phase. 

 

Behavioural parameters do not seem to be sensitive to the prediction of the onset of the 

target signal, i.e. the sensory signal, which was identical in the uni- and multidirectional 

tasks. If they were, we would have observed sequential effects in both tasks. One might 

assume that since deceleration occurs during the trajectory itself, it is not surprising that 

the sequential effects on this indicator reflect a motor-related temporal prediction. Yet the 

detrimental impact of the direction changes on sequential effects persists on RT. RT is 

closer to the typical measure in variable foreperiod tasks. It is a compound measure since 

it stems from a motor response to a sensory stimulus (Faugeras & Naccache, 2016; Niu 

et al., 2018). As such, it should be sensitive to both the prediction of the onset of the 

sensory signal and motor preparation. Especially the moment at which the target signal 

occurred on the previous trial might have been expected to be considered in the current 

trial. This is not the case, suggesting that motor prediction needs to be renewed when the 

movement changes. This need may explain why movement and RT are slower in the 

multidirectional task than in the unidirectional task. It might have been argued that the 

lack of sequential effect in the multidirectional task relates to the fact that responses in 

our protocol require motor inhibition (stopping the movement) rather than motor 

activation (pressing a button). However sequential effects have been widely documented 

across various task types (Brul® et al., 2021; Los, 2010; Marques-Carneiro et al., 2020; 

Wehrman et al., 2018). Importantly they are replicated in the unidirectional task, 

consistent with the literature emphasizing the importance of motor optimization in the 

sequential effects (Correa et al., 2006b; Los et al., 2017; Niemi & Nªªtªnen, 1981; Salet 
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et al., 2022; Vallesi et al., 2007; Zahn et al., 1963). It is thus unlikely that the need to stop 

the movement explains the lack of sensitivity to the prediction of the target signal onset. 

 

Our behavioural results seem especially sensitive to the motor anticipation. The fact that 

in the unidirectional task, we found sequential effects on the relative deceleration slope 

and not on its onset (latency) suggests that temporal prediction abilities play a role on 

how the movement is executed and not on its initiation. How this fits with explorations 

regarding the Smith predictor remain to be determined, given the difference in the tasks 

across protocols (Miall & Jackson, 2006). However, our results clearly suggest the 

existence of a specific motor-related temporal prediction. Inasmuch as this effect precedes 

the target signal, it suggests an effect on the inverse ófeed-forward programô rather than 

on the forward model that adjusts the movement to sensory feedbacks. 

 

It could be argued that, for some reason, time expectations for long foreperiods differ 

between the uni- and multidirectional tasks, thus explaining the lack of sequential effects 

in the multidirectional task. If the long foreperiod is not expected as efficiently in the 

multidirectional task as in the unidirectional task, its influence in the subsequent trial 

might decrease. As a matter of fact, some older studies using foreperiods longer than 2 

seconds have shown decreases in the CNV amplitudes for the longest foreperiods 

(Loveless & Sanford, 1975; McAdam et al., 1969). However, such long foreperiods can 

be expected to require executive functions to maintain expectation (Z®lanti & Droit-Volet, 

2011), and are clearly longer than the longest foreperiod used in our study (1700 ms). Our 

results do not show a decrease in expectation with time, albeit there is a tendency. Most 

importantly there was no difference between tasks for long foreperiods. The foreperiod 

effects show consistent time expectations in both tasks, as shown by the decreases in RT 

with increasing foreperiods, and the similar CNV amplitude between tasks at long 

foreperiods (see Supplementary Material ï Section 2). 

 

Our task being novel, we might discuss its sensitivity. For example, one might assume 

that our parameters are not sufficiently sensitive to small-amplitude sequential effects in 

the multidirectional task due to variability in the movement. It is important to emphasize 

that deceleration points were detected as easily in both tasks: on average, velocity peaks 

were found in 95% of trials for each participant in the multidirectional task and in 94% 

of trials for each participant in the unidirectional task. Also, the main effect of variable 
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foreperiod was found to be significant in both tasks (see the results and the Supplementary 

Material ï Section 2), suggesting that the parameters were sensitive enough in both the 

uni- and multidirectional tasks. 

 

Nevertheless, temporal prediction is still implemented in the multidirectional task, as 

evidenced by the results related to the amplitude of the CNV. The amplitude of the CNV 

was less negative when the previous foreperiod was long rather than short. This 

observation holds true in both of our motor tasks. While the CNV could reflect motor 

preparation (Macar & Besson, 1985; Walter et al., 1964), it might offer insights into a 

more general preparation, irrespective of the specific movement, due to the need to 

prepare in time for the target signal. Many studies have suggested a distinction between 

early and late CNV components, the former being related to attention orientation after the 

first stimulus (Weerts & Lang, 1973), and the later to motor preparation (Loveless & 

Sanford, 1975). It has been made clear that the late CNV differs from the lateralized 

preparation potential (LRP) (Ulrich et al., 1998) though. Ulrich et al. (1998) cued the 

movement to be executed with information on hand, direction, and force of the 

movement. They showed that, in contrast with LRP, the late CNV increased with the 

amount of prior information. They proposed that the CNV represents the assembling of 

the motor program, including any external influence helping to build the program. Gomez 

et al., (2003) used source localization and suggested that the late CNV is involved also in 

perceptual preparation, with a perceptual and motor coordination mediated by the frontal 

cortex. It is beyond the goal of the present study to discuss the exact functions reflected 

by the CNV. However, we can note that the slope of deceleration is a purely motor-related 

signal preceding the target signal. This motor parameter is modulated by sequential 

effects in the unidirectional task, but not in the multidirectional task, whereas the CNV 

amplitude is modulated by sequential effects in both tasks. Our results suggest that the 

CNV is unlikely reflecting a pure motor measure, and those results are in accordance with 

the literature. The CNV amplitude could reflect proactive anticipation of the target's onset, 

preparing for the detection, decision and response that need to be made as soon as the 

target appears (Correa et al., 2005; Correa et al., 2006c; Vangkilde et al., 2012). Future 

studies may benefit from the present procedure to distinguish between perceptual and 

motor functions. Such future studies may also address a limitation of our approach, which 

is the fact that the uni- and multidirectional tasks differ not only by the direction change 

between trial, but also by the need to decide the direction in the multidirectional task. 
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Devising intermediate experimental steps (e.g. with no choice but still a change in 

direction) may help to explore further the question of the distinction between the 

perceptual and motor components of time prediction and understanding at which point 

sensory and motor time prediction become disconnected, like they are in the 

multidirectional task. 

 

5. Conclusion 

 

Our results suggest that CNV amplitude is influenced by additional mechanisms not 

reflected in our behavioural indicators. In this sense, they confirm the existence of 

different mechanisms of temporal prediction abilities, as behavioural performance is 

affected by experimental manipulations, whereas EEG is not. In all, our results suggest 

two types of temporal prediction at the same temporal scale: one is motor-related, linked 

to the movement itself and visible on behavioural indicators (in the unidirectional task 

and before the target onset), while the other involves mechanisms that are independent 

from the movement and visible on the EEG indicator. These results raise questions 

regarding how the different mechanisms of the prediction interact, and whether motor 

prediction is embedded in a more general one. Similarly, given the neurodevelopmental 

component of temporal prediction abilities (Bender et al., 2005; Johnson et al., 2015; 

Mento & Valenza, 2016), it will be interesting to investigate whether these mechanisms 

of the prediction are established simultaneously during development or if one precedes 

the other. Most importantly, our task provides a useful tool to distinguish different types 

of temporal prediction impairments in pathological conditions. 
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3.2. Supplementary Material 
 

 

Section 1 ï Control task 

 

1. Materials and Methods 

 

In the control task, the number of trials per conditions, the equipment, the stimuli were 

identical to the uni- and multidirectional tasks. Only the way participants answered 

changed. In this control task, the vibration applied to the forearm was there to warn the 

participant that the trial started, and that the vibration applied to the wrist would occur 

after a delay. Participants were instructed to respond as fast as possible to the onset of the 

wrist vibration by pressing with their dominant hand the central button of a Chronos E-

Prime 3.0 response box. 

 

1.1. Analyses of reaction times 

 

Trials corresponding to omission errors (i.e. no response given by the participant), 

incorrect responses (i.e. pressing the wrong button), and anticipatory response (i.e. RT < 

150 ms) were discarded from further analyses. 

Out of 120 trials, an average of 4 and 8 anticipated trials per participant were excluded 

for short and long foreperiods respectively. A total of 112 and 104 trials per participant 

were included in the following analyses for the short and long foreperiod respectively. 

 

2. Results 

 

2.1. Reaction time 

 

We verified whether we did find the commonly observed temporal prediction indicators 

(hazard function and sequential effects) on RTs in the control task. To do so, we performed 
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a two-factor repeated measures ANOVA on RTs with the within-group factors óprevious 

foreperiodô (short vs. long) and ócurrent foreperiodô (short vs. long) (Figure S1.1). 

 

The two-factor ANOVA on RTs revealed a main effect of ócurrent foreperiodô [F(1,24) = 

23.63, p = 0.00006, ɖĮp = 0.50]. This effect reflects a typical hazard function, with RTs 

being faster when the current foreperiod was long (215 ms Ñ 54.2) rather than short (236 

ms Ñ 55.2). There was also a main effect of óprevious foreperiodô [F(1,24) = 52.87, p = 

0.0000002, ɖĮp = 0.69], with faster RTs when the previous foreperiod was short (216 ms 

Ñ 53.9) rather than long (235 ms Ñ 55.7). We found a significant interaction between the 

two factors [F(1,24) = 40.50, p = 0.000001, ɖĮp = 0.63]. Paired t-test confirmed the typical 

asymmetric sequential effect since RTs were disadvantaged when the previous foreperiod 

had been long (254 ms Ñ 52.1), rather than short (218 ms Ñ 53.3), only when the current 

foreperiod was short, t(24) = -8.71, p = 0.000000007. 

 

Figure S1.1. RTs in ms on the current trial in the control task, depending on the previous 

foreperiod. Opaque shapes with error bars show the mean RTs Ñ SEM, while transparent 

shapes reflect individual participants' data points in each condition. Statistical 

significance is denoted by *** for p-values < .001. 
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2.2. CNV 

 

In the control task, we expected the CNV amplitude (measured before the onset of the 

second tactile stimulus) to be influenced by sequential effects in case of a short foreperiod. 

We performed a one-factor ANOVA with the within-group factor óprevious foreperiodô 

(short vs. long) on the mean CNV amplitude at FCz, Cz and C1 electrodes between 800 

and 1000 ms, as for the other tasks (see main manuscript). Since the current foreperiod 

cannot influence the CNV amplitude in this time window, we did not take this factor into 

account in our analyses and, as for the other tasks, we grouped all current trials together 

(i.e. regardless of their foreperiod) (Figure S1.2). 

 

The one-factor ANOVA on the CNV amplitude on current trial revealed a main effect of 

óprevious foreperiodô [F(1,21) = 15.44, p = 0.0008, ɖĮp = 0.42], with a more negative CNV 

amplitude when the previous foreperiod was short (-6.9 u.a Ñ 5.7) rather than long (-3.5 

u.a Ñ 3.3). 

 

Figure S1.2. CNV amplitudes in ÕV in the control task, averaged across three electrodes 

(FCz, Cz, and C1) in all current trials (i.e. regardless of their foreperiod). The shaded area 

around the lines corresponds to the SEM. 0 ms on the abscissa marks the onset of the start 

signal (green line), while 1000 ms marks the onset of the target signal at the short 

foreperiod (red line). Statistical analyses were conducted on the average CNV amplitude 

in the 800-1000 ms window. Statistical significance is indicated by * for p-values < .05. 
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3. Conclusion 

 

We did find sequential effects on RTs and on the CNV amplitudes in the control task. 

These results replicate what is observed in the literature. The results confirm that we are 

able to observe the usual indicators of temporal prediction abilities on our participantsô 

responses in a typical variable foreperiod task. 

 

Section 2 ï Motor tasks 

 

1. Materials and Methods  

 

1.1. Second deceleration point (1000 ï 1700 ms) 

 

In trials with a long foreperiod, after 1000 ms in the absence of the target signal at the 

short foreperiod, participants had to continue their movement until 1700 ms, and perhaps 

had to update their prediction. The criteria to detect this second deceleration point were 

identical to those used to detect the first deceleration point, with the difference that the 

time period of interest for this second deceleration point was in-between the short and the 

long foreperiod (i.e. from 1000 ms to 1700 ms). 

 

Regarding the deceleration-related parameters of this second deceleration point, we were 

interested only in its latency and in participantsô speed at this point. We were not interested 

in the deceleration slope between this point and the target signal. Indeed, during the short 

foreperiod, there is uncertainty about the onset of the target signal, leading participants to 

automatically rely on information from the previous trial to adjust their deceleration and 

anticipate the target signal more efficiently on the current trial. Once the moment of the 

short foreperiod has passed without target signal, participants are certain that the target 

signal will occur at the long foreperiod. Since we were mainly interested in sequential 

effects on these deceleration-related parameters, it was not relevant to expect sequential 

effects on the deceleration slope between the second deceleration point and the target 

signal at the long foreperiod. At this stage, motor prediction processes appear to be less 

influential as anticipation is based on the current knowledge. 
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2. Results 

 

2.1. Reaction times ï additional statistics 

 

Effect DF F p-value ɖĮp 

Task (1,24) 19.19 0.0002 0.44 

Previous Foreperiod (1,24) 45.21 0.0000006 0.65 

Current Foreperiod (1,24) 161.41 0.000000000004 0.87 

Task * Previous Foreperiod (1,24) 6.89 0.02 0.22 

Task * Current Foreperiod (1,24) 12.13 0.002 0.34 

Previous Foreperiod * Current 

Foreperiod 

(1,24) 22.04 0.00009 0.48 

Task * Previous Foreperiod * 

Current Foreperiod 

(1,24) 16.08 0.0005 0.40 

Table S2.1: Full results of the three-way ANOVA conducted on RTs in the main 

manuscript. 

 

Effect DF F p-value ɖĮp 

Previous Foreperiod (1,24) 33.62 0.000006 0.58 

Current Foreperiod (1,24) 75.06 0.000000008 0.76 

Previous Foreperiod * Current 

Foreperiod 

(1,24) 55.38 0.0000001 0.70 

Table S2.2: Full results of the two-way ANOVA conducted on RTs in the unidirectional 

task in the main manuscript. 

 

Effect DF F p-value ɖĮp 

Previous Foreperiod (1,24) 4.21 0.05 0.15 

Current Foreperiod (1,24) 105.51 0.0000000003 0.81 

Previous Foreperiod * Current 

Foreperiod 

(1,24) 0.70 0.4 0.03 

Table S2.3: Full results of the two-way ANOVA conducted on RTs in the multidirectional 

task in the main manuscript. 
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2.2. Latency of the first deceleration point 

 

When preparing for the end of the movement, it might have been possible that individuals 

decelerate earlier when they expect a signal at short foreperiod. If this was the case, we 

should have observed sequential effects on latencies. This possibility contrasts with the 

efficiency of the slowing down.  

 

As for the other tasks, the first deceleration point occurred before participants knew if the 

foreperiod was short or long, and we grouped together all the current trials (i.e. regardless 

of the foreperiod). We performed one-way repeated measures ANOVAs with the within 

factor óprevious foreperiod' (short vs. long) in each task on the dependent variable first 

deceleration point latencies. 

 

Task Multidirectional Unidirectional 

Previous foreperiod Short Long Short Long 

Mean (ms) 519 518 570 583 

SD 94.1 82.2 94.3 84.6 

Table S2.4: Latencies of the first deceleration point on the current trial as a function of 

the previous foreperiod, in each motor tasks. 

 

In the unidirectional task, the one-factor ANOVA on the latencies of the first deceleration 

point showed no main effect of the óprevious foreperiodô [F(1,24) = 2.41, p = 0.1, ɖĮp = 

0.09]. 

 

The same analysis was conducted in the multidirectional task, and again we found no 

effect of the óprevious foreperiodô on the latencies of the first deceleration point [F(1,24) 

= 0.009, p = 0.9, ɖĮp = 0.0004].  

 

In both motor tasks, the latencies of the first deceleration point were not influenced by 

the previous foreperiod. 

 

The results show that the deceleration always starts at the same moment, whatever the 

expectation regarding the end of the action, at least at the time corresponding to the short 

foreperiod. 
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2.3. Latency of the second deceleration point  

 

As a reminder, the second deceleration point corresponds to the moment when the 

prediction must be updated because the target signal has not appeared at the short 

foreperiod. This point is, therefore, only present in trials where the foreperiod is long. We 

performed one-way repeated measures ANOVAs with the within factor óprevious 

foreperiod' (short vs. long) in each task on the dependent variable latency of the second 

deceleration point on the current trial with a long foreperiod. 

 

Task Multidirectional Unidirectional 

Previous foreperiod Short Long Short Long 

Mean (ms) 1216 1197 1232 1206 

SD 56.7 44.1 84.5 56.0 

Table S2.5: Latencies of the second deceleration point on the current trial with a long 

foreperiod, as a function of the previous foreperiod, in each motor tasks. 

 

In the unidirectional task, the one-factor ANOVA on the latencies of the second 

deceleration point showed a main effect of the óprevious foreperiodô [F(1,24) = 4.96, p = 

0.04, ɖĮp = 0.17]. Participants started to slow down in anticipation of the onset of the target 

signal at the long foreperiod faster when the previous foreperiod was long (1206 ms Ñ 

56.0) rather than short (1232 ms Ñ 84.5). 

 

The fact that the latency is longer when the previous foreperiod was short may correspond 

to the need to readjust prediction. As a matter of fact, if the previous foreperiod was short, 

a short foreperiod was expected on the current trial. If the stimulus did not occur at the 

short foreperiod, the prediction of the signal required to be adjusted before a deceleration 

was initiated. In contrast, if the previous foreperiod was long, no adjustment was required, 

and the deceleration could be initiated earlier. 

 

In the multidirectional task, the one-factor ANOVA on the latencies of the second 

deceleration point showed no main effect of the óprevious foreperiodô [F(1,24) = 2.33, p 

= 0.1, ɖĮp = 0.09]. The lack of sequential effects in the multidirectional task matches the 

lack of sequential effect on the other trajectory parameters. 
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To compare the two experimental tasks, we performed a two-factor ANOVA on the 

latencies of the second deceleration point, which revealed no main effect of ótaskô [F(1,24) 

= 0.90, p = 0.4, ɖĮp = 0.04]. The ANOVA revealed a main effect of the óprevious 

foreperiodô [F(1,24) = 9.34, p = 0.005, ɖĮp = 0.28]. The second deceleration point occurred 

earlier when the previous foreperiod was long (1201 ms Ñ 50.0) rather than short (1224 

ms Ñ 71.4). No significant interaction between the factors was found [F(1,24) = 0.17, p = 

0.7, ɖĮp = 0.007]. 

 

2.4. CNV amplitude ï one-factor ANOVA analyses 

 

In the main manuscript, we performed a two-factor ANOVA with the within-group factors 

'task' (unidirectional vs. multidirectional) and óprevious foreperiodô (short vs. long) and 

did not find any interaction between the factors. However, to ensure that we did find 

sequential effects on CNV amplitude in each task, we also conducted one-factor ANOVAs 

for each task separately, with the within-factor óprevious foreperiodô influencing the 

dependent variable óCNV amplitudeô on the current trial. As in previous analyses, the 

mean CNV amplitude was calculated over a time window of 200 ms, between 800 and 

1000 ms, on electrodes FCz, Cz, and C1. 

 

In the unidirectional task, the one-factor ANOVA on the CNV amplitude showed a main 

effect of óprevious foreperiodô [F(1,21) = 5.86, p = 0.03, ɖĮp = 0.22], with a more negative 

CNV amplitude when the previous foreperiod was short (-2.8 u.a Ñ 4.4) rather than long 

(-1.2 u.a Ñ 3.7). 

 

In the multidirectional task, the one-factor ANOVA on the CNV amplitude also showed 

a main effect of óprevious foreperiodô [F(1,21) = 4.85, p = 0.04, ɖĮp = 0.19], with a more 

negative CNV amplitude when the previous foreperiod was short (-2.1 u.a Ñ 3.7) rather 

than long (-0.9 u.a Ñ 2.7). 

 

2.5. CNV amplitude before target signal: short vs. long foreperiod 

 

We verified if the CNV amplitude decreased over time. To verify this, within the same 

trials, we compared the CNV amplitude in two different time windows: 800-1000 ms 

(before the onset of the target signal during the short foreperiod) and 1500-1700 ms 
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(before the onset of the target signal during the long foreperiod). We conducted a two-

factor ANOVA with the within-group factors 'task' (unidirectional vs. multidirectional) 

and 'time window' (800-1000 ms vs. 1500-1700 ms) on the averaged amplitudes from the 

FCz, Cz, and C1 electrodes. 

 

Effect DF F p-value ɖĮp 

Task (1,21) 2.32 0.14 0.10 

Time Window (1,21) 3.91 0.06 0.16 

Interaction (1,21) 0.30 0.59 0.01 

Table S2.6: Full statistical analysis of CNV amplitude averaged across FCz, Cz, and C1 

electrodes before the target signal occurrence at short vs. long foreperiod. 

 

Figure S2.1. CNV amplitudes in ÕV in multi- and unidirectional tasks averaged across 

three electrodes (FCz, Cz, and C1) in trials with a long foreperiod. The shaded area around 

the lines corresponds to the SEM. 0 ms on the abscissa marks the onset of the start signal 

(green line), while 1700 ms marks the onset of the target signal at the long foreperiod (red 

line).  

 

The CNV amplitude only tended to decrease during the long foreperiod, which is 

consistent with findings in the literature (Mento et al., 2013).  

 

 

 

 



ÉTUDE 1 

81 

2.6 CNV amplitude at long foreperiods: comparison between the two tasks 

 

We tested whether the amplitude of the CNV before the onset of the target signal at the 

long foreperiod differed between the two motor tasks. To do so, we performed a one-

factor ANOVA with the within-group factor 'task' (unidirectional vs. multidirectional) on 

the averaged amplitudes from the FCz, Cz, and C1 electrodes within the 1500 to 1700 ms 

time window. The ANOVA revealed no effect of the task factor: [F(1,21) = 1.72, p = 0.2, 

ɖĮp = 0.08]. This result confirms that the amplitude of the CNV before the onset of the 

target signal at the long foreperiod is equivalent across the two motor tasks. 

 

2.7 CNV amplitude at long foreperiods depending on previous foreperiod 

 

At longforeperiods sequential effects are not expected. To demonstrate the absence of 

sequential effects on CNV amplitude at the long foreperiod, we conducted a two-factor 

ANOVA with the within-group factors 'task' (unidirectional vs. multidirectional) and 

'previous foreperiod' (short vs. long) on the averaged amplitudes from the FCz, Cz, and 

C1 electrodes within the 1500 to 1700 ms time window.  

 

Effect DF F p-value ɖĮp 

Task (1,21) 1.81 0.19 0.09 

Previous FP (1,21) 2.11 0.16 0.08 

Interaction (1,21) 0.11 0.75 0.005 

Table S2.7: Full statistical analysis of CNV amplitude averaged across FCz, Cz, and C1 

electrodes within the 1500 to 1700 ms time window, based on the previous foreperiod. 

 

These results align with the literature, where authors typically analyse sequential effects 

only during the short foreperiod (Mento, 2017). 
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Figure S2.2. CNV amplitudes in ÕV in multi- and unidirectional tasks averaged across 

three electrodes (FCz, Cz, and C1) in trials with a long foreperiod. The shaded area around 

the lines corresponds to the SEM. 0 ms on the abscissa marks the onset of the start signal 

(green line), while 1700 ms marks the onset of the target signal at the long foreperiod (red 

line).  
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Rappel des r®sultats principaux de lô®tude 1 

 

Lôobjectif de lô®tude 1 est n® dôune observation faite lors dôune ®tude pr®liminaire, o½ 

lôabsence dôeffets s®quentiels sur les TRs dans la t©che multidirectionnelle a suscit® des 

interrogations. Nous avons envisag® que le changement de direction entre essais 

successifs pouvait °tre ¨ lôorigine de ce r®sultat, ce qui nous a amen®s ¨ explorer 

lôint®gration de la pr®diction temporelle dans le contr¹le moteur chez des individus 

neurotypiques. 

 

Nous avons utilis® deux t©ches motrices : la t©che multidirectionnelle, o½ les participants 

changeaient de direction ¨ chaque essai, et la t©che unidirectionnelle, o½ ils devaient aller 

dans la m°me direction. Les r®sultats ont confirm® l'absence dôeffets s®quentiels sur les 

TRs dans la t©che multidirectionnelle. En revanche, dans la t©che unidirectionnelle nous 

avons observ® des effets s®quentiels : au d®lai court, les participants arr°taient plus 

rapidement leur mouvement lorsque le signal cible ®tait ®galement survenu au d®lai court 

(plut¹t quôau d®lai long) ¨ lôessai pr®c®dent. Cette dichotomie sugg¯re que les effets 

s®quentiels sur les TRs dans notre paradigme sont bien li®s ¨ une pr®diction temporelle 

associ®e ¨ la commande motrice. Lorsque cette commande change ils disparaissent. 

 

Des effets s®quentiels ont ®galement ®t® observ®s sur les ralentissements anticipatoires de 

lôarr°t, un indicateur de la pr®paration de lôarr°t du mouvement. Dans la t©che 

unidirectionnelle, les participants ralentissaient davantage avant le d®lai court lorsque le 

signal cible ®tait survenu au d®lai court (plut¹t quôau d®lai long) ¨ lôessai pr®c®dent. L¨ 

encore ces effets semblent °tre sous-tendus par une pr®diction temporelle li®e ¨ la 

commande motrice puisquôils nôont pas ®t® retrouv®s dans la t©che multidirectionnelle. 

 

En revanche, des effets s®quentiels indistincts ont ®t® not®s sur lôamplitude de la CNV 

dans les deux t©ches. Avant le d®lai court, lôamplitude de la CNV ®tait plus n®gative 

lorsque le d®lai pr®c®dent avait ®t® court (plut¹t que long), sugg®rant que ces effets sont 

li®s ¨ une pr®paration temporelle ind®pendante de la commande motrice. 
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La divergence observ®e entre lôimpact du changement de commande motrice sur les 

indicateurs comportementaux et EEG nous a conduit ¨ conclure qu'il existe plusieurs 

m®canismes de pr®diction temporelle op®rant ¨ la m°me ®chelle temporelle.  
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Objectif de lô®tude 2 

 

Dans les protocoles d'attente temporelle, les enfants montrent un b®n®fice du passage du 

temps et des effets s®quentiels sur leurs TRs, tout comme les adultes. Cependant, leurs 

r®ponses sont g®n®ralement moins pr®cises et rapides que celles des adultes. Dans lô®tude 

1, nous avons montr® que la pr®paration ¨ l'arr°t (ralentissement anticipatoire) et 

l'ex®cution de cet arr°t (TR) ®taient optimis®es lorsque la pr®diction associ®e ¨ 

l'occurrence du signal cible ®tait int®gr®e ¨ la commande motrice. L'objectif de notre ®tude 

2 ®tait d'examiner comment s'effectue cette int®gration de la pr®diction temporelle dans 

la commande motrice chez les enfants, les adolescents et les adultes. 
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CHAPITRE 4. DISTINCT MATURATION OF 

MOTOR AND SENSORIMOTOR TEMPORAL 

PREDICTIONS THROUGHOUT 

NEURODEVELOPMENT 
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and Sensorimotor Temporal Predictions Throughout Neurodevelopment. En pr®paration. 
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4.1. Main Manuscript 
 

 

Abstract 

 

The existence of both motor and non-motor temporal prediction mechanisms has been 

suggested in variable foreperiod tasks. This study examines how motor-related temporal 

predictions evolve throughout neurodevelopment. Participants aged 9 ï 24 performed 

straight-line finger movements until a target signal occurred after either a short or long 

foreperiod. Sequential effectsðhow stopping behaviour in one trial affects subsequent 

trialsðwere analysed in terms of anticipatory deceleration (motor preparation) and 

reaction times (motor execution). We used two motor tasks: one where participants 

changed movement direction between trials (multidirectional task) and another where 

they repeated the same movement (unidirectional task). 

 

In the unidirectional task, where the motor program is repeated, sequential effects on 

anticipatory deceleration were observed across all age groups, indicating motor-related 

temporal prediction is established by age 9. In contrast, sequential effects on reaction 

times were present in both tasks. Since reaction times reflect motor responses to sensory 

stimuli, these effects likely represent sensorimotor predictions. The persistence of these 

effects, even when participants changed movement direction, suggests that sensory-

related prediction is not fully integrated into specific motor program during development. 

This highlights that during neurodevelopment, motor-related temporal prediction matures 

earlier, while sensorimotor temporal predictions develop later. 

 

Keywords: Temporal Predictions; Sensorimotor Integration; Motricity; Sequential 

Effects; Neurodevelopment 
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1. Introduction 

 

Time passes inexorably and influences all mental activities in an incidental way. It enables 

humans to implicitly adjust their behaviour in various everyday situations. For example, 

in a game of musical chairs, participants walk or run around a circle of chairs until the 

music stops. The longer the music plays, the more participants can anticipate its end, 

allowing them to quickly prepare to halt their movement. However, if the music stops 

earlier than expected, there is less time to anticipate, making it harder to stop and find a 

chair. Anticipating the end of a sensory event (such as music stopping) to adjust behaviour 

(stopping movement) requires both the ability to track the passage of time and to use this 

sensory prediction to modify motor behaviour (Biederman & Zachary, 1970; Houlihan et 

al., 1994). One or several of these abilities are likely to be sub-optimal in children, whose 

motor performance is slower and less accurate than that of adults (Adams & Lambos, 

1986; Eckert & Eichorn, 1977; Johnson et al., 2015). Neurodevelopmental maturation 

may concern sensory temporal prediction, motor optimization, and sensorimotor abilities, 

i.e. the incorporation of sensory-related temporal predictions into motor programs as 

children grow older. Here we explore those mechanisms by adding a motor component to 

a well-known temporal prediction task.  

 

The study of temporal prediction capabilities often uses the variable foreperiod paradigm. 

In these tasks, a first signal marks the onset of the trial, and after a short or long foreperiod, 

a target occurs. Participants respond as fast as possible to the target, and their RTs are 

recorded. According to hazard-based theories, as time passes, the likelihood of the target 

occuring increases, as does the participants' readiness to respond (Coull, 2009; Luce, 

1991; Niemi & Nªªtªnen, 1981). This growing preparedness over time leads to faster RTs 

after a long foreperiod compared to a short one, illustrating the óvariable foreperiod effectô 

(though other explanations are suggested by Los et al., 2017; Salet et al., 2022). 

Importantly, in these tasks, participants rely on the passage of time implicitly, without 

consciously using it to improve their performance (Nobre et al., 2007; Vangkilde et al., 

2012). The variable foreperiod effect emerges around 5 years-old (Mento & Tarantino, 

2015; Vallesi & Shallice, 2007). Once established, both children and adults show similar 

time-based influences on performance, indicating comparable variable foreperiod effect 

across age groups (Elliott, 1970; Ozmun et al., 1989). Such results suggest that temporal 
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sensory prediction is present early on during neurodevelopment. How it is integrated into 

motor action and how well this integration occurs are more questionable. It is all the more 

questionable since adults exhibit better performance than children in variable foreperiod 

tasks, with faster responses and greater accuracy (Adams & Lambos, 1986; Eckert & 

Eichorn, 1977; Johnson et al., 2015). These results suggest that some mechanisms of 

temporal preparation evolve with age. Our previous work has shown that in variable 

foreperiod tasks, predicting the timing of a sensory stimulus is optimized when it is linked 

to the motor program (Arrouet et al., submitted). This raises the question of whether the 

gap in motor performance between children and adults is due to a general improvement 

in motor precision with age, or whether it is specifically linked to the maturation of 

sensorimotor integration, where sensory-related temporal predictions are more effectively 

incorporated into motor programs as children grow older. 

 

Olivier and Rival (2002) investigated whether motor preparation was equivalent across 

different age groups in a variable foreperiod task. In their experiment, children (aged 6 to 

10 years) and adults were required to respond to a target presented after a variable 

foreperiod by pressing a lever. In some trials, participants could prepare their motor 

response in advance of the target onset thanks to an explicit cue indicating the side (left 

or right) and the direction of the response (pushing the lever up or down). Regardless of 

age, all participants benefited from this explicit cue and improved their RTs compared to 

trials without the cue. This result shows that children, like adults, can prepare their motor 

response to improve their RTs when responding to a predictable target. However, the 

authors observed that the time needed to achieve optimal motor preparation decreased 

from 2000 ms in younger participants (6 ï 8 years) to 500 ms in older ones, indicating an 

age-related improvement in motor preparation efficiency. Yet, RTs do not directly capture 

how motor preparation is implemented, as they reflect the outcome of the executed 

movement rather than the preparatory process itself. As a result, RT may lack the 

sensitivity to distinguish between mechanisms behind age-related differences of motor 

preparation. Motor planning typically involves predicting the sensory consequences of an 

action (Wolpert et al., 1995). It remains thus unclear whether motor adjustments or 

sensorimotor abilities are the primary contributors to poorer motor performance in young 

children compared to adults (Eckert & Eichorn, 1977). For instance, when participants 

are asked to reproduce a rhythm, the variability in inter-tap intervals decreases with age 

(Drewing et al., 2006; Monier et al., 2019). Achieving good performance in this task 
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requires precise motor control, which implies accurately predicting the sensory feedback 

from each tap, as well as an accurate perception of the rhythm (Delevoye-Turrell et al., 

2012). Similarly, young children show greater variability when synchronizing taps to a 

sound, particularly for short intervals (500 and 700 ms) (Monier et al., 2019), indicating 

that both time precision and the ability to synchronize movements with sensory stimuli 

improve with development. Research has further demonstrated that sensorimotor 

learning, especially in infants, shapes time perception more than working memory or 

motor skills alone (Monier et al., 2019). Sensorimotor abilities are strong predictors of 

cognitive development (Kert®sz & Honbolyg·, 2023), emphasizing their critical role in 

neurodevelopment. Consequently, differences in sensorimotor processes could help 

explain the RT differences observed between children and adults. The hypothesis of a 

difficulty in sensorimotor integration in children may suggest that the prediction of the 

sensory consequences of the action is not as straightforward as believed. We use our 

recently developed procedure to test this idea. 

 

We previously developed a variable foreperiod paradigm, where neurotypicals adults 

performed a movement during the foreperiod. The task required participants to initiate a 

straight-line finger movement on a surface after a first signal and stop as fast as possible 

upon the target signal, which occurred after either a short or long foreperiod. We collected 

kinematic indicators to assess how participants anticipated the end of their movement 

(Duque et al., 2017; Woodworth, 1899). Two motor tasks were used: one where 

participants consistently moved in the same direction on each trial (unidirectional task), 

and another where they had to change direction on each trial (multidirectional task). In 

the unidirectional task, repeating the same movement direction allowed participants to 

maintain their motor program across trials, at least until the short foreperiod. In this task 

specifically, we found that neurotypical adults used temporal information from the 

previous trial to adjust their behavioural performance in the current trial (Arrouet et al., 

submitted).  

 

In the unidirectional task, the trial-to-trial effects (or sequential effects) were as follows: 

participants slowed down more efficiently before the short foreperiod when the previous 

foreperiod was also short, compared to when it was long. This benefit of two consecutive 

short foreperiods was also reflected in the RTs, with participants stopping their movement 

faster at the short foreperiod when the previous foreperiod was short compared to when 
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it was long. According to hazard-based theories, these effects rely on a different 

mechanism than the variable foreperiod effect, and are driven by the expectation that 

consecutive trials will be similar (Capizzi et al., 2015; Correa et al., 2006; Tal-Perry & 

Yuval-Greenberg, 2022; Woodrow, 1914). When a short foreperiod is followed by another 

short foreperiod (short-short sequence), the expectation is met. However, when a long 

foreperiod is followed by a short one (long-short sequence), the target occurs earlier than 

expected, leading to unoptimized motor preparation and slower RTs. These sequential 

effects were not observed at the long foreperiod, consistent with the typical asymmetry 

reported in the literature. 

 

In the multidirectional task, where participants had to change direction between trials, 

sequential effects disappeared. This suggests that in neurotypical adults, motor 

preparation and execution rely on temporal predictions specifically linked to the exact 

movement being performed. This result is not surprising for the deceleration of the 

movement, as it is part of the motor process. If the moment of the deceleration is included 

in the program, then it cannot influence the next movement if the program is reset. 

However, RT occur after the sensory stimulus, and is more similar to what is observed in 

typical protocols. Given that the sensory target signal remained the same across trials, and 

given the belief that sequential effects are both strong and automatic (Vallesi et al., 2007) 

it was surprising not to find sequential effects on RT. We interpreted these results as 

suggesting that the prediction of the target signal is closely integrated with the specific 

motor program, accounting for both the deceleration and the response to the target. In all 

the results suggested that sensorimotor integration processes are finely tuned to the 

precise motor action in neurotypicals adults. 

 

Sequential effects are already present on RT in children by the age of 5 (Mento & 

Granziol, 2020; Mento & Tarantino, 2015; Park et al., 2023; Vallesi & Shallice, 2007). 

However, given the slow development of sensorimotor abilities (Chicoine et al., 1992; 

Gordon-Murer et al., 2021; Viel et al., 2009), it is a question whether this prediction will 

be as selective in young children. If the sensory-related prediction is selectively attached 

to the motor program, both kinematic indicators and responses should be sensitive to 

sequential effects, but only in the unidirectional task. If the sensory-related prediction is 

not selectively attached to the motor program, then responses should be sensitive to 

sequential effects in both tasks. Trajectory indicators, on the other hand, are inherently 
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attached to the motor program and we expected them to be sensitive to sequential effects 

only in the unidirectional task. Our indicators will also give indication regarding the other 

literature-driven hypotheses, by allowing us to measure the motor-related variability of 

the childrenôs gestures. 

 

2. Materials and Methods 

 

2.1. Participants 

 

Group N Sex 

(male/female) 

Handedness 

(right/left) 

Age Education 

9 ï 12 years 10 3/7 9/1 10.5 Ñ 1.4 5.4 Ñ 1.5 

13 ï 17 years 13 6/7 12/1 14.8 Ñ 1.5 9.5 Ñ 1.5 

18 ï 24 years 12 3/9 11/1 21.9 Ñ 2.1 16.0 Ñ 2.0 

Table 1. Participantsô sociodemographic information. Age and level of education are 

given as mean Ñ standard deviation. 

 

Neurological or psychiatric disorders were exclusion criteria. Participants with a history 

of head injury resulting in loss of consciousness for more than one minute were also 

excluded. Additionally, the use of medication or drugs affecting the brain represented an 

exclusion criterion. 

 

All participants (and legal representatives for minors) provided informed written consent. 

The study was conducted in accordance with the Declaration of Helsinki and received 

approval from the ethics committee of the Sectoral Research Ethics Committee in 

Neurosciences and Mental Health from the Integrated University Health and Social 

Services Center (CIUSSS) of the Capitale-Nationale (Project #2022-2009, NSM_). 

