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Le azioni congiunte (Joint Actions, JA) richiedono una precisa coordinazione temporale e spaziale tra agenti. Si 
basano sia su meccanismi riflessi di basso livello, sia su processi cognitivi di ordine superiore, come la co-
rappresentazione dell’azione e la rappresentazione di obiettivi condivisi. Gli esperimenti qui presentati si 
focalizzano proprio su questi ultimi, esaminando in particolare come gli obiettivi collettivi vengano rappresentati 
nell’azione congiunta e come l’inibizione della risposta sia modulata dalla co-rappresentazione. 

Obiettivi: 
Studio I: Determinare se gli obiettivi collettivi siano rappresentati a livello motorio, utilizzando stimolazione 
magnetica transcranica con co-registrazione elettroencefalografica (TMS-EEG). L’ipotesi prevedeva una 
modulazione significativa dell’eccitabilità corticospinale durante la JA, segnale di una rappresentazione motoria 
dell’obiettivo collettivo, e l’assenza di tale modulazione nella condizione individuale. 
Studio II: Indagare il ruolo della co-rappresentazione dell’azione nelle JA, in particolare nei processi di 
cancellazione e riattivazione motoria dell’azione. A tale scopo è stata somministrata, durante la registrazione EEG, 
una variante dello Stop-Signal Task, lo Stop-Change Task (SCT), per valutare il controllo motorio durante la 
coordinazione congiunta. Ipotizzavamo latenze di stop più lunghe, una riattivazione motoria più lenta e pattern 
EEG modulati durante l’arresto dell’azione congiunta. 

Metodi: 
Studio I: Abbiamo somministrato un compito di reazione a turni con co-registrazione TMS-EEG. Sono stati 
registrati potenziali evocati motori (MEP) e potenziali evocati da TMS (TEP) in condizioni individuali e congiunte, 
per valutare l’eccitabilità corticospinale e corticale. 
Studio II – Esperimento di controllo positivo: Al fine di garantire che le caratteristiche fondamentali del 
compito rappresentassero con precisione i processi inibitori, è stato impiegato uno SCT selettivo bimanuale, 
utilizzato come proxy della co-rappresentazione nelle JA, e confrontato con una corrispondente versione 
unimanuale. È stata inoltre validata una versione grafica “gamificata” dello SCT in confronto alla versione standard. 
Studio II – Esperimento JA: Lo SCT unimanuale gamificato e validato è stato somministrato a partecipanti naïve 
in condizioni congiunte e individuali, previa induzione sperimentale di specifiche credenze funzionali al compito 
congiunto. Per differenziare i contributi dell’inibizione “globale” e “selettiva”, l’analisi si è basata sul quadro teorico 
dei modelli a due processi, in particolare sul modello “pause-then-cancel” (PTC). Marcatori comportamentali 
(EMG di risposta parziale, prEMG, e tempo di reazione al segnale di stop, SSRT) e neurofisiologici (potenziale 
evento-correlato P3 frontocentrale da segnale di stop, o stop-P3) sono stati impiegati per quantificare il processo 
di Pausa (Pp) e quello di Cancellazione (Cp). 

Risultati: 
Studio I: A livello motorio non è emersa alcuna modulazione significativa della rappresentazione motoria degli 
obiettivi congiunti. In particolare, la misura principale, la differenza di MEP tra l’extensor carpi ulnaris e il flexor 
digitorum superficialis, non ha mostrato effetti di rilievo. Le analisi dei TEP sono risultate inconclusive. 
Studio II – Esperimento di controllo positivo: I maggiori costi cognitivi associati allo SCT selettivo bimanuale 
hanno influenzato trasversalmente preparazione, arresto e riattivazione motoria. La versione gamificata dello SCT 
è stata validata, senza evidenziare differenze significative rispetto a quella standard. 
Studio II – Esperimento JA: È stato rilevato uno SSRT più lungo e un’insorgenza più tardiva della stop-P3 
durante la condizione congiunta, confermando l’ipotesi iniziale e sottolineando l’importanza del Cp nelle JA. 
Contrariamente alle aspettative, né i prEMG (marcatori del Pp), né i tempi di reazione al segnale di cambio 
(Change-RTs, misura della riattivazione motoria) differivano tra le condizioni. 

Conclusioni: 
Studio I: Non sono emerse evidenze a supporto della nostra ipotesi iniziale: almeno nel nostro contesto 
sperimentale i risultati non suggeriscono una rappresentazione a livello motorio degli obiettivi condivisi. 
Nonostante i risultati nulli, lo studio fornisce indicazioni preziose per future indagini sugli obiettivi collettivi. 
Studio II: I nostri esperimenti ampliano la comprensione dei meccanismi inibitori nelle JA. I dati comportamentali 
mostrano che la co-rappresentazione durante la JA influenza in modo significativo l’inibizione reattiva. Tuttavia, 
tale effetto non si traduce in tempi di Change-RT più lunghi, a indicare che la riprogrammazione dell’azione resta 
relativamente efficiente anche in contesti di azione congiunta. È emersa inoltre una discrepanza tra i marcatori 
precoci di inibizione (prEMG) e gli indici comportamentali (SSRT) e neurofisiologici più tardivi (stop-P3), 
suggerendo che la co-rappresentazione incida in particolare sulle fasi più avanzate dei processi inibitori. I recenti 
modelli a due processi, in particolare il modello PTC, offrono una prospettiva convincente su come le diverse fasi 
dell’inibizione possano essere modulate in modo distinto nelle JA. 

1 



2 

EXPLORING THE MOTOR ROOTS OF JOINT ACTION: 
INSIGHT FROM A NEUROPHYSIOLOGICAL INVESTIGATION 

TABLE OF CONTENTS 

Summary ............................................................................................................................................................ 5 
1. IntroducƟon ................................................................................................................................................... 7 

1.1. Joint AcƟons: acƟng in a social world ..................................................................................................... 7 
1.2. TheoreƟcal Frameworks of Joint AcƟons................................................................................................ 7 

1.2.1. Emergent versus goal-directed coordinaƟon .................................................................................. 7 
1.2.2. Co-representaƟon in joint acƟon research ...................................................................................... 8 
1.2.3 A joint interference task: the joint Simon ......................................................................................... 9 
1.2.4 The modulaƟon of the joint Simon effect and the importance of the collecƟve goal ..................... 9 

1.3. Neurophysiological mechanisms in joint acƟons.................................................................................. 10 
1.3.1. Mirror, simulaƟon, and ideomotor theories: FoundaƟonal frameworks for understanding the 
neurophysiology of social interacƟon ...................................................................................................... 10 
1.3.2. Key neurophysiological findings .................................................................................................... 11 
1.3.3. NeurocogniƟve mechanisms of agency and co-representaƟon: The role of believed intenƟonality 
in joint acƟon ........................................................................................................................................... 12 
1.3.4. The relevance of inhibitory control and response inhibiƟon in joint acƟons ................................ 13 
1.3.5. Balancing Co-RepresentaƟon: Final remarks ................................................................................. 13 

1.4. Joint AcƟon in psychiatric and neurological disorders ......................................................................... 14 
1.4.1. Joint acƟons in auƟsm spectrum disorder..................................................................................... 15 

1.5. The present work and applied techniques ........................................................................................... 16 
1.5.1. Techniques of Study I: MEPs and TMS-EEG ................................................................................... 16 
1.5.2. Techniques of Study II:  Stop-Change Task, parƟal response EMG, and stop-signal P3 ERP ......... 17 

2. Study I .......................................................................................................................................................... 20 
2.1 Background ............................................................................................................................................ 20 

2.1.1 LimitaƟons of Barchiesi et al. (2022) .............................................................................................. 21 
2.1.2 Design of the new study and aims .................................................................................................. 22 

2.2. Methods ............................................................................................................................................... 22 
2.2.1. Power analysis, parƟcipants, and general procedures .................................................................. 22 
2.2.2. Task setup ...................................................................................................................................... 23 
2.2.3. Trial Ɵme-sequence and experiment structure ............................................................................. 24 
2.2.4. MEPs acquisiƟon and TMS-EEG setup ........................................................................................... 27 
2.2.5. ComputaƟon of the muscular engagement index and EMG-accuracy .......................................... 28 



3 
 

2.2.6. StaƟsƟcal analysis of behavior ....................................................................................................... 28 
2.2.7. MEPs preprocessing and staƟsƟcal analysis .................................................................................. 29 
2.2.8. TEP preprocessing and staƟsƟcal analysis ..................................................................................... 29 

2.3. Results................................................................................................................................................... 30 
2.3.1. Behavioral results .......................................................................................................................... 30 
2.3.2. MEPs .............................................................................................................................................. 32 
2.3.3. TEPs ................................................................................................................................................ 33 

2.4. Discussion ............................................................................................................................................. 35 
2.5. Conclusion ............................................................................................................................................ 37 

3. Study II ......................................................................................................................................................... 38 
3.1. Background ........................................................................................................................................... 38 

3.1.1. Slower InhibiƟon in Joint AcƟons: Co-RepresentaƟon, ReferenƟal Coding, or AƩenƟonal Bias? . 38 
3.1.2. SelecƟve InhibiƟon: Measurement, Mechanisms, and ImplicaƟons for Joint AcƟons .................. 39 

3.2. Aims of Study II ..................................................................................................................................... 40 
4. Study II: PosiƟve Control Experiment .......................................................................................................... 42 

4.1. Background ........................................................................................................................................... 42 
4.1.1. The bimanual selecƟve Stop-Change Task as a posiƟve control .................................................... 42 
4.1.2. GamificaƟon of the Stop-Change Task for the Joint and Bimanual PosiƟve Control Task ............. 43 
4.1.3. Aims and Hypotheses of the PosiƟve Control Experiment ............................................................ 44 

4.2 Methods ................................................................................................................................................ 44 
4.2.1. ParƟcipants, sample size esƟmaƟon, and exclusion criteria ......................................................... 44 
4.2.2. Procedure ...................................................................................................................................... 45 
4.2.3. Bimanual and unimanual Stop-Change Task ................................................................................. 46 
4.2.4. Task instrucƟons and formats ........................................................................................................ 47 
4.2.5. SƟmuli and trial Ɵme-sequence in gamified and standard-format versions ................................. 48 
4.2.6. StaƟsƟcal analysis of behavioral data ............................................................................................ 51 
4.2.7. ParƟal response EMG preprocessing and analysis ........................................................................ 51 

4.3. Results................................................................................................................................................... 52 
4.3.1. Horse race model assumpƟons ..................................................................................................... 52 
4.3.2. Response modes significantly impact all types of reacƟon Ɵme modaliƟes ................................. 54 
4.3.3. Measures of reacƟve inhibiƟon: SSRT and prEMG ........................................................................ 56 

4.4. Discussion ............................................................................................................................................. 59 
5. Study II: Joint Experiment ............................................................................................................................ 61 

5.1 Background and Hypotheses ................................................................................................................. 61 
5.2 Methods ................................................................................................................................................ 61 

5.2.1. ParƟcipants, sample size esƟmaƟon, and exclusion criteria ......................................................... 61 



4 
 

5.2.2. Procedure ...................................................................................................................................... 62 
5.2.3. Joint Stop-Change Task setup ........................................................................................................ 63 
5.2.4. Belief inducƟon .............................................................................................................................. 64 
5.2.4. Storytelling and instrucƟons .......................................................................................................... 65 
5.2.7. ERP preprocessing ......................................................................................................................... 66 
5.2.6. StaƟsƟcal analysis of behavioral data, prEMGs, and ERPs ............................................................. 66 