 

2.2. Equipment 

 

The experiment was conducted in a dark, silent room with only the participant and the 

experimenter being present. Participants sat in front of an empty box measuring 45 cm 

high, 65 cm wide, and 48 cm deep. They were instructed to place their dominant hand 
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inside the box, with their fist closed and index finger extended, to perform linear 

movements in response to tactile stimuli. Precision Micro-DrivesÉ vibro-tactile motors 

were attached to the upper forearm and wrist of the participant's dominant arm to provide 

tactile stimuli indicating when to start and stop each movement. These motors were 

connected to a Chronos E-Prime 3.0 stimulation box, set to a vibration intensity of 3.0 V, 

with a frequency of 230 Hz. Participants wore a headset to mute the sound of the 

vibrations. The task was managed using an HP ProDesk 600 G2 SFF computer running 

E-Prime 3.0. Before beginning the tasks, the box was covered with a thick black material 

to block any light and prevent participants from seeing inside. To record the trajectories 

of participants' index fingers inside the dark box, a red LED was attached to their index 

fingernail, and the movements were captured using a GoPro HERO7 camera positioned 

at 45 cm of height. The video was recorded with a linear field of view, at a resolution of 

120 Hz, and in 16:9 full HD format. 

 

2.3. Procedure 

 

The protocol consisted of three variable foreperiod tasks: two motor tasks and a control 

task, which was similar to those commonly found in the literature. 

 

In the two motor tasks, participants were instructed to perform a straight-line movement 

following a 100 ms tactile vibration on the upper forearm (start signal) and to stop as fast 

as possible following a 100 ms tactile vibration on the wrist (target signal). In both tasks, 

the target signal could occur either 1000 ms (short foreperiod) or 1700 ms (long 

foreperiod) after the start signal. Each trial started after a variable inter-trial interval (ITI) 

ranging from 2000 to 2200 ms. Each task consisted of 192 trials, with 96 trials having a 

short foreperiod and 96 having a long foreperiod, presented in random order. 

 

The main difference between the two tasks was the type of movement performed. In the 

multidirectional task, participants changed the direction of their movement on each trial, 

as if exploring a maze. Like in a maze, movements were limited to horizontal and vertical 

directions (X and Y axes). In the 'unidirectional' task, participants began each trial from 

the same position and performed the movement in the same direction each time. 
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Before starting each task, participants went through a training phase of 18 trials to get 

familiar with the task. During this training phase, the experimenter made sure participants 

started their movement with the start signal and stopped with the target signal. The speed 

of their movements was also checked to ensure they werenôt moving too fast, reaching 

the edge of the box, or too slowly, causing an unsteady movement. The experimenter 

ensured that all participants moved at similar speeds. If a participant accidentally hit the 

side of the box, they were instructed to stop moving completely and wait until the next 

trial. This instruction helped identify those trials as anticipations, allowing them to be 

excluded from the analysis. It should be emphasized that this means we cannot distinguish 

between true anticipations and too long movements. 

 

In the third control task, participants pressed a button as fast as possible in response to 

the target signal. This task was used to verify if our sample showed the usual temporal 

prediction effects (the variable foreperiod and sequential effects) seen in RT. Since this 

control task was not directly related to our main research question, the details of its 

methodology and results are included in Supplementary Material - Section 1. 

 

2.4. Data analysis 

 

We analysed the trajectory of the finger (i.e. of the led) with MATLAB 2021b. We 

established several criteria to enable the script to identify the indicators defined in the 

following. The criteria, detailed in the Supplementary Material ï Section 2 are the same 

as those validated and used in Arrouet et al. (submitted). 

 

We captured the participants' motor trajectories and used MATLAB 2021b to analyse the 

behavioural indicators from the recorded video images. The videos were divided into 192 

trials, each lasting 3000 ms. Each trial began with the start signal, indicated by the first 

tactile vibration on the upper forearm. This was marked in the video by a blue LED inside 

the box that was lit for 100 ms, corresponding with the duration of the forearm vibration. 

Similarly, when the target signal occurred (i.e. the second tactile vibration on the wrist), 

a green LED inside the box was lit for the duration of the wrist vibration. 
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2.4.1. Stopping Latency (i.e. RT) 

 

We measured participants' stopping latencies, which is the time delay required to halt the 

movement following the onset of the target signal. In our protocol, stopping latency was 

treated as the RT. RT is a commonly used measure for evaluating performance in variable 

foreperiod paradigms. This measure enabled us to observe typical behavioural indicators 

of temporal prediction abilities (variable foreperiod and sequential effects) in our two 

motor tasks. 

 

RT was measured as the time between the onset of the target signal and the moment when 

participants stopped their movement. At the stopping point, the speed of their movement 

was never exactly zero. If their finger was shaking slightly, the movement was still 

detected, and the speed, while small, was not zero (see Figure 1). Because of this, we had 

to set criteria for what counted as 'stopping.' Another challenge was that participants 

moved at different speeds, so we could not use a single speed limit to define when the 

movement had stopped. Instead, we used percentages of deceleration rather than specific 

speed values. To ensure the stopping point was identified accurately, we visually checked 

each trial for every participant using a graph that showed their speed over time. We 

confirmed that the stopping point placed by the script matched where common sense 

would have placed it. 

 

In both motor tasks, the stopping point was identified as the first instance where all 

predefined criteria (detailed in the Supplementary Material ï Section 2) were met. Trials 

where no points met the stopping criteria were excluded from further analysis. 

Additionally, if the movement was stopped before or within 150 ms after the onset of the 

target signal, it was considered an anticipated stop, and such trials were also excluded 

from further analysis. Trials labelled as 'anticipated' and later excluded included both true 

anticipations and cases where participants reached the edges of the box. If they hit the 

box edge before the trial ended, they were told to stop moving before the target signal, 

and this was considered an anticipated stop. 
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Figure 1. The start signal triggers an initial acceleration. During this phase, speed 

fluctuates, resulting in peaks. Green arrows show the maximum points, while blue arrows 

show the minimum points. After 1000 ms (short foreperiod), the target signal occurs (red 

line on the graph), and the time taken to stop the movement reflects the stopping delay, 

called RT in our protocol. Although participants stop their movement, small speed peaks 

caused by tremors can still be detected. 

 

2.4.2. Deceleration Points 

 

Participants began to slow their movement in anticipation of stopping. The initiation of 

this deceleration was used as an indicator for when stopping started to be prepared (Duque 

et al., 2017; Woodworth, 1899). Since there are two foreperiods in each task, we consider 

slowing downs measured before the short foreperiod (i.e. before 1000 ms) and before the 

long foreperiod (i.e. before 1700 ms). For simplicity, we will refer to these slowing downs 

as the ófirst deceleration pointô and 'second deceleration point' respectively. The second 

deceleration point identified between 1000 ms and 1700 ms (long foreperiod) yielded 

limited additional insights into the results; therefore, we will focus on the initial 

deceleration point for clarity and conciseness. Additional information and results 

pertaining to the second deceleration point can be found in the Supplementary Material ï 

Section 2. 

 

Because participants could not predict when the target signal would occur, a first 

deceleration point was expected in all trials, regardless of the foreperiod length. The 
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criteria for identifying both deceleration points were identical (except for the temporal 

window of interest) and consistent across tasks, as detailed in the Supplementary Material 

ï Section 2, and are the same as those validated in Arrouet et al. (submitted). Both 

deceleration points were defined as the initial slowing down within the window of interest 

that met all our specified criteria.  

 

We evaluated the efficiency of slowing down in anticipation of the target signal 

independent of the movement speed by measuring the relative deceleration slope at the 

first deceleration point. To that aim we calculated the relative speed difference between 

the first deceleration point and 50 ms prior the onset of the target signal at the short 

foreperiod, using the following formula: [(speed at the first deceleration point - speed at 

950 ms) / speed at the first deceleration point] for all trials. The speed at 950 ms was used 

instead of the speed at 1000 ms to avoid any potential effect of the onset of the target 

signal in short foreperiod trials.  

 

By calculating these relative deceleration slopes, we can assess participantsô effectiveness 

in adjusting their movements and facilitate group comparisons while reducing the 

influence of individual speed variations. These slopes reflect the degree to which 

participants decrease their speed between two defined moments, before the onset of the 

target signal. 

 

2.5. Sequential effects index 

 

Sequential effects refer to the observed slowing of RTs at the short foreperiod when it is 

preceded by a long foreperiod, as compared to when it follows a short foreperiod. To 

isolate the sequential effect, we calculated the difference in RT between trials with a short 

foreperiod preceded by a long foreperiod (long-short) and those preceded by a short 

foreperiod (short-short). This difference was then normalized by dividing it by the sum 

of the RTs to account for inter-individual variability (like in Foerster & Joos et al., 2024). 

The formula was as follows: 

 

ὙὝ ὙὝ

ὙὝ ὙὝ
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A larger positive index indicates more pronounced sequential effects. 

 

2.6. Statistical analysis 

 

  Experimental Task 

Group Condition Multidirectional Unidirectional 

9 ï 12 years Short 85 77 

Long 69 61 

13 ï 17 years 

Short 86 93 

Long 77 87 

18 ï 24 years Short 92 91 

Long 87 87 

Table 2. Number of trials included in the behavioural analyses as a function of the age 

group, condition and experimental task (total of trials per condition = 96) 

 

Statistical analyses were performed using RStudio (Posit team, 2023). For all indicators, 

we worked with the median values of each participant. The graphs display the median 

values of each participant, averaged at the group level. Error bars represent the standard 

error of the mean (SEM). 

 

For our statistical comparisons, we conducted mixed ANOVAs. If the normality 

assumption was not met in our datasets, we normalized them prior to performing the 

ANOVA. We utilized the óorderNormô function from the óbestnormalizeô R package to 

ensure our datasets followed a normal distribution (Peterson & Cavanaugh, 2020). To 

maintain a normal distribution while preserving a mean and standard deviation different 

from 0 and 1, we applied inverse z-scores to our datasets before proceeding with the 

statistical analysis. 

 

The significance level was set at Ŭ = 0.05. Partial eta-squared (ɖĮp) values are provided as 

a measure of effect size. 
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3. Results 

 

3.1. Response phase 

 

3.1.1. Variance of reaction times 

 

The literature suggests that younger individuals are more variable in their RT (Eckert & 

Eichorn, 1977; Tamnes et al., 2012). We needed to know to which amount age influenced 

the variability of RTs, because this then required an adaptation of the calculation of RTs 

effects. Here, we used variance of RT to assess temporal preparation accuracy and 

examined RT distributions for each participant at both foreperiods across both motor 

tasks. We looked at variability independent of anticipations and hypothesized that correct 

(i.e. non-anticipated) responses would be less precise (i.e. more variable) in younger 

participants compared to older ones. 

 

We performed a three-way mixed ANOVA on participantsô variance of RTs with the 

between-group factor 'age' (9 ï 12 years vs. 13 ï 17 years vs. 18 ï 24 years) and the 

within-group factors 'task' (unidirectional vs. multidirectional) and ócurrent foreperiodô 

(short vs. long) (Figure 2). 

 

The ANOVA revealed a main effect of 'age' [F(2,32) = 15.44, p = .000020, ɖĮp = 0.49]. 

Independent t-tests with Bonferroni-corrected p-values revealed that the 9 ï 12 age group 

had significantly more variance in their RTs (29 757 msĮ Ñ 21 524) than both 13 ï 17 age 

group (13 613 msĮ Ñ 11 460), t(49.8) = 3.85, p = .0010, and the 18 ï 24 age group (12 127 

msĮ Ñ 12 325), t(52.3) = 4.11, p = .00042. The latter two groups did not differ from each 

other, t(95.8) = 0.63, p = 1. There was also a main effect of 'task' [F(1,32) = 45.62, p = 

.00000013, ɖĮp = 0.59], with participants showing greater variability in the 

multidirectional task (25 621 msĮ Ñ 19 578) compared to the unidirectional task (9 811 

msĮ Ñ 8 412). Additionally, a main effect of ócurrent foreperiodô was observed [F(1,32) = 

33.18, p = .0000022, ɖĮp = 0.51], with participants being more variable in their RTs when 

the current foreperiod was short (22 655 msĮ Ñ 19 644) rather than long (12 777 msĮ Ñ 12 

062). 
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We found a significant interaction between the óageô and ótaskô factors [F(2,32) = 3.47, p 

= .043, ɖĮp = 0.18]. Sub-analyses showed a main effect of age for both tasks, but a post-

hoc Tukey HSD test revealed an effect of age in the multidirectional but not in the 

unidirectional task. In the multidirectional task the 9 ï 12 years age group had 

significantly more variable RTs (42 049 msĮ Ñ 21 947) than both the 13 ï 17 (20 335 msĮ 

Ñ 12 861) and 18 ï 24 (17 658 msĮ Ñ 15 484) age groups: p = .0000057 and p = .00000060, 

respectively. 

 

Finally, the interaction between the 'task' and 'current foreperiod' factors was significant 

[F(1,32) = 18.46, p = .00015, ɖĮp = 0.37]. The post-hoc Tukey HSD test showed that 

participants were more variable in their RTs at the short foreperiod (34 282 msĮ Ñ 21 287) 

compared to the long foreperiod (16 961 msĮ Ñ 13 050), but only in the multidirectional 

task, p = .0000045. 

 

Figure 2. Variance of RTs in msĮ shown by the current foreperiod across both motor tasks 

and three age groups. Opaque shapes with error bars represent the mean variance of RT 

Ñ SEM, while transparent shapes reflect individual participants' data points in each 

condition. Statistical significance is denoted by *** for p-values < .001. The significance 

bar indicates the interaction effect between task and current foreperiod, with participants 
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showing greater RT variability at the short foreperiod than at the long one, only in the 

multidirectional task.  

 

3.1.2. Reaction times 

 

We examined how previous and current foreperiods affected RTs across three different 

age groups in two motor tasks. The aim of this analysis was to verify the typical indicators 

of temporal prediction abilities on RTs, such as the decrease in RTs with longer 

foreperiods (the variable foreperiod effect) and the increase in RTs when a long foreperiod 

is followed by a short one (sequential effects). We also explored whether these effects are 

differently influenced by key neurodevelopmental age stages. We conducted a four-way 

mixed ANOVA on participantsô RTs with the between-group factor 'age' (9 ï 12 years vs. 

13 ï 17 years vs. 18 ï 24 years) and the within-group factors 'task' (unidirectional vs. 

multidirectional), 'previous foreperiod' (short vs. long), and 'current foreperiod' (short vs. 

long) (Figure 3). 

 

The four-way ANOVA on RTs revealed a main effect of 'age' [F(2,32) = 6.46, p = .0040, 

ɖĮp = 0.29]. To determine which age group differed from each other, we conducted 

independent t-tests and applied Bonferroni correction to the p-values. The t-tests revealed 

that the 9 ï 12 age group had significantly slower RTs (439 ms Ñ 115) compared to both 

the 13 ï 17 age group (389 ms Ñ 73), t(125.6) = 3.43, p = .0025, and the 18 ï 24 age group 

(386 ms Ñ 55), t(108.3) = 3.79, p = .00074. The latter two groups did not differ from each 

other, t(190.6) = 0.31, p = 1. Additionally, a main effect of 'task' [F(1,32) = 48.77, p = 

.000000065, ɖĮp = 0.60] was observed, with faster RTs in the unidirectional task (367 ms 

Ñ 61) vs. the multidirectional task (438 ms Ñ 92). The analysis also identified a main effect 

of 'current foreperiod' [F(1,32) = 162.37, p = .000000000000044, ɖĮp = 0.84], reflecting 

the typical variable foreperiod effect, where RTs were faster for a long foreperiod (363 

ms Ñ 58) compared to a short one (442 ms Ñ 90). Moreover, a main effect of 'previous 

foreperiod' [F(1,32) = 43.40, p = .00000020, ɖĮp = 0.84] indicated longer RTs following a 

trial with a long foreperiod (412 ms Ñ 90) than with a short foreperiod (393 ms Ñ 80). 

 

Finally, the three-way interaction between the factors ótask,ô óage,ô and ócurrent 

foreperiodô was significant [F(2,32) = 4.53, p = .019, ɖĮp = 0.22]. Independent t-tests with 

Bonferroni-corrected p-values revealed that the 9 ï 12 age group had slower RTs than the 
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18 ï 24 age group in the multidirectional task only, both at the short foreperiod (578 ms 

Ñ 114 for the 9 ï 12 group vs. 438 ms Ñ 49 for the 18 ï 24 group), t(24.8) = 5.20, p = 

.00027, and at the long foreperiod (429 ms Ñ 65 for the 9 ï 12 group vs. 378 ms Ñ 31 for 

the 18 ï 24 group), t(57.2) = 3.25, p = .038. The 9 ï 12 age group also had slower RTs 

than the 13 ï 17 age group (450 ms Ñ 72) in the multidirectional task, but only at the short 

foreperiod, t(30.4) = 4.47, p = .0012. 

 

A significant interaction was found between the factors 'previous foreperiod' and 'current 

foreperiod' [F(1,32) = 32.60, p = .0000025, ɖĮp = 0.51]. A paired t-test confirmed that RTs 

increased only when the foreperiod in the current trial was short following a previous 

long foreperiod (462 ms Ñ 89.0) rather than a short one (422 ms Ñ 88), t(70) = -9.64, p = 

.000000000000020, replicating the typical asymmetrical sequential effect. The three-way 

interaction between the 'task', 'previous foreperiod', and 'current foreperiod' factors was 

not significant [F(1,32) = 0.61, p = .41, ɖĮp = 0.020]. This suggests that the sequential 

effects on RTs are not significantly different between our motor tasks. 

 

However, the variability of RTs especially in the younger participants may have masked 

some effects. We conducted an additional analysis. We calculated the index that captures 

the characteristic RT slowing at the short foreperiod following a long vs. short foreperiod 

(see Methods section 2.5) to minimize the impact of motor response variability. The two-

way mixed ANOVA with the between-group factor óageô and the within-group factor 

ótaskô revealed a main effect of the task factor on our sequential effect index: [F(1,32) = 

10.91, p = .0020, ɖĮp = 0.25]. The sequential effect index was two times greater in the 

unidirectional task (0.06 Ñ 0.04) compared to the multidirectional task (0.03 Ñ 0.02). No 

main effect of the óageô factor was found [F(2,32) = 0.55, p = .59, ɖĮp = 0.030], nor was 

there an interaction between the factors [F(2,32) = 0.10, p = .91, ɖĮp = 0.0060]. 
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Figure 3. RTs in ms on the current trial for both motor tasks, shown by age groups and 

the previous foreperiod. Opaque shapes with error bars represent the mean RT Ñ SEM, 

while transparent shapes reflect individual participants' data points in each condition. 

Statistical significance is denoted by *** for p-values < .001. In both panels, the top 

significance bar indicates the main effect of the current foreperiod factor, while the bar 

on the far left of the graph shows the interaction effect between the previous and current 

foreperiod factors, demonstrating that the previous foreperiod influences RT only when 

the current foreperiod is short. 

 

3.2. Kinematic parameters preceding the response phase 

 

The relative deceleration slope indicates how participants anticipate stopping their 

movement. This anticipation differs between short and long foreperiod: at the short 

foreperiod, the onset of the target signal is uncertain, unlike at the long foreperiod. This 

difference in uncertainty led us to analyse the relative deceleration slopes separately for 

trials with short and long foreperiods. Results regarding the long foreperiod can be found 

in the Supplementary Material ï Section 2. 
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3.2.1. Relative deceleration slope at the short foreperiod 

 

Preparing to stop involves predicting when the target signal will occur, and this prediction 

may or may not be closely linked to the motor program. In adults, during the 

multidirectional task, where the motor program changes with each trial, the temporal 

information from the previous motor program is not used to adjust the current movement. 

However, in the unidirectional task, during which the motor program is repeated from 

one trial to the next, sequential effects are observed. We aimed to determine if age affects 

this movement-related temporal prediction differently in our tasks. To do this, we verified 

the presence of sequential effects on the relative deceleration slope at the short foreperiod, 

across age groups and both motor tasks. 

 

We conducted a three-way mixed ANOVA on the dependent variable órelative 

deceleration slopes at the short foreperiodô with the between-group factor 'age' (9 ï 12 

years vs. 13 ï 17 years vs. 18 ï 24 years) and the within-group factors 'task' (unidirectional 

vs. multidirectional) and 'previous foreperiod' (short vs. long) (Figure 4). 

 

The three-way ANOVA on relative deceleration slopes at the short foreperiod revealed a 

main effect of 'task' [F(1,32) = 6.72, p = .014, ɖĮp = 0.17], with steeper relative 

deceleration slopes in the unidirectional task (0.202 Ñ 0.12) compared to the 

multidirectional task (0.161 Ñ 0.09). Additionally, there was a main effect of óprevious 

foreperiodô [F(1,32) = 4.66, p = .038, ɖĮp = 0.13], showing steeper relative deceleration 

slopes following a short previous foreperiod (0.191 Ñ 0.11) rather than a long foreperiod 

(0.172 Ñ 0.10). We found no main effect of óageô [F(2,32) = 0.44, p = .65, ɖĮp = 0.030]. 

 

The interaction between the ótaskô and óprevious foreperiodô factors was significant 

[F(1,32) = 6.81, p = .014, ɖĮp = 0.18]. A paired t-test confirmed the presence of sequential 

effects on relative deceleration slopes at the short foreperiod only in the unidirectional 

task with steeper slope when the previous foreperiod was short (0.220 Ñ 0.12) rather than 

long (0.184 Ñ 0.12), t(34) = 3.58, p = .0010. 

 

We also found a significant interaction between the óageô and ótaskô factors [F(2,32) = 

6.12, p = .0060, ɖĮp = 0.28]. To compare the effect of the motor task on relative 

deceleration slopes within each age group, we conducted a paired t-test with Bonferroni 
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correction. According to this test, only the 9 ï 12 age group showed steeper relative 

deceleration slopes at the short foreperiod in the unidirectional task (0.258 Ñ 0.10) 

compared to the multidirectional task (0.136 Ñ 0.10) (t(19) = 5.95, p = .000090). 

Additionally, independent t-tests with Bonferroni correction revealed that in the 

unidirectional task, the 9 ï 12 age group had steeper relative deceleration slopes compared 

to the 18 ï 24 age group (0.150 Ñ 0.14, t(41.8) = 3.03, p = .038). Neither the 9 ï 12 nor 

the 18 ï 24 age groups differed significantly from the 13 ï 17 age group (p = .88 and p = 

.85, respectively). 

 

Figure 4. Relative deceleration slopes before the short foreperiod are shown for both 

motor tasks, across age groups, and depending on the previous foreperiod. Opaque shapes 

with error bars represent the mean relative deceleration slopes Ñ SEM, while transparent 

shapes show individual participants' data points in each condition. Statistical significance 

is denoted by ** for p-values < .01, and * for p-value < .05. In the unidirectional task, the 

upper significance bar indicates the age difference between the younger and older groups. 

The three smaller significance bars below indicate the interaction effect of the previous 

foreperiod and task factors, showing a sequential effect only in the unidirectional task.  
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4. Discussion 

 

This study investigates whether the prediction linked to the onset of a sensory signal 

(sensory-related temporal prediction) influences motor response the same way through 

neurodevelopment. Specifically, we examined whether sensory-related prediction is as 

selectively linked to a specific motor program in young individuals as was found in adults 

(Arrouet et al., submitted). We tested a group of neurotypicals aged from 9 to 24 years in 

two motor tasks: a unidirectional task, where participants repeated the same movement 

from trial to trial, and a multidirectional task, where they changed direction each trial. We 

recorded kinematic indicators (relative deceleration slopes), which reflect the preparation 

to stop, and response-related indicators (RTs), which represent the execution of the stop. 

In both cases the prediction of the moment of occurrence of the target could affect 

performance (deceleration and response to the target), but the response after the target 

was bound to require more sensory processing. Decelerating before the end of a 

movement is an inherent part of the motor program, and occurs even in the absence of 

any target (Woodworth, 1899). In the multidirectional task, the deceleration parameters 

were expected to reset along with the motor program each time the movement direction 

changed. The question was to what extent the prediction of the target was embedded 

within the program itself or remained independent of it, which in the latter case would 

result in sequential effects. To understand how temporal prediction influence these 

measures, we examined sequential effects on both indicators. If sequential effects are 

observed only in the unidirectional task, then it suggests that sensory-related prediction 

is selectively attached to the motor program. Conversely, if sequential effects are observed 

in both tasks, it implies that the sensory-related prediction is not tied to a specific motor 

program 

 

We observed sequential effects on RTs in both motor tasks, with a greater sequential effect 

in the unidirectional task compared to the multidirectional task. For the relative 

deceleration slopes, we replicated our previous findings and observed a sequential effect 

at the short foreperiod solely in the unidirectional task (Arrouet et al., submitted). 

Sequential effects on our indicators were not age specific. However, we found age-related 

differences in RT speed and variability, specifically in the multidirectional task. These 

results align with the literature suggesting that temporal prediction abilities are 

comparable across age groups, but motor execution is better in older individuals 
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compared to younger ones, especially when a different motor program is required for each 

trial. Children (9 ï 12 age group) also show less efficient deceleration in the 

multidirectional task compared to the unidirectional task, for both the first and second 

relative deceleration slopes (see Supplementary Material ï Section 2). This task 

difference was not observed in the older individuals (13 ï 24 age groups). The degraded 

performance for the multidirectional task in the 9 ï 12 age group may be explained by a 

tendency of children to rely on the immediate prior experience, which can hardly be 

applied to the multidirectional task, where the gesture has to be changed from trial to trial. 

A reliance on the immediate prior experience is consistent with the literature. In the 

variable foreperiod task, both the history of previous trials and the immediate prior 

experience can influence performance, but children appear to have difficulties using 

information based on distributions, i.e. on the history of trials over a longer period 

(Debrabant et al., 2012; Del Popolo Cristaldi et al., 2023; Mento & Granziol, 2020). As 

children develop, their motor preparation evolves, which could lead to a shift from 

influences based on immediate prior experience to influences based on distributions, 

allowing for more precise and faster motor execution (Bender et al., 2005; Flores et al., 

2009; Park et al., 2023). These effects do not explain the presence of sequential effects 

on RTs in the multidirectional task, though. 

 

Across all participants, regardless of the age and the motor task, we observed sequential 

effects on RTs: participants were slower to stop their movement at a short foreperiod if 

the preceding foreperiod was long (long-short sequence), compared to when two short 

foreperiods followed each other (short-short sequence). Even though this sequential effect 

was stronger in the unidirectional task compared to the multidirectional task, these results 

contrast with our previous findings in neurotypical adults, where sequential effects on 

RTs were solely observed in the unidirectional task (Arrouet et al., submitted). In our 

previous experiment, we interpreted the absence of sequential effects on RTs when the 

motor program changes as an indication that the prediction of the onset of the target signal 

(sensory-related temporal prediction) selectively depends on the specific motor program 

being executed. The current results show that in younger individuals, sensory-related 

temporal prediction does not yet seem to be fully integrated into a precise motor program. 

These findings suggest that sensorimotor temporal prediction evolves with age, which 

support the literature on sensorimotor integration in young individuals. EEG studies on 

the contingent negative variation (CNV), an event-related potential linked to 
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sensorimotor temporal expectations (Bender et al., 2005; Flores et al., 2009; Mento & 

Valenza, 2016; Mento & Vallesi, 2016), have shown significant differences in the cortical 

structures generating CNV between young individuals and adults. Until at least 13 years 

of age, CNV primarily originates from the posterior regions as well as the frontal and 

precentral regions, with no activity observed over the motor cortices. The authors 

interpret these findings as indicative of differential maturation rates between sensory and 

motor systems throughout childhood. The asynchronous maturation of sensory and motor 

systems may indicate a partial dissociation between these processes during development, 

suggesting that sensorimotor integration is not yet fully established (Gordon-Murer et al., 

2021; Viel et al., 2009). Further support for the ongoing development of sensorimotor 

integration until late adolescence comes from an experiment by Chicoine et al. (1992), 

where participants aged 5 to 30 years were trained in a pointing task while being able to 

see their arm. During the test phase, the participants' arms were masked, removing visual 

feedback. The absence of visual feedback reduced movements accuracy in all 

participants, with a significantly more marked decrease in those over 20 years. These 

results suggest that improved motor control with age could be related to better integration 

of sensory information into the motor program.  

 

There were still sequential effects on RTs in the group aged 18 ï 24 during the 

multidirectional task. This result could be due to heterogeneity in the maturation of 

sensorimotor integration within this group, with some participants having fully matured 

integration while others, being younger, have not yet completed maturation. Sequential 

effects are highly automatic (Kong et al., 2015; Vallesi et al., 2014) and may persist until 

sensorimotor integration is fully matured. This persistence in some individuals within the 

18 ï 24 age group would be sufficient to mask a potential significant difference between 

age groups in the multidirectional task. 

 

Nevertheless, the older groups demonstrated better motor execution, as evidenced by our 

observations on RT variability: individuals aged 18 ï 24 exhibited less RT variability than 

those aged 9 ï 12, particularly in the multidirectional task. Reduced RT variability reflects 

more precise stopping and a well-executed motor program. This better motor execution 

in the 18 ï 24 age group is further supported by the RT differences observed at the short 

foreperiod. In the multidirectional task, children aged 9 ï 12 were slower to stop their 

movement compared to both the 13 ï 17 and 18 ï 24 age groups. The 50% probability of 
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the target signal at the short foreperiod creates uncertainty, making optimal motor 

preparation more difficult, especially for children, whose motor preparation is already 

hindered by immature sensorimotor integration. In older individuals, more mature 

sensorimotor integration may facilitate the generation of new motor programs for each 

trial, ensuring efficient execution.  

 

It is unlikely that the RT results observed in our study are due to an age-related difference 

in processing speed between the three experimental groups (Kail, 1991; śmigasiewicz et 

al., 2021). The only task where we observe a deleterious age effect on RTs is the 

multidirectional task. In the unidirectional and control tasks, older individuals do not have 

faster RTs than children. This indicates that the speed at which sensory information are 

processed, and motor commands are executed, is similar between experimental age 

groups. 

 

5. Conclusion 

 

To conclude, our results showed that in our motor tasks, the sequential effects on 

kinematic indicators (relative deceleration slopes) and response indicators (RTs) reveal 

distinct processes, both influenced by temporal preparation. The sequential effects on 

relative deceleration before the short foreperiod are observed in the unidirectional but not 

in the multidirectional task. Those results suggest that motor-related temporal preparation 

is established by the age of 9, and integrates the preparation for the target (in terms of 

deceleration). In contrast, sequential effects on RTs are observed on both unidirectional 

and multidirectional tasksðthough weaker in the multidirectional task compared to the 

unidirectional task. Such sequential effects occur after the sensory signal and are likely 

driven by sensorimotor temporal preparation, which continues to mature throughout 

adolescence. This maturation may specifically concern the need to adjust the motor plan 

according to the sensory signal, i.e. an interaction between sensory and motor processes. 

The differences in motor performance across our age groups suggest that improved 

performance with age is linked to the maturation of sensorimotor processes. Our findings 

may help to study neurodevelopmental disorders, which often involve altered temporal 

prediction abilities (Foerster & Joos et al., 2024). They raise the question of whether 

sensorimotor temporal prediction, given its late development, is more vulnerable to 
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abnormal neurodevelopment (Lencer et al., 2010). This also leads to the exploration of 

whether alterations in temporal prediction are specifically related to sensorimotor 

integration, or whether they affect all systems requiring precise timing for accurate 

execution.  
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4.2. Supplementary Material 
 

 

Section 1 ï Control task 

 

1. Materials and Methods  

 

The aim of the control task was to verify that we obtain the usual effects in a typical task. 

The control task was built exactly like the motor tasks, with the same foreperiods, stimuli, 

and number of trials, but the participants only reacted to the target. They did not have to 

perform a movement during the waiting period. 

 

Like in the other tasks, the vibration applied to the forearm (start signal) cued the 

beginning of the trial. After either a short or long foreperiod, a vibration was applied to 

the wrist (target signal). Participants were instructed to respond as fast as possible to the 

onset of the target signal by pressing the central button of a Chronos E-Prime 3.0 response 

box with their dominant hand. 

 

1.1. Analyses of reaction times 

 

Trials that involved omission errors (no response from the participant), incorrect 

responses (pressing the wrong button), and anticipated responses (RT < 150 ms) were 

excluded from further analysis. 
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Group Condition Control Task 

9 ï 12 years Short 5 

Long 14 

13 ï 17 years 

Short 3 

Long 13 

18 ï 24 years Short 3 

Long 9 

Table S1.1. Mean number of trials excluded in the behavioural analyses as a function of 

age group, condition and experimental task (total of trials per condition = 96) 

 

2. Results 
 

2.1. Reaction times 

 

We examined whether the variable foreperiod effect and sequential effects on RTs in the 

control task were influenced by the age group. To do so, we performed a three-way mixed 

ANOVA on RTs with the between-group factor 'age' (9 ï 12 years vs. 13 ï 17 years vs. 

18 ï 24 years) and the within-group factors óprevious foreperiodô (short vs. long) and 

ócurrent foreperiodô (short vs. long) (Figure S1.1). 

 

The three-way ANOVA on RTs indicated a significant main effect of the ócurrent 

foreperiodô [F(1,32) = 16.92, p = .00026, ɖĮp = 0.35]. This finding aligns with the typical 

variable foreperiod effect, showing faster RTs when the current foreperiod was long (220 

ms Ñ 50) compared to short (239 ms Ñ 62). There was also a significant main effect of 

óprevious foreperiodô [F(1,32) = 24.23, p = .000025, ɖĮp = 0.43], with faster RTs when the 

previous foreperiod was short (222 ms Ñ 55) rather than long (237 ms Ñ 58). We observed 

a significant interaction between the two factors [F(1,32) = 73.64, p = .00000000083, ɖĮp 

= 0.70]. A paired t-test confirmed the asymmetrical sequential effects on RTs, with slower 

RTs at the short foreperiod only when it was preceded by a long foreperiod (255 ms Ñ 61) 

rather than a short one (223 Ñ 60), t(34) = -7.55, p = .0000000091. There was no impact 

of the previous foreperiod when the current one was long, t(34) = 0.21, p = .84. 

 

There was no main effect of the óageô factor [F(2,32) = 1.53, p = .23, ɖĮp = 0.087], and no 

other significant interactions were found. 
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Figure S1.1. RTs in ms in the control task as a function of the current foreperiod, 

depending on age groups and previous foreperiods. Opaque shapes with error bars show 

the mean RT Ñ SEM, while transparent shapes reflect individual participants' data points 

in each condition. Statistical significance is denoted by *** for p-values < .001. The top 

significance bar indicates the main effect of the current foreperiod factor, while the bar 

on the far left of the graph shows the sequential effect and demonstrates that the previous 

foreperiod influences RT only when the current foreperiod is short. 

 

2.2. Anticipations 

 

We investigated whether anticipated responses during the long foreperiod in the control 

task were influenced by age (Figure S1.2). We did not analyse anticipated responses at 

the short foreperiod because there were only very few such anticipations (4 Ñ 6). To test 

this, we performed a one-way ANOVA on the number of anticipated responses at the long 

foreperiod, using óageô as a between-group factor (9 ï 12 years vs. 13 ï 17 years vs. 18 ï 

24 years). 

 

The ANOVA revealed a main effect of óageô [F(2,32) = 5.13, p = .012, ɖĮp = 0.24]. 

Independent t-tests with Bonferroni corrected p-values confirmed that 18 ï 24 age group 
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made less anticipated responses (4 Ñ 3) than both the 9 ï 12 age group (18 Ñ 13), t(9.8) = 

3.25, p = .027, and the 13 ï 17 age group (16 Ñ 14), t(13.2) = 2.97, p = .032. The latter 

two did not differ, t(20.2) = 0.31, p = 1 (Figure S1.2.A). 

 

A Pearson correlation indicated that the younger the participants, the more anticipated 

responses (r(33) = -0.53, t(33) = -3.57, p = .0011) (Figure S1.2.B). As in the motor tasks, 

the number of anticipated responses is significantly correlated with age in the control task. 
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Figure S1.2. Number of anticipated responses at the long foreperiod in the control task, 

displayed by group (A) and correlated with age (B). Panel A illustrates the differences in 

anticipated responses across age groups. Opaque symbols with error bars represent the 

mean number of anticipated responses Ñ SEM, while transparent symbols show individual 

participant data points for each condition. Panel B presents the correlation between the 

number of anticipated responses and participants' age, indicating that older participants 
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tend to make fewer anticipated responses. The Pearson correlation coefficient is shown 

on the graph, and statistical significance is marked with * for p-values < .05. 

 

3. Conclusion 
 

In the control task, we observed variable foreperiod and sequential effects on RTs 

consistently across all age groups, suggesting similar timing abilities among participants 

(Johnson et al., 2015).  

 

However, we found a significant age effect in the number of anticipated responses at the 

long foreperiod: the older group made significantly fewer anticipated responses compared 

to both the middle and youngest groups, which did not differ significantly from each other. 

Additionally, the number of anticipated responses was correlated with age, as seen in the 

motor tasks of the main experiment. This result replicates data from the literature (Mento 

& Granziol, 2020; Vallesi & Shallice, 2007), and further suggests that inhibitory control 

is still developing in our participants (Constantinidis & Luna, 2019; Vara et al., 2014). 

 

Section 2 ï Motor tasks 

 

1. Materials and Methods 

 

1.1 Stopping point 

 

1.1.1 Stopping point criteria in the multidirectional task 

 

The first rule to define a stopping point was that the speed had to decrease by at least 40% 

from the previous maximum speed. For example, if the maximum speed was 10 cm/sec, 

the speed at the stopping point had to be 6 cm/sec or lower. While this rule helped identify 

a significant reduction in speed, it was not enough to confirm that the participants had 

truly stopped, since their speed could decrease without them stopping entirely. We 

introduced a second rule to ensure participants were not accelerating again. A stopping 

point was recognized only if the next two speed peaks were less than twice the speed at 

the stopping point. In the previous example, if the speed at the stopping point was 6 
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cm/sec, the next two peaks had to be below 12 cm/sec. However, these two rules alone 

were not sufficient to confirm a complete stop. Since the participant's finger might 

tremble slightly, the speed never reached zero. So, instead of using zero as the threshold, 

we set the stopping threshold based on the speed caused by tremors. To calculate this, we 

used the median speed peak for each trial (between 0 and 3 seconds), as it reliably 

represented the tremor speed. Tremor-related peaks were irregular and had many small 

peaks, which made the median peak a good indicator (see Figure 1 in the main 

manuscript). The third rule required that the speed at the stopping point must be no more 

than 1.5 times the median speed peak for that trial. For example, if the stopping point 

speed was 6 cm/sec, the median peak had to be no higher than 9 cm/sec. The combination 

of these three rules allowed the program to accurately and consistently identify stopping 

points, which we verified through visual checks. 