5.3. Results................................................................................................................................................... 67 
5.3.1. Horse race model assumpƟons ..................................................................................................... 67 
5.3.2. CondiƟons do not modulate proacƟve control (HP1).................................................................... 68 
5.3.3. Measures of reacƟve inhibiƟon: SSRT and prEMG (HP2) .............................................................. 69 
5.3.4. Event-related potenƟals ................................................................................................................ 71 

5.4. Discussion ............................................................................................................................................. 74 
5.4.1 Establishing collecƟve vs. individual goals: A belief-inducƟon approach ....................................... 75 
5.4.2 Why referenƟal coding fails to account for our results .................................................................. 76 
5.4.3 Balancing difficulty and joint coordinaƟon: Insights from SSD and Change RT effects .................. 77 
5.4.4. Significant differences in the frontocentral stop-P3 ...................................................................... 77 
5.4.5 IntegraƟng our results with previous joint SST literature ............................................................... 78 
5.4.7. Conclusions .................................................................................................................................... 80 

6. Final conclusions .......................................................................................................................................... 81 
References ....................................................................................................................................................... 83 
 

 

  



5 
 

SUMMARY 
Background 

Joint acƟons (JAs) require precise temporal and spaƟal coordinaƟon between co-agents and draw on both 
low-level reflexive mechanisms and higher-level cogniƟve processes, such as acƟon co-representaƟon and 
shared goal representaƟon. The experiments in this PhD thesis focus on these processes, parƟcularly 
examining how collecƟve goals are represented in joint acƟon and how response inhibiƟon is modulated by 
co-representaƟon. 

Aims:  

 Study I: To determine whether collecƟve goals are represented at the motor level, using transcranial 
magneƟc sƟmulaƟon with electroencephalography co-registraƟon (TMS-EEG). We anƟcipate a 
significant modulaƟon of corƟcospinal excitability during JA, indicaƟve of motorical representaƟon of 
collecƟve goal, and no modulaƟon in the solo condiƟon. 

 Study II: To invesƟgate the role of acƟon co-representaƟon in JAs, specifically, in acƟon cancellaƟon 
and re-engagement, and to disƟnguish between lower-level emergent coordinaƟon and higher-level 
goal-directed or planned coordinaƟon. For this purpose, a variant of the Stop-Signal Task, the Stop-
Change Task (SCT), is employed during EEG, capturing reacƟve motor control essenƟal for joint 
coordinaƟon. We anƟcipate longer stopping latencies, a slower acƟon re-engagement, and altered 
EEG paƩerns during joint acƟon stopping. 

Methods:  

 Study I: A turn-based joint acƟon reacƟon-Ɵme task was administered, co-registered with TMS-EEG. 
Motor-evoked potenƟals (MEPs) and TMS-evoked potenƟals (TEPs) were recorded from solo and joint 
condiƟons to assess corƟcospinal and corƟcal excitability.  

 Study II: PosiƟve Control Experiment: A bimanual selecƟve SCT was used as a proxy for acƟon co-
representaƟon in JA and compared to an unimanual SCT, to ensure that its key features accurately 
capture inhibitory control processes. Furthermore, a gamified graphic version of the SCT was 
validated against a standard version. 

 Study II: Joint Experiment: The validated unimanual gamified SCT was administered to naïve 
parƟcipants in joint and solo condiƟons with belief manipulaƟon. Two-process accounts, including 
“pause-then-cancel” (PTC) models, are used to differenƟate the roles of global and selecƟve stopping. 
Behavioral (parƟal response EMG, prEMG, and the stop-signal reacƟon Ɵme, SSRT) and 
neurophysiological (stop-signal frontocentral P3 event related potenƟal) markers quanƟfy the Pause 
process (Pp) and the Cancel process (Cp). 

Results: 

 Study I: No significant modulaƟon of motor-level representaƟon for the co-actor’s acƟon emerged in 
the Joint condiƟon. Specifically, the primary measure, MEP difference in extensor carpi ulnaris (ECU) 
versus flexor digitorum superficialis (FDS), showed no notable effect. Cluster-based analyses of TEPs 
were inconclusive. 

 Study II: PosiƟve Control Experiment: The greater motor-planning demands inherent in a bimanual 
selecƟve SCT affected motor preparaƟon, stopping, and re-engagement in a transversal manner.  The 
gamified SCT was validated, revealing no significant differences compared to the standard graphical 
version. 

 Study II: Joint Experiment: The gamified SCT revealed longer SSRT and an later onset of the stop-P3 
during the joint condiƟon, confirming our iniƟal hypothesis and highlighƟng the importance of the 
Cp in JA. Contrary to our expectaƟons, prEMGs (markers of the Pp) did not differ between condiƟons. 
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Furthermore, reacƟon Ɵmes to respond to the change signal (Change RTs; our measure of acƟon re-
engagement), also did not differ. 

Conclusion: 

 Study I: Even aŌer accounƟng for the methodological constraints outlined by previous research, we 
found no evidence to support our iniƟal conjecture, as all results point away from a motoric 
representaƟon of shared goals, at least with our experimental seƫng. Despite these null findings, our 
study provides valuable insights and methodological guidance for future invesƟgaƟons of collecƟve 
goals. 