 

1.1.2 Stopping point criteria in the unidirectional task 

 

The criteria for determining stopping points needed to be adjusted for the unidirectional 

task. In this task, participants moved back to the starting point after stopping, which made 

the stop less obvious and the stationary period shorter than in the multidirectional task. 

To address this, we modified the rules: at the stopping point, the speed needed to decrease 

by at least 30% from the previous maximum speed (compared to 40% in the 

multidirectional task). The second rule was the same: the stopping point was recognized 

only if the next two speed peaks were less than twice the stopping point speed. If the 

stationary period was too short, the following peaks could not be less than twice the 

stopping point speed, as participants often returned to the starting point quickly, causing 

the next peak to be the highest of the trial. When this occurred, the stopping point was 

accepted if the speed at the next peak was at least 50% of the maximum speed for that 

trial. Finally, to confirm the movement had truly stopped, we added a final rule: the speed 

at the stopping point had to be no more than 35% of the maximum speed when returning 

to the starting position. We confirmed that the 35% value was appropriate through visual 

checks, as a lower percentage would have missed true stopping points. 
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1.2 First deceleration point (150 ï 1000 ms) criteria 

 

For the first deceleration point, we set a time window between 150 and 1000 ms. A 

minimum of 150 ms is necessary for the brain to process the start signal and send a motor 

command (Jana et al., 2020). Any deceleration point occurring before 150 ms was 

considered an anticipation. If the target signal was expected at 1000 ms, slowing down 

should start before reaching this time. As with the stopping point criteria, we confirmed 

the consistency of these criteria through visual checks for each trial and participant. 

 

The first criterion was that the speed at the first deceleration point had to be at least 30% 

of the maximum speed within the specified time window. Visual checks indicated that 

this 30% threshold was a good balance between avoiding missed cases and false positives. 

Two additional criteria ensured that participants were decelerating their movement, and 

not preparing to speed up again. The speed at the next peak had to be at least 10% slower 

than the speed at the first deceleration point, or the acceleration at the next peak had to be 

30% lower than the acceleration at the first deceleration point. 

 

1.3  Second deceleration point (1000 ï 1700 ms) criteria 

 

In trials with a long foreperiod, if the target signal did not appear at the short foreperiod 

(after 1000 ms), participants had to continue their movement until 1700 ms, possibly 

updating their prediction. The criteria for detecting the second deceleration point were the 

same as those for detecting the first deceleration point, with the only difference being that 

the time period of interest for the second deceleration point was between 1000 ms and 

1700 ms. 

 

As with the first deceleration point, we calculated a relative deceleration slope in trials 

with a long foreperiod. To ensure consistency in this calculation, we applied the same 

logic for the relative deceleration slope related to the second deceleration point, using the 

following formula: [(speed at the second deceleration point - speed at 1650 ms) / speed 

at the second deceleration point].  
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2. Results 

 

2.1 Anticipations 

 

According to the literature and our findings from the control task, younger individuals 

exhibit more anticipated responses in temporal waiting tasks compared to older 

individuals (Mento & Granziol, 2020; Vallesi & Shallice, 2007). We wanted to determine 

if this would also be the case in our motor tasks. The following analysis focuses on trials 

with a long foreperiod.  

 

We conducted a two-way mixed ANOVA on participantsô anticipated responses at long 

foreperiod with the between-group factor 'age' (9 ï 12 years vs. 13 ï 17 years vs. 18 ï 24 

years) and the within-group factor 'task' (unidirectional vs. multidirectional) (Figure 

S2.1.A). 

 

The two-way ANOVA on anticipated responses revealed a main effect of 'age' [F(2,32) = 

19.63, p = .0000027, ɖĮp = 0.55]. Independent t-tests with Bonferroni-corrected p-values 

showed that the 9 ï 12 age group made significantly more anticipated responses (27 Ñ 13) 

compared to both the 13 ï 17 age group (10 Ñ 7), t(27.7) = 5.43, p = .000027, and the 18 

ï 24 age group (7 Ñ 9), t(33.4) = 5.98, p = .0000029. The latter two groups did not differ 

from each other, t(43.3) = 1.36, p = 0.54. No effect of the within-group factor 'task' 

[F(1,32) = 0.37, p = .55, ɖĮp = 0.012] was observed. 

 

We found a significant interaction between the two factors [F(2,32) = 3.58, p = .040, ɖĮp 

= 0.18]. Paired t-tests revealed that only the 13 ï 17 age group showed a significant 

difference in anticipated responses between the two motor tasks, with more anticipated 

responses in the multidirectional task (8 Ñ 7) than in the unidirectional task (12 Ñ 6), t(12) 

= -2.46, p = .030. In contrast, this difference was only a trend in the 9 ï 12 age group, t(9) 

= 1.88, p = .093, and was not significant in the 18 ï 24 age group, t(11) = 0.09, p = .93. 

 

A Pearson correlation showed that the younger the participants are, the more anticipated 

responses they make (r(68) = -0.62, t(68) = -6.50, p = .000000011) (Figure S2.1.B). This 

correlation was not task specific. 
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Figure S2.1. Number of anticipated responses across both motor tasks at the long 

foreperiod, shown as a function of age groups (A) and correlated with age (B). In panel 

A, opaque shapes with error bars represent the mean number of anticipated responses at 

the long foreperiod Ñ SEM, while transparent shapes show individual participants' data 

points in each condition. In panel B, Pearson correlations are indicated: red for the 
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unidirectional task, blue for the multidirectional task, and black for both tasks combined. 

Older participants tend to make fewer anticipated responses at the long foreperiod. 

Statistical significance is denoted by *** for p-values < .001. In panel A, the upper 

significance bar indicates the age difference between the youngest and oldest groups, 

while the bar below indicates the difference between the youngest group and the middle 

age group. 

 

2.2 Relative deceleration slope at the long foreperiod 

 

We examined whether the deceleration difference observed in children between the 

unidirectional and multidirectional tasks was also present in the relative deceleration 

slope at the long foreperiod. In trials with a long foreperiod, the probability of occurrence 

of the target signal is 100%, which should optimize stop preparation. As a result, the 

influence of the previous foreperiod is negligible in this analysis. Most importantly, if the 

probability of the target occurrence is properly accounted for, deceleration efficiency 

should be similar in both tasks.  

 

We conducted a two-way mixed ANOVA on the dependent variable órelative deceleration 

slopes at the long foreperiodô, with 'age' (9 ï 12 years vs. 13 ï 17 years vs. 18 ï 24 years) 

as the between-group factor and 'task' (unidirectional vs. multidirectional) as the within-

group factor (Figure S2.2). 

 

The two-way ANOVA on relative deceleration slopes at the long foreperiod showed a 

significant main effect of 'age' [F(2,32) = 15.88, p = .000016, ɖĮp = 0.50]. Independent t-

tests with Bonferroni-corrected p-values revealed shallower relative deceleration slopes 

in the 18 ï 24 age group (0.244 Ñ 0.06) compared to the 9 ï 12 age group (0.337 Ñ 0.08), 

t(36.7) = 4.38, p = .00029, and compared to the 13 ï 17 age group (0.290 Ñ 0.06), t(46.1) 

= 2.74, p = .026, while the difference between the 9 ï 12 and 13 ï 17 age groups tended 

to be significant, t(33.3) = 2.34, p = .076. The ANOVA also revealed a main effect of 'task' 

[F(1,32) = 22.34, p = .000044, ɖĮp = 0.41], with steeper relative deceleration slopes 

observed in the unidirectional task (0.319 Ñ 0.07) compared to the multidirectional task 

(0.256 Ñ 0.06). The interaction between the two factors was not significant [F(2,32) = 

1.03, p = .37, ɖĮp = 0.060]. 
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Figure S2.2. Relative deceleration slopes before the long foreperiod are shown for both 

motor tasks, across age groups. Opaque shapes with error bars represent the mean relative 

deceleration slopes Ñ SEM, while transparent shapes show individual participants' data 

points in each condition. Statistical significance is denoted by *** for p-values < .001, 

and * for p-value < .05. 

 

3. Discussion 

 

In both motor tasks, older participants exhibit fewer anticipatory responses during trials 

with a long foreperiod. It might be argued that this analysis also includes trials where 

participants reached the edges of the box and should be ignored. Nonetheless, the age 

effect is consistent observed across our two motor tasks, in line with findings from the 

control task and existing literature (Constantinidis & Luna, 2019; Mento & Granziol, 

2020; Vallesi & Shallice, 2007; Vara et al., 2014). Moreover, the cases where participants 

reached the edges were rare, suggesting that this effect is indeed related to anticipatory 

responses, even if other types of trials are included. In any case, the results suggest 

suboptimal motor control. 
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Regarding the relative deceleration slope in long trials, we note an age effect, with slopes 

becoming less steep as participants age. These results partially replicate findings on 

relative deceleration slopes during short foreperiods, where younger participants (aged 9 

ï 12) demonstrated steeper slopes compared to those aged 18 ï 24. Across all participants, 

relative deceleration slopes were steeper in the unidirectional task than in the 

multidirectional task. This lack of optimization in deceleration during long trials in the 

multidirectional task may suggest that motor control continues to mature among 

participants, even among the older ones, whose control is advanced but not fully 

optimized.  
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Rappel des r®sultats principaux de lô®tude 2 

 

Lôobjectif de lô®tude 2 ®tait d'examiner l'®volution de la pr®diction temporelle et son 

int®gration dans la pr®diction motrice au cours du neurod®veloppement. Pour cela, nous 

avons utilis® nos deux t©ches motrices, la multidirectionnelle et lôunidirectionnelle, sur 

une population neurotypique ©g®e de 9 ¨ 24 ans, afin dô®valuer les effets s®quentiels sur 

des indicateurs li®s ¨ la pr®paration (ralentissement anticipatoire) et ¨ lôex®cution (TR) de 

lôarr°t du mouvement. 

 

Dans la t©che unidirectionnelle, nous avons observ® des effets s®quentiels similaires entre 

les enfants, les adolescents et les adultes concernant les ralentissements anticipatoires, ce 

qui sugg¯re que la pr®diction temporelle motrice est pr®sente d¯s l'©ge de 9 ans. 

 

Des effets s®quentiels ®quivalents entre les groupes dô©ges ont ®galement ®t® constat®s 

sur les TRs, mais ceux-ci ont ®t® observ®s dans les deux t©ches motrices. Autrement dit, 

dans les t©ches multidirectionnelle et unidirectionnelle, les participants ont tous arr°t® 

leur mouvement plus rapidement au d®lai court lorsqu'il avait ®t® pr®c®d® d'un d®lai court 

plut¹t que long. Le fait que ces effets s®quentiels apparaissent dans les deux t©ches, bien 

qu'ils soient de moindre amplitude dans la t©che multidirectionnelle, sugg¯re que la 

pr®diction de l'occurrence du signal cible n'est pas compl¯tement int®gr®e ¨ un 

programme moteur pr®cis chez nos participants. Cela indique que leurs capacit®s 

dôint®gration sensorimotrice ne sont pas encore compl¯tement mature. Concernant notre 

groupe le plus ©g®, la persistance des effets s®quentiels sur leurs TRs dans la t©che 

multidirectionnelle pourrait refl®ter une h®t®rog®n®it® dans la maturation des processus 

sensorimoteurs au sein de ce groupe. Les effets s®quentiels, ®tant robustes et 

automatiques, pourraient persister chez certains individus, ce qui suffirait ¨ masquer une 

®ventuelle diff®rence significative entre les groupes d'©ge dans la t©che 

multidirectionnelle. 

 

En examinant les ralentissements anticipatoires sans tenir compte des effets s®quentiels, 

nous avons observ® qu'avant l'occurrence du signal cible au d®lai court, seuls les jeunes 

participants ralentissaient plus fortement en pr®vision du signal cible dans la t©che 
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unidirectionnelle par rapport ¨ la t©che multidirectionnelle. La r®p®tition du programme 

moteur dôun essai ¨ lôautre semble leur permettre de planifier leur mouvement de mani¯re 

plus efficace dans la t©che unidirectionnelle. En revanche, ce sch®ma de r®sultats n'est 

pas observ® chez les participants plus ©g®s, qui n'ont pas besoin de r®p®ter le m°me 

mouvement pour assurer une pr®paration ¨ lôarr°t optimale. 

 

Concernant lôex®cution de lôarr°t, les participants plus ©g®s se montrent ®galement plus 

efficaces que les plus jeunes : dans la t©che multidirectionnelle, nous avons not® que la 

rapidit® et la pr®cision de leurs r®ponses augmentaient avec l'©ge. Ces r®sultats 

corroborent les donn®es de la litt®rature, indiquant que le contr¹le moteur s'am®liore avec 

l'©ge, possiblement en lien avec la maturation des processus sensorimoteurs. 
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Objectif de lô®tude 3 

 

La litt®rature sugg¯re que des troubles du sens de soi sont d®j¨ pr®sents chez les individus 

¨ HR de conversion psychotique. Chez les personnes atteintes de SZ de mani¯re 

chronique, ces troubles ont ®t® associ®s ¨ des alt®rations de la pr®diction temporelle. 

L'int®gration des informations sensorielles li®es ¨ nos mouvements, côest-̈-dire 

lôint®gration sensorimotrice, participe ¨ la construction du sens de soi, en particulier du 

soi corporel. 

 

Lôobjectif de cette ®tude 3 est d'explorer l'impact de la pr®diction temporelle, associ®e ¨ 

lôoccurrence dôun signal sensoriel, sur les r®ponses motrices des individus ¨ HR. Cette 

recherche vise ¨ examiner les processus sous-jacents aux alt®rations sensorimotrices 

observ®es dans la litt®rature et ¨ approfondir notre compr®hension du d®veloppement de 

la psychose dans cette population. 
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5.1. Main Manuscript 
 

 

Abstract 

 

We investigated sensorimotor integration, and especially how sensory temporal 

prediction is integrated in the motor program, in individuals at high-risk (HR) for 

psychotic conversion. Participants stopped straight-line finger movements in response to 

target signal presented after either short or long foreperiods. The moment of occurrence 

of the target is predicted based on past events, but this influence depends on experimental 

conditions. Participants changed direction on each trial in the multidirectional task and 

repeated their movement on each trial in the unidirectional task. 

 

When the direction of the movement changes it requires a different motor program; in 

this case, response execution should not be influenced by previous sensory information, 

but it was in individuals at HR, thus suggesting that the response is influenced by a 

sensory prediction remaining independent of the motor program. Anticipatory 

deceleration was also affected by previous trials, even at long foreperiods, when the motor 

program should be optimized whatever the trials history. We suggest that sensory 

predictions are more dissociated from the motor program in individuals at HR than in 

neurotypicals, highlighting greater immaturity in sensorimotor processes. 

 

Keywords: Temporal Predictions; Sensorimotor Integration; High-Risk for Psychosis; 

Motor; Sequential Effect
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1. Introduction 

 

Children of individuals with major psychiatric disorders, such as schizophrenia (SZ), 

bipolar disorder, and recurrent major depression, are at high genetic risk (HR) for 

developing these conditions. Their risk is 8 to 20 times greater than that of the general 

population (Le et al., 2020; Maziade, 2017). While this risk is significant, it is not 100%. 

Currently, there are no markers to differentiate between individuals at HR who will 

develop a psychiatric disorder and those who will not. Since early intervention can 

improve prognosis (Kulhara et al., 2008; Maximo et al., 2020; Penttilª et al., 2014), it is 

essential to identify objective markers of the risk of psychotic conversion. This will help 

distinguish between individuals at HR who are likely to develop psychiatric conditions 

and those who will remain unaffected. 

 

Self-related disturbances observed in major psychiatric disorders (Inder et al., 2008; 

Martin et al., 2018; Parnas & Handest, 2003; Sandsten et al., 2020) are particularly 

noteworthy, as they may manifest even before the onset of the disorder in individuals at 

HR (Hartmann et al., 1984; Koren et al., 2020; Madeira et al., 2016; Nelson et al., 2012; 

Parnas et al., 2011). However, these disturbances are often reported verbally and cannot 

serve as objective markers. One possibility is to explore timing disorders. Self-

disturbances have been linked to temporal perception disorders, which are also present in 

major psychiatric disorders (Fuchs, 2007; Martin et al., 2014; Moskalewicz & Schwartz, 

2020; Vogeley & Kupke, 2007). One advantage is that temporal perception disorders can 

be quantitatively assessed through experimental methods. Previous research has focused 

in particular on the passage of time, which appears to be altered especially in SZ (Ciullo 

et al., 2018; Foerster & Joos et al., 2024; Martin et al., 2017; Vogel et al., 2019) as well 

as in bipolar disorders (Vogel et al., 2018; Weiner et al., 2019). 

 

The perception of the passage of time can be implicitly assessed experimentally using 

variable foreperiod tasks (Martin et al., 2017; Niemi & Nªªtªnen, 1981; Nobre et al., 

2007; Vangkilde et al., 2012). These tasks involve presenting an initial stimulus, followed 

by a target after either a short or long foreperiod. According to hazard-based theories, as 

time progresses, the probability of the target appearing increases, enabling participants to 

prepare their responses more effectively. This leads to faster reaction times (RTs) at the 
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long foreperiod compared to the short foreperiod, a phenomenon known as the 'variable 

foreperiod effect' (Correa et al., 2006; Luce, 1991; Mento, 2017; Vallesi & Shallice, 2007; 

but see Los et al., 2017; Salet et al., 2022 for an alternative explanation). Research has 

shown that individuals with SZ who exhibit self-related disturbances do not benefit from 

the passage of time in the same manner as neurotypicals (Foerster & Joos et al., 2024; 

Martin et al., 2017). Notably, the previously mentioned studies indicated that individuals 

with SZ did not demonstrate faster RTs when the target occurred after a long foreperiod 

compared to a short one. As already emphasized impairments in temporal prediction 

abilities were mainly observed in individuals with disorders of the sense of self. At the 

group level, impairments were not always observed (Ciullo et al., 2018; Martin et al., 

2017), and it may be necessary to adapt the typical tasks to evidence impairments in 

individuals at HR. The literature indeed suggested disorders of the sense of self in 

individuals at HR, but mainly with tasks with an important motor component, or related 

to bodily boundaries. 

 

Pioneering work by Barbara Fish (1957, 1972) highlighted self-related disturbances in 

the earliest months of life among children of mothers with SZ. Fish observed a 9-month-

old child at HR who systematically inspected the back of a mirror after seeing his 

reflection. This behaviour was interpreted as a primitive form of self-disturbance, 

suggesting less well-defined bodily boundaries in children at HR compared to 

neurotypical peers. Fish (1957) also noted that children at HR aged 4 months did not 

attend to objects they held in their hands in the same way as their neurotypical 

counterparts, although they demonstrated equivalent attention to objects in their 

environment. When touching an object, tactile and visual perceptions are coordinated 

with proprioceptive information derived from exploratory movements. Inasmuch tactile 

and proprioceptive information is closely related to the bodily self, this multisensory 

integration inherently associates the hand touching the object with the self, contributing 

to the establishment of bodily boundaries and the bodily self (Parnas et al., 2002). 

Potential dysfunctions in multisensory integration during movements in children at HR 

may hinder the development of bodily boundaries and contribute to self-related 

disturbances. 

 

Gamma et al. (2014) investigated multisensory integration and its disturbances during 

object handling as indicators of the risk of developing SZ in children at HR aged 8 
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months. The authors observed that children at HR performed worse than neurotypical 

children when reaching for a cube or transferring an object from one hand to the other. 

Reaching for an object necessitates coordinating visual and proprioceptive information to 

build a coherent motor program to achieve the goal of reaching the target object (Edwards 

et al., 2019). Similarly, transferring an object from one hand to the other requires the 

integration of tactile and proprioceptive information to adjust movements and coordinate 

actions between the two hands. These behaviours require not only multisensory 

integration but also the ability to use sensory information to adjust movements 

accordingly, which is referred to as sensorimotor integration (Wolpert et al., 1995). 

Literature indicates that sensorimotor integration may be impaired in individuals at HR, 

potentially contributing to the motor behaviour disturbances observed in this population 

(Damme et al., 2021; Poletti et al., 2017, 2019; Poletti & Raballo, 2022). These 

disturbances include delays in acquiring early motor milestones (e.g., walking, sitting 

without support), deficits in movement coordination, and challenges in both fine and 

gross motor skills (Burton et al., 2016; Keskinen et al., 2015). While the aetiology of 

sensorimotor and motor impairments in psychiatric disorders remains unclear, these 

disturbances are correlated (Damme et al., 2022; Fattal et al., 2024). Notably, individuals 

at HR who experienced delays in early motor milestones are more likely to show signs of 

psychotic experiences and depressive symptoms during adolescence (Damme et al., 

2022). Furthermore, models that incorporate both early developmental delays and current 

sensorimotor alterations offer a more comprehensive explanation for psychotic 

experiences in adolescence than models that examine these factors in isolation (Fattal et 

al., 2024). 

 

Damme et al. (2024) investigated these motor disturbances further in individuals at HR. 

To do so, they employed a task requiring participants to press a key precisely when a 

vertically moving symbol on a computer screen reached a target. This task presented a 

challenge, as it required participants to time their key press to coincide with the moment 

the symbol aligned with the target. Responses were evaluated based on precision, 

measured by the distance between the symbol and the target. Results indicated that 

individuals at HR exhibited less precise responses than neurotypicals, particularly at the 

beginning of the task. However, with practice, their precision gradually approached that 

of neurotypicals. Notably, a negative correlation was found between improvements in 

response precision and the severity of positive symptoms; in other words, the more 
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psychotic symptoms, the less motor precision improved over time. These findings suggest 

that deficits in motor precision could serve as a promising indicator of the risk of 

psychotic conversion. However, what óprecisionô exactly entails may require further 

investigation. In Dammeôs task, motor precision may be influenced by sensorimotor 

integration capacities, as accurately responding when the symbol overlaps with the target 

requires the ability to predict when this visual information will become available and to 

time the motor response accordingly. Sensorimotor processes mature throughout 

neurodevelopment (Chicoine et al., 1992; Viel et al., 2009). Given that psychoses are 

neurodevelopmental disorders, we investigate time prediction and its impact on motor 

responses and sensorimotor integration in individuals at HR. This study aims to further 

investigate the underlying processes associated with the sensorimotor alterations 

suggested by the literature and to deepen our understanding of the development of 

psychosis in individuals at HR. 

 

We previously developed a motor version of the variable foreperiod paradigm (Arrouet 

et al., submitted). In this task, participants were instructed to initiate a straight-line finger 

movement on a surface following a start signal and to stop their movement as fast as 

possible upon the target signal, which appeared after either a short or long foreperiod. 

Kinematic indicators were collected to evaluate how participants anticipated stopping 

their movements (Duque et al., 2017; Woodworth, 1899). Two distinct motor tasks were 

employed: the unidirectional task, where participants consistently moved in the same 

direction for each trial, and the multidirectional task, where they changed direction on 

each trial. 

 

In the unidirectional task, the repetition of the same movement direction allowed 

participants to maintain a consistent motor program across trials. Our previous 

experiments involving neurotypicals (Arrouet et al., submitted; Arrouet et al., in 

preparation) demonstrated trial-to-trial (or sequential) effects on kinematic indicators 

specifically in this task: participants exhibited optimized slowing down before the short 

foreperiod when the preceding foreperiod was also short, compared to when it was long. 

According to hazard-based theories, these sequential effects stem from the expectation 

that consecutive trials will be similar, differentiating them from the variable foreperiod 

effect (Capizzi et al., 2015; Correa et al., 2006; Mento, 2017; Tal-Perry & Yuval-

Greenberg, 2022; Woodrow, 1914). In a short-short sequence, the expectation is met; 
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however, in a long-short sequence, the target appears earlier than anticipated, leading to 

suboptimal motor preparation. 

 

There were no sequential effects on kinematic indicators in the multidirectional task. This 

may have seemed surprising given the supposed automaticity of the sequential effects 

(Vallesi & Shallice, 2007). However, it is the first variable foreperiod paradigm where 

participants performed a motor action during the foreperiod and had to change it from 

trial to trial. The results suggest that sequential effects are specifically linked to motor-

based temporal predictions, which are activated when the same motor program is repeated 

across trials, as seen in the unidirectional task. In a previous work with children, we 

observed that this motor-related temporal prediction becomes evident in neurotypicals by 

the age of 9 (Arrouet et al., in preparation). We expect to see no differences in sequential 

effects on kinematic indicators between neurotypicals and individuals at HR, as these 

effects are rooted in motor-related temporal predictions that develop early in life. 

Furthermore, the preservation of simple movement execution in psychosis (Delevoye-

Turrell et al., 2007) indicates that this may also hold true for individuals at HR. Vallesi & 

Shallice (2007) and Droit-Volet & Coull (2016) showed both variable foreperiod and 

sequential effects, at least after 9 years old, but those tasks did not require a motor action 

to be executed during the foreperiod. We anticipate differences in how individuals at HR 

plan their stopping responses compared to neurotypicals. Slowing down in anticipation 

of the sensory signal is a crucial component of movement planning and may be 

particularly affected by ineffective sensorimotor integration associated with the motor 

program. If slowing down is affected, it could lead to variations in motor execution 

between the two groups, as evidenced by differences in RTs speeds. 

 

In terms of sequential effects on RTs, our previous work found that young neurotypicals 

exhibited these effects in both motor tasks, i.e. whether they had to change their action 

direction or not: participants stopped their movements faster at the short foreperiod when 

the previous foreperiod was also short compared to when it was long (Arrouet et al., in 

preparation). This effect differed from the one observed in adult neurotypicals, who 

showed sequential effects on RTs only in the unidirectional task (Arrouet et al., 

submitted). In adults, the prediction of the target signal is linked to a specific motor 

program, reflecting precise sensorimotor integration. In contrast, young neurotypicals 

may not have fully integrated sensory predictions into a specific motor program, 
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indicating that their sensorimotor integration capacities are still developing. We expect to 

observe similar immaturity in sensorimotor integration processes among individuals at 

HR. 

 

2. Materials and Methods 

 

2.1. Participants 

 

Population 

group 

Age 

group 

N Sex 

(male/female) 

Handedness 

(right/left) 

Age Education 

Neurotypicals 9 ï 12 

years 

10 3/7 9/1 10.5 Ñ 1.4 5.4 Ñ 1.5 

13 ï 17 

years 

13 6/7 12/1 14.8 Ñ 1.5 9.5 Ñ 1.5 

Individuals at 

HR 

9 ï 12 

years 

9 3/6 8/1 11.2 Ñ 0.8 5.8 Ñ 0.8 

13 ï 17 

years 

15 8/7 13/2 14.4 Ñ 1.2 8.5 Ñ 1.1 

Table 1. Sociodemographic characteristics of participants. Age and education level are 

presented as mean Ñ standard deviation 

 

The inclusion criteria for neurotypical individuals were as follows: neither they nor any 

first- or second-degree relatives (parents, siblings) nor more than two third-degree 

relatives (grandparents, uncles, aunts) had ever received a diagnosis according to the 

DSM-V (American Psychiatric Association, 2013) related to the SZ spectrum or affective 

disorders. Additionally, any neurological or psychiatric disorders served as exclusion 

criteria for neurotypicals. Furthermore, the use of any medication or substances that could 

impact brain function was considered a valid reason for exclusion. 

 

The inclusion criteria for individuals at HR required that they have at least one first-

degree relative with a major psychiatric disorder (SZ, bipolar disorder, or recurrent major 

depression). However, they must not have had any diagnoses related to the SZ spectrum 

or affective disorders at the time of their inclusion in the experiment. 
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Some individuals in the HR group had diagnoses related to psychiatric disorders; 

however, these were not relevant to the conditions investigated in our study, except for 

one participant who developed depression between the time of inclusion and the time of 

testing. A summary of these disorders and the associated medications is provided in the 

table below. 

 

To ensure that the medications taken by individuals in the HR group did not influence 

their performance differences compared to neurotypical individuals, we conducted 

analyses comparing neurotypicals to HR individuals who were not on medication. We 

confirmed that similar effects were observed when comparing all HR individuals (both 

medicated and unmedicated) to neurotypicals. For each indicator reported in the results 

section of the main manuscript and supplementary material, we also performed analyses 

within the HR group to verify that the medication factor did not impact their performance. 

 

 9 ï 12 years 13 ï 17 years 

Attentional deficits disorder (with or 

without hyperactivity) (yes/no) 

1/8 4/11 

Anxiety (yes/no) 0/9 1/14 

Specific learning disorders (yes/no) 0/9 1/14 

Autism spectrum disorder (yes/no) 0/9 1/14 

Depression (yes/no) 0/9 1/14 

Unspecified mood disorder (yes/no) 1/8 0/15 

Stimulant treatment (yes/no) 3/6 6/9 

Alpha-2 adrenergic treatment (yes/no) 1/8 0/15 

Antidepressant treatment (yes/no) 0/9 1/14 

Atypical antipsychotic treatment (yes/no) 1/8 0/15 

Table 2. Clinical conditions in individuals at HR groups 

 

Finally, all participants who had experienced a head injury resulting in loss of 

consciousness for more than one minute were also excluded from the study.  

 

All participants, including legal guardians for minors, provided informed written consent. 

The study was conducted in accordance with the Declaration of Helsinki and received 
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approval from the ethics committee of the Sectoral Research Ethics Committee in 

Neurosciences and Mental Health at the Integrated University Health and Social Services 

Center (CIUSSS) of the Capitale-Nationale (Project #2022-2009, NSM_). 

 

2.2. Equipment 

 

The experiment took place in a dark and quiet room, with only the participant and the 

experimenter present. Participants were seated in front of an empty box that measured 45 

cm in height, 65 cm in width, and 48 cm in depth. They were instructed to position their 

dominant hand inside the box, with their fist closed and index finger extended, to perform 

linear movements in response to tactile stimuli. Precision Micro-DrivesÉ vibro-tactile 

motors were attached to the upper forearm and wrist of the dominant arm to deliver tactile 

signals indicating when to initiate and halt each movement. These motors were linked to 

a Chronos E-Prime 3.0 stimulation box, calibrated to a vibration intensity of 3.0 V and a 

frequency of 230 Hz. Participants wore headsets to mask the sound produced by the 

vibrations. The task was administered using an HP ProDesk 600 G2 SFF computer 

operating on E-Prime 3.0. Prior to starting the tasks, the box was covered with a thick 

black material to eliminate any light and prevent participants from seeing inside. To 

capture the trajectories of the participants' index fingers within the dark box, a red LED 

was affixed to their index fingernail, and movements were recorded using a GoPro 

HERO7 camera positioned at a height of 45 cm. The video was filmed with a linear field 

of view, at a resolution of 120 Hz, and in 16:9 full HD format. 

 

2.3. Procedure 

 

The protocol involved three variable foreperiod tasks: two motor tasks and a control task 

similar to those typically found in the literature. 

 

In the two motor tasks, participants were instructed to execute a straight-line movement 

following a 100 ms tactile vibration on the upper forearm (start signal) and to stop as 

quickly as possible upon receiving a 100 ms tactile vibration on the wrist (target signal). 

In both tasks, the target signal could appear either 1000 ms (short foreperiod) or 1700 ms 

(long foreperiod) after the start signal. Each trial commenced after a variable inter-trial 



£TUDE 3 

 147 

interval (ITI) ranging from 2000 to 2200 ms. Each task included 192 trials, with 96 trials 

for the short foreperiod and 96 for the long foreperiod, presented in random order. 

 

The primary distinction between the two tasks was the type of movement required. In the 

multidirectional task, participants altered the direction of their movement with each trial, 

limited to horizontal and vertical directions along the X and Y axes. In the unidirectional 

task, participants began each trial from the same location and executed the movement in 

the same direction. 

 

Prior to each task, participants completed a training phase consisting of 18 trials to 

familiarize themselves with the procedure. During this training, the experimenter ensured 

that participants initiated their movements with the start signal and halted with the target 

signal. The speed of their movements was monitored to ensure that they were neither 

moving too quickly, which could lead to reaching the edge of the box, nor too slowly, 

which might result in unstable movements. The experimenter visually verified that all 

participants maintained similar speeds. If a participant accidentally reached the side of 

the box, they were instructed to cease movement and wait for the next trial. This 

instruction facilitated the identification of those trials as anticipations, allowing for their 

exclusion from the analysis. It is important to note that this procedure prevents us from 

distinguishing between true anticipations and excessively long movements, though. 

 

In the third control task, participants pressed a button as quickly as possible in response 

to the target signal. This task was employed to determine whether our sample exhibited 

the expected temporal prediction effects (including the variable foreperiod and sequential 

effects) observed in RTs. As this control task was not directly related to our main research 

question, the methodology and results are detailed in Supplementary Material - 

Section 1. 

 

2.4. Data analysis 

 

We utilized MATLAB 2021b to analyse the trajectory of the finger (specifically, the 

LED). Several criteria were established to allow the script to identify the defined 

indicators, which are detailed in Supplementary Material ï Section 2 and are consistent 

with those validated and applied in Arrouet et al. (submitted). 
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Participants' motor trajectories were recorded and analysed using MATLAB 2021b to 

extract behavioural indicators from the video footage. The recordings were segmented 

into 192 trials, each lasting 3000 ms. Each trial began with the start signal which was 

visually represented in the video by a blue LED inside the box, which illuminated for 100 

ms, corresponding to the duration of the forearm vibration. Likewise, when the target 

signal occurred, a green LED inside the box was activated for the duration of the wrist 

vibration. 

 

2.4.1. Stopping latency (i.e. RT) 

 

We assessed participants' stopping latencies, defined as the time taken to cease movement 

after the target signal has occurred. In our study, stopping latency was treated as RT, which 

is the widely used measure for evaluating performance in variable foreperiod paradigms. 

RT allowed us to observe typical behavioural indicators of temporal prediction abilities, 

such as variable foreperiod and sequential effects, in both motor tasks. 

 

RT was determined as the time interval between the onset of the target signal and the 

moment participants halted their movement. At the stopping point, the speed of their 

movement rarely reached zero. If the finger exhibited slight shaking, movement was still 

recorded, resulting in a small, non-zero speed (see Figure 1). Consequently, we had to 

establish criteria for what constituted 'stopping.' Another complication arose from the 

varying speeds at which participants moved, making it impractical to apply a uniform 

speed threshold to define when movement had ceased. Instead, we utilized percentages 

of deceleration rather than fixed speed values. To ensure accurate identification of the 

stopping point, we visually inspected each trial for every participant using a graph 

displaying their speed over time. We confirmed that the stopping point determined by the 

script aligned with where it would be reasonably expected to be placed. 

 

In both motor tasks, the stopping point was defined as the first occurrence where all 

predefined criteria (detailed in the Supplementary Material ï Section 2) were satisfied. 

Trials in which none of the points met the stopping criteria were excluded from 

subsequent analysis. Additionally, if movement ceased before or within 150 ms of the 

onset of the target signal, it was classified as an anticipated stop, and these trials were 

also excluded from further analysis. Trials marked as 'anticipated' and subsequently 
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excluded included both true anticipations and instances where participants made contact 

with the edges of the box. If they hit the edge of the box before the trial concluded, they 

were instructed to stop moving prior to the target signal, which was considered an 

anticipated stop. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The start signal causes an initial acceleration phase, during which speed varies, 

leading to fluctuations in peak values. Green arrows indicate the maximum points, while 

blue arrows represent the minimum points. After 1000 ms (the short foreperiod), the target 

signal appears (represented by the red line on the graph), and the time taken to halt the 

movement is referred to as the stopping delay, or RT, in our protocol. Even though 

participants stop moving, minor speed peaks caused by tremors may still be detected. 

 

2.4.2. Deceleration points 

 

Participants began to decelerate their movements in anticipation of stopping. The onset 

of this deceleration indicated the beginning of the preparation process for stopping 

(Duque et al., 2017; Woodworth, 1899). Given that there are two foreperiods in each task, 

we measured slowdowns occurring before the short foreperiod (i.e., prior to 1000 ms) and 

before the long foreperiod (i.e., prior to 1700 ms). For simplicity, we will refer to these 

as the ófirst deceleration pointô and ósecond deceleration point,ô respectively. 

 

As participants could not predict the exact timing of the target signal, we anticipated 

observing a first deceleration point in all trials, regardless of the foreperiod length. The 



£TUDE 3 

 150 

criteria for identifying both deceleration points were consistent across tasks, aside from 

the temporal window of interest, as detailed in the Supplementary Material ï Section 2, 

and were the same as those validated in Arrouet et al. (submitted). Both deceleration 

points were defined as the initial slowing down within the designated time window that 

met all specified criteria. 

 

We assessed the effectiveness of slowing down in anticipation of the target signal 

independent of movement speed, by measuring the relative deceleration slope for each 

deceleration point. We calculated the relative speed difference between the deceleration 

points and the onset of the target signal using the following formula: [(speed at the first 

deceleration point - speed at 950 ms) / speed at the first deceleration point] for all trials. 

The speed at 950 ms was chosen instead of the speed at 1000 ms to eliminate any potential 

influence from the onset of the target signal in short foreperiod trials. To maintain 

consistency in the calculation of the relative deceleration slope, we applied the same logic 

to the second deceleration point, using the formula: [(speed at the second deceleration 

point - speed at 1650 ms) / speed at the second deceleration point] for trials with a long 

foreperiod. 

 

By calculating these relative deceleration slope, we can evaluate how effectively 

participant adjust their movements and compare groups while minimizing the impact of 

individual speed differences. Relative deceleration slopes indicate how much a participant 

slows down between two specific points in time, ahead of the target signal.  

 

2.5. Temporal prediction abilities indices 

 

When our descriptive or statistical analyses of raw data indicated a difference in temporal 

prediction abilities (variable foreperiod and sequential effects), we calculated indices to 

better isolate these effects (Foerster & Joos et al., 2024).  

 

2.5.1. Variable foreperiod index 

 

The variable foreperiod effect refers to the slowing of RTs at the short foreperiod 

compared to the long foreperiod. However, this slowing may be affected by sequential 

effects, which specifically increase RTs at the short foreperiod when it is preceded by a 
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trial with a long foreperiod. To isolate the true variable foreperiod effect, we calculated 

the RT difference between short and long conditions for each participant, analysing only 

trials with the same preceding foreperiod (short-short and long-long on previous and 

current trials respectively). This difference was then divided by the sum of the RTs to 

account for inter-individual variability. The formula was as follows: 

 

ὙὝ ὙὝ

ὙὝ ὙὝ
 

 

A larger positive index indicates a greater variable foreperiod effect. 

 

2.5.2. Sequential effect index 

 

2.5.2.1. Reaction times 

 

For the sequential effects index, we applied a similar approach as for the previous index. 

According to sequential effects, RTs at short foreperiod are slower when the previous 

foreperiod was long rather than short. For each participant, we calculated the difference 

in RT between trials with short foreperiod preceded by a long foreperiod (long-short) and 

those preceded by a short foreperiod (short-short); our formula was: 

 

ὙὝ ὙὝ

ὙὝ ὙὝ
 

 

A larger positive index indicates more pronounced sequential effects. 

 

2.5.2.2. Relative deceleration slope at the short foreperiod (1000 ms) 

 

To calculate an index of sequential effects on the relative deceleration slope, we applied 

the same approach as for the sequential effect index on RTs. It is important to note that a 

first deceleration point is anticipated in all trials, irrespective of the foreperiod, as 

participants are unaware of whether the foreperiod is short or long until 1000 ms. 

Therefore, the current foreperiod was not considered into the calculation of the sequential 

effect index for this indicator. For each participant, we determined the difference in the 
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relative deceleration slope when the previous foreperiod was short versus when it was 

long. Our formula was as follows: 

 

ὙὩὰὥὸὭὺὩ ὨὩὧὩὰὩὶὥὸὭέὲ ίὰέὴὩ ὙὩὰὥὸὭὺὩ ὈὩὧὩὰὩὶὥὸὭέὲ ίὰέὴὩ

ὙὩὰὥὸὭὺὩ ὨὩὧὩὰὩὶὥὸὭέὲ ίὰέὴὩ ὙὩὰὥὸὭὺὩ ὨὩὧὩὰὩὶὥὸὭέὲ ίὰέὴὩ
 

 

A larger positive index indicates greater deceleration at the short foreperiod when 

preceded by a short foreperiod compared to when preceded by a short foreperiod. 

 

2.5.2.3. Relative deceleration slope at the long foreperiod (1700 ms) 

 

For each participant, we calculated the difference in the relative deceleration slope at the 

long foreperiod for trials where the previous foreperiod was long (long-long sequence) 

compared to when it was short (short-long sequence). Our formula was: 

 

ὙὩὰὥὸὭὺὩ ὨὩὧὩὰὩὶὥὸὭέὲ ίὰέὴὩ ὙὩὰὥὸὭὺὩ ὈὩὧὩὰὩὶὥὸὭέὲ ίὰέὴὩ

ὙὩὰὥὸὭὺὩ ὨὩὧὩὰὩὶὥὸὭέὲ ίὰέὴὩ ὙὩὰὥὸὭὺὩ ὨὩὧὩὰὩὶὥὸὭέὲ ίὰέὴὩ
 

 

A larger positive index indicates greater deceleration at the long foreperiod when 

preceded by a long foreperiod compared to when preceded by a short foreperiod. 

 

2.6. Statistical analysis 
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   Experimental Task 

Population 

group 

Age group Condition Multidirectional Unidirectional 

Neurotypicals 9 ï 12 years Short 8 12 

Long 23 30 

13 ï 17 years 

Short 4 2 

Long 12 8 

Individuals at 

HR 

9 ï 12 years Short 12 8 

Long 31 35 

13 ï 17 years 

Short 3 7 

Long 17 21 

Table 3. Mean number of trials excluded in the behavioural analyses (anticipated 

responses + reaching the edge of the box) based on population group, age group, 

condition, and experimental task (total trials per condition = 96) 

 

Statistical analyses were conducted using RStudio (Posit team, 2023). For all indicators, 

we utilized the median values from each participant. The graphs illustrate the average 

median values at the group level, with error bars representing the standard error of the 

mean (SEM). 

 

For statistical comparisons, we performed mixed ANOVAs. In cases where the normality 

assumption was not satisfied, we normalized the datasets before conducting the ANOVA. 

We employed the óorderNormô function from the óbestnormalizeô R package to ensure our 

datasets conformed to a normal distribution (Peterson & Cavanaugh, 2020). To maintain 

a normal distribution while allowing for means and standard deviations other than 0 and 

1, we applied inverse z-scores to our datasets prior to the statistical analysis. 

 

The significance threshold was established at Ŭ = 0.05, and partial eta-squared (ɖĮp) values 

were reported as measures of effect size. 
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3. Results 

 

The results of the control task are detailed in supplementary material. There was no 

difference between groups in this task on the variable foreperiod or sequential effects. 

The main effects are observed in the motor tasks, as described hereafter. 

 

3.1. Response phase 

 

3.1.1. Reaction times 

 

We examined how previous and current foreperiods influence RTs as a function of age 

within our two experimental groups. The goal of this analysis was to determine whether 

typical indicators of temporal prediction abilities on RTs, such as the reduction in RTs 

with longer foreperiods (variable foreperiod effect) and the increase in RTs when a long 

foreperiod is followed by a short one (sequential effects), are differentially influenced by 

neurodevelopmental stages in experimental groups. 

 

A five-way mixed ANOVA was conducted on participantsô RTs with the between-subject 

factors 'age' (9 ï 12 years vs. 13 ï 17 years) and ógroupô (neurotypicals vs. individuals at 

HR) and the within-subject factors 'task' (unidirectional vs. multidirectional), 'previous 

foreperiod' (short vs. long), and 'current foreperiod' (short vs. long) (Figure 2). 

 

The five-way ANOVA on RTs revealed a main effect of 'age' [F(1,43) = 12.00, p = .0010, 

ɖĮp = 0.22], with slower RTs for the 9 ï 12 age group (438 ms Ñ 113) compared to the 13 

ï 17 age group (394 ms Ñ 82). Additionally, a significant main effect of 'task' was found 

[F(1,43) = 96.98, p = .0000000000014, ɖĮp = 0.69], with participants showing faster RTs 

in the unidirectional task (363 ms Ñ 75) compared to the multidirectional task (460 ms Ñ 

94). The analysis also revealed a main effect of 'current foreperiod' [F(1,43) = 196.26, p 

= .000000000000000013, ɖĮp = 0.82], illustrating the typical variable foreperiod effect, 

where RTs were shorter for a long foreperiod (365 ms Ñ 70) than for a short foreperiod 

(458 ms Ñ 101). Also, a main effect of 'previous foreperiod' was observed [F(1,43) = 

28.14, p = .0000037, ɖĮp = 0.40], showing that RTs were longer following trials with a 
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long foreperiod (421 ms Ñ 101) compared to those with a short foreperiod (402 ms Ñ 95). 

No main effect of the ógroupô factor was found [F(1,43) = 0.040, p = .84, ɖĮp = 0.0010]. 

 

A significant interaction was observed between the 'previous foreperiod' and 'current 

foreperiod' factors [F(1,43) = 36.91, p = .00000028, ɖĮp = 0.46]. A paired t-test revealed 

that RTs increased only when the current trial had a short foreperiod following a previous 

long foreperiod (477 ms Ñ 96.6) compared to a short foreperiod (439 ms Ñ 102.0), t(93) 

= -8.64, p = .00000000000015, confirming the typical asymmetrical sequential effect. 

 

The analysis also showed a trend suggesting a significant interaction between the factors 

of ótask,ô óprevious foreperiod,ô and ócurrent foreperiodô [F(1, 43) = 3.39, p = .073, ɖĮp = 

0.073]. Drawing from our earlier findings in neurotypicals (Arrouet et al., submitted; 

Arrouet et al., in preparation) and the significant two-way interactions observed between 

the ótaskô factor and the ócurrent foreperiodô factor, alongside the óprevious foreperiodô 

factor, we proceeded with an additional analysis to isolate the sequential effect. We 

utilized an index to quantify the characteristic slowing of RTs at the short foreperiod that 

follows a long foreperiod, as opposed to a short foreperiod (see the Methods section 

2.5.2.1). This approach enabled a more precise comparison of sequential effects across 

tasks, while minimizing the influence of motor response variability in the multidirectional 

task. The one-way ANOVA, with the within-group factor of ótask,ô demonstrated a 

significant effect of the task factor on our sequential effect index: [F(1, 46) = 23.47, p = 

.000015, ɖĮp = 0.34]. The sequential effect index was notably higher in the unidirectional 

task (0.07 Ñ 0.05) compared to the multidirectional task (0.02 Ñ 0.04). 

 

The factors age and group also affected performance, as details in the following analyses 

conducted on RTs. 

 

A significant interaction was observed between the 'task' and 'age' factors [F(1,43) = 6.92, 

p = .012, ɖĮp = 0.14]. To examine the differential effect of age across tasks, independent 

t-tests were conducted with Bonferroni corrections applied to the p-values. The t-tests 

indicated that the 9 ï 12 age group exhibited significantly slower RTs (502 ms Ñ 105) 

compared to the 13 ï 17 age group (432 ms Ñ 75), t(126.1) = 5.05, p = .0000031, 

specifically in the multidirectional task. 
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We also found a significant interaction between the óageô and ócurrent foreperiodô factors 

[F(1,43) = 6.31, p = .016, ɖĮp = 0.13], and a significant four-way interaction between the 

factors 'group', 'age', 'task', and 'current foreperiod' [F(1,43) = 4.11, p = .049, ɖĮp = 0.087]. 

To verify the age-related differences in the variable foreperiod effect independent of the 

sequential effects, we calculated the variable foreperiod index, defined as the relative 

difference in RTs between short and long foreperiods when preceded by the same 

foreperiod (see the Methods section 2.5.1). A one-way ANOVA was then conducted on 

this index with the between-subject factor óageô (9 ï 12 years vs. 13 ï 17 years). The 

analysis revealed a significant main effect of óageô [F(1,92) = 7.91, p = .0060, ɖĮp = 0.080], 

indicating that the 9 ï 12 years age group exhibited a greater variable foreperiod effect 

(0.11 Ñ 0.08) compared to the 13 ï 17 age group (0.07 Ñ 0.06). As suggested from the 

graph this effect is unlikely due to an advantage for long foreperiods, but rather explained 

by slowed RTs at short foreperiods. We thus decomposed the effects of the fourth-level 

interaction in the ANOVA on raw RTs. Based on graphical data, it appears that the 

differential effect of age on the current foreperiod is observed specifically in neurotypicals 

during the multidirectional task. 

 

We analysed the effect of the 'age' and 'current foreperiod' factors within each group and 

task on RTs. An interaction between 'age' and 'current foreperiod' factors was found only 

in neurotypicals during the multidirectional task [F(1,21) = 7.80, p = .010, ɖĮp = 0.27]. 

Sub-analyses showed a main effect of age for both foreperiods, but a Tukey HSD post-

hoc test confirmed that the 9 ï 12 age group had slower RTs (578 ms Ñ 114) compared to 

the 13 ï 17 age group (450 ms Ñ 72), specifically at the short foreperiod, p = .0000016. 

The age difference was not significant at the long foreperiod, p = .15. 

 

All statistical results are available in the Supplementary Material ï Section 2. 

 

Finally, we found a trend toward a significant three-way interaction among the ógroup,ô 

ótask,ô and óprevious foreperiodô factors [F(1,43) = 3.88, p = .056, ɖĮp = 0.083]. This result 

suggested a differing effect of the previous foreperiod on RTs between groups in our 

experimental tasks. However, previous results have shown a high variability of RTs in 

young individuals (Arrouet et al., in preparation; Eckert & Eichorn, 1977; Tamnes et al., 

2012). To understand this effect independently of the variability in RTs that could hinder 

its significance, we focused on the skewness of the responses at the short foreperiod. We 
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did not do it for the long foreperiods, as there was no trace of a sequential effect at long 

foreperiods, t(93) = 0.34, p = .71. 

 

Figure 2. RTs in ms on the current trial in both motor tasks, shown by group, age, and 

previous foreperiod. Opaque shapes with error bars represent the mean RTs Ñ SEM, while 

transparent shapes reflect individual participants' data points in each condition. Statistical 

significance is denoted by ** for p-values < .01. In all four panels, the upper significance 

bar represents the main effect of the current foreperiod factor, while the two leftmost bars 

illustrate the sequential effect, showing that the previous foreperiod affects RT only when 

the current foreperiod is short. In the panel depicting the neurotypical results for the 

multidirectional task, the significant bar above the two sequential effect bars highlights 

that only neurotypicals exhibit an age effect on RT at the short foreperiod in the 

multidirectional task. 

 

3.1.2. Skewness of the responses at the short foreperiod 

 

This analysis includes all responses at the short foreperiod, both with correct and 

anticipated responses < 150 ms. Correct responses are those that occur at least 150 ms 

after the target signal, while anticipated responses considered in the present analysis occur 
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before this temporal threshold. As noted in the Methods section, anticipated responses 

include both true anticipations and trials where participants reached the edges of the box. 

However, such trials were rare, particularly during the short foreperiod. 

 

We conducted a four-way mixed ANOVA on the skewness of all responses at the current 

short foreperiod, with the between-group factors 'group' (neurotypical vs. individuals at 

HR) and óageô (9 ï 12 years vs. 13 ï 17 years) and the within-group factors 'task' 

(unidirectional vs. multidirectional) and óprevious foreperiodô (short vs. long) (Figure 3). 

 

Most effects were trivial and can be attributed to the differences in responses speed among 

participants, with some participants responding faster while others were slower. All 

statistical results regarding this analysis are detailed in the Supplementary Material - 

Section 2. 

 

The purpose of this analysis was to determine whether groups differed on the sequential 

effects. As a matter of fact the analysis showed a significant interaction between the 

ógroupô and óprevious foreperiodô factors [F(1,43) = 4.70, p = .036, ɖĮp = 0.10] (as a 

reminder this analysis is conducted selectively on trials with a short current foreperiod). 

Independent t-tests with Bonferroni-corrected p-values showed that when the previous 

foreperiod was long, individuals at HR exhibited positively skewed responses (0.09 Ñ 

1.4), in contrast to neurotypicals, who showed negatively skewed responses (-0.70 Ñ 1.5), 

t(90.2) = -2.58, p = .0031. This result suggests that individuals at HR are more likely to 

have slower responses following a long foreperiod, whereas neurotypicals tend to stop 

their movement faster under the same condition. These effects did not interact with the 

task factor [F(1,43) = 0.0090, p = .93, ɖĮp = 0.00021], suggesting that they were similar 

in the unidirectional and multidirectional tasks. 
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Figure 3. Skewness of RTs, including all trials (both correct and anticipated responses), 

at the current short foreperiod for both motor tasks, shown by group, age, and previous 

foreperiod. Opaque shapes with error bars represent the mean skewness of all RTs at the 

short foreperiod Ñ SEM, while transparent shapes display individual participantsô data 

points. 

 

3.2. Kinematic parameters 

 

We collected kinematic parameters during the execution of the movement to gain insight 

into the underlying motor processes involved in preparing to stop. Our objective was to 

determine whether these motor processes differ between individuals at HR and 

neurotypicals, particularly in how they cope with motor challenges, such as the necessity 

to develop a new motor program for each trial due to the change in direction required in 

the multidirectional task. 

 

3.2.1. Relative deceleration slopes 

 

The relative deceleration slope indicates how participants prepare to stop their movement. 

This preparation varies between short and long foreperiods: during short foreperiods, the 
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onset of the target signal is uncertain, with only a 50% chance of occurrence, while at 

long foreperiods, its onset is guaranteed. This distinction in certainty prompted us to 

analyse the relative deceleration slopes separately for short and long foreperiods. 

 

3.2.1.1. Short foreperiod (150 ï 1000 ms) 

 

Anticipating when to stop involves predicting the onset of the target signal, and this 

prediction may be integrated into the planification of the movement. In neurotypicals, 

during the multidirectional taskðwhere the motor program changes with each trialð

temporal information from the previous motor program is not used to adjust the current 

movement. Conversely, in the unidirectional taskðwhere the motor program remains 

consistent across trialsðsequential effects are observed. Furthermore, an age-related 

effect was observed in neurotypicals: younger participants are particularly affected by the 

requirement to change direction, as indicated by poorly optimized slowing down in the 

multidirectional task compared to the unidirectional task. Given these observations, we 

aimed to determine how sequential effects and age-related differences in movement 

preparation vary across experimental groups. To explore this, we examined the presence 

of sequential effects on the relative deceleration slope at the short foreperiod across the 

two motor tasks and investigated how these effects differ between age groups within our 

experimental groups.  

 

We conducted a four-way mixed ANOVA on the relative deceleration slope at the short 

foreperiod, with the between-group factors 'group' (neurotypicals vs. individuals at HR) 

and óageô (9 ï 12 years vs. 13 ï 17 years) and the within-group factors 'task' (unidirectional 

vs. multidirectional) and 'previous foreperiod' (short vs. long) (Figure 4). 

 

Statistics on raw data can be found in Supplementary Material ï Section 2, confirming 

the steepness of deceleration in the unidirectional task (as observed in a previous study). 

The analysis also showed that individuals at HR had steeper slopes compared to 

neurotypicals in the 13 ï 17 years age group, regardless of the task. Here we report the 

results related the sequential effects. 

 

An interaction between the óprevious foreperiodô and ótaskô factors was observed [F(1,43) 

= 6.0, p = .018, ɖĮp = 0.12]. Paired t-tests confirmed that the previous foreperiod 
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influenced the relative deceleration slope only in the unidirectional task, with steeper 

slopes following a short foreperiod (0.25 Ñ 0.12) compared to a long foreperiod (0.21 Ñ 

0.10), t(46) = 4.50, p = .000047. 

 

These effects did not interact with the group, but we looked more closely at these results 

by conducting a three-way mixed ANOVA on the index of the sequential effects on the 

relative deceleration slopes (see Method section 2.5.2.2.), with the between-group factors 

ógroupô (neurotypicals vs. individuals at HR) and óageô (9 ï 12 years vs. 13 ï 17 years), 

and the within-group factors 'task' (unidirectional vs. multidirectional). 

 

We found a tendency towards a group effect [F(1,43) = 3.26, p = .078, ɖĮp = 0.070], with 

a larger sequential effects in individuals at HR (0.10 Ñ 0.41) than in neurotypicals (0.003 

Ñ 0.29). Additional statistical results are available in the Supplementary Material ï 

Section 2.  

 

Figure 3. Relative deceleration slopes at the short foreperiod are presented for both motor 

tasks, across groups and age, depending on the previous foreperiod. Opaque shapes with 

error bars represent the mean relative deceleration slopes at the short foreperiod Ñ SEM, 

while transparent shapes depict individual participants' data points for each condition. In 
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both panels, the highest significance bar indicates the interaction between the group and 

age factors, showing a difference between neurotypicals and individuals at HR only in 

the 13 ï 17 age group. The significance bar just below it highlights another difference 

arising from the interaction between group and age factors, specifically between the 9 ï 

12 and 13 ï 17 age groups among individuals at HR. Finally, the four significance bars in 

the unidirectional panel illustrate the sequential effect on the relative deceleration slopes 

across all participants in this task. 

 

3.2.1.2. Long foreperiod (1000 ms ï 1700 ms) 

 

In individuals at HR, the skewness of RTs and the variability in the travelled distance 

during the multidirectional task (see Supplementary Material ï Section 2) suggest specific 

difficulties when motor planning needs to be adjusted. We examined whether this 

difficulty is related to challenges in adjusting deceleration after the short foreperiod. To 

capture the adjustment in motor preparation more accurately, we calculated a relative 

sequential effects index for the long foreperiods (see Methods section 2.5.2.3). This 

approach helps us understand how participants adapt their motor responses when the 

target signal does not occur at the short foreperiod. We computed this index by comparing 

trial sequences with identical foreperiods (long-long sequence) to those with different 

foreperiods (short-long sequence).  

 

We conducted a three-way mixed ANOVA, with the between-group factors 'group' and 

óageô, and the within-group factor 'task', on the sequential effect index of relative 

deceleration slopes at the long foreperiod. 

 

The analysis did not reveal any main effects; neither the group factor, age factor, nor task 

factor influenced the relative deceleration slope before the long foreperiod: [F(1,43) = 

1.98, p = .17, ɖĮp = 0.044], [F(1,43) = 0.23, p = .64, ɖĮp = 0.0050], and [F(1,43) = 0.92, p 

= .34, ɖĮp = 0.021], respectively.  

 

Yet, a significant interaction between ógroupô and ótaskô factors was found [F(1,43) = 

11.45, p = .0020, ɖĮp = 0.21]. Independent t-tests with Bonferroni-corrected p-values 

showed that individuals at HR displayed sequential effects on the relative deceleration 

slope (0.10 Ñ 0.23) in the multidirectional task, while neurotypical individuals did not (-
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0.04 Ñ 0.14), t(38.4) = -2.49, p = .035. This indicates that individuals at HR decelerate 

more at the long foreperiod when the previous foreperiod was also long, compared to 

when it was short, a pattern not seen in neurotypicals. 

 

We also observed a trend for a three-way interaction [F(1,43) = 3.51, p = .068, ɖĮp = 

0.080]. The graphical data indicated a difference between neurotypicals and individuals 

at HR in the 9 ï 12 age group during the multidirectional task. To confirm this 

observation, we conducted independent t-tests with Bonferroni-corrected p-values. These 

analyses supported the graphical findings, showing a significant difference between 

individuals at HR (0.14 Ñ 0.21) and neurotypicals (-0.12 Ñ 0.16) in the multidirectional 

task for the 9 ï 12 age group, t(14.8) = -3.01, p = .035. 

Figure 4. Relative deceleration slopes at the long foreperiod are presented for both motor 

tasks across groups and ages, depending on the previous foreperiod. Opaque shapes with 

error bars represent the mean relative deceleration slopes at the long foreperiod Ñ SEM, 

while transparent shapes reflect individual participants' data points for each condition. 

The significant bar in the multidirectional panel highlights the difference between 

neurotypicals and individuals at HR in the 9 ï 12 age group. 

 

4. Discussion 
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Our results allowed us to replicate the typical variable foreperiod effect as well as the 

sequential effect usually observed in the variable foreperiod task. These effects were 

preserved in individuals at HR in the control task, in which participants only reacted to 

the target signal by pressing a response key. Such results were expected, given the 

literature showed preserved variable foreperiod and sequential effects at the group level 

in individuals with SZ (Ciullo et al., 2018; Martin et al., 2017). It is all the more striking 

that impairments were observed in the tasks including an additional motor component, 

i.e. the uni- and the multidirectional tasks, in which participants had to perform a motor 

action while waiting for the sensory target signal (the tactile vibration). Although all the 

tasks require a motor response, the uni- and multidirectional tasks additionally require to 

integrate a prediction of the sensory signal within the motor program which is executed 

while waiting for the target. The expectation of the target signal requires to plan a slowing 

down of the action in advance of the target, and an adjustment of the action if the target 

signal does not occur after the short foreperiod. In the typical control task, the motor 

action can be planned in advance, but is executed only after the occurrence of the target 

signal. In contrast with the uni- and mutidirectional tasks, the kinematic parameters of the 

motor action in the control task do not require to be adjusted as a function of the future 

target signal. The fact that individuals at HR differed from neurotypicals in the motor 

tasks but not in the control task, suggests that temporal prediction per se is not impaired, 

but rather the integration of the sensory prediction and its time of occurrence within the 

motor program. Such results are consistent with the literature suggesting difficult 

multisensory integration during motor actions (Damme et al., 2021, 2024; Poletti et al., 

2017, 2019; Poletti & Raballo, 2022). However, one could argue that the control task is 

simply less sensitive than the motor tasks, the explaining that a group difference is 

observed only in the motor tasks. The uni- and multidirectional tasks were designed to 

more precisely explore whether and how sensory prediction is integrated in the motor 

program, and additional results helped us to explore sensorimotor integration further.   

 

We replicated the results showing that responses to the target signal (RTs) were influenced 

by the previous trial when participants always performed the same motor movement from 

trial to trial (unidirectional task) whereas RTs were less sensitive to previous trials when 

the direction of the motor movement changed between consecutive trials (multidirectional 

task) (Arrouet et al., submitted). The motor program is reset when changing direction, 
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explaining that the temporal characteristics of the previous motor program do not 

influence the execution of the motor action and the response on the current trial. In other 

words, the sensory prediction is inherently associated to the motor program only when it 

is pertinent, i.e. when the motor task does not change. This suggests optimal sensorimotor 

integration, inasmuch only sensory prediction integrated within the motor program affects 

subsequent actions, whereas sensory prediction occurring outside the motor program is 

without effect. Conversely the existence of sequential effects in the multidirectional task 

suggests suboptimal sensorimotor integration. We already had observed sequential effects 

in the multidirectional tasks in young neurotypicals (Arrouet et al., in preparation). When 

the action changes direction, the motor plan has to change, which also implies a change 

in temporal constraints on the motor program (Miall & Jackson, 2006). For this reason, 

temporal predictions cannot be derived from the motor plan built for a different action. It 

is however possible that the time of occurrence of the sensory signal is predicted 

independently of the motor program. As a matter of fact, we showed before that even 

when sequential effects disappeared on motor parameters in the multidirectional task, 

they were still observed on the EEG (Arrouet et al., submitted). Temporal prediction 

regarding sensory signals is coded independently from the motor program. This means 

that if there are sequential effects in the multidirectional task, it is likely that these 

influences originate from outside the motor program. In other words, this suggests that 

sensory predictions are not being integrated into the motor program, indicating a lack of 

sensorimotor integration. This is why sequential effects in the multidirectional task are 

taken as an index of poor sensorimotor integration. In individuals at HR, there is multiple 

results suggesting poor sensorimotor integration.  

 

The most important results concern sequential effects in the multidirectional task. The 

sequential effects in the multidirectional task were not absent in the participants of this 

present study like they were in adults (Arrouet et al., submitted). However, the analysis 

on the skewness of RTs suggested that individuals at HR were more prone than 

neurotypicals to show sequential effects, i.e. slowed responses when the current trial was 

with a short foreperiod and the previous trial with a long foreperiod. The sequential effects 

on the relative deceleration slope recorded before the shortest possible foreperiod also 

tended to be larger in individuals at HR than in neurotypicals. During typical 

development, our previous results had shown sequential effects in the multidirectional 

task mainly on RTs, but not on deceleration (Arrouet et al., in preparation). The 
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enlargement and generalization of these effects in individuals at HR was expected. If 

sensorimotor integration is associated with optimized neurodevelopment, poor 

sensorimotor integration can be expected when neurodevelopment is affected. 

Nonetheless it was surprising to see an effect on the kinematic parameters, which should 

have been reset when the action direction changed. We looked at additional results to 

better understand what may happen in neurotypicals and individuals at HR and why their 

motor skills are impaired (Burton et al., 2016; Keskinen et al., 2015). 

 

All young individuals showed slowed responses in the multidirectional task, but young 

neurotypicals were especially slowed down at short foreperiods. RTs improved for the 

neurotypicals in the 13 ï 17 age group. It might seem surprising that individuals at HR 

were not slowed down in the multidirectional task. However, the multidirectional task 

requires to re-plan a motor action on each trial, in addition to integrate the sensory 

prediction on each trial. This integration is most taxing at short foreperiod, since the 

probability of target occurrence on this foreperiod is only 50%. The slowing down in 

young neurotypicals may reflect this uncertainty. As expected, there was no sequential 

effect on deceleration, indicating that young neurotypicals reset their motor program 

without integrating the temporal information from the previous trial in the program. As 

already discussed, in young neurotypicals, sequential effects are observed again at the 

stage of the response (albeit with a smaller amplitude than for the unidirectional task). 

Such sequential effects at the stage of the response sign suboptimal sensorimotor 

integration and may further slowdown responses. This is not what happens in individuals 

at HR, who integrate the influence of prior trials earlier, already at the stage of 

deceleration. The action plan is necessarily reset since individuals at HR followed 

instruction and changed direction. However, sequential effects at the level of deceleration 

suggests that temporal prediction affecting the kinematic parameters of the action is not 

integrated in the motor program and originates from an external sensory prediction. This 

cannot be efficient, and likely implies imprecision in the timing of actions.  

 

One limitation of this reasoning is that the sequential effects in individuals at HR were 

not clearly increased at the deceleration stage before the short foreperiod. There was only 

a tendency. However, sequential effects were very clearly abnormal during trials with 

long foreperiods. This was the most surprising effect in this study, as sequential effects 

are not usually observed at long foreperiods, because motor responses are supposed to be 
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optimized at long delays, when the target is bound to occur (Capizzi et al., 2015; Correa 

et al., 2006; Mento, 2017). This effect is all the more difficult to interpret that it is not an 

all-or-none effect. Several effects are preserved. Some type of optimization is certainly 

preserved in individuals at HR, since the usual effect of variable foreperiods was observed 

in those individuals, i.e. faster responses at long than at short foreperiods. Also, there was 

no sequential effects at long foreperiods on RTs (stopping latencies). Abnormal sequential 

effects were selectively observed at the deceleration stage, showing an abnormal 

influence of the previous trial on motor planning itself. One specificity of the long 

foreperiod is that the prediction needs to be readjusted after the short foreperiod. It is only 

when the target has not occurred at the short foreperiod that the continuation of the action 

can be planned. Research indicates that during neurodevelopment, young neurotypicals 

tend to rely more on immediate preceding information rather than the overall foreperiod 

distribution in order to automatically build their predictions (Del Popolo Cristaldi et al., 

2023; Mento & Granziol, 2020). It might thus have been possible that individuals are 

simply less sensitive to the probability of occurrence of the target and more sensitive to 

the previous trials. Specifically, after the short foreperiod, the probability of occurrence 

of the target at the long foreperiod is 100%, and the action should be optimal in any case, 

except if there is an abnormal sensitivity to previous trials. This explanation is unlikely 

for individuals at HR, however. If this had been the cause of abnormal sequential effects 

on deceleration, it should also have been observed on RTs. In our study however, the 

response was optimized and uninfluenced by the previous trial, whether in neurotypicals 

or in individuals at HR. It is thus unlikely that individuals at HR are unsensitive to the 

distribution probabilities (Debrabant et al., 2012; Del Popolo Cristaldi et al., 2023; Mento 

& Granziol, 2020) or impaired at optimizing motor responses (Los et al., 2014, 2017; 

Salet et al., 2022). The persistence of a sequential effect on deceleration suggests that the 

planification of the action kinematics is suboptimal. If the temporal prediction used at the 

motor level is not optimally integrated in the motor program, and is rather influenced by 

external, sensory influences, it may be possible that the motor program still relies on the 

temporal properties of previous actions even if those are not pertinent for the present 

action, and especially at long foreperiods. The need to readjust a motor action may 

fragilize motor planning even further, thus explaining that abnormal sequential effects on 

deceleration at long foreperiods are the clearest in individuals at HR. 

5. Conclusion 
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In all the results confirm the literature suggesting a difficulty in sensorimotor integration 

in individuals at HR (Damme et al., 2021, 2024; Poletti et al., 2017, 2019; Poletti & 

Raballo, 2022). They allowed us to speculate further about a suboptimal integration of 

temporal prediction into the motor program in individuals at HR. The results lead to 

fundamental questions on the integration of time prediction in motor programs. This 

question has been addressed by proposing the Smith predictor (Miall et al., 1993), which 

implies that a motor program is planned according to temporal internal constraints (which 

muscle should be contracted when to achieve an optimal gesture). However, it is not 

always clear, how external constraints are taken into account. The possible existence of 

dissociated temporal predictions at the motor and sensory levels (Arrouet et al., 

submitted) further complicates this question. Its resolution may help to gain even more 

insights in neurodevelopment and impairments in individuals at HR. 
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5.2. Supplementary Material 

 

 

Section 1 ï Control Task 

 

1. Materials and Methods 

 

The purpose of this control task was to confirm the presence of typical effects of temporal 

prediction abilities observed in standard variable foreperiod tasks found in the literature. 

This control task was designed to be similar to the motor tasks, featuring the same 

foreperiods, stimuli, and number of trials; however, participants were instructed to 

respond only to the target signal by pressing a button, without performing any movements 

during the foreperiod. 

 

As in the motor task, the trial began with the start signal. After either a short or long 

foreperiod, the target signal occurred. Participants were instructed to respond as quickly 

as possible to the onset of the target signal by pressing the central button of a Chronos E-

Prime 3.0 response box with their dominant hand. 

 

1.1 Participants 

 

A data recording error resulted in the loss of one participant at HR in the 13 ï 17 age 

group for the control task. Bringing the sample size for this group to 14 participants 

(compared to 15 in the motor tasks of the main manuscript). 

 

The sample sizes for the other groups remain unchanged in relation to the main 

manuscript. 
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1.2 Analyses of Reaction Times 

 

Trials that included omission errors (no response from the participant), incorrect 

responses (pressing an incorrect button), and anticipated responses (RT < 150 ms) were 

removed from further analysis. 

 

   Experimental Task 

Population group Age group Condition Control 

Neurotypicals 9 ï 12 years Short 5 

Long 14 

13 ï 17 years 

Short 3 

Long 13 

Individuals at HR 9 ï 12 years Short 12 

Long 19 

13 ï 17 years 

Short 6 

Long 11 

Table S1.1. Mean number of trials excluded in the behavioural analyses as a function of 

the population group, age group and condition in the control task (total of trials per 

condition = 96) 

 

2. Results 

 

2.1 Reaction Times 

 

We investigated the influence of age group on the variable foreperiod effect and 

sequential effects on RTs in the control task. A four-way mixed ANOVA was conducted 

on RTs, incorporating the between-group factors of ógroupô (neurotypicals vs. individuals 

at HR) and 'age' (9 ï 12 years, 13 ï 17 years) and the within-group factors of óprevious 

foreperiodô (short vs. long) and ócurrent foreperiodô (short vs. long) (see Figure S1.1). 

 

The analysis revealed a significant main effect of the ócurrent foreperiodô [F(1,42) = 

15.98, p = .00025, ɖĮp = 0.28], consistent with the typical variable foreperiod effect, as 

indicated by faster RTs for the long current foreperiod (232 ms Ñ 55) compared to the 
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short current foreperiod (249 ms Ñ 66). Additionally, a significant main effect of óprevious 

foreperiodô was found [F(1,42) = 41.49, p = .000000092, ɖĮp = 0.50], with faster RTs 

recorded when the previous foreperiod was short (231 ms Ñ 58) compared to long (249 

ms Ñ 63). A significant interaction between these two factors was also observed [F(1,42) 

= 43.80, p = .000000051, ɖĮp = 0.51]. Paired t-tests confirmed the asymmetrical sequential 

effects on RTs, showing slower RTs during the short foreperiod only when preceded by a 

long foreperiod (266 ms Ñ 64) compared to a short foreperiod (231 ms Ñ 64), t(45) = -

8.14, p = .00000000021. There was no impact of the previous foreperiod when the current 

one was long, t(45) = -0.18, p = .89. 

 

There was a significant main effect of the óageô factor [F(1,42) = 7.86, p = .0080, ɖĮp = 

0.16], with faster RTs in the 13 ï 17 age group (222 ms Ñ 38) compared to the 9 ï 12 age 

group (266 ms Ñ 77). However, no significant main effect was observed for the ógroupô 

factor [F(1,42) = 1.06, p = .31, ɖĮp = 0.025], and no other significant interactions were 

found (all ps > .05). 

 

Figure S1.1. RTs in ms at the current foreperiod in the control task, categorized by 

population group (one per panel), age group, and the previous foreperiod. Opaque shapes 

with error bars represent the mean RT Ñ standard error of the mean (SEM), while 
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transparent shapes illustrate individual data points for each participant in the respective 

conditions. Statistical significance is indicated by *** for p-values < .001. In both panels, 

the upper significance bar denotes the main effect of the current foreperiod factor, while 

the leftmost bar in the graph indicates the sequential effect, highlighting that the previous 

foreperiod affects RT only when the current foreperiod is short. 

 

3. Conclusion 

 

Neurotypicals and individuals at HR showed classical temporal prediction abilities, 

including intact variable foreperiod and sequential effects in the control task. There was 

no difference in RT speed between the two groups, indicating similar performance. The 

effect of the age factor on RTs aligns with existing literature, showing that older 

individuals have faster RTs than younger ones (Adams & Lambos, 1986; Johnson et al., 

2015). 

 

Section 2 ï Motor Tasks 

 

1. Materials and Methods  

 

1.1 Stopping point 

 

1.1.1 Stopping point criteria in the multidirectional task 

 

To define a stopping point, the first criterion required that speed decrease by at least 40% 

from the previous maximum speed. For example, if the maximum speed was 10 cm/sec, 

the speed at the stopping point needed to be 6 cm/sec or lower. While this criterion 

indicated a significant reduction in speed, it did not guarantee a complete stop since 

participants could still decelerate without halting. To address this, a second criterion was 

added: a stopping point was confirmed only if the next two speed peaks were below twice 

the speed at the stopping point. In the previous example, if the stopping speed was 6 

cm/sec, the subsequent peaks had to be below 12 cm/sec. 
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These two criteria alone were not sufficient to confirm a complete stop because the 

participant's finger might tremble, preventing the speed from reaching zero. Instead of 

using zero as the threshold, we established a stopping threshold based on the speed due 

to tremors. We calculated the median speed peak for each trial (between 0 and 3000 ms), 

as it effectively represented tremor speed. Tremor-related peaks were often irregular, 

making the median peak a reliable indicator (see Figure 1 in the main manuscript). The 

third criterion required that the speed at the stopping point must not exceed 1.5 times the 

median speed peak for that trial. For instance, if the stopping speed was 6 cm/sec, the 

median peak had to be 9 cm/sec or lower. The combination of these three rules allowed 

accurate identification of stopping points, which we confirmed through visual checks. 

 

1.1.2 Stopping point criteria in the unidirectional task 

 

The criteria for the unidirectional task were adjusted due to participants returning to the 

starting point after stopping, making the stopping less obvious and the stationary period 

shorter. Therefore, we modified the criteria: at the stopping point, speed needed to 

decrease by at least 30% from the previous maximum speed (compared to 40% in the 

multidirectional task). The second criterion remained the same: the stopping point was 

accepted only if the next two speed peaks were less than double the stopping point speed. 

 

If the standstill period was too brief, subsequent peaks might not be below twice the 

stopping point speed since participants often returned quickly to the starting point, 

resulting in the next peak being the highest of the trial. In such cases, the stopping point 

was accepted if the speed of the next peak was at least 50% of the maximum speed for 

that trial. Finally, to ensure a complete stop, we added a criterion: the speed at the stopping 

point must be no more than 35% of the maximum speed when returning to the starting 

position. Visual checks confirmed that this 35% threshold was appropriate, as a lower 

percentage would have missed some true stopping points. 

 

1.2 First deceleration point (150 ï 1000 ms) criteria 

 

For the first deceleration point, we established a time window of 150 to 1000 ms. A 

minimum of 150 ms is necessary for the brain to process the start signal and send a motor 

command (Jana et al., 2020). Any deceleration point occurring before 150 ms was 
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classified as an anticipation. If the target signal was expected at 1000 ms, participants 

should start slowing down before this time. As with the stopping point criteria, we 

confirmed these criteria through visual checks for each trial and participant. 

 

The first criterion stated that the speed at the first deceleration point must be at least 30% 

of the maximum speed within the designated time window. Visual assessments indicated 

that this 30% threshold effectively balanced avoiding omission and false alarms. Two 

additional criteria ensured that participants were effectively decelerating and not 

preparing to accelerate again. The speed at the next peak had to be at least 10% slower 

than the speed at the first deceleration point, or the acceleration at the next peak had to be 

30% lower than the acceleration at the first deceleration point. 

 

1.3 Second deceleration point (1000 ï 1700 ms) criteria 

 

In trials with a long foreperiod, if the target signal did not appear by 1000 ms, participants 

had to continue moving until 1700 ms, which may have led to updates in their predictions. 

The criteria for identifying the second deceleration point were the same as those for the 

first deceleration point, with the only difference being the relevant time window, which 

extended from 1000 ms to 1700 ms. 