 Study II: With our joint SCT, we advanced the understanding of acƟon cancellaƟon in shared-acƟon 
contexts. By highlighƟng the contrast between collecƟve and individual goals using belief inducƟon 
and gamificaƟon, and by incorporaƟng prEMG and EEG measures, consistent with prior research, our 
behavioral findings suggest that co-representaƟon during JA significantly influences reacƟve 
inhibiƟon. However, this influence did not manifest as slower Change RTs, indicaƟng that acƟon 
reprogramming remains relaƟvely efficient even under joint condiƟons. Importantly, we observed an 
apparent mismatch between early inhibiƟon markers (prEMGs) and later behavioral (SSRT) and 
neurophysiological indices (stop P3), implying that co-representaƟon may specifically affect later 
inhibitory processes. Recent two-process frameworks, parƟcularly the PTC model, offer a compelling 
perspecƟve on how different phases of inhibiƟon may be disƟnctly affected in JAs. 
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1. INTRODUCTION 
1.1. Joint AcƟons: acƟng in a social world  
Joint acƟons are broadly defined as two (or more) individuals coordinaƟng in space and Ɵme to accomplish a 
common outcome (Clark, 2020; Knoblich et al., 2011; Sebanz et al., 2006a). The relaƟvely recent and 
widespread interest in joint acƟon reflects a growing body of evidence suggesƟng it is crucial to the 
development of execuƟve funcƟons and the social mind in two key ways: phylogeneƟcally, by shaping 
cooperaƟve capaciƟes over the course of human evoluƟon, and ontogeneƟcally, by fostering interpersonal 
skills and social cogniƟon within an individual’s lifeƟme (Miss et al., 2022). Accordingly, joint acƟons are a 
central focus in neuroscience, evoluƟonary biology, psychology, and philosophy (Galloƫ et al., 2017; Hasson 
et al., 2012; Milward and Carpenter, 2018; Tomasello, 2020). Each discipline invesƟgates a range of 
phenomena under this umbrella, including conceptually related constructs such as joint aƩenƟon (Siposova 
and Carpenter, 2019), joint agency (Zapparoli et al., 2022), shared intenƟonality (Tomasello et al., 2005), 
shared (or collecƟve) goals (BuƩerfill, 2012; BuƩerfill and Sinigaglia, 2023; Sinigaglia and BuƩerfill, 2020), and 
joint commitment (Genty et al., 2020). However, a significant challenge lies in the conceptual and operaƟonal 
complexity of joint acƟon and its related constructs. Ambiguous definiƟons and inconsistent terminology 
across disciplines hinder the establishment of effecƟve interdisciplinary connecƟons. As a result, findings have 
not been thoroughly integrated, and many phenomena invesƟgated through neuroscienƟfic methods remain 
only loosely linked to the “jointness” described in psychological (or philosophical) frameworks. Growing 
consensus suggests that joint acƟon and its related concepts are pivotal for understanding human cogniƟve 
funcƟoning and evoluƟon (see Miss et al., 2022 for a comprehensive review), as well as for elucidaƟng certain 
psychiatric and neurological disorders (Cerullo et al., 2021; Liepelt et al., 2012b). Consequently, clarifying the 
precise relaƟonships between these phenomena must be a high priority in neuroscienƟfic research.  

A producƟve strategy to address this issue is to directly examine the behavioral and neurophysiological 
mechanisms humans employ when coordinaƟng in joint acƟons. This empirical, boƩom-up approach 
contrasts with more abstract, top-down theoreƟcal methods, and can illuminate both commonaliƟes and 
differences in how humans achieve coordinated behavior. In this PhD research, I adopt both perspecƟves: a 
theoreƟcal top-down framework in the first experiment and a boƩom-up empirical approach in the third. The 
central focus are co-representaƟon and shared goals, empirical phenomena regarded as criƟcal to joint 
acƟon. In this introducƟon, I will begin by discussing a range of theoreƟcal definiƟons, encompassing both 
low- and high-level constructs that describe joint acƟon and show where co-representaƟon (and shared goals) 
may fit into these frameworks. Next, I will summarize the classical behavioral paradigms used to quanƟfy co-
representaƟon and the key factors that influence it. Subsequently, I will review the neurophysiological 
underpinnings of co-representaƟon and examine how inhibitory control plays a role. I will then consider how 
joint acƟons are affected in clinical populaƟons and outline the connecƟons between co-representaƟon and 
joint goals, highlighƟng how these concepts converge to shed light on the mechanisms underlying joint 
acƟons. Finally, I will briefly conceptualize the present PhD work to discuss the applied techniques used 
throughout the experiments. 

 

1.2. TheoreƟcal Frameworks of Joint AcƟons 

1.2.1. Emergent versus goal-directed coordinaƟon 

During joint acƟon, inter-individual coordinaƟon can occur across diverse contexts and may draw on either 
low-level, reflexive, and automaƟc mechanisms or higher-level, cogniƟvely demanding processes that involve 
reasoning about others’ mental states. Low-level conceptualizaƟons of joint acƟon are oŌen referred to as 
emergent coordinaƟon, which arises spontaneously and produces similar behavior among individuals who 
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have no explicit plan to act together (Knoblich et al., 2011). Notably, emergent coordinaƟon does not rely on 
shared knowledge or an understanding of others’ intenƟons. Instead, it stems from factors such as common 
affordances, entrainment, percepƟon-acƟon matching, and acƟon simulaƟon within common predicƟve 
models. (Knoblich et al., 2011). More specifically, common affordances arise when mulƟple individuals 
perceive the same object simultaneously, eliciƟng shared or complementary acƟon possibiliƟes (Gibson, 
1977). For instance, a two-seater swing typically prompts two people to sit down together. On the other hand, 
entrainment refers to the automaƟc synchronizaƟon of a shared (or even different but compaƟble) acƟon or 
acƟon sequence. Take the two-seater swing example, people usually start to synchronize their rocking 
frequencies spontaneously (Richardson et al., 2007). Other examples are the spontaneous alignment of hand-
clapping rhythms (Schmidt et al., 2011), or people falling into the same walking pace (van Ulzen et al., 2008). 
Another mechanism central to emergent coordinaƟon is percepƟon–acƟon matching, in which observing an 
acƟon acƟvates the observer’s corresponding motor representaƟons. For example, if a person has dancing 
experience, watching someone else dance will engage the relevant representaƟons in their own motor 
repertoire (Hommel et al., 2001). Finally, acƟon simulaƟon within common predicƟve models is crucial for 
emergent coordinaƟon. By mapping observed acƟons onto their own motor system, individuals can 
accurately predict the Ɵming and outcomes of those acƟons (Wolpert et al., 2003). Returning to the dance 
example, a dancer observing her partner iniƟate a jump can anƟcipate the partner’s landing posiƟon and 
Ɵming. PercepƟon–acƟon matching and predicƟve models can similarly promote automaƟc alignment in 
conversaƟonal seƫngs, where speakers adapt to each other’s speaking rate or emulate each other’s word 
choices, ulƟmately aligning their vocabulary and syntax (Ruch et al., 2018).  