 

2. Results 

 

2.1 Reaction times statistics 

 

Effect DF F p-value ɖĮp 

Group (1,43) 0.044 .84 0.0010 

Age (1,43) 12.00 .0010 0.22 

Task (1,43) 96.97 .0000000000014 0.69 

Previous FP (1,43) 28.14 .0000037 0.40 

Current FP (1,43) 196.26 .000000000000000013 0.82 

Group * Age (1,43) 0.27 .61 0.0060 

Group * Task (1,43) 1.21 .28 0.027 

Age * Task (1,43) 6.92 .012 0.14 
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Group * Previous FP (1,43) 0.40 .53 0.0090 

Age * Previous FP (1,43) 1.45 .23 0.033 

Group * Current FP (1,43) 0.10 .75 0.0020 

Age * Current FP (1,43) 6.31 .016 0.13 

Task * Previous FP (1,43) 10.11 .0030 0.19 

Task * Current FP (1,43) 3.39 .0073 0.073 

Previous FP * Current FP (1,43) 36.91 .00000028 0.46 

Group * Age * Task (1,43) 1.30 .26 0.029 

Group * Age * Previous FP (1,43) 0.07 .81 0.0010 

Group * Age * Current FP (1,43) 0.53 .47 0.012 

Group * Tache * Previous 

FP 

(1,43) 3.88 .056 0.083 

Age * Tache * Previous FP (1,43) 0.078 .78 0.0020 

Group * Tache * Current FP (1,43) 1.58 .22 0.035 

Age * Tache * Current FP (1,43) 1.88 .18 0.042 

Group * Previous FP * 

Current FP 

(1,43) 1.18 .28 0.027 

Age * Previous FP * Current 

FP 

(1,43) 2.64 .11 0.058 

Tache * Previous FP * 

Current FP 

(1,43) 3.39 .073 0.073 

Group * Age * Task * 

Previous FP 

(1,43) 0.29 .60 0.0070 

Group * Age * Task * 

Current FP 

(1,43) 4.11 .050 0.087 

Group * Age * Previous FP * 

Current FP 

(1,43) 0.56 .46 0.013 

Group * Task * Previous FP 

* Current FP 

(1,43) 0.29 .60 0.0070 

Age * Task * Previous FP * 

Current FP 

(1,43) 0.37 .55 0.0080 

Group * Age * Task * 

Previous FP * Current FP 

(1,43) 0.14 .71 0.0030 
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Table S2.1. Comprehensive statistical results of the five-way mixed ANOVA on RTs, 

including the following between-group factors: ógroupô (neurotypicals vs. individuals at 

HR) and óageô (9 ï 12 years vs. 13 ï 17 years), and the within-group factors: óprevious 

foreperiodô (short vs. long), ócurrent foreperiodô (short vs. long), and ótaskô (unidirectional 

vs. multidirectional). For abbreviation, FP = foreperiod. 

 

Effect DF F p-value ɖĮp 

Age (1, 21) 9.63 .0050 0.31 

Previous FP (1, 21) 12.89 .0020 0.38 

Current FP (1, 21) 59.68 .00000014 0.74 

Age * Previous FP (1, 21) 0.054 .82 0.0030 

Age * Current FP (1, 21) 7.80 .011 0.27 

Previous FP * Current FP (1, 21) 12.73 .0020 0.38 

Age * Previous FP * Current 

FP 

(1,21) 2.30 .14 0.010 

Table S2.2. This sub-analysis presents the comprehensive statistical results of the three-

way mixed ANOVA on RTs of the neurotypical group during the multidirectional task. It 

includes the between-group factor óageô (9ï12 years vs. 13ï17 years) and the within-

group factors óprevious foreperiodô (short vs. long) and ócurrent foreperiodô (short vs. 

long). Abbreviation: FP = foreperiod. 

 

2.2 Skewness statistics 

 

Effect DF F p-value ɖĮp 

Group (1,43) 0.94 .34 0.021 

Age (1,43) 8.59 .0050 0.17 

Task (1,43) 23.11 .000019 0.35 

Previous FP (1,43) 0.021 .89 0.00049 

Group * Age (1,43) 1.94 .17 0.043 

Group * Task (1,43) 10.43 .0020 0.20 

Age * Task (1,43) 0.63 .43 0.014 

Group * Previous FP (1,43) 4.70 .036 0.10 

Age * Previous FP (1,43) 0.72 .40 0.016 
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Task * Previous FP (1,43) 0.030 .86 0.00070 

Group * Age * Task (1,43) 0.53 .47 0.012 

Group * Age * Previous FP (1,43) 0.030 .86 0.00070 

Group * Tache * Previous 

FP 

(1,43) 0.0090 .93 0.00021 

Age * Tache * Previous FP (1,43) 0.53 .47 0.012 

Group * Age * Task * 

Previous FP 

(1,43) 0.79 .38 0.018 

Table S2.3. Comprehensive statistical results of the four-way mixed ANOVA on response 

skewness, incorporating the following between-group factors: ógroupô (neurotypicals vs. 

individuals at HR) and óageô (9 ï 12 years vs. 13 ï 17 years), and the within-group factors: 

óprevious foreperiodô (short vs. long) and ótaskô (unidirectional vs. multidirectional). For 

abbreviation, FP = foreperiod. 

 

2.3 Relative deceleration slopes at the short foreperiod 

 

2.3.1 Raw data 

 

Effect DF F p-value ɖĮp 

Group (1,43) 0.0050 . 94 0.00013 

Age (1,43) 2.65 .11 0.058 

Task (1,43) 14.17 .00050 0.25 

Previous FP (1,43) 6.38 .015 0.13 

Group * Age (1,43) 4.74 .035 0.099 

Group * Task (1,43) 0.91 .35 0.021 

Age * Task (1,43) 0.87 .36 0.020 

Group * Previous FP (1,43) 0.14 .71 0.0030 

Age * Previous FP (1,43) 0.0010 .97 0.000030 

Task * Previous FP (1,43) 6.01 .018 0.12 

Group * Age * Task (1,43) 1.66 .20 0.37 

Group * Age * Previous FP (1,43) 0.20 .66 0.0050 

Group * Tache * Previous 

FP 

(1,43) 0.15 .70 0.0030 
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Age * Tache * Previous FP (1,43) 0.032 .86 0.00075 

Group * Age * Task * 

Previous FP 

(1,43) 0.67 .42 0.015 

Table S2.4. Comprehensive statistical results of the four-way mixed ANOVA on relative 

deceleration slopes at the short foreperiod, incorporating the following between-group 

factors: ógroupô (neurotypicals vs. individuals at HR) and óageô (9 ï 12 years vs. 13 ï 17 

years) and the within-group factors: óprevious foreperiodô (short vs. long) and ótaskô 

(unidirectional vs. multidirectional). For abbreviation, FP = foreperiod. 

 

To investigate the significant interaction between the óageô and ógroupô factors, we 

conducted independent t-tests with Bonferroni-corrected p-values. The results indicated 

that individuals at HR had steeper slopes (0.23 Ñ 0.10) compared to neurotypicals (0.19 

Ñ 0.09) only in the 13 ï 17 years age group, t(108.1) = -2.74, p = .029. Furthermore, 

among individuals at HR, the 13 ï 17 years age group exhibited steeper slopes than the 9 

ï 12 years age group (0.15 Ñ 0.13), t(57.7) = -3.33, p = .0060. 

 

2.3.2 Sequential effect index 

 

Effect DF F p-value ɖĮp 

Group (1,43) 3.26 .078 0.070 

Age (1,43) 0.024 .88 0.00055 

Task (1,43) 7.87 .008 0.16 

Group * Age (1,43) 3.11 .085 0.067 

Group * Task (1,43) 0.88 .36 0.020 

Age * Task (1,43) 3.65 .063 0.078 

Group * Age * Task (1,43) 0.0060 .94 0.00014 

Table S2.5. Comprehensive statistical results of the three-way mixed ANOVA on the 

sequential effect on relative deceleration slopes, incorporating the following between-

group factors: ógroupô (neurotypicals vs. individuals at HR) and óageô (9 ï 12 years vs. 13 

ï 17 years) and the within-group factor ótaskô (unidirectional vs. multidirectional). 

 

 

 



£TUDE 3 

 188 

2.4 Variability of the travelled distance 

 

By examining the variability of the travelled distance, we assessed the consistency of 

trajectories and whether stable motor preparation was maintained across trials. Given that 

trajectory variability may relate to movement length, we accounted for current 

foreperiods, as longer foreperiods typically result in longer movements. We also included 

the previous foreperiod to evaluate how reusing (or not) the same motor program might 

affect trajectory stability in each group. 

 

We conducted a five-way mixed ANOVA on the variability of the travelled distance, with 

the between-group factors 'group' (neurotypicals vs. individuals at HR) and óageô (9 ï 12 

years vs.13 ï 17 years) and within-group factors 'task' (unidirectional vs. 

multidirectional), 'previous foreperiod' (short vs. long), and 'current foreperiod' (short vs. 

long) (Figure S2.1). 

 

The analysis revealed a significant main effect of the 'age' factor [F(1,43) = 11.59, p = 

.001, ɖĮp = 0.21], indicating greater variability in the travelled distance in the 9 ï 12 years 

group (4.80 cm Ñ 3.3) compared to the 13 ï 17 years group (2.98 cm Ñ 1.8). A main effect 

of the 'task' factor was also observed [F(1,43) = 5.33, p = .026, ɖĮp = 0.11], with all 

participants showing greater variability in the multidirectional task (4.12 cm Ñ 2.5) than 

in the unidirectional task (3.30 cm Ñ 2.8). Additionally, a significant effect of 'current 

foreperiod' was found [F(1,43) = 80.61, p = .000000000021, ɖĮp = 0.65], demonstrating 

increased variability in the travelled distance at the long foreperiod (4.31 cm Ñ 2.8) 

compared to the short foreperiod (3.11 cm Ñ 2.4). We found no main effect of the ógroupô 

[F(1,43) = 0.005, p = .94, ɖĮp = 0.0001] nor the óprevious foreperiodô [F(1,43) = 0.005, p 

= .94, ɖĮp = 0.0001] factors. 

 

A significant interaction between 'task' and 'current foreperiod' was observed [F(1,43) = 

13.40, p = .00069, ɖĮp = 0.24]. Paired t-tests indicated that variability in travelled distance 

was higher at the long foreperiod (4.95 cm Ñ 2.6) compared to the short foreperiod (3.29 

cm Ñ 2.0) specifically in the multidirectional task, t(93) = -4.12, p < .001. 

 

Finally, an interaction between 'group' and 'task' factors was identified [F(1,39) = 5.14, p 

= .03, ɖĮp = 0.12]. Independent t-tests with Bonferroni corrections showed a trend towards 
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greater variability of the travelled distance in individuals at HR during the 

multidirectional task (4.65 cm Ñ 2.7) compared to the unidirectional task (3.03 cm Ñ 1.4), 

t(184.3) = -2.13, p = .068. This pattern was not observed in neurotypicals, t(115.9) = 1.78, 

p = .16. These findings suggest that for individuals at HR, using a different motor program 

at each trial affects the consistency of their motor execution. No other interactions were 

significant (all ps > .05). 

 

Figure S2.1. Variability in the traveled distance (in cm) at the current foreperiod for both 

motor tasks, categorized by group, age, and previous foreperiod. Opaque shapes with 

error bars indicate the mean traveled distance Ñ SEM, while transparent shapes represent 

individual participants' data points for each condition. Statistical significance is denoted 

by *** for p-values < .001 and ** for p-values < .01. In the multidirectional task, the 

significant bars indicate the interaction effect between the task and current foreperiod, 

showing greater variability in traveled distance for short trials compared to long trials in 

both neurotypicals and individuals at HR. 
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Rappel des r®sultats principaux de lô®tude 3 

 

L'®tude 3 visait ¨ observer la mani¯re dont la pr®diction temporelle associ®e ¨ 

lôoccurrence dôun signal sensoriel influence le comportement moteur d'une population 

dôindividus ¨ HR de conversion psychotique. Pour ce faire, nous avons employ® nos deux 

t©ches motrices, ¨ savoir la multidirectionnelle et lôunidirectionnelle, sur des participants 

©g®s de 9 ¨ 17 ans. L'objectif ®tait de v®rifier la pr®sence dôeffets s®quentiels sur des 

indicateurs associ®s ¨ la pr®paration (ralentissement anticipatoire) et ¨ lôex®cution (temps 

de r®action, TR) de lôarr°t. 

 

Les neurotypiques et les individus ¨ HR ont montr® des effets s®quentiels sur leurs TRs 

dans les deux t©ches motrices. Comme indiqu® dans lô®tude 2, ces effets refl¯tent une 

pr®diction temporelle li®e ¨ l'occurrence du signal cible qui ne s'int¯gre pas ¨ une 

commande motrice pr®cise, ce qui explique leur persistance malgr® le changement de 

direction entre les essais. Ainsi, la pr®sence d'effets s®quentiels dans cette t©che est 

consid®r®e comme un signe d'une int®gration sensorimotrice immature. L'analyse de la 

distribution des TRs a r®v®l® que les individus ¨ HR ®taient plus sensibles aux effets 

s®quentiels dans la t©che multidirectionnelle que les participants neurotypiques. En 

particulier, au d®lai court, leurs TRs montrent une distribution asym®trique, avec des 

r®ponses plus lentes lorsque le d®lai pr®c®dent ®tait long plut¹t que court. Ce r®sultat 

sugg¯re une int®gration sensorimotrice encore moins mature chez le groupe dôindividus 

¨ HR comparativement aux neurotypiques. 

 

Concernant les ralentissements anticipatoires de l'arr°t, nous avons observ® des effets 

s®quentiels chez les individus ¨ HR dans les t©ches unidirectionnelle et 

multidirectionnelle. Dans la t©che multidirectionnelle, ces effets nô®taient quôune 

tendance au d®lai court, mais se sont r®v®l®s significatifs au d®lai long. Normalement, des 

effets s®quentiels ne devraient pas appara´tre dans cette t©che, car la commande motrice 

change d'un essai ¨ l'autre. La persistance de ces effets pourrait indiquer un d®ficit dans 

l'int®gration de la pr®diction temporelle motrice lors de la planification du mouvement. 

Ainsi, la planification pourrait °tre davantage influenc®e par une pr®diction sensorielle 

externe, qui ne s'int¯gre pas correctement ¨ la commande motrice chez les individus ¨ 
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HR. Nous avons propos® que la pr®sence d'effets s®quentiels au d®lai long sugg¯re que la 

pr®diction temporelle concernant lôoccurrence du signal cible n'est pas prise en compte 

lors de la d®c®l®ration. Dans la t©che multidirectionnelle, la n®cessit® de r®ajuster une 

action motrice pourrait fragiliser davantage la planification, ce qui explique pourquoi des 

effets s®quentiels anormaux sur la d®c®l®ration sont plus marqu®s au d®lai long quôau 

d®lai court chez les individus ¨ HR. 
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Objectif de lô®tude 4 

 

L'objectif initial de cette ®tude ®tait de d®terminer si l'ajout d'une composante motrice et 

de stimuli tactiles ¨ un protocole dôattente temporelle pourrait sensibiliser la d®tection des 

alt®rations de la pr®diction temporelle chez les individus atteints de SZ chronique. En 

effet, les troubles de la pr®diction temporelle sont li®s aux alt®rations du sens de soi dans 

la SZ, et l'int®gration de la motricit® et de la modalit® tactile s'av¯re particuli¯rement 

pertinente dans ce contexte. 

 

Les r®sultats obtenus dans nos trois pr®c®dentes ®tudes nous am¯nent ¨ enrichir lôobjectif 

de cette ®tude 4, qui permettra aussi de v®rifier si les pr®dictions temporelles associ®es ¨ 

la planification (pr®diction temporelle motrice) et ¨ lôex®cution (pr®diction temporelle 

sensorimotrice) dôune action motrice sont alt®r®es dans la SZ. 

 

Cette ®tude est toujours en cours et les r®sultats pr®sent®s sont pr®liminaires. 
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CHAPITRE 6. £TUDE PR£LIMINAIRE CHEZ 

LôINDIVIDU ATTEINT DE SCHIZOPHR£NIE 
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6.1. Manuscrit Principal 
 

 

1. Introduction 

 

Depuis plus d'un si¯cle, ph®nom®nologues et psychiatres ont ®tabli un lien entre les 

troubles de la perception du temps, observ®s chez les personnes atteintes de schizophr®nie 

(SZ), et les perturbations du sens de soi ®galement rapport®es par ces individus (Fuchs, 

2007; Martin et al., 2017, 2018; Minkowski, 2013; Parnas & Handest, 2003). Chez les 

neurotypiques, le passage du temps est exp®riment® comme un flux continu, et les 

®v®nements discontinus qui se succ¯dent sont pris dans ce flux. Cette continuit® 

temporelle permet de se sentir immerg® dans son environnement et participe ¨ donner un 

sentiment de coh®rence de soi. Certains individus atteints de SZ rapportent ne pas 

percevoir le temps comme le flux continu quôil devrait °tre, mais plut¹t comme óde petits 

morceaux, secou®s et m°l®sô (traduit de Spitzer, 1988). Pour ces individus, avoir une 

image de soi unifi®e et coh®rente ¨ travers le temps sôav¯re difficile : comment parvenir 

¨ une perception continue de soi si le temps lui-m°me nôest pas continu ? 

 

Des approches exp®rimentales ont tent® dôobjectiver les troubles du soi et du temps, 

rapport®s par les individus atteints de SZ. Par exemple, il est possible de tester en 

laboratoire les limites corporelles des participants, et par extension, leur soi corporel, avec 

lôillusion de la main en caoutchouc (Botvinick & Cohen, 1998). Dans cette illusion, la 

main r®elle des participants est cach®e de leur vue, tandis qu'une main en caoutchouc est 

plac®e devant eux. Les exp®rimentateurs stimulent simultan®ment la main cach®e et la 

main en caoutchouc ¨ l'aide de pinceaux. Apr¯s un certain temps de stimulation 

synchrone, les participants commencent ¨ ressentir le toucher sur la main en caoutchouc 

comme s'il s'agissait de leur propre main. Ces effets surviennent gr©ce ¨ la 

synchronisation des stimulations visuelles et tactiles. Cette int®gration multisensorielle 

trompe les fronti¯res corporelles. Les stimulations tactiles per­ues sur la main cach®e sont 

associ®es ¨ la vision de ces stimulations sur la main en caoutchouc, ce qui conduit le 

participant ¨ percevoir cette main comme la sienne. Chez les individus atteints de SZ, 
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cette illusion se manifeste plus rapidement et avec plus d'intensit® que chez les 

neurotypiques. Ces r®sultats sugg¯rent que les fronti¯res corporelles des personnes 

atteintes de SZ sont plus floues que celles des neurotypiques (Harduf et al., 2023; 

Sandsten et al., 2020; Thakkar et al., 2011).  

 

Des donn®es exp®rimentales ont montr® que la simple anticipation d'une stimulation 

tactile pouvait suffire ¨ induire l'illusion de la main en caoutchouc. Lorsque le mouvement 

du pinceau est interrompu avant de toucher la main en caoutchouc, c'est-̈-dire quand la 

stimulation tactile nôest pas per­ue et ne peut °tre quôanticip®e, pr®dite, l'illusion se 

manifeste tout de m°me (Ferri et al., 2017). Les r®sultats montrent que cette proc®dure 

permet dôactiver les cortex pari®taux multisensoriels de la m°me mani¯re que la 

perception d'une stimulation tactile r®elle. De plus, cette activit® c®r®brale est corr®l®e ¨ 

la force de lôillusion (Ferri et al., 2013). Ces r®sultats sugg¯rent que le sens du soi corporel 

ne se construit pas seulement ¨ partir de l'int®gration multisensorielle, mais ®galement par 

l'anticipation des signaux somesth®siques. Lorsque l'illusion repose sur l'anticipation 

plut¹t que sur la perception r®elle des stimuli, elle est plus marqu®e chez les neurotypiques 

que chez les individus atteints de SZ (Ferri et al., 2014). Cette observation sugg¯re que 

les individus atteints de SZ nôanticipent pas les stimuli tactiles de la m°me mani¯re que 

les neurotypiques, et que des alt®rations des m®canismes pr®dictifs pourraient contribuer 

aux troubles du soi corporel observ®s chez ces individus. 

 

Les recherches de Graham et al. (2014) ont soulign® le lien entre les alt®rations des 

m®canismes de lôillusion de la main en caoutchouc et de la perception temporelle. Ces 

recherches font ®cho aux observations cliniques soulign®es plus haut. Dôautres donn®es 

exp®rimentales ont soulign® le lien entre alt®ration des capacit®s de pr®diction temporelle 

et du sens de soi dans la SZ (Foerster & Joos et al., 2024; Martin et al., 2017). Les 

capacit®s de pr®diction temporelle peuvent °tre mesur®es gr©ce ¨ des t©ches dôattente 

temporelle. Dans ce type de t©che, un premier stimulus indique le d®but de l'essai, suivi, 

apr¯s un d®lai court ou long, par une cible. Il est bien ®tabli dans la litt®rature que plus la 

cible est pr®sent®e tardivement, plus la r®action du participant sera rapide, ce qui se traduit 

par un temps de r®action (TR) plus court (Coull, 2009; Niemi & Nªªtªnen, 1981; 

Woodrow, 1914). Ce ph®nom¯ne est expliqu® par lô®volution des probabilit®s 

dôoccurrence de la cible : au fur et ¨ mesure que le temps passe, la probabilit® d'apparition 

de la cible et le niveau de pr®paration augmentent conjointement. Dans ce type de 
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protocole, le passage du temps est utilis® de mani¯re implicite ; les participants 

n'am®liorent pas consciemment leur performance en se basant sur le passage du temps, 

cela se fait automatiquement (Los et al., 2017; Nobre et al., 2007; pour une autre 

interpr®tation voir Salet et al., 2022; Vangkilde et al., 2012). 

 

Dans les t©ches d'attente temporelle, le b®n®fice li® au passage du temps semble °tre 

pr®serv® chez certains individus atteints de SZ (Ciullo et al., 2018). Cependant, Martin et 

al., (2017) ont montr® que ce n'est pas le cas pour tous : chez les individus pr®sentant des 

troubles du sens de soi, les TRs ne diminuent pas avec le passage du temps. Des r®sultats 

r®cents ont permis de mieux quantifier ce ph®nom¯ne, confirmant au niveau du groupe 

que tous les individus atteints de SZ pr®sentent une alt®ration de ce b®n®fice du passage 

du temps sur leurs performances (Foerster & Joos et al., 2024). Comme dans l'®tude de 

Martin et al., (2017) cette alt®ration est corr®l®e aux troubles du sens de soi. 

 

Foerster et Joos et al. (2024) ont observ® une alt®ration du b®n®fice du passage du temps 

chez les individus atteints de SZ, m°me lorsque ceux-ci pouvaient pr®parer leur r®ponse 

motrice avant l'apparition de la cible. la pr®paration motrice n'®tait pas possible dans 

l'®tude initiale de Martin et al., (2017), o½ les participants devaient r®pondre en fonction 

du c¹t® d'apparition de la cible (droite ou gauche). Ces r®sultats indiquent que, m°me 

lorsque la r®ponse motrice peut °tre pr®par®e en amont, les individus atteints de SZ ne 

b®n®ficient pas du passage du temps pour am®liorer leurs TRs, contrairement aux 

neurotypiques. Toutefois, le TR est un indicateur mesur® apr¯s lôex®cution du mouvement 

et ne permet pas de capturer la mise en place de la pr®paration motrice pendant lôattente. 

Dans notre ®tude 1 (chapitre 3, page 30), nous avons montr® que chez les neurotypiques, 

ex®cuter un mouvement pendant l'attente d'un stimulus pr®dictible implique une 

pr®diction temporelle intrins¯quement li®e au mouvement r®alis®. Cette observation 

soul¯ve des questions sur l'®tat de cette pr®diction temporelle chez les individus atteints 

de SZ. La pr®sente ®tude explore comment l'ex®cution d'un mouvement pendant lôattente 

influence la capacit® des individus atteints de SZ ¨ anticiper l'occurrence d'un stimulus 

pr®dictible, en mesurant ¨ la fois la r®ponse comportementale et la r®ponse 

®lectroenc®phalographique (EEG). 

 

Dans les t©ches dôattente temporelle, les informations des essais pr®c®dents peuvent °tre 

automatiquement utilis®es pour ajuster la pr®paration ¨ l'essai actuel, ce sont les effets 
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s®quentiels. Quelle que soit la th®orie propos®e pour expliquer les effets s®quentiels, selon 

ces effets, les participants sôattendent automatiquement ¨ ce que deux essais cons®cutifs 

soient similaires. Par exemple, si la cible survient au d®lai court, il est automatiquement 

pr®dit quô¨ lôessai suivant la cible survient ®galement au d®lai court (s®quence court-

court). Si tel est le cas, la pr®paration est optimale, ce qui se traduit par des TRs rapides. 

Si la cible survient au d®lai long, et quô¨ lôessai suivant, elle survient au d®lai court 

(s®quence long-court), elle arrive plus t¹t que pr®vu. Ceci induit un effet de surprise et 

ralentit leur TR par rapport ¨ la s®quence court-court. Ces effets s®quentiels sont dits 

asym®triques puisquôau d®lai long, peu importe le d®lai pr®c®dent, les performances sont 

toujours optimales. Il a ®t® montr® dans la litt®rature que ces effets s®quentiels sont 

ind®pendants de la capacit® ¨ b®n®ficier du passage du temps et influencent ¨ la fois les 

mesures comportementales et EEG (Correa et al., 2006; Los & Heslenfeld, 2005; Mento, 

2017; Vallesi et al., 2014; Vallesi & Shallice, 2007; Van der Lubbe et al., 2004; Woodrow, 

1914).  

 

La mani¯re dont les effets s®quentiels influencent les performances des participants 

semble similaire entre individus atteints de SZ et neurotypiques (Ciullo et al., 2018; 

Martin et al., 2017). Toutefois, une sensibilit® excessive aux informations issues des 

essais pr®c®dents a ®t® observ®e chez les individus atteints de SZ dans le domaine moteur 

(Foerster et al., 2021). Dans cette ®tude, les participants devaient r®aliser une t©che de 

pointage ¨ lôaide dôun stylet connect® ¨ un dispositif haptique, con­u pour simuler le 

retour tactile dôun contact avec une surface. A certains essais et de mani¯re impr®visible, 

le retour haptique ®tait retard®. M°me lorsque ces retards ®taient imperceptibles, les 

individus atteints de SZ adaptaient leur trajectoire en fonction du retard de lôessai 

pr®c®dent. La planification dôun mouvement implique une pr®diction du retour sensoriel 

attendu (McNamee & Wolpert, 2019), lequel contribue au sentiment de contr¹le des 

participants sur leur action (Weibel et al., 2015). Lorsque le retour sensoriel est 

l®g¯rement retard® par rapport ¨ la pr®vision, cette petite erreur de pr®diction est 

g®n®ralement ignor®e. C'est ce qui est observ® chez les neurotypiques, qui, malgr® ce 

retard, n'ajustent pas leur planification motrice et continuent de d®c®l®rer de mani¯re 

similaire ¨ chaque essai. A lôinverse les individus atteints de SZ ne semblent pas pouvoir 

ignorer un retard infime du retour sensoriel. 
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Dôautres ®tudes ont montr® que les individus atteints de SZ sont anormalement sensibles 

¨ des d®lais tr¯s courts. Par exemple le signal EEG enregistr® en r®ponse ¨ des signaux 

visuels l®g¯rement asynchrones (d®cal®s de 24 ms) est dôamplitude plus importante chez 

les individus atteints de SZ que les neurotypiques (Marques-Carneiro et al., 2021). Ces 

r®sultats ont conduit ¨ l'hypoth¯se que, dans la SZ, la continuit® du passage du temps 

pourrait °tre rompue par des perturbations ¨ lô®chelle de la milliseconde (Giersch & 

Mishara, 2017). Nous avons voulu savoir si lôattente temporelle ®tait toujours perturb®e 

dans des t©ches avec une composante motrice, qui nous permettent dô®valuer la pr®diction 

via les propri®t®s cin®matiques du mouvement pendant lôattente. 

 

Les t©ches utilis®es dans ce travail reposent sur lôex®cution motrice, laquelle pourrait °tre 

alt®r®e chez les individus atteints de SZ (Peralta et al., 2010; Walther & Strik, 2012). 

Cependant, selon les r®sultats du laboratoire, ces alt®rations pourraient davantage 

concerner des mouvements qui n®cessitent une s®quence dôaction plut¹t que des 

mouvements simples (Delevoye-Turrell et al., 2007). Lorsque les individus atteints de SZ 

r®alisent un mouvement en une seule ®tape, sans devoir le d®composer en plusieurs 

®l®ments, leurs performances sont ®quivalentes ¨ celles des neurotypiques. 

 

Dans cette ®tude, nous explorons comment l'ex®cution d'un mouvement simple et continu 

pendant l'attente d'un stimulus pr®dictible influence la capacit® des individus atteints de 

SZ ¨ y r®agir. Nous avons demand® aux participants d'effectuer un mouvement en ligne 

droite, ce qui devrait donc limiter les alt®rations li®es au contr¹le moteur. Plus 

pr®cis®ment, les participants devaient initier un mouvement apr¯s un signal de d®part et 

lôarr°ter aussi rapidement que possible apr¯s lôoccurrence dôun signal cible. 

 

Nous avons utilis® deux t©ches motrices : une t©che unidirectionnelle, o½ les participants 

se d®placent toujours dans la m°me direction, et une t©che multidirectionnelle, o½ ils 

changent de direction ¨ chaque essai. Dans la t©che unidirectionnelle, nous avons observ® 

des effets s®quentiels sur les latences dôarr°t (ou TR). Au d®lai court, les TRs sont plus 

rapides lorsque le signal cible ®tait ®galement survenu au d®lai court lors de l'essai 

pr®c®dent, plut¹t qu'au d®lai long (Arrouet et al., soumis). Cet effet s®quentiel nôest pas 

observ® dans la t©che multidirectionnelle, mais il lôest dans la t©che unidirectionnelle. 

Dans la t©che unidirectionnelle la r®p®tition du mouvement dans la m°me direction, 

permet de maintenir le programme moteur dôessai en essai, alors quôil doit °tre r®initialis® 
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dans la t©che multidirectionnelle. Lôexistence des effets s®quentiels dans la t©che 

unidirectionnelle uniquement sugg¯re que la pr®diction temporelle est ®troitement 

associ®e au programme moteur. 

 

Si lôex®cution de mouvements simples est pr®serv®e chez les individus atteints de SZ, on 

peut sôattendre ¨ ce que cette pr®diction temporelle li®e ¨ lôaction motrice le soit 

®galement. Dans ce cas, nous faisons lôhypoth¯se dôobserver des performances 

®quivalentes entre les individus atteints de SZ et les neurotypiques. 

 

Dans notre t©che, nous recueillons ®galement les r®ponses EEG des participants, en nous 

int®ressant particuli¯rement ¨ la variation contingente n®gative (CNV). Cette onde 

c®r®brale est associ®e aux capacit®s de pr®diction temporelle, puisqu'elle appara´t apr¯s 

le premier stimulus et persiste jusquôau stimulus cible (Breska & Deouell, 2014; Pfeuty 

et al., 2005; Walter et al., 1964). Nos travaux pr®c®dents chez les individus neurotypiques 

ont montr® que les effets s®quentiels sur lôamplitude de la CNV persistaient dans la t©che 

multidirectionnelle. Ceci est coh®rent avec la litt®rature et indique que ces effets refl¯tent 

un type de pr®diction temporelle ind®pendant du geste effectu® (Arrouet et al., soumis; 

Capizzi et al., 2013; Mento, 2017; Mento et al., 2013; Van der Lubbe et al., 2004). Des 

®tudes ant®rieures ont montr® que les individus atteints de SZ ont une amplitude de CNV 

r®duite par rapport aux individus neurotypiques (Osborne et al., 2020) et quôils ne 

b®n®ficient pas des informations issues des essais pr®c®dents pour moduler lôamplitude 

de leur CNV (Ford et al., 2010). Dans nos t©ches, la CNV refl¯te une pr®diction 

temporelle davantage li®e ¨ lôattente du stimulus quôau programme moteur utilis®. £tant 

donn® que cette pr®diction est alt®r®e chez les individus atteints de SZ, nous nous 

attendons ¨ reproduire les alt®rations observ®es dans la litt®rature concernant les 

amplitudes de CNV chez ces individus. 

 

Notons que le petit nombre de participants test®s ne nous permet pas encore d'®valuer de 

mani¯re fiable les trajectoires motrices. Par cons®quent, nous ne pouvons pas examiner 

une ®ventuelle dissociation entre les pr®dictions li®es ¨ la trajectoire motrice et celles 

associ®es aux r®ponses apr¯s le signal cible. Nous nous concentrons donc uniquement sur 

les pr®dictions li®es ¨ la r®ponse au signal cible et celles r®v®l®es par les signaux EEG. 
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2. Mat®riels et M®thodes  

 

2.1. Participants 

 

Les caract®ristiques d®mographiques des participants sont visibles dans le tableau 1 de la 

m®thodologie g®n®rale (chapitre 2 ï page 23). Concernant les caract®ristiques cliniques, 

elles sont visibles dans le tableau 1 ci-dessous. 

 
 

Individus atteints de SZ Neurotypiques 

Traitement antipsychotique 

(typique/atypique/aucun) 

2/4/1 - 

Traitement antiparkinsonien 

(oui/non) 

1/6 - 

Traitement anticonvulsivant 

(oui/non) 

1/6 - 

Traitement antid®presseur 

(oui/non) 

2/5 - 

Traitement anxiolytique 

(oui/non) 

1/6 - 

Traitement benzodiaz®pine 

(oui/non) 

1/6 - 

Lithium (oui/non) 2/4 - 

Score total SANS 34 Ñ 13 - 

Score total SAPS 15 Ñ 13 - 

Score QI fNart 104 Ñ 9 108 Ñ 5 

Score total ®chelle Krebs 10 Ñ 2 3 Ñ 2 

Tableau 1 : Caract®ristiques cliniques des participants. 

 

SANS : £chelle d'®valuation des sympt¹mes n®gatifs (Andreasen, 1989). SAPS : £chelle 

d'®valuation des sympt¹mes positifs (Andreasen, 1986). fNART : Test de lecture adulte 

national fran­ais (Mackinnon & Mulligan, 2005). Echelle Krebs : ®valuation des signes 

neurologiques mineurs (Krebs et al., 2000). 
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Tous les individus atteints de SZ ont ®t® diagnostiqu®s selon les crit¯res du Manuel 

diagnostique et statistique des troubles mentaux (DSM) V (American Psychiatric 

Association, 2013). Les participants atteints de SZ ne devaient pas souffrir de troubles 

neurologiques ni dôautres troubles psychiatriques en dehors de la SZ. Ils ne devaient pas 

consommer de substance psychoactive autre que leur traitement. 

 

Les individus neurotypiques ne devaient souffrir dôaucun trouble neurologique et ne 

devaient avoir aucun ant®c®dent de maladie psychiatrique.  

 

Pour tous les participants, la consommation de cannabis dans les 2 mois pr®c®dant 

lôexp®rience ou la consommation de toute substance psychotrope ®tait un crit¯re de non-

inclusion. Les participants ayant des ant®c®dents de traumatisme cr©nien avec une perte 

de connaissance de plus de 15 minutes nôont pas ®t® inclus. 

 

Tous les participants ont donn® leur consentement ®clair® par ®crit, et lô®tude a ®t® men®e 

conform®ment ¨ la D®claration d'Helsinki. Le projet a ®t® approuv® par le comit® 

dô®thique r®gional de lô´le de France (CPP Ile De France VII). 

 

2.2. £quipement 

 

Les participants ®taient assis dans une pi¯ce sombre et silencieuse, devant une bo´te de 

63 cm de hauteur, 60 cm de largeur et 47 cm de profondeur. Les participants devaient 

placer leur main dominante, poing ferm® et index tendu, au contact de la surface ¨ 

lôint®rieur de la bo´te. Un ®pais tissu noir recouvrait les ouvertures de la bo´te, de sorte 

que pendant toute la dur®e des t©ches, les participants ne pouvaient voir ni lôint®rieur de 

la bo´te ni leurs mouvements. Deux moteurs vibro-tactiles Precision Micro-DrivesÉ 

®taient fix®s sur lôavant-bras dominant de chaque participant : lôun en haut de lôavant-

bras, sous le coude, et lôautre en bas de lôavant-bras, au-dessus du poignet. Ces moteurs 

fournissaient les stimuli tactiles indiquant aux participants quand d®marrer/arr°ter des 

mouvements lin®aires ¨ lôint®rieur de la bo´te. 

 

Les t©ches et les moteurs ®taient contr¹l®es par un ordinateur Dell mod¯le OptiPlex 9020 

AIO branch® ¨ un bo´tier de stimulation Chronos E-Prime 3.0. Lôintensit® des vibrations 
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®tait r®gl®e ¨ 3,0 V, avec une fr®quence de 230 Hz. Des bouchons dôoreilles en caoutchouc 

®taient fournis aux participants pour ®viter quôils nôentendent les vibrations. 

Une GoPro HERO7 ®tait positionn®e ¨ lôint®rieur de la bo´te, suffisamment haut pour 

capturer toute la surface de la bo´te. Elle filmait les trajectoires de lôindex des participants, 

rendues visibles gr©ce ¨ une LED rouge fix®e sur leur ongle. Les param¯tres 

d'enregistrement ®taient : champ de vision lin®aire, r®solution de 120 Hz et un format 

plein ®cran HD 16:9. 

 

2.3. Proc®dure 

 

Notre protocole comprenait trois t©ches exp®rimentales : les deux t©ches motrices 

dôint®r°t, et une t©che contr¹le. 

 

Dans les deux t©ches motrices, les participants devaient d®marrer un mouvement lin®aire 

au contact de la surface de la bo´te avec leur index d¯s lôoccurrence dôune vibration tactile 

au coude (signal de d®part) et lôarr°ter le plus rapidement possible d¯s lôoccurrence dôune 

vibration au poignet (signal cible) apr¯s un d®lai de 1000 ms (court) ou de 1700 ms (long). 

 

Pour rappel, les deux t©ches motrices diff¯rent par la direction des mouvements effectu®s. 

Dans la t©che unidirectionnelle, les participants reviennent ¨ la position de d®part avant 

le d®but de lôessai suivant, de sorte que les mouvements ®taient tous effectu®s dans la 

m°me direction. Dans la t©che multidirectionnelle, ¨ chaque essai, le mouvement devait 

toujours °tre effectuer un mouvement dans une direction diff®rente de celle du pr®c®dent. 

Les mouvements ®taient restreints aux axes X et Y (directions horizontale et verticale). 

 

Dans la t©che contr¹le, les m°mes stimuli que dans les t©ches motrices ont ®t® utilis®s, 

mais les consignes ®taient similaires aux t©ches classiques dôattente temporelle. Les 

participants devaient rester immobiles pendant la p®riode dôattente, et r®agir le plus 

rapidement possible ¨ lôoccurrence du signal cible (la vibration au poignet) en appuyant 

sur le bouton central dôun bo´tier de r®ponse Chronos E-Prime 3.0.  

 

Chaque t©che exp®rimentale comprenait un total de 240 essais, r®partis en deux 

conditions : 120 essais avec un d®lai court et 120 avec un d®lai long. Lôordre dans lequel 
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les essais ®taient pr®sent®s aux participants ®tait al®atoire. Pour rendre le d®but de chaque 

essai impr®visible, nous avons utilis® un ITI variable allant de 2000 ¨ 2300 ms.  

 

Avant de commencer chaque t©che, une phase d'entra´nement de 10 essais a ®t® r®alis®e 

pour familiariser les participants avec les t©ches. Pour les t©ches motrices, 

lôexp®rimentateur profitait de cette phase dôentra´nement pour sôassurer que les 

participants initiaient leur mouvement avec le signal de d®part et s'arr°taient avec le signal 

cible (et pas lôinverse). La vitesse de leurs mouvements ®tait ®galement surveill®e 

visuellement afin d'®viter qu'ils n'aillent trop vite et ne touchent le bord de la bo´te, ou 

trop lentement, ce qui aurait pu entra´ner une trajectoire saccad®e. Parfois, certains 

participants heurtaient un c¹t® de la bo´te. Dans ce cas, l'instruction ®tait de s'arr°ter 

compl¯tement et de rester immobile jusqu'au prochain essai. Cette instruction nous 

permettait d'identifier ces essais comme des anticipations, ce qui nous a permis de les 

exclure de l'analyse ult®rieure. 

 

Une phase dôentra´nement de 10 essais a aussi ®t® r®alis®e avant la t©che contr¹le. Pendant 

cette phase, lôexp®rimentateur sôest assur® que les participants avaient bien assimil® les 

instructions de la t©che et notamment quôils attendaient bien lôoccurrence du signal cible 

pour appuyer sur le bouton-r®ponse. 

 

2.4. EEG 

 

Pendant la r®alisation des t©ches exp®rimentales, l'activit® EEG a ®t® enregistr®e ¨ l'aide 

du syst¯me ActiveTwo de Biosemi (Amsterdam, Pays-Bas), avec 64 ®lectrodes actives 

Ag/AgCl dispos®es selon le syst¯me international 10-20. L'®lectrode de r®f®rence ®tait 

constitu®e des ®lectrodes Common Mode Sense (CMS) et Driven Right Leg (DRL). La 

qualit® d'acquisition a ®t® garantie en maintenant la tension moyenne de diff®rence par 

rapport ¨ l'®lectrode de r®f®rence (CMS) en dessous de 50 mV. Des ®lectrodes ont ®t® 

plac®es sur les lobes d'oreille gauche et droite pour le futur re-r®f®rencement du signal. 

Aucun filtre n'a ®t® appliqu® pendant lôacquisition de lôenregistrement, et le signal a ®t® 

®chantillonn® ¨ 2048 Hz. 

 

Ce syst¯me EEG utilise des ®lectrodes actives qui fonctionnent de la mani¯re suivante : 

l'imp®dance d'entr®e est tr¯s ®lev®e (300 Mohm), tandis que l'imp®dance de sortie est tr¯s 
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faible (< 1 Ohm). Cela permet aux courants d'interf®rence de passer facilement sans cr®er 

de tensions d'interf®rence importantes.  

 

2.5. Vid®os 

 

Dans les deux t©ches motrices, nous avons film® les trajectoires des participants et analys® 

les vid®os collect®es avec MATLAB 2021b. 

 

La premi¯re ®tape consistait ¨ segmenter les vid®os en essais (240 essais de 3 secondes). 

Le d®but de chaque essai ®tait d®fini par lôoccurrence du signal de d®part (la vibration 

tactile sous le coude), enregistr® par la cam®ra gr©ce ¨ une LED bleue ¨ l'int®rieur de la 

bo´te qui s'allumait au d®but de la vibration et durait 100 ms, soit jusqu'¨ la fin de la 

vibration. De m°me, pour rendre lôoccurrence du signal cible (la vibration tactile au 

poignet) visible, une LED verte ¨ l'int®rieur de la bo´te s'allumait pendant toute la dur®e 

de la vibration. 

 

Nous avons analys® la trajectoire du doigt (de la LED) avec MATLAB. Nous avons ®tabli 

plusieurs crit¯res pour permettre ¨ notre script dôanalyse d'identifier le moment auquel les 

participants arr°taient leur trajectoire. Les crit¯res sont d®crits dans la m®thodologie du 

manuscrit principal de lô®tude 1 (chapitre 3 page 30). 

 

Ce point dôarr°t nous permettait de calculer la latence dôarr°t des participants, c'est-̈-dire 

le d®lai n®cessaire pour arr°ter leur mouvement apr¯s lôoccurrence du signal cible. La 

latence d'arr°t a ®t® utilis®e comme TR dans notre protocole. Le TR est l'indicateur 

couramment utilis® pour ®valuer les performances des participants dans les t©ches 

dôattente temporelle et nous a permis d'extrapoler les indicateurs comportementaux 

typiques des capacit®s de pr®diction temporelle dans nos deux t©ches motrices. Dans les 

deux t©ches exp®rimentales, le point d'arr°t ®tait d®fini comme le premier point o½ tous 

nos crit¯res (d®crits dans la m®thodologie du manuscrit principal de lô®tude 1 chapitre 3 

ï page 30) ®taient remplis.  
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2.6. Analyses de donn®es comportementales 

 

Dans les deux t©ches motrices, si aucun point ne satisfaisait les crit¯res d'arr°t, il ®tait 

consid®r® que les participants ne sô®taient pas arr°t®s (erreur dôomission), et l'essai ®tait 

exclu des analyses ult®rieures. 

 

Dans la t©che contr¹le, les essais avec des erreurs dôomission ont ®galement ®t® exclus. 

Pour toutes les t©ches, une r®ponse (arr°t du mouvement pour les t©ches motrices et appui 

sur le bouton-r®ponse pour la t©che contr¹le) survenant avant 150 ms apr¯s le d®but du 

signal cible ®tait consid®r®e comme anticip®e et exclue des analyses. 

 

  T©ches exp®rimentales 

Groupes Conditions Multidirectionnelle Unidirectionnelle Contr¹le 

Individus 

atteints de SZ 

Court 9 17 4 

Long 25 34 8 

Neurotypiques Court 4 4 4 

Long 15 10 19 

Tableau 2 : Nombre moyen dôessais exclus des analyses comportementales en fonction 

de la condition et de la t©che exp®rimentale chez les individus atteints de SZ et les 

neurotypiques. Pour rappel, chaque t©che contenait 240 essais, dont 120 pour la condition 

courte et 120 pour la condition longue. 

 

La t©che unidirectionnelle est la seule o½ l'on a observ® une diff®rence significative dans 

le nombre d'essais entre les groupes exp®rimentaux (W = 49.5, p = .01, r = 0.64). Cette 

diff®rence est due ¨ un nombre moyen plus ®lev® dôarr°ts anticip®s chez les individus 

atteints de SZ (9 Ñ 11) en comparaison des individus neurotypiques (2 Ñ 4) (W = 189, p 

< .001, r = 0.50). 

 

2.6.1. Indices des capacit®s de pr®diction temporelle 

 

Notre ®chantillon ®tant petit, pour rendre notre mesure plus sensible ¨ la d®tection des 

marqueurs de capacit®s de pr®diction temporelle (b®n®fice du passage du temps et effets 



£TUDE 4 

 207 

s®quentiels), dans nos analyses nous avons utilis® les indices d®crits ci-dessous (Foerster 

& Joos et al., 2024), plut¹t que les TRs bruts, comme variable d®pendante. 

 

Un effet de surprise ralentit les TRs dans la s®quence long-court sp®cifiquement, ce qui 

entra´ne un ralentissement du TR dans la condition courte. Ce ralentissement peut, par 

cons®quent, accro´tre de mani¯re artificielle la diff®rence de TR entre les conditions 

courte et longue. Pour neutraliser lôinfluence du d®lai pr®c®dent sur le TR de lôessai actuel, 

Foerster et Joos et al. (2024) ont consid®r® uniquement des essais successifs avec des 

d®lais identiques. Dans ce cas, ils ont observ® que le b®n®fice du passage du temps sur les 

TRs (la diminution des TRs dans la condition longue par rapport ¨ la condition courte) ne 

persistait pas chez les individus atteints de SZ. 

 

Pour v®rifier si les TRs ®taient plus rapides en condition longue que courte (b®n®fice du 

passage du temps), nous avons suivi la m®thode propos®e par Foerster et Joos et al., 

(2024). Nous avons calcul® la diff®rence de TR entre conditions courte et longue pour 

chaque participant, en analysant uniquement les essais avec le m°me d®lai que lôessai 

pr®c®dent (court-court et long-long). Ensuite, nous avons divis® cette diff®rence par la 

somme des TRs pour tenir compte de la variabilit® inter-individuelle des TRs. La formule 

®tait : 

 

ὝὙ ὝὙ

ὝὙ ὝὙ
 

 

Plus lôindice positif est grand plus il indique un b®n®fice du passage du temps important.  

Pour v®rifier la pr®sence dôeffets s®quentiels sur les TRs, nous avons appliqu® la m°me 

logique. Pour rappel, les effets s®quentiels se traduisent par des TRs au d®lai court plus 

lents lorsque le d®lai de lôessai pr®c®dent ®tait long plut¹t que court. Nous avons calcul®, 

pour chaque participant, la diff®rence de TR entre les essais avec un d®lai court pr®c®d® 

d'un d®lai long (s®quence long-court) et ceux pr®c®d®s d'un d®lai court (s®quence court-

court). Cette diff®rence a ensuite ®t® divis®e par la somme des TRs des deux s®quences. 

Notre formule ®tait : 

 

ὝὙ ὝὙ

ὝὙ ὝὙ
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Plus lôindice positif est grand plus les effets s®quentiels sont importants. 

 

2.7. Analyse de donn®es EEG 

 

Les analyses EEG ont ®t® r®alis®es sur MATLAB R2021b avec la toolbox EEGlab 

(Delorme & Makeig, 2004). Les ®tapes de pr®traitement d®crites ci-dessous ont ®t® 

appliqu®es ¨ chaque participant et pour chaque t©che s®par®ment. Dôabord, nous avons 

r®f®renc® notre signal avec des ®lectrodes bipolaires attach®es aux oreilles droite et 

gauche. Ensuite, nous avons r®duit la fr®quence d'®chantillonnage de 2048 ¨ 512 Hz pour 

maintenir une bonne r®solution temporelle tout en r®duisant le temps d'analyse. Les 

donn®es ont ®t® filtr®es entre 0,01 et 30 Hz (Mento, 2017). Nous avons ensuite appliqu® 

des ®tapes suppl®mentaires de nettoyage et de filtrage pour optimiser le jeu de donn®es 

pour l'algorithme ICA órunicaô propos® par EEGlab (Luck, 2022). En moyenne, 2 Ñ 3 

®lectrodes ont ®t® interpol®es pour les neurotypiques et 1 Ñ 1 pour les individus atteints 

de SZ. La segmentation des essais a ®t® r®alis®e sur une fen°tre temporelle de 200 ms 

avant lôapparition du signal de d®part ¨ 2000 ms apr¯s, soit [-200 2000] ms. La ligne de 

base a ®t® d®finie comme la moyenne du signal EEG de 200 ms avant lôapparition du 

signal de d®part jusquô¨ son d®but, soit [-200 0] ms. Les essais contenant des artefacts 

(signal Ñ 150 ɛV dans la fen°tre [-200 1700] ms) ont ®t® exclus des analyses. 

 

  T©ches exp®rimentales 

Groupes Conditions Multidirectionnelle Unidirectionnelle Contr¹le 

Individus 

atteints de SZ 

Court 13 23 10 

Long 14 24 11 

Individus 

neurotypiques 

Court 9 10 6 

Long 9 9 8 

Tableau 3 : Nombre moyen dôessais exclus des analyses EEG en fonction de la condition 

et de la t©che exp®rimentale chez les individus atteints de SZ et les neurotypiques. Pour 

rappel, chaque t©che contenait 240 essais, dont 120 pour la condition courte et 120 pour 

la condition longue. 
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Pour 1 participant neurotypique, les donn®es ®taient trop bruit®es en raison dôart®facts de 

transpiration et ont ®t® exclues des analyses. Ceci ram¯ne le groupe de neurotypiques ¨ 7 

participants pour les donn®es EEG. 

 

La premi¯re ®tape de nos analyses consistait ¨ v®rifier la pr®sence d'une CNV entre 800 

et 1000 ms, juste avant l'apparition du signal cible au d®lai court. Dans cette fen°tre 

temporelle, les participants ne savent pas encore si le d®lai sera court ou long, ce qui nous 

a permis de moyenner tous les essais sans distinction au sein de chaque t©che. Nous avons 

centr® notre analyse sur les ®lectrodes FCz, FC1 et C1, traditionnellement utilis®es pour 

observer la CNV (Kononowicz & Penney, 2016; Kononowicz & Van Rijn, 2014; Mento 

et al., 2013). 

 

Nous ne pr®sentons pas les r®sultats concernant les effets s®quentiels, ®tant donn®s le petit 

nombre de participants par groupe, et le nombre r®duit dôessais par condition dans cette 

analyse (le nombre dôessais est divis® par 2 par rapport au passage du temps). 

 

3. R®sultats 

 

3.1. Comportementaux 
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Figure 1. Les TRs en ms en fonction du d®lai de lôessai actuel, dans les deux t©ches 

motrices sont pr®sent®s en fonction du groupe et du d®lai pr®c®dent. Les formes opaques 

avec barres d'erreur repr®sentent les TRs moyens Ñ SEM, tandis que les formes 

transparentes montrent les donn®es individuelles des participants pour chaque condition. 

 

3.1.1. T©che multidirectionnelle 

 

Les analyses descriptives ci-dessous r®f¯rent ¨ la figure 1. 

 

Les individus atteints de SZ ont un TR globalement plus lent (429 ms Ñ 68.0) que les 

neurotypiques (388 ms Ñ 61.0). 

 

Nous avons v®rifi® le b®n®fice du passage du temps sur les TRs, indicateur de la pr®diction 

temporelle. Pour rappel, les TRs sont plus rapides apr¯s un d®lai long qu'un d®lai court, 

ce qui a ®t® observ® chez tous les participants. Les individus atteints de SZ, ont un TR de 

378 ms Ñ 39.9 au d®lai long, contre 480 ms Ñ 49.0 au d®lai court (diff®rence de 102 ms). 

Chez les neurotypiques, le TR est de 361 ms Ñ 50.6 au d®lai long, contre 415 ms Ñ 59.7 

au d®lai court (diff®rence de 54 ms). Un indice du b®n®fice du passage du temps a ®t® 

calcul®, afin d'®viter dôobserver un ralentissement artificiel des TRs au d®lai court lorsque 
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pr®c®d® dôun d®lai long, d¾ ¨ lôeffet de surprise caract®ristique des effets s®quentiels. Cet 

indice est positif chez nos deux groupes exp®rimentaux avec un indice de 0.09 Ñ 0.04 

chez les individus atteints de SZ et de 0.06 Ñ 0.05 chez les individus neurotypiques. 

 

Nous avons ®galement v®rifi® les effets s®quentiels sur les TRs. Pour rappel, les TRs sont 

plus lents lorsquôun d®lai court suit un d®lai long que lorsque deux d®lais courts se 

suivent. Au d®lai court, les individus atteints de SZ ont un TR plus lent apr¯s un d®lai 

long (499 ms Ñ 50.6) quôapr¯s un d®lai court (461 ms Ñ 43.0) (diff®rence de 38 ms). Chez 

les individus neurotypiques, le TR au d®lai court est l®g¯rement plus lent si le d®lai 

pr®c®dent ®tait long (424 ms Ñ 58.5) que sôil ®tait court (406 ms Ñ 63.6) (diff®rence de 18 

ms). Cet effet s®quentiel est pr®sent uniquement chez les individus atteints de SZ, avec 

un indice dôeffets s®quentiels positif (0.04 Ñ 0.02) dans ce groupe. 

 

3.1.2. T©che unidirectionnelle 

 

Les analyses descriptives ci-dessous r®f¯rent ¨ la figure 1. 

 

Les individus atteints de SZ ont un TR moyen l®g¯rement plus rapide (368 ms Ñ 84.1) 

que les individus neurotypiques (386 ms Ñ 77.1) dans la t©che unidirectionnelle. 

 

Concernant le b®n®fice du passage du temps, tous les participants arr°tent leur 

mouvement plus rapidement aux d®lais longs que courts. Chez les individus atteints de 

SZ, le TR est de 321 ms Ñ 64.0 au d®lai long contre 416 ms Ñ 75.5 au d®lai court 

(diff®rence de 95 ms). Pour les neurotypiques, le TR est de 347 ms Ñ 54.2 au d®lai long 

contre 425 ms Ñ 77.9 au d®lai court (diff®rence de 78 ms). Cet indice est positif dans les 

deux groupes exp®rimentaux, avec une valeur de 0.10 Ñ 0.04 chez les individus atteints 

de SZ et de 0.07 Ñ 0.06 chez les individus neurotypiques. 

 

Concernant les effets s®quentiels, cette t©che montre que, chez tous les participants, le TR 

au d®lai court est plus lent lorsque le d®lai pr®c®dent ®tait long, plut¹t que court. Pour les 

individus atteints de SZ, le TR au d®lai court est de 431 ms Ñ 75.0 lorsque le d®lai 

pr®c®dent ®tait long, compar® ¨ 401 ms Ñ 78.6 lorsquôil ®tait court. Chez les individus 

neurotypiques, ces chiffres sont respectivement de 444 ms Ñ 76.5 et 406 ms Ñ 79.6. L'effet 
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s®quentiel est positif dans les deux groupes, avec un indice de 0.04 Ñ 0.03 chez les 

individus atteints de SZ et de 0.05 Ñ 0.04 chez les neurotypiques. 

 

3.1.3. T©che contr¹le 

 

Figure 2. Les TRs en ms en fonction du d®lai de lôessai actuel dans la t©che contr¹le sont 

pr®sent®s en fonction du groupe et du d®lai pr®c®dent. Les formes opaques avec barres 

d'erreur repr®sentent les TRs moyens Ñ SEM, tandis que les formes transparentes 

montrent les donn®es individuelles des participants pour chaque condition.  

 

Les analyses descriptives ci-dessous r®f¯rent ¨ la figure 2. 

 

Les individus atteints de SZ ont un TR global plus lent (265 ms Ñ 78.3) que les individus 

neurotypiques (242 ms Ñ 69.2) dans la t©che contr¹le. Ce r®sultat reproduit les donn®es 

de la litt®rature selon lesquelles les individus atteints de SZ ont des TRs g®n®ralement 

plus lents que les individus neurotypiques dans les t©ches dôattente temporelle classiques 

(Ciullo et al., 2018). 

 

En accord avec le principe du b®n®fice du passage du temps, tous les participants 

r®agissent plus rapidement au d®lai long comparativement au d®lai court. Pour les 
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individus atteints de SZ, les TRs sont de 253 ms Ñ 82.2 au d®lai long contre 277 ms Ñ 

75.4 au d®lai court (diff®rence 24 ms). Chez les individus neurotypiques, les TRs sont de 

234 ms Ñ 73.7 au d®lai long et de 250 ms Ñ 65.8 au d®lai court (diff®rence 16 ms). 

 

Concernant les effets s®quentiels, chez tous les participants, le TR au d®lai court est plus 

lent lorsque le d®lai pr®c®dent ®tait long, plut¹t que court. Pour les individus atteints de 

SZ, le TR au d®lai court est de 299 ms Ñ 74.8 lorsque le d®lai pr®c®dent ®tait long, compar® 

¨ 254 ms Ñ 74.3 lorsquôil ®tait court. Chez les individus neurotypiques, ces chiffres sont 

respectivement de 267 ms Ñ 68.7 et 233 ms Ñ 62.5. L'effet s®quentiel est positif dans les 

deux groupes, avec un indice de 0.09 Ñ 0.06 chez les individus atteints de SZ et de 0.07 

Ñ 0.01 chez les neurotypiques. 

 

3.2. EEG 

 

Figure 3. Amplitudes de la CNV en ÕV dans les deux t©ches motrices, en fonction du 

groupe et moyenn®es sur trois ®lectrodes (FCz, FC1 et C1) pour tous les essais actuels 

(ind®pendamment du d®lai auquel le signal cible intervient). La zone ombr®e autour des 

courbes correspond ¨ l'erreur standard de la moyenne (SEM). Le point 0 ms sur l'axe des 

abscisses marque le d®but du signal de d®part (ligne verte), tandis que le point 1000 ms 

marque lôoccurrence du signal cible pour le d®lai court (ligne rouge).  
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3.2.1. T©che multidirectionnelle 

 

Les individus atteints de SZ pr®sentent une CNV dôamplitude -5.4 ɛV Ñ 4.7 dans la fen°tre 

temporelle 800-1000 ms (Figure 3). 

 

Chez les individus neurotypiques, lôamplitude de la CNV est de -3.3 ɛV Ñ 4.2 dans la 

fen°tre temporelle de 800-1000 ms, ce qui est moins n®gatif que ce qui est observ® chez 

les individus atteints de SZ (Figure 3). 

 

3.2.2. T©che unidirectionnelle 

 

Dans la t©che unidirectionnelle, dans la fen°tre temporelle de 800-1000 ms, lôamplitude 

de la CNV des individus atteints de SZ est plus n®gative (-2.1 ɛV Ñ 4.4) que celle des 

neurotypiques (0.2 ɛV Ñ 6.3) (Figure 3).  

 

3.2.3. T©che contr¹le 

 

Figure 4. Amplitudes de la CNV en ÕV dans la t©che contr¹le, en fonction du groupe et 

moyenn®es sur trois ®lectrodes (FCz, FC1 et C1) pour tous les essais actuels 

(ind®pendamment du d®lai auquel le signal cible intervient). La zone ombr®e autour des 

courbes correspond ¨ l'erreur standard de la moyenne (SEM). Le point 0 ms sur l'axe des 
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abscisses marque le d®but du signal de d®part (ligne verte), tandis que le point 1000 ms 

marque lôoccurrence du signal cible pour le d®lai court (ligne rouge). 

 

Chez les individus atteints de SZ, lôamplitude de la CNV dans la fen°tre 800-1000 ms est 

de -0.9 ɛV Ñ 2.7, contre -3.8 ɛV Ñ 2.4 chez les neurotypiques (Figure 4). 

 

4. Discussion 

 

Lôobjectif de lô®tude pr®sente ®tait de v®rifier si la pr®diction temporelle sp®cifiquement 

li®e ¨ une action motrice est pr®serv®e ou alt®r®e dans la SZ. Nous avons utilis® des t©ches 

dôattente temporelle dans lesquelles les participants devaient effectuer un mouvement 

continu et lôarr°ter le plus rapidement possible apr¯s un signal cible. Deux t©ches ont ®t® 

utilis®es : la t©che multidirectionnelle, o½ les participants changeaient de direction ¨ 

chaque essai, et la t©che unidirectionnelle, o½ ils allaient toujours dans la m°me direction. 

Dans cette derni¯re, aller dans la m°me direction permet de r®utiliser le m°me programme 

moteur et de tirer parti des informations temporelles associ®es au mouvement pr®c®dent 

pour ajuster son mouvement ¨ lôessai actuel. Nous avons ®galement utilis® une t©che 

classique dôattente temporelle, o½ les participants restaient immobiles pendant lôattente et 

appuyaient sur un bouton-r®ponse ¨ lôapparition de la cible. Cette t©che a ®t® utilis®e 

comme condition contr¹le car elle correspond aux protocoles utilis®s dans la litt®rature 

(Klemmer, 1956; Los, 2010; Niemi & Nªªtªnen, 1981; Vallesi et al., 2013). 

 

Dans les trois t©ches exp®rimentales, nous avons recueilli les r®ponses comportementales 

(TRs) et EEG (CNV) des participants. Dans les deux t©ches motrices, il y avait un 

b®n®fice du passage du temps similaire dans les deux groupes sur le comportement. De 

plus, nous avons observ® une CNV plut¹t plus claire chez les individus atteints de SZ que 

chez les neurotypiques. Dans la t©che contr¹le, le b®n®fice du passage du temps mesur® 

sur les r®ponses comportementales est dôamplitude trop faible pour tirer des conclusions. 

Cependant, les r®sultats EEG ont r®v®l® la diff®rence dôamplitude de CNV attendue entre 

les individus neurotypiques et ceux atteints de SZ (Osborne et al., 2020). Bien que notre 

interpr®tation doive rester prudente en raison de notre petit ®chantillon, ces r®sultats 

sugg¯rent que la r®alisation d'un mouvement pendant lôattente pourrait r®tablir le b®n®fice 

du passage du temps observable sur la CNV et les TRs chez les individus atteints de SZ, 
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ce qui constitue une observation nouvelle dans la litt®rature, et a repr®sent® une surprise. 

Lôune des explications possibles est que le caract¯re continu du mouvement pourrait 

r®tablir la continuit® du passage du temps, parce que le mouvement est n®cessairement 

continu. Une alternative est que la t©che motrice oblige les individus atteints de SZ ¨ 

pr®dire leur action et ¨ en v®rifier lôex®cution, côest-̈-dire ¨ v®rifier le retour sensoriel. 

 

Dans les t©ches dôattente temporelle, la CNV a ®t® dôabord d®crite comme un potentiel 

®voqu® par un premier stimulus qui persiste jusqu'¨ l'occurrence dôun stimulus cible 

(Walter et al., 1964). Lorsque ce stimulus cible n®cessite une r®ponse motrice, il a ®t® 

propos® que la CNV refl¯te une pr®paration temporelle associ®e ¨ des processus 

perceptuels et moteurs, tous deux chronom®tr®s : le stimulus appara´t ¨ un moment donn® 

et il faut y r®agir rapidement (Los & Heslenfeld, 2005; Macar & Besson, 1985; Mento, 

2013, 2017). La CNV se distingue d'autres potentiels ®voqu®s moteurs en ce qu'elle refl¯te 

une pr®paration motrice initi®e par un stimulus externe. Elle refl¯terait des processus 

sensorimoteurs plut¹t que des processus moteurs purs (Brunia, 2003; Brunia et al., 2011). 

Une diff®rence dôamplitude de CNV entre les t©ches motrices et la t©che contr¹le pourrait 

refl®ter une diff®rence dôint®gration sensorimotrice pendant lôattente entre nos deux types 

de t©ches. 

 

L'int®gration sensorimotrice est le processus par lequel les signaux sensoriels provenant 

du corps et de lôenvironnement sont utilis®s pour ajuster le comportement moteur 

(Wolpert et al., 1998). Ce processus est ®troitement li® au traitement temporel, car il est 

essentiel de conna´tre le moment pr®cis o½ les informations sensorielles se produisent 

pour permettre une adaptation efficace du comportement moteur (Conte et al., 2017; Lee 

et al., 2018). Les informations sensorielles sont utilis®es ¨ la fois lors de la planification 

et de lôex®cution motrice. Pendant la planification, elles (1) informent sur la position 

actuelle du corps (®tat de r®f®rence) et (2) pr®disent lô®tat cible ¨ atteindre par le 

mouvement. La comparaison entre ces deux ®tats permet de planifier les commandes 

motrices n®cessaires pour atteindre lô®tat cible. Cette comparaison doit se faire tout le 

long du mouvement, pour ajuster le geste (Aschersleben, 2002; Desmurget & Grafton, 

2000; Drewing & Aschersleben, 2003; LaRue, 2005; Wolpert et al., 1995). Soit le geste 

lui-m°me, soit les v®rifications sensorielles, pourraient pallier la fragilit® du passage du 

temps chez les individus atteints de SZ.  
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Dans la t©che contr¹le ¨ lôinverse, les participants ne bougent pas pendant l'attente et 

doivent pr®parer leur r®ponse ¨ lôoccurrence du stimulus cible. Sans tenir compte des 

informations temporelles issues des essais pr®c®dents (effets s®quentiels), la seule 

information disponible pour actualiser la pr®paration motrice (la pr®paration ¨ arr°ter le 

mouvement) est le passage du temps. Selon les th®ories bas®es sur les probabilit®s de 

survenue des cibles, la probabilit® dôoccurrence du stimulus augmente avec le passage du 

temps, et le niveau de pr®paration des participants devrait augmenter en cons®quence 

(Correa et al., 2006; Mento, 2017; Niemi & Nªªtªnen, 1981; Nobre et al., 2007). Cette 

pr®paration temporelle influence lôamplitude de la CNV chez les individus neurotypiques, 

mais pas chez les individus atteints de SZ dans notre t©che contr¹le. Cela corrobore des 

r®sultats r®cents (Foerster & Joos et al., 2024). Côest donc bien lôaction motrice elle-m°me 

qui permettrait de compenser les difficult®s des individus atteints de SZ.  

 

Bien que cette interpr®tation soit coh®rente avec nos hypoth¯ses initiales, elle ne permet 

pas, ¨ ce stade, de distinguer le r¹le de la v®rification sensorielle de celui de la pr®diction 

motrice dans la restauration du b®n®fice du passage du temps sur les performances. Ces 

m®canismes pourront °tre distingu®s avec un ®chantillon de participants plus grand, en 

analysant les caract®ristiques de la trajectoire et en les comparant dans les taches uni- et 

multidirectionnelles. Si la trajectoire elle-m°me nôest pas affect®e (Delevoye-Turrell et 

al., 2007), des effets s®quentiels pourraient nô°tre pr®sents que sur la r®ponse au signal 

cible, mais pas sur la trajectoire elle-m°me. Ceci sugg®rerait un profil de r®sultat similaire 

¨ ceux observ®s chez les enfants et les adolescents neurotypiques de lô®tude 2. La SZ est 

un trouble neurod®veloppemental, rendant cette hypoth¯se plausible.  

 

En conclusion, cette ®tude a examin® les m®canismes de pr®diction temporelle li®s ¨ 

lôaction motrice chez les individus atteints de SZ ¨ travers diff®rentes t©ches dôattente 

temporelle. Les r®sultats indiquent que, dans les t©ches motrices, les performances 

comportementales et EEG des individus atteints de SZ b®n®ficient du passage du temps 

de mani¯re similaire aux neurotypiques. Cela sugg¯re que lôex®cution dôun mouvement 

continu pendant lôattente pourrait r®tablir ce b®n®fice chez les individus atteints de SZ. 

Nous supposons que cette restauration est li®e aux v®rifications sensorielles effectu®es 

lors de l'ex®cution du mouvement, ou possiblement ¨ lôex®cution elle-m°me. Ces 

hypoth¯ses pourront °tre explor®es dans un ®chantillon plus large. 
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Rappel des r®sultats principaux de lô®tude 4 

 

Lô®tude 4 avait pour objectif d'examiner les m®canismes de pr®diction temporelle associ®s 

¨ la planification et ¨ lôex®cution dôun mouvement chez les individus atteints de SZ. Pour 

cela, nous avons utilis® deux t©ches motrices : la t©che multidirectionnelle et la t©che 

unidirectionnelle, en recueillant les TRs et les potentiels ®voqu®s (CNV) des participants, 

comprenant des individus atteints de SZ et des neurotypiques. Nous avons ®galement 

employ® une t©che contr¹le dôattente temporelle, qui s'apparente davantage aux 

protocoles de la litt®rature, car elle n'impliquait pas de mouvement pendant la p®riode 

d'attente, et la r®ponse au signal cible consistait simplement en un appui sur un bouton 

r®ponse. 

 

Dans nos deux t©ches motrices, nous avons observ® un b®n®fice du passage du temps sur 

les TRs, avec des arr°ts du mouvement plus rapides au d®lai long par rapport au d®lai 

court, et ce pour tous les participants, quel que soit leur groupe. En revanche, dans la 

t©che contr¹le, le b®n®fice du passage du temps observ® sur les r®ponses 

comportementales ®tait d'une amplitude trop faible pour permettre des conclusions 

significatives. 

 

Concernant les r®sultats EEG, nous avons observ® dans nos deux t©ches motrices 

quôavant lôoccurrence du signal cible au d®lai court, les amplitudes de CNV ®taient 

®quivalentes entre les individus atteints de SZ et les neurotypiques. Cette observation est 

nouvelle dans la litt®rature. A lôinverse dans la t©che contr¹le, nous avons constat® une 

amplitude de CNV plus n®gative chez les neurotypiques par rapport aux individus atteints 

de SZ, ce qui reproduit les alt®rations d®crites dans la litt®rature. 

 

Ces r®sultats sugg¯rent que la r®alisation d'un mouvement pendant la p®riode d'attente 

pourrait permettre de r®tablir le b®n®fice du passage du temps, tant sur les indicateurs 

comportementaux que EEG, chez les individus atteints de SZ. 
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7. DISCUSSION G£N£RALE 
 

 

Notre travail nous a conduit ¨ questionner un aspect particulier de lôint®gration 

sensorimotrice, ¨ savoir lôint®gration de la pr®diction li®e ¨ lôoccurrence dôun stimulus 

sensoriel dans le programme moteur, chez des individus neurotypiques, durant le 

d®veloppement, chez des individus ¨ HR, et atteints de SZ.  

 

Nous avons con­u de nouvelles t©ches bas®es sur le principe des t©ches dôattente 

temporelle, o½ les participants devaient initier un mouvement continu apr¯s un signal de 

d®part et l'arr°ter d¯s quôun signal cible arrivait. Comme dans les t©ches classiques 

dôattente temporelle, nous avons mesur® un TR, plus pr®cis®ment la latence dôarr°t apr¯s 

la cible. Cette mesure a permis d'®valuer le b®n®fice du passage du temps, observ® par 

des TRs plus rapides lorsque la cible survient apr¯s un d®lai long compar® ¨ un d®lai 

court. Nous avons ®galement ®valu® les effets s®quentiels, qui traduisent lôinfluence du 

d®lai de lôessai pr®c®dent sur lôessai actuel. Pour m®moire, ¨ lôessai actuel si la cible 

survient ¨ un d®lai plus court quô¨ lôessai pr®c®dent, les TR sont ralentis. 

 

Lôajout de la composante motrice pendant lôattente nous a permis de quantifier ®galement 

la pr®paration en anticipation de lôarr°t du mouvement. Pour ce faire, nous avons calcul® 

des pentes relatives de d®c®l®ration en comparant la vitesse au moment du ralentissement 

¨ celle juste avant le signal cible : (vitesse au point de d®c®l®ration ï vitesse avant le signal 

cible) / vitesse au point de d®c®l®ration. Afin de tester dans quelle mesure la pr®diction 

temporelle est int®gr®e au programme moteur, nous avons analys® les effets s®quentiels 

sur lôindicateur de pr®paration de lôarr°t du mouvement. Deux types de t©ches ont ®t® 

d®velopp®s : dans la t©che unidirectionnelle, la trajectoire ®tait la m°me ¨ chaque essai, 

tandis que dans la t©che multidirectionnelle, les participants changeaient de direction.  

 

Nous commencerons par pr®senter les principaux r®sultats de nos ®tudes, suivis d'une 

discussion sur deux questions ®mergentes de notre recherche. La premi¯re concerne la 

dissociation des m®canismes de pr®diction temporelle op®rant ¨ la m°me ®chelle 

temporelle, tandis que la seconde porte sur l'int®gration sensorimotrice.  
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7.1. La pr®diction temporelle motrice 
 

7.1.1. £tude 1 chez les neurotypiques adultes 
 

Lors de notre ®tude 1, des effets s®quentiels sur la d®c®l®ration, et plus exactement sur les 

pentes relatives de d®c®l®ration ont ®t® observ®s uniquement dans la t©che 

unidirectionnelle. Lorsque la cible survenait ¨ un d®lai court, les participants 

ralentissaient plus efficacement lorsque le d®lai pr®c®dent ®tait ®galement court, plut¹t 

que long : ils partaient dôune vitesse plus ®lev®e et effectuaient un ralentissement plus 

abrupt. Ces r®sultats sugg¯rent que, dans la t©che unidirectionnelle, les participants 

anticipaient mieux l'arr°t du mouvement au d®lai court en ajustant leur d®c®l®ration de 

fa­on plus efficace ¨ l'approche du signal cible quand le d®lai pr®c®dent ®tait ®galement 

court. Nous nôavons observ® aucun effet s®quentiel sur cet indicateur avant le d®lai long, 

reproduisant ainsi lôasym®trie des effets s®quentiels rapport®s dans la litt®rature (Correa 

et al., 2006b; Los et al., 2014; Mento, 2017; Niemi & Nªªtªnen, 1981; Vallesi et al., 

2013). 

 

La dichotomie observ®e concernant les effets s®quentiels entre nos deux t©ches motrices 

sôest ®galement manifest®e sur les TRs. Dans la t©che unidirectionnelle, nous avons 

observ® des effets s®quentiels, se traduisant par un arr°t du mouvement plus lent au d®lai 

court lorsque le d®lai pr®c®dent ®tait long plut¹t que court. Ce ralentissement du TR en 

fonction du d®lai pr®c®dent ®tait asym®trique : au d®lai long, le TR restait stable, quel que 

soit le d®lai pr®c®dent. Ces effets s®quentiels sur le TR, largement document®s dans la 

litt®rature, constituent un indicateur robuste et automatique des capacit®s de pr®diction 

temporelle (Brul® et al., 2021; Kong et al., 2015; Los, 2010; Steinborn et al., 2008; Vallesi 

et al., 2014). En revanche, de mani¯re inattendue, aucune influence du d®lai pr®c®dent sur 

l'arr°t au d®lai court n'a ®t® observ®e dans la t©che multidirectionnelle. 

 

Lôabsence dôeffets s®quentiels dans la t©che multidirectionnelle, o½ la direction change ¨ 

chaque essai, contrastait avec leur persistance dans la t©che unidirectionnelle, o½ la 

direction est similaire dôun essai ¨ lôautre. Cette dichotomie a ®t® interpr®t®e comme un 

argument selon lequel les effets s®quentiels observ®s sur nos indicateurs 

comportementaux ®taient dus ¨ une pr®diction temporelle intrins¯quement li®e ¨ une 

commande motrice sp®cifique. Ces r®sultats ®taient distincts de ceux observ®s ¨ lôEEG, 
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mais ces derniers seront abord®s en fin de discussion, en parall¯le avec les r®sultats 

pr®liminaires obtenus chez les individus atteints de SZ (®tude 4). 

 

7.1.2. £tudes 2 chez les neurotypiques, de lôenfance ¨ lô©ge adulte  

 

Dans lô®tude 2, men®e sur une population de neurotypiques ©g®s de 9 ¨ 24 ans, nous avons 

reproduit les r®sultats observ®s chez les adultes de lô®tude 1 sur les pentes relatives de 

d®c®l®ration. Exclusivement dans la t©che unidirectionnelle, nous avons observ® un effet 

s®quentiel sur les pentes relatives de d®c®l®ration au d®lai court, avec un ralentissement 

plus rapide lorsque le d®lai de lôessai pr®c®dent ®tait ®galement court plut¹t que long. La 

r®plication de ces r®sultats indique que la pr®diction temporelle est int®gr®e au 

programme moteur chez lôindividu neurotypique d¯s lô©ge de 9 ans, du moins en ce qui 

concerne le programme moteur planifi® en amont de lôaction et avant la survenue de la 

cible.  