Whereas emergent coordinaƟon primarily relies on reacƟve and externally driven processes, goal-directed 
(or planned) coordinaƟon is generally iniƟated internally, guided by the joint acƟon’s desired outcome, 
namely, achieving the collecƟve goal. At the lower end of this goal-directed spectrum, individuals must 
possess at least a basic understanding of the joint acƟon’s intended result, recognize their own contribuƟon 
to it, and be aware that success depends on another individual’s cooperaƟon (Knoblich et al., 2011). At the 
higher end, however, coordinaƟon may include consideraƟons of the co-actor’s moƟves, perspecƟves, 
emoƟons, thoughts, knowledge, and beliefs, potenƟally involving empathy (Lamm et al., 2016; Lamm et al., 
2019). In these cases, joint acƟon plans can be refined and flexible when actors account for each other’s 
knowledge and intenƟons, thus opƟmizing their strategies or achieving long-term objecƟves. Accordingly, the 
degree to which co-actors represent each other’s perspecƟves and mental states can vary considerably in 
planned coordinaƟon (Knoblich et al., 2011; Vesper et al., 2010). 

 

1.2.2. Co-representaƟon in joint acƟon research 

Increasing evidence indicates that acƟon co-representaƟon, i.e., the mental representaƟon of both one’s own 
and a partner’s acƟons (Ruissen and de Bruijn, 2016; Sebanz et al., 2003; Sebanz et al., 2006b; Vesper et al., 
2010), plays a pivotal role in goal-directed coordinaƟon (Knoblich et al., 2011; Miss et al., 2022). This process 
may also involve monitoring the task rules that govern how acƟons are to be performed (Vesper et al., 2013). 
Co-representaƟon presumably facilitates joint acƟons by enabling individuals to beƩer coordinate their 
behavior. This mechanism possibly relies on processes that achieve self–other (SO) motor integraƟon and 
disƟncƟon, whereby individuals accurately differenƟate their own acƟons from those of a partner (Miss et 
al., 2022). As a result, precision and predictability of one’s own and the co-actor’s acƟons increase (Meyer et 
al., 2015) as mutual anƟcipaƟon and monitoring of both sets of acƟons (and their shared outcome) becomes 
possible (Sebanz and Knoblich, 2009). Furthermore, when pursuing collecƟve goals, co-representaƟon can 
foster a shared responsibility for the overall task by incorporaƟng a co-actor’s acƟons and task requirements 
into one’s own acƟon planning (Beyer et al., 2017; BuƩerfill, 2012). From a theoreƟcal standpoint, an opƟmal 
equilibrium between SO disƟncƟon and integraƟon, adapted to the specific situaƟon, may be required for 
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smooth motor coordinaƟon (Vesper et al., 2017). As we will see in the next secƟon, achieving this balance 
likely involves top-down control processes that permit individuals to mentally represent their partner’s 
acƟons while maintaining a clear disƟncƟon between self- and other-generated behaviors (Knoblich et al., 
2011). Most co-representaƟon studies have focused on dyadic tasks requiring partners to coordinate 
complementary or idenƟcal movements, such as joint grasping, liŌing, pulling, or synchronizaƟon tasks (for a 
comprehensive review, see Miss et al., 2022). Other dyadic paradigms that feature coordinated yet disƟnct 
movements, such as problem-solving/social games (Gräfenhain et al., 2013), joint music performance 
(Novembre et al., 2016), social play (Heesen et al., 2017), are likewise presumed to involve co-representaƟon. 

 

1.2.3 A joint interference task: the joint Simon 

The joint Simon task (Sebanz et al., 2003), is the most extensively studied joint paradigm that illuminates both 
the cogniƟve demands of co-representaƟon and the mechanisms by which SO motor integraƟon and 
disƟncƟon are regulated during dyadic coordinaƟon. Notably, this paradigm showcases a situaƟon in which 
co-representaƟon impairs joint performance rather than facilitaƟng it. In a typical setup, two parƟcipants 
each handle one of two possible response opƟons when presented with an external sƟmulus (in the regular 
Simon task parƟcipants operate individually both response opƟons with each hand; Simon and Wolf, 1963). 
This arrangement elicits a pronounced tendency toward SO integraƟon, reflected in the so-called joint Simon 
effect, which in turn undermines performance and cooperaƟon success (i.e., correct response selecƟon). By 
co-represenƟng the partner’s acƟons, individuals find it difficult to disambiguate their own task affordances 
from those of the partner, leading to interference in execuƟng their assigned responses. Two main accounts, 
i.e., referenƟal response coding and co-representaƟon, have been proposed to explain the joint Simon effect. 
According to the referenƟal coding approach (Dolk et al., 2014), the effect arises from purely perceptual 
processes, where the co-actor (or any aƩenƟon-grabbing object) is used as a spaƟal reference point to classify 
one’s own acƟons as leŌ or right. This discriminaƟon between internally and externally generated events then 
induces a spaƟal compaƟbility effect, even in the absence of a social partner acƟvely performing the task 
(Dolk et al., 2011; Dolk et al., 2013). However, the mere presence of a conspecific not engaged in joint acƟon 
does not elicit this effect in non-human primates (Miss and Burkart, 2018) or humans (Sebanz et al., 2003; 
Sebanz et al., 2007). By contrast, the co-representaƟon account posits that the joint Simon effect emerges 
from mental representaƟons of both one’s own and the partner’s acƟons (and possibly the associated task 
rules) in a funcƟonally equivalent manner. Each individual effecƟvely incorporates the partner’s acƟon 
alternaƟve into their own acƟon planning, behaving as though they were responsible for both her own and 
the co-actor’s acƟons (Knoblich et al., 2011; Sebanz et al., 2006a; Vesper et al., 2010). 