 

Cependant, sur les TRs, nous avons observ® une dissociation int®ressante par rapport aux 

r®sultats de l'®tude 1. Chez les jeunes participants, des effets s®quentiels ont ®t® identifi®s 

dans les deux t©ches motrices, bien que leur intensit® soit plus marqu®e dans la t©che 

unidirectionnelle. La pr®sence de ces effets s®quentiels dans la t©che o½ le programme 

moteur varie dôun essai ¨ lôautre indique qu'ils ne d®pendent pas n®cessairement d'un 

programme moteur sp®cifique, du moins chez les jeunes. 

 

Dans nos t©ches, l'arr°t du mouvement est d®clench® par l'occurrence du signal cible, ce 

qui sugg¯re que les effets s®quentiels chez les jeunes pourraient partiellement r®sulter de 

la pr®diction de ce signal. £tant donn® que ces effets ne peuvent °tre attribu®s uniquement 

¨ une pr®diction temporelle associ®e ¨ la commande motrice (®tude 2) ni ¨ une pr®diction 

sensorielle isol®e (®tude 1), nous proposons qu'ils sont le fruit d'une pr®diction temporelle 

sensorimotrice, laquelle semble ®voluer avec le neurod®veloppement (Chicoine et al., 

1992; Gordon-Murer et al., 2021; Viel et al., 2009). Chez l'adulte, nous avions interpr®t® 

la persistance des effets s®quentiels lors de la r®p®tition du mouvement et leur disparition 

dans la condition multidirectionnelle comme un argument selon lequel lôint®gration de la 

pr®diction sensorielle se fait dans un programme moteur pr®cis. En revanche, cette 

association ne semble pas aussi pr®cise chez les jeunes neurotypiques, du moins quand il 

leur faut prendre en compte le retour sensoriel pour arr°ter le mouvement. 
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Avant d'approfondir notre discussion sur l'int®gration sensorimotrice, il nous para´t 

n®cessaire de poursuivre notre discussion des r®sultats relatifs ¨ la pr®diction temporelle 

motrice, en particulier les effets s®quentiels sur les pentes relatives de d®c®l®ration. Les 

r®sultats obtenus chez les individus ¨ HR de l'®tude 3 concernant cet indicateur ont non 

seulement renforc® notre questionnement sur le r¹le de l'int®gration sensorimotrice dans 

notre protocole, mais ont ®galement soulev® la possibilit® d'une divergence dans la 

maturation de ce processus entre les populations neurotypiques et neuro-atypiques. 

 

7.1.3. £tude 3 chez les individus ¨ HR de conversion psychotique 

 

Dans lô®tude 3, nous avons observ® un effet s®quentiel sur les pentes relatives de 

d®c®l®ration avant le d®lai court qui ®tait plus fort dans la t©che unidirectionnelle que dans 

la t©che multidirectionnelle. Cependant, les r®sultats ont aussi montr® des diff®rences dans 

l'expression des effets s®quentiels entre les groupes. Lôanalyse de la distribution des TRs 

a sugg®r® un effet s®quentiel plus prononc® chez les individus ¨ HR par rapport aux 

neurotypiques, sans interaction avec la t©che. Les individus ¨ HR avaient ®galement 

tendance ¨ pr®senter un effet s®quentiel plus marqu® sur leurs pentes relatives de 

d®c®l®ration avant le d®lai court, quel que soit le type de t©che motrice consid®r®. Ces 

observations pourraient indiquer que, chez les individus ¨ HR, la pr®diction temporelle 

observ®e durant la pr®paration motrice semble davantage d®pendre d'une pr®diction 

sensorielle externe, qui n'est pas li®e au programme moteur ex®cut®. Ceci pourrait 

conduire ¨ une inefficacit® et ¨ une impr®cision de l'anticipation motrice chez cette 

population. 

 

Les pentes relatives de d®c®l®ration jouent un r¹le important dans nos r®sultats. Ces 

pentes r®v¯lent lôefficacit® de la planification de lôarr°t du mouvement (Woodworth, 

1899). Elles permettent ainsi de comparer les diff®rentes strat®gies de planification 

motrice. Les variations observ®es pourraient refl®ter une maturation distincte du contr¹le 

moteur entre les groupes exp®rimentaux. Nous d®veloppons ce point dans le passage 

suivant. 
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7.2. Analyse de la planification motrice : neurotypiques vs. 

neuro-atypiques 
 

Avant le d®lai court, dans la t©che unidirectionnelle, les individus ¨ HR ©g®s de 13 ¨ 17 

ans ont montr® des pentes relatives de d®c®l®ration plus abruptes que les neurotypiques 

du m°me ©ge (®tude 3). Ces pentes plus abruptes indiquent un ralentissement plus marqu® 

dans un m°me laps de temps. Pour rappel, elles signent le fait que les individus ¨ HR 

partent dôune vitesse ®lev®e, mais parviennent ¨ suffisamment ralentir pour atteindre une 

vitesse ®quivalente ¨ celle des neurotypiques au moment dôarr°ter leur mouvement. Gr©ce 

¨ ce ralentissement, les individus ¨ HR r®ussissent ¨ arr°ter leur mouvement aussi 

efficacement que leurs homologues neurotypiques. Cela sugg¯re quôils b®n®ficient de la 

r®p®tition du programme moteur dans la t©che unidirectionnelle pour optimiser leur 

d®c®l®ration et ainsi bien ex®cuter lôarr°t.  

 

Ce ph®nom¯ne est ®galement observ® chez les neurotypiques, mais ©g®s de 9 ¨ 12 ans 

(®tude 2). Ces derniers ont montr® des pentes relatives de d®c®l®ration plus abruptes que 

les neurotypiques ©g®s de 18 ¨ 24 ans. Ces pentes plus abruptes permettaient aux 9 ï 12 

ans dôarr°ter leur mouvement avec autant dôefficacit® que les plus ©g®s. En cela, ces 

pentes abruptes sont un signe dôefficacit® motrice. 

 

Dans la t©che multidirectionnelle, le changement de commande motrice ¨ chaque essai 

devrait limiter lôoptimisation de la pr®paration de lôarr°t. Côest ce qui est observ® chez les 

jeunes neurotypiques, dont les pentes relatives de d®c®l®ration deviennent similaires ¨ 

celles des participants plus ©g®s dans la t©che multidirectionnelle. En revanche, 

lôex®cution de lôarr°t chez les jeunes nôest plus aussi efficace que celle des plus ©g®s, 

comme en t®moignent leurs TRs plus lents au d®lai court dans cette t©che (®tude 2), et 

signe une difficult® ¨ r®agir au signal sensoriel dans cette t©che motrice. ê l'inverse, chez 

les individus ¨ HR ©g®s de 13 ¨ 17 ans, le changement de direction dans la t©che 

multidirectionnelle ne les emp°che pas de montrer des pentes relatives de d®c®l®ration 

plus abruptes que celles des neurotypiques. Cette strat®gie s'av¯re inefficace, car elle ne 

permet pas d'optimiser l'ex®cution de l'arr°t dans cette t©che, comme en t®moignent les 

TRs plus lents observ®s chez les individus ¨ HR par rapport aux neurotypiques (®tude 3). 
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Chez les individus ¨ HR, une d®c®l®ration abrupte dans la t©che multidirectionnelle 

pourrait r®v®ler un d®ficit g®n®ral de lôanticipation de lôarr°t, qui m¯ne ¨ une vitesse 

excessive pendant lôex®cution du mouvement, et qui explique la pente abrupte de 

d®c®l®ration. On pourrait sôinterroger sur les liens entre ce comportement moteur et 

lôimpulsivit® motrice observ®e chez les individus ¨ HR (Fekih-Romdhane et al., 2024; 

Lee et al., 2013), mais cette question n®cessitera dôautres ®tudes.  

 

Dans notre protocole, des anomalies ont ®t® observ®es sur les TRs m°me chez les 

neurotypiques. Lôarr°t du mouvement est d®clench® par lôoccurrence dôun signal cible, et 

bien pr®parer cet arr°t requiert de pouvoir anticiper ce signal et ajuster le mouvement 

quand il survient. Lôint®gration sensorimotrice joue un r¹le central dans ce processus, 

permettant au syst¯me nerveux central de combiner les informations sensorielles et 

motrices pour g®n®rer des r®ponses adapt®es (Bianco et al., 2024; Edwards et al., 2019; 

Wolpert et al., 1995). La divergence observ®e dans les strat®gies de planification motrice 

entre les groupes pourrait refl®ter une diff®rence dans leurs capacit®s dôint®gration 

sensorimotrice. En grandissant, les neurotypiques perfectionnent cette capacit® 

dôint®gration, ce qui leur permet de ne plus d®pendre dôun ralentissement excessif pour 

bien ex®cuter lôarr°t. ê l'inverse, chez les individus ¨ HR, cette maturation semble suivre 

une trajectoire diff®rente, les obligeant ¨ ralentir davantage pour compenser un d®ficit 

dôanticipation. 

 

7.3. Lôint®gration sensorimotrice 
 

Les capacit®s dôint®gration sensorimotrice continuent de se d®velopper tout au long de 

l'enfance et de l'adolescence, ce qui peut expliquer les variations observ®es dans la 

planification et lôex®cution des r®ponses entre nos groupes exp®rimentaux (Chicoine et 

al., 1992; Gordon-Murer et al., 2021; Quatman-Yates et al., 2012; Viel et al., 2009). Par 

exemple, une int®gration inad®quate de la pr®diction du signal cible dans la pr®paration ¨ 

lôarr°t pourrait entra´ner une ex®cution moins efficace chez les plus jeunes.  

 

Lôensemble de nos r®sultats nous a amen® ¨ interroger le r¹le de lôint®gration 

sensorimotrice, sujet que nous abordons dans la suite de la discussion concernant nos trois 

premi¯res ®tudes. 
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7.3.1. Les effets s®quentiels sur le TR : indicateurs dôune pr®diction 

temporelle sensorimotrice 
 

Pour rappel, dans lô®tude 1, une dichotomie a ®t® observ®e concernant les effets 

s®quentiels sur les TRs. Comme pour les pentes relatives de d®c®l®ration, ces effets 

s®quentiels ®taient pr®sents dans la t©che unidirectionnelle, mais absents dans la t©che 

multidirectionnelle. Leur disparition avec le changement de commande motrice sugg¯re 

qu'ils pourraient °tre li®s ¨ une pr®diction temporelle d®pendante du programme moteur.  

 

Nous lôavons ®voqu®, les r®sultats de lô®tudes 2 ont montr® que les jeunes participants 

pr®sentaient des effets s®quentiels sur leurs TRs, ind®pendamment du type de t©ches 

motrices. Ces r®sultats ont soulev® des questions sur la nature de la pr®diction temporelle 

associ®e aux effets s®quentiels sur les TRs et nous ont incit® ¨ explorer le r¹le de 

l'int®gration de la pr®diction temporelle sensorielle dans la commande motrice (i.e. le r¹le 

de lôint®gration sensorimotrice) lors de l'ex®cution de la r®ponse. 

 

7.3.1.1. Maturation des capacit®s dôint®gration sensorimotrices chez les neurotypiques 

 

La maturation des capacit®s d'int®gration sensorimotrice se poursuit tout au long de 

l'enfance et de l'adolescence. La litt®rature sugg¯re qu'une ®volution asynchrone des 

syst¯mes sensoriels et moteurs pourrait °tre ¨ lôorigine dôune dissociation partielle de ces 

processus durant le neurod®veloppement (Bender et al., 2005; Flores et al., 2009; Gordon-

Murer et al., 2021; Viel et al., 2009). Au fil du temps, les informations sensorielles sont 

progressivement int®gr®es au contr¹le moteur, illustrant ainsi la maturation de 

l'int®gration sensorimotrice. Ce d®veloppement pourrait expliquer pourquoi les 

performances motrices des adultes sont g®n®ralement plus pr®cises et rapides que celles 

des jeunes (Adams & Lambos, 1986; Eckert & Eichorn, 1977; Johnson et al., 2015). 

 

Dans notre ®tude 2, le jeune ©ge des participants pourrait expliquer la persistance des 

effets s®quentiels sur les TRs dans la t©che multidirectionnelle. Chez les jeunes, la 

pr®diction de l'occurrence du signal cible n'est peut-°tre pas int®gr®e ¨ une commande 

motrice pr®cise, ce qui pourrait expliquer la persistance de ces effets, m°me lorsque le 

mouvement change.  
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Attribuer la persistance de ces effets ¨ un manque de maturit® des capacit®s dôint®gration 

sensorimotrice n®cessite une discussion plus approfondie de la pr®servation de ces effets 

dans le groupe ©g® de 18 ¨ 24 ans. Cette tranche dô©ge ®tant proche de celle des 

participants de lô®tude 1, on pourrait sôattendre ¨ des r®sultats similaires ¨ ceux observ®s 

chez les adultes neurotypiques. Toutefois, plusieurs diff®rences au sein de nos 

®chantillons doivent °tre prises en compte.  

 

Tout dôabord, le groupe de jeunes adultes de lô®tude 2 comptait 12 participants contre 25 

dans lô®tude 1, ce qui pourrait entra´ner une plus grande variabilit® intra-groupe dans 

lô®tude 2, en particulier concernant la maturation de lôint®gration sensorimotrice. En effet, 

les participants ©g®s de 18 ¨ 20 ans repr®sentaient 20% du groupe de lô®tude 1, contre 

33% dans lô®tude 2. Comme les capacit®s dôint®gration sensorimotrice continuent de se 

d®velopper jusquô¨ environ 20 ans (Chicoine et al., 1992), cela pourrait accentuer les 

diff®rences observ®es entre nos deux ®tudes.  

 

De plus, bien que la proportion dôhommes soit similaire dans les deux ®tudes (25%), la 

diff®rence de performances entre les sexes pourrait °tre plus marqu®e dans lô®tude 2. En 

effet, des ®carts de maturation sensorimotrice entre hommes et femmes ont ®t® rapport®s 

(Nolan et al., 2005; Viel et al., 2009), particuli¯rement prononc®s jusquô¨ au moins 18 

ans (Largo et al., 2001).  

 

Enfin, il est important de noter que les participants de lô®tude 1 ®taient fran­ais, tandis 

que ceux de lô®tude 2 ®taient canadiens. Les variations dans la maturation des processus 

sensorimoteurs peuvent °tre dues ¨ des facteurs contextuels, parmi lesquels le syst¯me 

®ducatif. Ce dernier est associ® au d®veloppement cognitif et pourrait contribuer ¨ cette 

maturation sensorimotrice (Kert®sz & Honbolyg·, 2023). Ce dernier point souligne 

lôimportance dôune repr®sentation diversifi®e dans les recherches pour assurer la 

reproductibilit® des r®sultats. 
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7.3.1.2. La pr®diction temporelle sensorimotrice chez les individus ¨ HR de conversion 

psychotique 

 

Lôexamen des TRs bruts a montr® que les individus ¨ HR de conversion psychotique ont 

montr® des effets s®quentiels uniquement dans la t©che unidirectionnelle (®tude 3). Ce 

r®sultat ®tait surprenant, car ®tant donn® leur ©ge nous aurions pu nous attendre ¨ des 

effets s®quentiels dans les deux t©ches motrices, comme chez les participants 

neurotypiques (®tude 2). Pour mieux comprendre cette observation, nous avons analys® 

la distribution des TRs afin de v®rifier si ces effets pouvaient °tre masqu®s par une 

diff®rence dans la r®partition des r®ponses chez les individus ¨ HR par rapport aux 

neurotypiques. 

 

Les analyses de lôasym®trie de la distribution des TRs au d®lai court ont r®v®l® que les 

individus ¨ HR pr®sentaient une asym®trie vers des r®ponses plus lentes lorsque le d®lai 

pr®c®dent ®tait long. Cette asym®trie n'®tait pas observ®e chez les neurotypiques. Ce 

r®sultat sugg¯re que les individus ¨ HR pr®sentent un effet s®quentiel plus marqu® que les 

neurotypiques dans les deux t©ches, mais masqu® par une variabilit® des r®ponses. Cela 

pourrait sugg®rer que les capacit®s dôint®gration sensorimotrice des individus ¨ HR sont 

moins matures que celles des neurotypiques, ce qui les rend plus sensibles aux effets 

s®quentiels, notamment dans la t©che multidirectionnelle. 

 

La litt®rature sugg¯re d®j¨ des troubles de lôint®gration sensorimotrice chez les individus 

¨ HR. Delevoye-Turrell et al. (2012) ont ®tudi® cette population lors dôune t©che de 

pointage manuel s®quentiel, o½ les participants devaient pointer six cercles de mani¯re 

rythmique avec leur doigt sur un ®cran tactile, et ceci ¨ leur propre tempo, sans consigne 

de dur®e sp®cifique. Les r®sultats ont montr® que les individus ¨ HR avaient un rythme 

similaire ¨ celui des neurotypiques, mais avec une variabilit® temporelle plus importante. 

Bien que les auteurs nôaient pas observ® de d®ficits sensorimoteurs flagrants, cette 

instabilit® rythmique pourrait indiquer une fragilit® dans lôint®gration des informations 

sensorielles et motrices au fil du temps. La r®alisation dôun rythme pr®cis n®cessite une 

coordination efficace des informations visuelles, tactiles, proprioceptives et motrices, et 

cette coordination pourrait °tre perturb®e chez les individus ¨ HR (Damme et al., 2021, 

2024; Poletti et al., 2019; Poletti & Raballo, 2022). 
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Cette hypoth¯se dôune alt®ration des processus sensorimoteurs chez les individus ¨ HR 

semble °tre confirm®e par des effets s®quentiels observ®s sur les pentes relatives de 

d®c®l®ration aux essais longs dans la t©che multidirectionnelle (®tude 3). En effet, les 

individus ¨ HR pr®sentaient une d®c®l®ration plus marqu®e en anticipation du signal cible 

au d®lai long, lorsque le d®lai pr®c®dent ®tait long plut¹t que court. Ces effets ®taient 

inattendus pour deux raisons. 

 

Premi¯rement, chaque essai impliquait une commande motrice diff®rente. Dans nos 

autres donn®es concernant les ralentissements anticipatoires (®tudes 1 et 2), cette t©che 

emp°chait lôutilisation des informations temporelles associ®es au mouvement pr®c®dent. 

Deuxi¯mement, au d®lai long, le d®lai pr®c®dent ne devrait pas influencer la pr®paration 

¨ lôarr°t dans lôessai actuel (®tude 1 et 2), parce que la pr®paration ¨ ce d®lai devrait °tre 

optimale quel que soit le mod¯le explicatif pour les effets s®quentiels (Correa et al., 

2006b; Los et al., 2014, 2017; Mento, 2017; Nobre et al., 2007; Salet et al., 2022; Vallesi 

et al., 2014; Vallesi & Shallice, 2007). Par cons®quent, il ®tait surprenant dôobserver ces 

effets dans notre ®tude. Nous nôavions pas observ® jusquôici dôeffets s®quentiels au d®lai 

long, et ceux-ci ne sont pas non plus observ®s dans la litt®rature, m°me chez lôenfant 

(Droit-Volet & Coull, 2016). 

 

La pr®sence dôun effet s®quentiel dans cette condition chez les enfants ¨ HR indique que 

leur pr®paration ¨ lôarr°t est anormalement influenc®e par les informations des essais 

pr®c®dents. En consid®rant les th®ories bas®es sur lô®volution des probabilit®s 

dôoccurrence de la cible, la persistance des effets s®quentiels au d®lai long sugg¯re que 

les enfants ¨ HR n'ajustent pas leur pr®diction en temps r®el et ne tiennent pas compte de 

l'absence d'occurrence de la cible au d®lai court. 

 

Ce pattern de r®sultats diff¯re consid®rablement de ceux observ®s chez les neurotypiques 

du m°me ©ge. En effet, des ®tudes ont montr® que les enfants neurotypiques ©g®s de 8 ¨ 

12 ans r®agissent plus fortement ¨ la non-occurrence de la cible au d®lai court que les 

adultes (Mento & Vallesi, 2016). Cette r®ponse accentu®e ¨ la d®tection d'omission est 

suivie, chez les enfants, d'une augmentation de lôactivit® c®r®brale dans les zones 

associ®es ¨ la pr®paration temporelle. Cela sugg¯re qu'en r®action ¨ l'absence de la cible 

au d®lai court, les enfants neurotypiques actualisent automatiquement leurs pr®dictions et 

se pr®parent de mani¯re significative ¨ lôapparition de la cible au d®lai long. Ainsi, la 
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pr®diction de lôoccurrence de la cible au d®lai court est bien int®gr®e ¨ la pr®paration 

motrice chez ces enfants (Debrabant et al., 2012; Mento & Granziol, 2020). Cette 

interpr®tation pourrait sugg®rer un d®ficit de prise en compte des probabilit®s dôapparition 

de la cible. Cependant les effets habituels dôam®lioration des TRs aux d®lais longs, par 

rapport aux d®lais courts, semble contredire cette hypoth¯se, de m°me que lôabsence 

dôeffet s®quentiels aux d®lais longs chez les individus ¨ HR. 

 

Pour ces raisons nous avons sugg®r® que chez les individus ¨ HR, le probl¯me r®side dans 

l'int®gration de la pr®diction temporelle dans le programme moteur. Ce ph®nom¯ne 

dôeffets s®quentiels au d®lai long nôest plus observ® chez les individus ¨ HR plus ©g®s. 

Ceci pourrait sugg®rer quôen grandissant, la pr®diction de lôoccurrence du signal cible 

finit par sôint®grer ¨ la commande motrice, comme côest d®j¨ le cas chez les enfants 

neurotypiques de tout ©ge (Edwards et al., 2019; Rasman et al., 2024; Wolpert et al., 

1995). Ceci pourrait sugg®rer un d®faut de lôoptimisation motrice chez les individus ¨ 

HR, coh®rent avec la litt®rature qui sugg¯re une am®lioration progressive de lôefficacit® 

motrice (Turrell et al., 2001).  

 

7.4. La pr®diction temporelle sensorimotrice chez les individus 

atteints de SZ 
 

£tant donn® que cette ®tude est toujours en cours, nos r®sultats sont pr®liminaires et notre 

®chantillon est restreint. Nous n'avons donc pas encore pu analyser les indicateurs de la 

trajectoire chez les individus atteints de SZ. Nous nous sommes concentr®s sur 

l'®valuation du b®n®fice du passage du temps, qui a ®t® d®montr® ¨ plusieurs reprises 

comme ®tant alt®r® chez certains individus atteints de SZ (Foerster & Joos et al., 2024; 

Martin et al., 2017; Zahn et al., 1963). Nous avons examin® son impact sur les 

performances habituellement mesur®es dans les t©ches d'attente temporelle, telles que les 

TRs et les potentiels ®voqu®s (CNV). 

 

Dans le contexte des t©ches d'attente temporelle, il est observ® que plus l'intervalle entre 

la pr®sentation du premier stimulus et celle de la cible est long, plus le niveau de 

pr®paration des participants augmente. Cela se traduit par des TRs plus rapides apr¯s un 

long d®lai par rapport ¨ un d®lai court (Correa et al., 2006b; Mioni et al., 2018; Niemi & 

Nªªtªnen, 1981; Vallesi & Shallice, 2007). Selon les th®ories bas®es sur lô®volution des 
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probabilit®s dôoccurrence de la cible, cette diff®rence de TR s'explique par le passage du 

temps, auquel est associ® une augmentation croissante de la probabilit® d'occurrence de 

la cible. Avoir un TR plus rapide au d®lai long qu'au d®lai court sugg¯re que les 

participants sont capables de percevoir implicitement le passage du temps et dôactualiser 

leurs pr®dictions concernant l'occurrence de la cible en fonction de ce passage implicite 

du temps. 

 

Des r®sultats r®cents indiquent que les individus atteints de SZ, et plus particuli¯rement 

ceux qui pr®sentent des troubles du sens de soi, ne b®n®ficient pas du passage du temps 

de la m°me mani¯re que les neurotypiques pour am®liorer leurs performances (Foerster 

& Joos et al., 2024; Martin et al., 2017). En particulier, ils ne pr®sentent pas de TRs plus 

rapides lorsque la cible appara´t apr¯s un d®lai long par rapport ¨ un d®lai court.  

 

Dans nos deux t©ches motrices, nous avons observ® un b®n®fice du passage du temps sur 

les TRs similaire entre les individus atteints de SZ et les neurotypiques. Tous les 

participants, quel que soit leur groupe, r®ussissent ¨ arr°ter leur mouvement plus 

rapidement apr¯s un d®lai long quôapr¯s un d®lai court.  

 

Pour v®rifier si ce b®n®fice du passage du temps est pr®serv® en raison de lôutilisation de 

t©ches motrices, il sera essentiel d'examiner les performances des individus atteints de SZ 

dans notre t©che contr¹le. Cette t©che, qui s'apparente aux protocoles d'attente temporelle 

de la litt®rature, n®cessite que les participants restent immobiles entre la pr®sentation du 

premier stimulus et lôoccurrence du signal cible auquel ils doivent r®agir en appuyant sur 

un bouton r®ponse. Actuellement, notre ®chantillon est trop petit pour observer une 

diff®rence significative entre les TRs au d®lai long et ceux au d®lai court dans cette t©che, 

m°me chez les neurotypiques. Un ®chantillon plus important nous permettra de v®rifier 

si nous reproduisons les alt®rations d®crites dans la litt®rature concernant les TRs des 

individus atteints de SZ. Si tel est le cas, cela sugg®rera que b®n®fice du passage du temps 

sur les TRs dans nos t©ches motrices est li®e ¨ l'action. 

 

Les r®sultats concernant la CNV pourraient d®j¨ confirmer cette hypoth¯se et la derni¯re 

section de la discussion est consacr® ¨ ce potentiel ®voqu®.  
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7.5. La CNV 
 

La CNV est un potentiel ®voqu® souvent alt®r® chez les individus atteints de SZ. En effet 

la CNV pr®sente une amplitude moins n®gative dans cette population par rapport aux 

neurotypiques (Osborne et al., 2020). Dans notre premi¯re ®tude, nous avons ®tabli la 

pr®sence d'une CNV dans nos t©ches motrices et montr® que son amplitude ®tait sensible 

aux capacit®s de pr®diction temporelle. En effet, nous avons observ® des effets s®quentiels 

sur l'amplitude de la CNV : avant l'occurrence du signal cible au d®lai court, l'amplitude 

de la CNV ®tait plus n®gative lorsque le d®lai de l'essai pr®c®dent ®tait ®galement court 

plut¹t que long. Ces r®sultats reproduisaient ceux de la litt®rature, observ®s dans des 

t©ches classiques dôattente temporelle (Los & Heslenfeld, 2005; Mento, 2017). 

Cependant, lors de lô®tude 1, et contrairement aux effets s®quentiels observ®s sur les 

r®sultats comportementaux, des effets s®quentiels ont ®t® constat®s sur lôamplitude de la 

CNV, et ceci de mani¯re indistincte dans nos deux t©ches motrices. Cette observation nous 

a conduits ¨ sugg®rer que les effets s®quentiels sur cet indicateur reposent sur une 

pr®diction temporelle ind®pendante du programme moteur ex®cut®.  

 

Notre ®chantillon pr®liminaire de lô®tude 4 (chez les individus atteints de SZ) ne nous a 

pas permis de v®rifier pour lôinstant la pr®sence des effets s®quentiels sur les amplitudes 

de la CNV chez nos participants. Cependant, ¨ notre grande surprise, nous avons observ® 

une restauration de lôamplitude de la CNV chez les individus atteints de SZ. Cette 

amplitude ®tait comparable, voire plus n®gative, que celle des neurotypiques dans nos 

deux t©ches motrices. En revanche, dans notre t©che contr¹le, o½ les participants restaient 

immobiles entre le signal de d®part et le signal cible, nous avons reproduit lôalt®ration 

classique de la CNV chez les individus atteints de SZ, avec des amplitudes beaucoup 

moins n®gatives que celles des neurotypiques. 

 

Bien que ces r®sultats doivent °tre interpr®t®s avec prudence, ils sugg¯rent que lôex®cution 

dôun mouvement pendant lôattente pourrait rendre le passage du temps plus concret pour 

les individus atteints de SZ. Nous proposons que cela est rendu possible par le flux 

dôinformations sensorielles g®n®r® lors du mouvement : ce flux, qui informe le contr¹le 

moteur de la progression du mouvement, pourrait rendre le passage du temps plus 

tangible. Toutefois, ces hypoth¯ses demeurent sp®culatives ¨ ce stade.
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Conclusion et Perspectives 
 

 

Comme nous lôavons ®voqu® dans lôintroduction, lôobjectif principal de cette th¯se a 

®volu® au fil des ®tudes. Initialement, il sôagissait de d®velopper un protocole bas® sur 

une t©che dôattente temporelle int®grant des composantes motrices et tactiles, pour ®tudier 

les troubles cognitifs li®s au sens de soi dans la SZ. Des d®couvertes inattendues dans les 

r®sultats de notre ®tude pr®liminaire ont finalement soulev® de nouvelles questions 

fondamentales. Nos travaux se sont alors orient®s vers l'exploration des m®canismes de 

pr®diction temporelle au cours de lôaction motrice, aussi bien chez des populations 

neurotypiques que neuro-atypiques. 

 

Dans le paradigme d®velopp®, les participants devaient initier un mouvement continu 

apr¯s un signal de d®part, puis l'arr°ter d¯s lôoccurrence dôun signal cible. Ajouter cette 

composante motrice pendant lôattente nous a permis de recueillir des indicateurs 

cin®matiques, refl®tant l'anticipation de l'arr°t du mouvement. En plus de ces indicateurs, 

nous avons recueilli les mesures classiques des t©ches dôattente temporelle, telles que les 

TRs et la CNV. Les effets s®quentiels sur ces indicateurs ont ®t® analys®s afin d'®valuer 

lôinfluence de la pr®diction temporelle sur la pr®paration et lôex®cution de lôarr°t. Deux 

t©ches ont ®t® d®velopp®es : lôune unidirectionnelle, o½ la trajectoire ®tait la m°me ¨ 

chaque essai, et lôautre multidirectionnelle, o½ la direction changeait dôun essai ¨ lôautre. 

Lôobjectif ®tait dô®valuer si la pr®diction temporelle est intrins¯quement li®e au 

mouvement ex®cut® ou si elle influence plus largement le syst¯me moteur. Il sôagissait 

®galement dôexaminer comment cette pr®diction ®voluait selon les populations ®tudi®es. 

 

Les ®tudes 1 et 2 ont permis dôexplorer les processus de pr®diction temporelle associ®s ¨ 

lôaction motrice chez des individus neurotypiques, et d'examiner leur ®volution au cours 

du neurod®veloppement typique. Les r®sultats de lô®tude 1 ont r®v®l® une dichotomie 

int®ressante : les effets s®quentiels observ®s sur les indicateurs comportementaux et EEG 

sugg¯rent lôexistence de diff®rents m®canismes de pr®diction temporelle op®rant ¨ la 

m°me ®chelle temporelle. L'un de ces m®canismes est directement li® au mouvement et 
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se manifeste par des indicateurs comportementaux, tandis quôun autre, moins d®pendant 

du mouvement, est d®tect® ¨ lôEEG. Ces r®sultats ont soulev® des questions sur 

l'interaction de ces processus et leur ®volution durant le neurod®veloppement.  

 

Les r®sultats de lô®tude 2 ont permis de faire ®voluer nos interpr®tations, en d®montrant 

que les indicateurs comportementaux mesur®s avant (pentes relatives de d®c®l®ration) et 

apr¯s (TR) la r®ponse, r®v¯lent des processus distincts, tous deux influenc®s par la 

pr®paration temporelle. Les pentes relatives de d®c®l®ration montrent que la pr®paration 

motrice est pr®sente d¯s lô©ge de 9 ans, tandis que le TR indique une pr®paration 

sensorimotrice qui ®volue tout au long de lôadolescence. Les diff®rences de performance 

entre les groupes dô©ge dans les t©ches dôattente temporelle pourraient °tre attribu®es ¨ la 

maturation de ces processus sensorimoteurs. 

 

Nos r®sultats obtenus chez les individus neurotypiques ont soulign® l'importance de 

consid®rer plusieurs m®canismes de pr®diction temporelle lors de l'®laboration de 

protocoles exp®rimentaux. Ils ont aussi soulev® des interrogations sur la pr®servation de 

ces m®canismes de pr®diction temporelle chez les populations neuro-atypiques, connues 

pour des alt®rations des capacit®s de pr®diction temporelle. 

 

Les r®sultats de lô®tude 3 montrent que les capacit®s de pr®diction temporelle motrice 

semblent pr®serv®es chez les individus ¨ HR de conversion psychotique. Cependant, ces 

individus rencontrent des difficult®s ¨ ajuster leurs pr®dictions aux r®gularit®s de la t©che, 

sôappuyant davantage sur leurs exp®riences r®centes. En revanche, les r®sultats sur les 

TRs ont montr® que les individus ¨ HR conservaient une sensibilit® aux probabilit®s 

dôoccurrence de la cible. Pour cette raison nous avons sugg®r® que lôimpr®cision de la 

pr®paration motrice est plut¹t li®e ¨ une int®gration alt®r®e de la pr®diction sensorielle 

dans la planification du mouvement chez les individus ¨ HR. Les strat®gies de pr®paration 

motrice observ®es chez les individus ¨ HR, diff®rentes de celles des neurotypiques, 

pourraient viser ¨ compenser une maturation sensorimotrice perturb®e. Cela pourrait non 

seulement expliquer certains troubles du contr¹le moteur dans cette population, mais 

aussi fournir des indices sur les d®ficits similaires observ®s chez les individus atteints de 

SZ, en lien avec le caract¯re neurod®veloppemental de ce trouble. 
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Les r®sultats pr®liminaires de lô®tude 4 montrent que la r®alisation dôun mouvement 

pendant lôattente pourrait permettre de restaurer le b®n®fice du passage du temps sur les 

TRs et sur la CNV chez des individus atteints de SZ. La restauration de la CNV est une 

d®couverte in®dite dans la SZ, et nous pr®voyons dô®tendre cette ®tude ¨ un ®chantillon 

plus large afin de confirmer ces r®sultats. Si ce sch®ma se confirme, il pourrait enrichir 

notre compr®hension des alt®rations de la pr®diction temporelle et des d®ficits moteurs 

associ®s dans la SZ. 

 



 

243 

 

 

R£F£RENCES 
 

 

Abel, K. M. (2004). Foetal origins of schizophrenia : Testable hypotheses of genetic and 

environmental influences. British Journal of Psychiatry, 184(5), 383 385. 

https://doi.org/10.1192/bjp.184.5.383 

Adams, R. J., & Lambos, W. A. (1986). Developmental Changes in Response Preparation 

to Visual Stimuli. Perceptual and Motor Skills, 62(2), 519 522. 

https://doi.org/10.2466/pms.1986.62.2.519 

American Psychiatric Association. (2013). American Psychiatric Association : Diagnostic 

and Statistical Manual of Mental Disorders Fifth Edition. In Arlington. 

Arjona, A., Escudero, M., & G·mez, C. M. (2014). Updating of Attentional and Premotor 

Allocation Resources as function of previous trial outcome. Scientific Reports, 

4(1), 4526. https://doi.org/10.1038/srep04526 

Bender, S., Weisbrod, M., Bornfleth, H., Resch, F., & Oelkers-Ax, R. (2005). How do 

children prepare to react? Imaging maturation of motor preparation and stimulus 

anticipation by late contingent negative variation. NeuroImage, 27(4), 737 752. 

https://doi.org/10.1016/j.neuroimage.2005.05.020 

Be¶o-Ruiz-de-la-Sierra, R. M., Arjona-Valladares, A., Hern§ndez-Garc²a, M., Fern§ndez-

Linsenbarth, I., D²ez, Ć., Roig-Herrero, A., Osorio-Iriarte, E., & Molina, V. 

(2024). Corollary discharge and anomalous self-experiences in schizophrenia and 

bipolar disorder : A specificity analysis. Clinical Neurophysiology, 166, 87 95. 

https://doi.org/10.1016/j.clinph.2024.07.014 

Bianco, V., Borgatti, R., & Berchicci, M. (2024). Behavioral and Neural Mechanisms 

Underlying SensoryïMotor Integration. Brain Sciences, 14(8), 812. 

https://doi.org/10.3390/brainsci14080812 

Birnbaum, R., & Weinberger, D. R. (2017). Genetic insights into the neurodevelopmental 

origins of schizophrenia. Nature Reviews Neuroscience, 18(12), 727 740. 

https://doi.org/10.1038/nrn.2017.125 



RÉFÉRENCES 

 244 

Brul®, S., Herlin, B., Pouget, P., & Missal, M. (2021). Ketamine reduces temporal 

expectation in the rhesus monkey. Psychopharmacology, 238(2), 559 567. 

https://doi.org/10.1007/s00213-020-05706-6 

Brunia, C. H. M. (1993). Waiting in readiness : Gating in attention and motor preparation. 

Psychophysiology, 30(4), 327 339. https://doi.org/10.1111/j.1469-

8986.1993.tb02054.x 

Bueti, D. (2011). The sensory representation of time. Frontiers in Integrative 

Neuroscience, 5, 34. https://doi.org/10.3389/fnint.2011.00034 

Bueti, D., Bahrami, B., & Walsh, V. (2008). Sensory and Association Cortex in Time 

Perception. Journal of Cognitive Neuroscience, 20(6), 1054 1062. 

https://doi.org/10.1162/jocn.2008.20060 

Buhusi, C. V., & Meck, W. H. (2009). Relativity Theory and Time Perception : Single or 

Multiple Clocks? PLoS ONE, 4(7), e6268. 

https://doi.org/10.1371/journal.pone.0006268 

Buonomano, D. V. (2000). Decoding Temporal Information : A Model Based on Short-

Term Synaptic Plasticity. The Journal of Neuroscience, 20(3), 1129 1141. 

https://doi.org/10.1523/JNEUROSCI.20-03-01129.2000 

Buonomano, D. V., & Karmarkar, U. R. (2002). Book Review : How Do We Tell Time? 

The Neuroscientist, 8(1), 42 51. https://doi.org/10.1177/107385840200800109 

Buonomano, D. V., & Laje, R. (2010). Population clocks : Motor timing with neural 

dynamics. Trends in Cognitive Sciences, 14(12), 520 527. 

https://doi.org/10.1016/j.tics.2010.09.002 

Capizzi, M., Correa, Ć., Wojtowicz, A., & Rafal, R. D. (2015). Foreperiod priming in 

temporal preparation : Testing current models of sequential effects. Cognition, 

134, 39 49. https://doi.org/10.1016/j.cognition.2014.09.002 

Carment, L., Dupin, L., Guedj, L., T®r®metz, M., Krebs, M.-O., Cuenca, M., Maier, M. 