 

1.2.4 The modulaƟon of the joint Simon effect and the importance of the collecƟve goal 

Various social factors significantly influence the strength of co-representaƟon, as reflected by joint Simon task 
outcomes. For instance, the joint Simon effect diminishes, or even disappears, under compeƟƟve, rather than 
cooperaƟve, condiƟons (Iani et al., 2014; Ruissen and de Bruijn, 2016). Similarly, when group categorizaƟons 
are salient, the effect is weaker if parƟcipants are paired with an outgroup instead of an ingroup member 
(McClung et al., 2013; Müller et al., 2011). Inducing negaƟve affect or introducing an antagonisƟc co-actor 
has the same weakening effect (Hommel et al., 2009; Kuhbandner et al., 2010). By contrast, cogniƟve empathy 
correlates posiƟvely with co-representaƟon among friends or closely bonded co-actors (Ford and Aberdein, 
2015; Shafaei et al., 2020). The effect can also be enhanced by nasal oxytocin administraƟon (Ruissen and de 
Bruijn, 2015) and by the belief that one is interacƟng with an intenƟonal rather than an algorithmically 
generated partner (Ruys and Aarts, 2010; Sahaï et al., 2019; Tsai et al., 2008). Overall, these findings 
underscore the importance of social factors in modulaƟng co-representaƟon, thus supporƟng a social co-
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representaƟon perspecƟve over purely referenƟal response coding. At the same Ɵme, familiarity biases, 
which act as aƩenƟonal biases, may underlie these social effects, implying that referenƟal response coding 
could be more pronounced when partners share a stronger bond or higher familiarity. 

A likely resoluƟon for reconciling referenƟal response coding with co-representaƟon is that collecƟve goals 
acƟvate co-representaƟon in social task seƫngs, whereas purely perceptual factors drive referenƟal coding 
when no joint outcome is highlighted. Several studies illustrate how a task’s design and instrucƟons can make 
the joint goal salient by sƟpulaƟng cooperaƟve intenƟons, sharing rewards, or providing immediate feedback 
to both parƟcipants and thereby fostering co-representaƟon (Miss et al., 2022). For instance, in common 
marmosets, the mere physical presence of a conspecific did not induce co-representaƟon unless both 
partners were jointly engaged with shared rewards (Miss and Burkart, 2018). Similarly, in humans, instrucƟng 
partners to collaborate on the same task amplifies co-representaƟon (Sebanz et al., 2003; Sebanz et al., 2007), 
whereas exclusively individual goals aƩenuate it (Dolk et al., 2011). 

In sum, referenƟal coding can explain the joint Simon effect in non-social contexts but fails to account for 
robust social modulaƟons, such as the impact of relaƟonship quality, empathy, or the intenƟonality of the co-
actor, observed when a task is demonstrably shared. Thus, co-representaƟon emerges most clearly in set-ups 
where a common outcome is emphasized, underscoring that shared goals are pivotal for a genuinely social 
effect (Sebanz et al., 2006a). For adults, a simple verbal instrucƟon to “cooperate” can establish this joint 
goal, whereas for children or non-human subjects, a joint reward structure may suffice to foster 
interdependence and co-representaƟon. 

 

1.3. Neurophysiological mechanisms in joint acƟons 
The most common neurophysiological technique used to study joint acƟons is electroencephalography (EEG), 
with its related analysis of event-related potenƟals (ERPs), parƟcularly the lateralized readiness potenƟals 
(LRPs). FuncƟonal magneƟc resonance imaging (fMRI) and funcƟonal near-infrared spectroscopy (fNIRS) are 
other techniques frequently used.  

 

1.3.1. Mirror, simulaƟon, and ideomotor theories: FoundaƟonal frameworks for understanding the 
neurophysiology of social interacƟon 