A., Amado, I., & Lindberg, P. G. (2019). Impaired attentional modulation of 

sensorimotor control and cortical excitability in schizophrenia. Brain, 142(7), 

2149 2164. https://doi.org/10.1093/brain/awz127 



RÉFÉRENCES 

 245 

Charrier, N., Chevreul, K., & Durand-Zaleski, I. (2013). Le co¾t de la schizophr®nie : 

Revue de la litt®rature internationale. LôEnc®phale, 39, S49 S56. 

https://doi.org/10.1016/j.encep.2012.11.004 

Chicoine, A., Lassonde, M., & Proteau, L. (1992). Developmental aspects of sensorimotor 

integration. Developmental Neuropsychology, 8(4), 381 394. 

https://doi.org/10.1080/87565649209540533 

Ciullo, V., Piras, F., Vecchio, D., Banaj, N., Coull, J. T., & Spalletta, G. (2018). Predictive 

timing disturbance is a precise marker of schizophrenia. Schizophrenia Research: 

Cognition, 12, 42 49. https://doi.org/10.1016/j.scog.2018.04.001 

Correa, Ć., Lupi§¶ez, J., Madrid, E., & Tudela, P. (2006a). Temporal attention enhances 

early visual processing : A review and new evidence from event-related potentials. 

Brain Research, 1076(1), 116 128. https://doi.org/10.1016/j.brainres.2005.11.074 

Correa, Ć., Lupi§¶ez, J., & Tudela, P. (2006b). The attentional mechanism of temporal 

orienting : Determinants and attributes. Experimental Brain Research, 169(1), 

58 68. https://doi.org/10.1007/s00221-005-0131-x 

Coull, J. T. (2009). Neural substrates of mounting temporal expectation. PLoS Biology, 

7(8), 8 11. https://doi.org/10.1371/journal.pbio.1000166 

Coull, J. T., Cotti, J., & Vidal, F. (2014). Increasing Activity in Left Inferior Parietal 

Cortex and Right Prefrontal Cortex with Increasing Temporal Predictability : An 

fMRI Study of the Hazard Function. Procedia - Social and Behavioral Sciences, 

126, 41 44. https://doi.org/10.1016/j.sbspro.2014.02.311 

Coull, J. T., Cotti, J., & Vidal, F. (2016). Differential roles for parietal and frontal cortices 

in fixed versus evolving temporal expectations : Dissociating prior from posterior 

temporal probabilities with fMRI. NeuroImage, 141, 40 51. 

https://doi.org/10.1016/j.neuroimage.2016.07.036 

Coull, J. T., Davranche, K., Nazarian, B., & Vidal, F. (2013). Functional anatomy of 

timing differs for production versus prediction of time intervals. 

Neuropsychologia, 51(2), 309 319. 

https://doi.org/10.1016/j.neuropsychologia.2012.08.017 



RÉFÉRENCES 

 246 

Coull, J. T., & Droit-Volet, S. (2018). Explicit Understanding of Duration Develops 

Implicitly through Action. Trends in Cognitive Sciences, 22(10), 923 937. 

https://doi.org/10.1016/j.tics.2018.07.011 

Coull, J. T., Frith, C. D., B¿chel, C., & Nobre, A. C. (2000). Orienting attention in time : 

Behavioural and neuroanatomical distinction between exogenous and endogenous 

shifts. Neuropsychologia, 38(6), 808 819. https://doi.org/10.1016/S0028-

3932(99)00132-3 

Coull, J. T., & Giersch, A. (2022). The distinction between temporal order and duration 

processing, and implications for schizophrenia. Nature Reviews Psychology, 1(5), 

257 271. https://doi.org/10.1038/s44159-022-00038-y 

Coull, J. T., & Nobre, A. C. (2008). Dissociating explicit timing from temporal 

expectation with fMRI. Current Opinion in Neurobiology, 18(2), 137 144. 

https://doi.org/10.1016/j.conb.2008.07.011 

Damme, K. S. F., Han, Y. C., Han, Z., Reber, P. J., & Mittal, V. A. (2024). Motor precision 

deficits in clinical high risk for psychosis. European Archives of Psychiatry and 

Clinical Neuroscience, 274(6), 1427 1435. https://doi.org/10.1007/s00406-023-

01645-3 

Damme, K. S. F., Schiffman, J., Ellman, L. M., & Mittal, V. A. (2021). Sensorimotor and 

Activity Psychosis-Risk (SMAP-R) Scale : An Exploration of Scale Structure 

With Replication and Validation. Schizophrenia Bulletin, 47(2), 332 343. 

https://doi.org/10.1093/schbul/sbaa138 

Debrabant, J., Gheysen, F., Vingerhoets, G., & Van Waelvelde, H. (2012). Age-related 

differences in predictive response timing in children : Evidence from regularly 

relative to irregularly paced reaction time performance. Human Movement 

Science, 31(4), 801 810. https://doi.org/10.1016/j.humov.2011.09.006 

Delevoye-Turrell, Y., Giersch, A., Wing, A. M., & Danion, J.-M. (2007). Motor fluency 

deficits in the sequencing of actions in schizophrenia. Journal of Abnormal 

Psychology, 116(1), 56 64. https://doi.org/10.1037/0021-843X.116.1.56 

Delevoye-Turrell, Y. N., Thomas, P., & Giersch, A. (2006). Attention for movement 

production : Abnormal profiles in schizophrenia. Schizophrenia Research, 

84(2 3), 430 432. https://doi.org/10.1016/j.schres.2006.02.013 



RÉFÉRENCES 

 247 

Delevoye-Turrell, Y., Wilquin, H., & Giersch, A. (2012). A ticking clock for the 

production of sequential actions : Where does the problem lie in schizophrenia? 

Schizophrenia Research, 135(1 3), 51 54. 

https://doi.org/10.1016/j.schres.2011.12.020 

Droit-Volet, S. (2022). Perception et repr®sentation du temps : Perspective historique: 

Revue de neuropsychologie, 14(4), 233 243. 

https://doi.org/10.1684/nrp.2022.0726 

Droit-Volet, S., & Coull, J. T. (2016). Distinct developmental trajectories for explicit and 

implicit timing. Journal of Experimental Child Psychology, 150, 141 154. 

https://doi.org/10.1016/j.jecp.2016.05.010 

Duque, J., Greenhouse, I., Labruna, L., & Ivry, R. B. (2017). Physiological Markers of 

Motor Inhibition during Human Behavior. Trends in Neurosciences, 40(4), 

219 236. https://doi.org/10.1016/j.tins.2017.02.006 

Eckert, H. M., & Eichorn, D. H. (1977). Developmental Variability in Reaction Time. 

Child Development, 48(2), 452. https://doi.org/10.2307/1128638 

Edwards, L. L., King, E. M., Buetefisch, C. M., & Borich, M. R. (2019). Putting the 

ñSensoryò Into Sensorimotor Control : The Role of Sensorimotor Integration in 

Goal-Directed Hand Movements After Stroke. Frontiers in Integrative 

Neuroscience, 13, 16. https://doi.org/10.3389/fnint.2019.00016 

Eliades, S. J., & Wang, X. (2003). Sensory-Motor Interaction in the Primate Auditory 

Cortex During Self-Initiated Vocalizations. Journal of Neurophysiology, 89(4), 

2194 2207. https://doi.org/10.1152/jn.00627.2002 

Fekih-Romdhane, F., Ghrissi, F., Abassi, B., Loch, A. A., Cherif, W., Damak, R., Ellini, 

S., Cheour, M., & Hallit, S. (2024). Impulsivity as a predictor of clinical and 

psychological outcomes in a naturalistic prospective cohort of subjects at ultra-

high risk (UHR) for psychosis from Tunisia. Psychiatry Research, 340, 116090. 

https://doi.org/10.1016/j.psychres.2024.116090 

Ferri, F., Costantini, M., Salone, A., Di Iorio, G., Martinotti, G., Chiarelli, A., Merla, A., 

Di Giannantonio, M., & Gallese, V. (2014). Upcoming tactile events and body 

ownership in schizophrenia. Schizophrenia Research, 152(1), 51 57. 

https://doi.org/10.1016/j.schres.2013.06.026 



RÉFÉRENCES 

 248 

Flanagan, J. R., & Wing, A. M. (1997). The Role of Internal Models in Motion Planning 

and Control : Evidence from Grip Force Adjustments during Movements of Hand-

Held Loads. The Journal of Neuroscience, 17(4), 1519 1528. 

https://doi.org/10.1523/JNEUROSCI.17-04-01519.1997 

Flores, A. B., Digiacomo, M. R., Meneres, S., Trigo, E., & G·mez, C. M. (2009). 

Development of preparatory activity indexed by the contingent negative variation 

in children. Brain and Cognition, 71(2), 129 140. 

https://doi.org/10.1016/j.bandc.2009.04.011 

Foerster, F. R., Joos, E., Martin, B., Coull, J. T., & Giersch, A. (2024). Self and time in 

individuals with schizophrenia : A motor component? Schizophrenia Research, 

272, 12 19. https://doi.org/10.1016/j.schres.2024.08.008 

Foerster, F. R., Weibel, S., Poncelet, P., Dufour, A., Delevoye-Turrell, Y. N., Capobianco, 

A., Ott, L., & Giersch, A. (2021). Volatility of Subliminal Haptic Feedback Alters 

the Feeling of Control in Schizophrenia. Journal of Abnormal Psychology. 

https://doi.org/10.1037/abn0000703 

Ford, J. M., Roach, B. J., Faustman, W. O., & Mathalon, D. H. (2007). Synch Before You 

Speak : Auditory Hallucinations in Schizophrenia. American Journal of 

Psychiatry, 164(3), 458 466. https://doi.org/10.1176/ajp.2007.164.3.458 

Ford, J. M., Roach, B. J., Miller, R. M., Duncan, C. C., Hoffman, R. E., & Mathalon, D. 

H. (2010). When itôs time for a change : Failures to track context in schizophrenia. 

International Journal of Psychophysiology, 78(1), 3 13. 

https://doi.org/10.1016/j.ijpsycho.2010.05.005 

Frith, C. (2004). The neural basis of hallucinations and delusions. Comptes Rendus. 

Biologies, 328(2), 169 175. https://doi.org/10.1016/j.crvi.2004.10.012 

Fuchs, T. (2007). The temporal structure of intentionality and its disturbance in 

schizophrenia. Psychopathology, 40(4), 229 235. 

https://doi.org/10.1159/000101365 

Gallagher, S. (2000). Philosophical conceptions of the self : Implications for cognitive 

science. Trends in Cognitive Sciences, 4(1), 14 21. https://doi.org/10.1016/S1364-

6613(99)01417-5 



RÉFÉRENCES 

 249 

Gamache, P., & Grondin, S. (2010). Sensory specific clock components and memory 

mechanisms : Investigation with parallel timing. European Journal of 

Neuroscience, 31(10), 1908 1914. https://doi.org/10.1111/j.1460-

9568.2010.07197.x 

Garavaglia, F. G., Giunti, M., & Pinna, S. (2024). Multiple Clocks in Mental Time 

Processing. In G. Minati & M. Pietronilla Penna (£ds.), Multiple Systems (p. 

219 229). Springer Nature Switzerland. https://doi.org/10.1007/978-3-031-

44685-6_18 

Giersch, A. (2018). Saccadic Eye Movement System and Agency Disorders : Yes, They 

Are Related! Biological Psychiatry: Cognitive Neuroscience and Neuroimaging, 

3(2), 103 104. https://doi.org/10.1016/j.bpsc.2017.12.005 

Giersch, A., Lalanne, L., & Isope, P. (2016). Implicit timing as the missing link between 

neurobiological and self disorders in schizophrenia? Frontiers in Human 

Neuroscience, 10(June), 1 13. https://doi.org/10.3389/fnhum.2016.00303 

Giovannelli, F., Ragazzoni, A., Battista, D., Tarantino, V., Del Sordo, E., Marzi, T., 

Zaccara, G., Avanzini, G., Viggiano, M. P., & Cincotta, M. (2014). ñéthe times 

they arenôt a-changinôéò rTMS does not affect basic mechanisms of temporal 

discrimination: A pilot study with ERPs. Neuroscience, 278, 302 312. 

https://doi.org/10.1016/j.neuroscience.2014.08.024 

Gordon-Murer, C., Stºckel, T., Sera, M., & Hughes, C. M. L. (2021). Developmental 

Differences in the Relationships Between Sensorimotor and Executive Functions. 

Frontiers in Human Neuroscience, 15, 714828. 

https://doi.org/10.3389/fnhum.2021.714828 

Griffin, I. C., & Nobre, A. C. (2003). Orienting Attention to Locations in Internal 

Representations. Journal of Cognitive Neuroscience, 15(8), 1176 1194. 

https://doi.org/10.1162/089892903322598139 

Grondin, S., Meilleur-Wells, G., & Lachance, R. (1999). When to start explicit counting 

in a time-intervals discrimination task : A critical point in the timing process of 

humans. Journal of Experimental Psychology: Human Perception and 

Performance, 25(4), 993 1004. https://doi.org/10.1037/0096-1523.25.4.993 



RÉFÉRENCES 

 250 

Grondin, S., & Rousseau, R. (1991). Judging the relative duration of multimodal short 

empty time intervals. Perception & Psychophysics, 49(3), 245 256. 

https://doi.org/10.3758/BF03214309 

Haggard, P., Martin, F., Taylor-Clarke, M., Jeannerod, M., & Franck, N. (2003). 

Awareness of action in schizophrenia. NeuroReport, 14(7), 1081 1085. 

https://doi.org/10.1097/01.wnr.0000073684.00308.c0 

Han, T., & Proctor, R. W. (2022). Revisiting variable-foreperiod effects : Evaluating the 

repetition priming account. Attention, Perception, & Psychophysics, 84(4), 

1193 1207. https://doi.org/10.3758/s13414-022-02476-5 

Hardy, N. F., Goudar, V., Romero-Sosa, J. L., & Buonomano, D. V. (2018). A model of 

temporal scaling correctly predicts that motor timing improves with speed. Nature 

Communications, 9(1), 4732. https://doi.org/10.1038/s41467-018-07161-6 

Hasbroucq, T., Osman, A., Possamaē↓, C.-A., Burle, B., Carron, S., D®py, D., Latour, S., 

& Mouret, I. (1999). Cortico-spinal inhibition reflects time but not event 

preparation : Neural mechanisms of preparation dissociated by transcranial 

magnetic stimulation. Acta Psychologica, 101(2 3), 243 266. 

https://doi.org/10.1016/S0001-6918(99)00007-4 

Husserl, E. (1991). The Phenomenology of Internal Time-Consciousness (M. Heidegger, 

£d.; J. S. Churchill, Trad.). Indiana University Press. 

https://doi.org/10.2307/j.ctvh4zhv9 

Ivry, R. B. (1996). The representation of temporal information in perception and motor 

control. Current Opinion in Neurobiology, 6(6), 851 857. 

https://doi.org/10.1016/S0959-4388(96)80037-7 

Ivry, R. B., & Schlerf, J. E. (2008). Dedicated and intrinsic models of time perception. 

Trends in Cognitive Sciences, 12(7), 273 280. 

https://doi.org/10.1016/j.tics.2008.04.002 

Jana, S., Hannah, R., Muralidharan, V., & Aron, A. R. (2020). Temporal cascade of 

frontal, motor and muscle processes underlying human action-stopping. eLife, 9, 

e50371. https://doi.org/10.7554/eLife.50371 



RÉFÉRENCES 

 251 

Janssen, P., & Shadlen, M. N. (2005). A representation of the hazard rate of elapsed time 

in macaque area LIP. Nature Neuroscience, 8(2), 234 241. 

https://doi.org/10.1038/nn1386 

Johansson, R. S., Riso, R., Hªger, C., & Bªckstrºm, L. (1992). Somatosensory control of 

precision grip during unpredictable pulling loads : I. Changes in load force 

amplitude. Experimental Brain Research, 89(1), 181 191. 

https://doi.org/10.1007/BF00229015 

Johnson, K. A., Burrowes, E., & Coull, J. T. (2015). Children Can Implicitly, but Not 

Voluntarily, Direct Attention in Time. PLOS ONE, 10(4), e0123625. 

https://doi.org/10.1371/journal.pone.0123625 

Karlin, L. (1959). Reaction time as a function of foreperiod duration and variability. 

Journal of Experimental Psychology, 58(2), 185 191. 

https://doi.org/10.1037/h0049152 

Karmarkar, U. R., & Buonomano, D. V. (2007). Timing in the Absence of Clocks : 

Encoding Time in Neural Network States. Neuron, 53(3), 427 438. 

https://doi.org/10.1016/j.neuron.2007.01.006 

Kert®sz, C., & Honbolyg·, F. (2023). First school year tapping predicts childrenôs third-

grade literacy skills. Scientific Reports, 13(1), 2298. 

https://doi.org/10.1038/s41598-023-29367-5 

Kong, D., Asplund, C. L., Ling, A., & Chee, M. W. L. (2015). Increased Automaticity and 

Altered Temporal Preparation Following Sleep Deprivation. Sleep, 38(8), 

1219 1227. https://doi.org/10.5665/sleep.4896 

Kononowicz, T. W., & Penney, T. B. (2016). The contingent negative variation (CNV) : 

Timing isnôt everything. Current Opinion in Behavioral Sciences, 8, 231 237. 

https://doi.org/10.1016/j.cobeha.2016.02.022 

Kononowicz, T. W., & Rijn, H. V. (2015). Single trial beta oscillations index time 

estimation. Neuropsychologia, 75, 381 389. 

https://doi.org/10.1016/j.neuropsychologia.2015.06.014 

Korolczuk, I., Burle, B., Coull, J. T., & Smigasiewicz, K. (2020). Mechanisms of 

Impulsive Responding to Temporally Predictable Events as Revealed by 



RÉFÉRENCES 

 252 

Electromyography. Neuroscience, 428, 13 22. 

https://doi.org/10.1016/j.neuroscience.2019.12.022 

Koziol, L. F., Budding, D., Andreasen, N., DôArrigo, S., Bulgheroni, S., Imamizu, H., Ito, 

M., Manto, M., Marvel, C., Parker, K., Pezzulo, G., Ramnani, N., Riva, D., 

Schmahmann, J., Vandervert, L., & Yamazaki, T. (2014). Consensus Paper : The 

Cerebellumôs Role in Movement and Cognition. The Cerebellum, 13(1), 151 177. 

https://doi.org/10.1007/s12311-013-0511-x 

Lange, K., & Rºder, B. (2006). Orienting attention to points in time improves stimulus 

processing both within and across modalities. Journal of Cognitive Neuroscience, 

18(5), 715 729. https://doi.org/10.1162/jocn.2006.18.5.715 

Largo, R. H., Caflisch, J. A., Hug, F., Muggli, K., Molnar, A. A., & Molinari, L. (2001). 

Neuromotor development from 5 to 18 years. Part 2 : Associated movements. 

Developmental Medicine and Child Neurology, 43(07), 444. 

https://doi.org/10.1017/S0012162201000822 

Lee, T. Y., Kim, S. N., Jang, J. H., Shim, G., Jung, W. H., Shin, N. Y., & Kwon, J. S. 

(2013). Neural correlate of impulsivity in subjects at ultra-high risk for psychosis. 

Progress in Neuro-Psychopharmacology and Biological Psychiatry, 45, 165 169. 

https://doi.org/10.1016/j.pnpbp.2013.04.008 

Los, S. A. (2010). Foreperiod and sequential effects : Theory and data. In A. C. Nobre & 

J. T. Coull (£ds.), Attention and Time (1re ®d., p. 289 302). Oxford University 

PressOxford. https://doi.org/10.1093/acprof:oso/9780199563456.003.0021 

Los, S. A., & Heslenfeld, D. J. (2005). Intentional and Unintentional Contributions to 

Nonspecific Preparation : Electrophysiological Evidence. Journal of 

Experimental Psychology: General, 134(1), 52 72. https://doi.org/10.1037/0096-

3445.134.1.52 

Los, S. A., Kruijne, W., & Meeter, M. (2014). Outlines of a multiple trace theory of 

temporal preparation. Frontiers in Psychology, 5. 

https://doi.org/10.3389/fpsyg.2014.01058 

Los, S. A., Kruijne, W., & Meeter, M. (2017). Hazard versus history : Temporal 

preparation is driven by past experience. Journal of Experimental Psychology: 



RÉFÉRENCES 

 253 

Human Perception and Performance, 43(1), 78 88. 

https://doi.org/10.1037/xhp0000279 

Macar, F., Coull, J., & Vidal, F. (2006). The supplementary motor area in motor and 

perceptual time processing : fMRI studies. Cognitive Processing, 7(2), 89 94. 

https://doi.org/10.1007/s10339-005-0025-7 

Macar, F., Vidal, F., & Casini, L. (1999). The supplementary motor area in motor and 

sensory timing : Evidence from slow brain potential changes. Experimental Brain 

Research, 125(3), 271 280. https://doi.org/10.1007/s002210050683 

Manschreck, T. C., Chun, J., Merrill, A. M., Maher, B. A., Boshes, R. A., Glatt, S. J., 

Faraone, S. V., Tsuang, M. T., & Seidman, L. J. (2015). Impaired motor 

performance in adolescents at familial high-risk for schizophrenia. Schizophrenia 

Research, 168(1 2), 44 49. https://doi.org/10.1016/j.schres.2015.06.013 

Martin, B., Franck, N., Cermolacce, M., Falco, A., Benair, A., Etienne, E., Weibel, S., 

Coull, J. T., & Giersch, A. (2017). Fragile temporal prediction in patients with 

schizophrenia is related to minimal self disorders. Scientific Reports, 7(1), 1 10. 

https://doi.org/10.1038/s41598-017-07987-y 

Mathalon, D. H., Roach, B. J., Ferri, J. M., Loewy, R. L., Stuart, B. K., Perez, V. B., 

Trujillo, T. H., & Ford, J. M. (2019). Deficient auditory predictive coding during 

vocalization in the psychosis risk syndrome and in early illness schizophrenia : 

The final expanded sample. Psychological Medicine, 49(11), 1897 1904. 

https://doi.org/10.1017/S0033291718002659 

Mauk, M. D., & Buonomano, D. V. (2004). THE NEURAL BASIS OF TEMPORAL 

PROCESSING. Annual Review of Neuroscience, 27(1), 307 340. 

https://doi.org/10.1146/annurev.neuro.27.070203.144247 

McNamee, D., & Wolpert, D. M. (2019). Internal Models in Biological Control. Annual 

Review of Control, Robotics, and Autonomous Systems, 2(1), 339 364. 

https://doi.org/10.1146/annurev-control-060117-105206 

Mento, G. (2013). The passive CNV : Carving out the contribution of task-related 

processes to expectancy. Frontiers in Human Neuroscience, 7. 

https://doi.org/10.3389/fnhum.2013.00827 



RÉFÉRENCES 

 254 

Mento, G. (2017). The role of the P3 and CNV components in voluntary and automatic 

temporal orienting : A high spatial-resolution ERP study. Neuropsychologia, 

107(May), 31 40. https://doi.org/10.1016/j.neuropsychologia.2017.10.037 

Mento, G., & Granziol, U. (2020). The developing predictive brain : How implicit 

temporal expectancy induced by local and global prediction shapes action 

preparation across development. Developmental Science, 23(6), e12954. 

https://doi.org/10.1111/desc.12954 

Mento, G., & Tarantino, V. (2015). Developmental Trajectories of Internally and 

Externally Driven Temporal Prediction. PLOS ONE, 10(8), e0135098. 

https://doi.org/10.1371/journal.pone.0135098 

Mento, G., Tarantino, V., Sarlo, M., & Bisiacchi, P. S. (2013). Automatic Temporal 

Expectancy : A High-Density Event-Related Potential Study. PLoS ONE, 8(5), 

e62896. https://doi.org/10.1371/journal.pone.0062896 

Mento, G., & Vallesi, A. (2016). Spatiotemporally dissociable neural signatures for 

generating and updating expectation over time in children : A High Density-ERP 

study. Developmental Cognitive Neuroscience, 19, 98 106. 

https://doi.org/10.1016/j.dcn.2016.02.008 

Miall, R. C., & Jackson, J. K. (2006). Adaptation to visual feedback delays in manual 

tracking : Evidence against the Smith Predictor model of human visually guided 

action. Experimental Brain Research, 172(1), 77 84. 

https://doi.org/10.1007/s00221-005-0306-5 

Miall, R. C., Weir, D. J., Wolpert, D. M., & Stein, J. F. (1993). Is the Cerebellum a Smith 

Predictor? Journal of Motor Behavior, 25(3), 203 216. 

https://doi.org/10.1080/00222895.1993.9942050 

Miall, R. C., & Wolpert, D. M. (1995). The Cerebellum as a Predictive Model of the 

Motor System : A Smith Predictor Hypothesis. In W. R. Ferrell & U. Proske 

(£ds.), Neural Control of Movement (p. 215 223). Springer US. 

https://doi.org/10.1007/978-1-4615-1985-0_27 

Mioni, G., Capizzi, M., Vallesi, A., Correa, Ć., Di Giacopo, R., & Stablum, F. (2018). 

Dissociating explicit and implicit timing in Parkinsonôs disease patients : 



RÉFÉRENCES 

 255 

Evidence from bisection and foreperiod tasks. Frontiers in Human Neuroscience, 

12(February), 1 12. https://doi.org/10.3389/fnhum.2018.00017 

Mioni, G., Grondin, S., Forgione, M., Fracasso, V., Mapelli, D., & Stablum, F. (2016). 

The role of primary auditory and visual cortices in temporal processing : A tDCS 

approach. Behavioural Brain Research, 313, 151 157. 

https://doi.org/10.1016/j.bbr.2016.07.019 

M¿ller-Preuss, P., & Ploog, D. (1981). Inhibition of auditory cortical neurons during 

phonation. Brain Research, 215(1 2), 61 76. https://doi.org/10.1016/0006-

8993(81)90491-1 

Ng, K. K., Tobin, S., & Penney, T. B. (2011). Temporal Accumulation and Decision 

Processes in the Duration Bisection Task Revealed by Contingent Negative 

Variation. Frontiers in Integrative Neuroscience, 5. 

https://doi.org/10.3389/fnint.2011.00077 

Niemi, P., & Nªªtªnen, R. (1981). Foreperiod and simple reaction time. Psychological 

Bulletin, 89(1), 133 162. https://doi.org/10.1037/0033-2909.89.1.133 

Nobre, A., Correa, A., & Coull, J. (2007). The hazards of time. Current Opinion in 

Neurobiology, 17(4), 465 470. https://doi.org/10.1016/j.conb.2007.07.006 

Nolan, L., Grigorenko, A., & Thorstensson, A. (2005). Balance control : Sex and age 

differences in 9- to 16-year-olds. Developmental Medicine & Child Neurology, 

47(7), 449 454. https://doi.org/10.1017/S0012162205000873 

Nozaradan, S., Schwartze, M., Obermeier, C., & Kotz, S. A. (2017). Specific 

contributions of basal ganglia and cerebellum to the neural tracking of rhythm. 

Cortex, 95, 156 168. https://doi.org/10.1016/j.cortex.2017.08.015 

Osborne, K. J., Kraus, B., Lam, P. H., Vargas, T., & Mittal, V. A. (2020). Contingent 

Negative Variation Blunting and Psychomotor Dysfunction in Schizophrenia : A 

Systematic Review. Schizophrenia Bulletin, 46(5), 1144 1154. 

https://doi.org/10.1093/schbul/sbaa043 

Parnas, J., & Handest, P. (2003). Phenomenology of anomalous self-experience in early 

schizophrenia. Comprehensive Psychiatry, 44(2), 121 134. 

https://doi.org/10.1053/comp.2003.50017 



RÉFÉRENCES 

 256 

Peralta, V., Campos, M. S., De Jal·n, E. G., & Cuesta, M. J. (2010). Motor behavior 

abnormalities in drug naµve patients with schizophrenia spectrum disorders. 

Movement Disorders, 25(8), 1068 1076. https://doi.org/10.1002/mds.23050 

Pfeuty, M., Ragot, R., & Pouthas, V. (2008). Brain activity during interval timing depends 

on sensory structure. Brain Research, 1204, 112 117. 

https://doi.org/10.1016/j.brainres.2008.01.022 

Poletti, M., & Raballo, A. (2022). (Developmental) Motor Signs : Reconceptualizing a 

Potential Transdiagnostic Marker of Psychopathological Vulnerability. 

Schizophrenia Bulletin, 48(4), 763 765. https://doi.org/10.1093/schbul/sbac026 

Poletti, M., Tortorella, A., & Raballo, A. (2019). Impaired Corollary Discharge in 

Psychosis and At-Risk States : Integrating Neurodevelopmental, 

Phenomenological, and Clinical Perspectives. Biological Psychiatry: Cognitive 

Neuroscience and Neuroimaging, 4(9), 832 841. 

https://doi.org/10.1016/j.bpsc.2019.05.008 

Quatman-Yates, C. C., Quatman, C. E., Meszaros, A. J., Paterno, M. V., & Hewett, T. E. 

(2012). A systematic review of sensorimotor function during adolescence : A 

developmental stage of increased motor awkwardness? British Journal of Sports 

Medicine, 46(9), 649 655. https://doi.org/10.1136/bjsm.2010.079616 

Ramirez, L. D., Foster, J. J., & Ling, S. (2021). Temporal attention selectively enhances 

target features. Journal of Vision, 21(6), 6. https://doi.org/10.1167/jov.21.6.6 

Rasman, B. G., Blouin, J.-S., Nasrabadi, A. M., Van Woerkom, R., Frens, M. A., & 

Forbes, P. A. (2024). Learning to stand with sensorimotor delays generalizes 

across directions and from hand to leg effectors. Communications Biology, 7(1), 

384. https://doi.org/10.1038/s42003-024-06029-4 

Roy, B., Shah, A., Bloomgren, G., Wenten, M., Li, J., & Lally, C. (2021). Disease 

Prevalence, Comorbid Conditions, and Medication Utilization Among Patients 

with Schizophrenia in the United States. CNS Spectrums, 26(2), 157 157. 

https://doi.org/10.1017/S1092852920002515 

Salet, J. M., Kruijne, W., Van Rijn, H., Los, S. A., & Meeter, M. (2022). FMTP : A 

unifying computational framework of temporal preparation across time scales. 

Psychological Review, 129(5), 911 948. https://doi.org/10.1037/rev0000356 



RÉFÉRENCES 

 257 

Sandsten, K. E., Nordgaard, J., Kjaer, T. W., Gallese, V., Ardizzi, M., Ferroni, F., Petersen, 

J., & Parnas, J. (2020). Altered self-recognition in patients with schizophrenia. 

Schizophrenia Research, xxxx, 1 8. https://doi.org/10.1016/j.schres.2020.01.022 

Shergill, S. S., Bays, P. M., Frith, C. D., & Wolpert, D. M. (2003). Two Eyes for an Eye : 

The Neuroscience of Force Escalation. Science, 301(5630), 187 187. 

https://doi.org/10.1126/science.1085327 

Shergill, S. S., Samson, G., Bays, P. M., Frith, C. D., & Wolpert, D. M. (2005). Evidence 

for Sensory Prediction Deficits in Schizophrenia. American Journal of Psychiatry, 

162(12), 2384 2386. https://doi.org/10.1176/appi.ajp.162.12.2384 

Steinborn, M. B., Rolke, B., Bratzke, D., & Ulrich, R. (2008). Sequential effects within a 

short foreperiod context : Evidence for the conditioning account of temporal 

preparation. Acta Psychologica, 129(2), 297 307. 

https://doi.org/10.1016/j.actpsy.2008.08.005 

T®r®metz, M., Carment, L., Br®nugat-Herne, L., Croca, M., Bleton, J.-P., Krebs, M.-O., 

Maier, M. A., Amado, I., & Lindberg, P. G. (2017). Manual Dexterity in 

SchizophreniaðA Neglected Clinical Marker? Frontiers in Psychiatry, 8, 120. 

https://doi.org/10.3389/fpsyt.2017.00120 

Thakkar, K. N., Nichols, H. S., McIntosh, L. G., & Park, S. (2011). Disturbances in body 

ownership in schizophrenia : Evidence from the rubber hand illusion and case 

study of a spontaneous out-of-body experience. PLoS ONE, 6(10). 

https://doi.org/10.1371/journal.pone.0027089 

Thomaschke, R., Kiesel, A., & Hoffmann, J. (2011). Response specific temporal 

expectancy : Evidence from a variable foreperiod paradigm. Attention, 

Perception, & Psychophysics, 73(7), 2309 2322. https://doi.org/10.3758/s13414-

011-0179-6 

Toso, A., Fassihi, A., Paz, L., Pulecchi, F., & Diamond, M. E. (2021). A sensory 

integration account for time perception. PLOS Computational Biology, 17(1), 

e1008668. https://doi.org/10.1371/journal.pcbi.1008668 

Treisman, M. (1963). Temporal discrimination and the indifference interval : Implications 

for a model of the ç internal clock è. Psychological Monographs: General and 

Applied, 77(13), 1 31. https://doi.org/10.1037/h0093864 



RÉFÉRENCES 

 258 

Trillenberg, P., Verleger, R., Wascher, E., Wauschkuhn, B., & Wessel, K. (2000). CNV 

and temporal uncertainty with óageingô and ónon-ageingô S1ïS2 intervals. Clinical 

Neurophysiology, 111(7), 1216 1226. https://doi.org/10.1016/S1388-

2457(00)00274-1 

Turrell, Y. N., Li, F.-X., & Wing, A. M. (2001). Estimating the minimum grip force 

required when grasping objects under impulsive loading conditions. Behavior 

Research Methods, Instruments, & Computers, 33(1), 38 45. 

https://doi.org/10.3758/BF03195345 

Vallesi, A., Arbula, S., & Bernardis, P. (2014). Functional dissociations in temporal 

preparation : Evidence from dual-task performance. Cognition, 130(2), 141 151. 

https://doi.org/10.1016/j.cognition.2013.10.006 

Vallesi, A., Lozano, V. N., & Correa, Ć. (2013). Dissociating temporal preparation 

processes as a function of the inter-trial interval duration. Cognition, 127(1), 

22 30. https://doi.org/10.1016/j.cognition.2012.11.011 

Vallesi, A., & Shallice, T. (2007). Developmental dissociations of preparation over time : 

Deconstructing the variable foreperiod phenomena. Journal of Experimental 

Psychology: Human Perception and Performance, 33(6), 1377 1388. 

https://doi.org/10.1037/0096-1523.33.6.1377 

Van der Lubbe, R. H. J., Los, S. A., JaŜkowski, P., & Verleger, R. (2004). Being prepared 

on time : On the importance of the previous foreperiod to current preparation, as 

reflected in speed, force and preparation-related brain potentials. Acta 

Psychologica, 116(3), 245 262. https://doi.org/10.1016/j.actpsy.2004.03.003 

Viel, S., Vaugoyeau, M., & Assaiante, C. (2009). Adolescence : A Transient Period of 

Proprioceptive Neglect in Sensory Integration of Postural Control. Motor Control, 

13(1), 25 42. https://doi.org/10.1123/mcj.13.1.25 

Volberg, G., & Thomaschke, R. (2017). Time-based expectations entail preparatory motor 

activity. Cortex, 92, 261 270. https://doi.org/10.1016/j.cortex.2017.04.019 

Von Holst, E., & Mittelstaedt, H. (1950). Das Reafferenzprinzip : Wechselwirkungen 

zwischen Zentralnervensystem und Peripherie. Naturwissenschaften, 37(20), 

464 476. https://doi.org/10.1007/BF00622503 



RÉFÉRENCES 

 259 

Walter, W. G., Cooper, R., Aldridge, V. J., McCALLUM, W. C., & Winter, A. L. (1964). 

Contingent Negative Variation : An Electric Sign of Sensori-Motor Association 

and Expectancy in the Human Brain. Nature, 203(4943), 380 384. 

https://doi.org/10.1038/203380a0 

Walther, S., & Strik, W. (2012). Motor Symptoms and Schizophrenia. 

Neuropsychobiology, 66(2), 77 92. https://doi.org/10.1159/000339456 

Wang, J., Mathalon, D. H., Roach, B. J., Reilly, J., Keedy, S. K., Sweeney, J. A., & Ford, 

J. M. (2014). Action planning and predictive coding when speaking. NeuroImage, 

91, 91 98. https://doi.org/10.1016/j.neuroimage.2014.01.003 

Wiener, M., & Thompson, J. C. (2015). Repetition enhancement and memory effects for 

duration. NeuroImage, 113, 268 278. 

https://doi.org/10.1016/j.neuroimage.2015.03.054 

Winstein, C., Wing, A., & Whitall, J. (2003). Motor control and learning principles for 

rehabilitation of upper limb movements after brain injury. Handbook of 

Neuropsychology, Volume 9, 9. 

Wittmann, M. (2011). Moments in Time. Frontiers in Integrative Neuroscience, 5. 

https://doi.org/10.3389/fnint.2011.00066 

Wolpert, D. M., & Ghahramani, Z. (2000). Computational principles of movement 

neuroscience. Nature Neuroscience, 3(S11), 1212 1217. 

https://doi.org/10.1038/81497 

Wolpert, D. M., Ghahramani, Z., & Jordan, M. I. (1995). An Internal Model for 

Sensorimotor Integration. Science, 269(5232), 1880 1882. 

https://doi.org/10.1126/science.7569931 

Wolpert, D. M., & Kawato, M. (1998). Multiple paired forward and inverse models for 

motor control. Neural Networks, 11(7 8), 1317 1329. 

https://doi.org/10.1016/S0893-6080(98)00066-5 

Woodrow, H. (1914). The measurement of attention. The Psychological Monographs, 

17(5), i 158. https://doi.org/10.1037/h0093087 

Woodworth, R. S. (1899). Accuracy of voluntary movement. The Psychological Review: 

Monograph Supplements, 3(3), i 114. https://doi.org/10.1037/h0092992 



RÉFÉRENCES 

 260 

Yamada, Y., Matsumoto, M., Iijima, K., & Sumiyoshi, T. (2019). Specificity and 

Continuity of Schizophrenia and Bipolar Disorder : Relation to Biomarkers. 

Current Pharmaceutical Design, 26(2), 191 200. 

https://doi.org/10.2174/1381612825666191216153508 

Zahn, T. P., & Rosenthal, D. (1966). Simple reaction time as a function of the relative 

frequency of the preparatory interval. Journal of Experimental Psychology, 72(1), 

15 19. https://doi.org/10.1037/h0023328 

Zahn, T. P., Rosenthal, D., & Shakow, D. (1963). Effects of irregular preparatory intervals 

on reaction time in schizophrenia. The Journal of Abnormal and Social 

Psychology, 67(1), 44 52. https://doi.org/10.1037/h0049269 



 

261 

 
 

ANNEXE 
 

 



 

 



 

  

 

  



 

  

  



 

  

 

  



 

  

 

  



 

  

 

  



 

  

 

  



 

  

 

  