The mirror mechanism (Rizzolaƫ and Sinigaglia, 2007; 2010), simulaƟon theory (Gallese and Goldman, 1998), 
along with ideomotor or common coding approaches (Hommel et al., 2001; Prinz, 1997), have all been 
employed to explain social interacƟons. For example, mirror neurons, iniƟally idenƟfied in macaques, 
discharge both when an acƟon is executed and when the same acƟon is observed in another individual (Di 
Pellegrino et al., 1992; Gallese et al., 1996; Rizzolaƫ et al., 1996). Based on evidence suggesƟng a similar 
mirror neuron system in humans (Rizzolaƫ and Craighero, 2004), generaƟng a corƟcal representaƟon of an 
observed acƟon within the observer’s motor system provides a plausible neural mechanism for merging self- 
and other-generated acƟons into a shared representaƟon (Gallese et al., 1996; Rizzolaƫ et al., 2001). On the 
other hand, numerous studies indicate that individuals internally simulate their partner’s acƟons (Gallese and 
Goldman, 1998) and, during joint acƟon, integrate these simulaƟons with their own acƟon goals within a 
common predicƟve model (Bekkering et al., 2009b; Sebanz et al., 2007). Notably, the familiarity or 
sensorimotor experience with a given task appears to facilitate the simulaƟon of a co-actor’s acƟons (Hadley 
et al., 2015; Novembre et al., 2016). A key part of this process hinges on the brain’s ability to encode the 
percepƟon of the co-actor’s acƟon and one’s own self-generated acƟon producƟon in a similar manner, 
commonly referred to as percepƟon–acƟon matching (Hommel et al., 2001), thus allowing acƟons and their 
outcomes to be maintained in a common representaƟonal format (Rizzolaƫ and Sinigaglia, 2010). One 
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interpretaƟve framework is provided by ideomotor theories (James, 1890; Lotze, 1852) and their modern 
adaptaƟons (Hommel et al., 2001; Prinz, 1997; Shin et al., 2010). These theories propose that once 
associaƟons between acƟons and their outcomes, irrespecƟve of whether these outcomes correspond to 
individual or shared goals, are established, the mere percepƟon or cogniƟon of the outcome automaƟcally 
acƟvates the corresponding acƟon representaƟons, as both are encoded within a common representaƟonal 
medium. In joint acƟons, therefore, observing another person’s acƟons engages the same representaƟonal 
structures involved in one’s own acƟon planning and control (Jordan and Knoblich, 2004). The co-actor’s 
perceived motor behavior is likely integrated into one’s own motor repertoire, enabling it to be incorporated 
into subsequent acƟon planning (Tsai & Brass, 2007). However, ideomotor theory may not fully account for 
the flexibility required in social interacƟons where co-actors must coordinate and pursue joint goals, as this 
theory was originally formulated for within-individual motor programming (Sebanz et al., 2006a; Sebanz et 
al., 2003). Likewise, during joint acƟon, a purely boƩom-up mirroring of acƟon goals appears insufficient, as 
there is no one-to-one mapping between observed movements and their associated goals (Lamm and 
Majdandžić, 2015). In summary, while percepƟon-acƟon matching and SO motor integraƟon, as proposed by 
mirror mechanisms, simulaƟon, and ideomotor theories, may be sufficient to explain emergent coordinaƟon, 
goal-directed coordinaƟon likely requires some interacƟon with addiƟonal cogniƟve mechanisms (Miss et al., 
2022). 

 

1.3.2. Key neurophysiological findings 

Electrophysiological studies, as well as fMRI studies of joint acƟons, primarily derived from the joint Simon 
and joint Simon-like tasks, demonstrate that top-down execuƟve control processes are engaged to 
predominantly suppress responses during the partner’s turn (Knoblich et al., 2011). A key interpretaƟon of 
these findings is that SO integraƟon must be inhibited to maintain SO disƟncƟon, thereby opƟmizing goal-
directed coordinaƟon. This dynamic underscores the role of inhibitory control, a fundamental component of 
execuƟve funcƟons (Diamond, 2013; Wessel and Anderson, 2023). The no-go/stop P3 event-related potenƟal 
(ERP) is widely recognized as a neural marker of acƟon control and response inhibiƟon (Hervault et al., 2024; 
Huster et al., 2020; Nguyen et al., 2020). In the joint Simon task, no-go trials (where the co-actor’s response 
is required) elicit a larger P3 amplitude compared to no-go trials in the half-task control condiƟon (i.e., when 
parƟcipants act alone, effecƟvely converƟng the task into a go/no-go paradigm). This enhanced P3 is 
interpreted as reflecƟng increased response inhibiƟon to prevent an individual from acƟng during the 
partner’s turn, likely mediated by a common representaƟonal system that encompasses both partners’ 
acƟons (Ruissen and de Bruijn, 2015; Sebanz et al., 2006b; Tsai et al., 2006). These findings highlight the 
principle of co-representaƟon and emphasize the importance of maintaining a dynamic balance between SO 
integraƟon and disƟncƟon in joint acƟon contexts. In their study, Tsai et al. (2006) also invesƟgated another 
ERP as an index of motor preparaƟon to the sƟmulus, i.e., the lateralized readiness potenƟal (LRP, Ɵme-locked 
to the sƟmulus onset; Coles, 1989). InteresƟngly, both compaƟble no-go and incompaƟble go trials exhibit 
LRP in the Joint condiƟon compared to the solo half-task condiƟon. This enhancement in LRP amplitude may 
reflect increased acƟon anƟcipaƟon and monitoring, which in turn facilitates improved motor control during 
joint acƟon (Tsai et al., 2006). Comparable outcomes were observed in a joint turn-taking task employing 
centrally presented sƟmuli alongside a half-task control condiƟon (Holländer et al., 2011). Consistent with 
previous ERP findings (Sebanz et al., 2006b; Tsai et al., 2006), a seminal fMRI study by Sebanz et al. (2007) 
compared a joint Simon task condiƟon with a half-task condiƟon. Notably, during go-trials in the Joint 
condiƟon, there was increased acƟvaƟon in the medial frontopolar cortex (Brodmann area 10). The authors 
suggested that the representaƟon of a partner as a potenƟal co-actor enhances the salience of self-relevant 
sƟmuli, a funcƟon aƩributed to this region, which has been linked to joint aƩenƟon and SO disƟncƟon 
(Mitchell et al., 2006; Williams et al., 2005) as well as processing others’ intenƟons and engaging in visual 
perspecƟve-taking (Amodio and Frith, 2016). Furthermore, joint performance during go-trials elicited 
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heightened acƟvaƟon in the orbitofrontal cortex, indicaƟve of enhanced monitoring processes to ensure that 
responses are executed at the appropriate Ɵme. In contrast, during trials requiring the co-actor’s response 
(i.e., no-go trials), increased acƟvaƟon was observed in the parietal lobule, precuneus, and supplementary 
motor area (SMA), which the authors interpreted as reflecƟng enhanced acƟon co-representaƟon triggered 
by the observaƟon/percepƟon of the partner’s acƟons (Sebanz et al., 2007).  

 

1.3.3. NeurocogniƟve mechanisms of agency and co-representaƟon: The role of believed 
intenƟonality in joint acƟon 

Supported by behavioral and neurophysiological indices (P3 and LRP) from a joint Simon task with explicit 
cooperaƟve instrucƟons, Tsai et al. (2008) observed enhanced acƟon control and response inhibiƟon in the 
co-actor’s trials exclusively when parƟcipants believed they were interacƟng with an unseen intenƟonal 
human agent, as opposed to a computer located in another room. This finding suggests that the mere belief 
in another's intenƟonality is sufficient to trigger an agency-dependent social Simon effect, thereby 
modulaƟng acƟon planning and anƟcipaƟon, consistent with the noƟon that co-representaƟon of human 
acƟon is an evoluƟonarily tuned default of the human motor system (Tsai et al., 2008). In a study extending 
the findings of Tsai et al. (2008), Wen and Hsieh (2015) employed a similar belief paradigm in an fMRI 
experiment in which parƟcipants performed the joint Simon task under two condiƟons (with a human co-
actor or computer). The authors reported that, during compaƟble trials, acƟvaƟon in the medial prefrontal 
cortex was significantly higher in the human co-actor condiƟon than in the computer condiƟon. In line with 
the arguments presented by Sebanz et al. (2007), they hypothesized that this elevated neural acƟvity reflects 
enhanced SO disƟncƟon when individuals believe they are engaging with a biological co-actor. Ramnani & 
Miall (2004), during an fMRI experiment, administered an associaƟve joint sƟmulus-response task, where 
visual cues specified future acƟons for co-actors located in adjacent rooms, thus enabling parƟcipants to 
generate predicƟons of the other’s acƟons based on their task representaƟon and acƟon anƟcipaƟon 
processes. In this task, the instrucƟon cue color designated the acƟng agent: scanned parƟcipant, co-actor, 
or computer (non-agent control), while the cue shape specified the finger movement. Some cues required 
agents to withhold a response unƟl a trigger, prevenƟng motor planning in advance. CriƟcally, the neural 
acƟvaƟon paƩerns differed between preparing one’s own responses and anƟcipaƟng another’s. PreparaƟon 
of specific, cued, first-person responses was associated with acƟvaƟon of the dorsal premotor cortex (PMd), 
while anƟcipaƟon of a co-actor’s responses instead engaged the paracingulate cortex, superior temporal 
cortex, and interconnected regions of the premotor cortex (Ramnani and Miall, 2004). These findings support 
the noƟon that the human brain employs disƟnct neural subsystems within the motor control network, one 
for self-generated acƟons and another for predicƟng others’ acƟons, possibly via simulaƟon of their mental 
processes (Ramnani and Miall, 2004). InteresƟngly, these regions, which lie outside the classical mirror 
system, have also been implicated in mental state aƩribuƟon processes (Frith and Frith, 1999; Gallagher and 
Frith, 2003). Engagement in others’ acƟons has been linked to increased uncertainty regarding agency, that 
is, ambiguity about which individual is responsible for a given acƟon (Beyer et al., 2017; Colzato et al., 2012; 
Stenzel et al., 2012). In a study of dyadic musical performance, Novembre et al. (2016) reported that neural 
acƟvity in the right centroparietal region overlapped with regions tradiƟonally associated with the sense of 
agency, parƟcularly the anterior medial prefrontal cortex and the right temporoparietal juncƟon (rTPJ). The 
laƩer, specifically, is thought to play a criƟcal role in agency aƩribuƟon (Blakemore and Frith, 2003; Decety 
and Lamm, 2007), assist in synchronizing one’s own movements with those of others (Brass et al., 2005), and 
is also an area closely linked to Theory of Mind (ToM, Apperly et al., 2004). These findings, again, illustrate 
the complex interplay and balance between SO integraƟon and disƟncƟon during social interacƟons. 
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1.3.4. The relevance of inhibitory control and response inhibiƟon in joint acƟons 

Although converging evidence underscores the role of response inhibiƟon in joint acƟons, it is noteworthy 
that only two studies have implemented a joint version of the Stop-Signal Task (SST, Cardellicchio et al., 2021a; 
Cavallo et al., 2014). This paradigm (Logan and Cowan, 1984) is widely considered a cornerstone paradigm in 
neuroscience for isolaƟng “pure” response inhibiƟon, i.e., acƟon cancellaƟon, rather than simple acƟon 
restraint (Raud et al., 2020b). By requiring parƟcipants to halt already-iniƟated acƟons when a stop signal is 
presented, it offers a valuable measure of response inhibiƟon, making it an essenƟal tool for invesƟgaƟng the 
neural and cogniƟve mechanisms underpinning inhibitory control (Verbruggen et al., 2019). Behaviorally, 
both studies demonstrated diminished reacƟve inhibiƟon in the joint condiƟon, evidenced by an increased 
stop-signal reacƟon Ɵme (SSRT) compared to the solo condiƟon. On the neurophysiological front, Cavallo et 
al. (2014) evaluated corƟco-spinal excitability (CSE) in non-effector muscles, and their findings suggest the 
engagement of a more selecƟve, and consequently slower, stopping mechanism (Aron and Verbruggen, 2008; 
Majid et al., 2012), during joint acƟons. Conversely, uƟlizing a reaching version of the SST, Cardellicchio et al. 
(2021a) examined the role of the leŌ dorsal premotor cortex (lPMd) through a conƟnuous theta burst 
sƟmulaƟon (cTBS) protocol, revealing that this region modulates stopping performance in joint acƟon 
contexts. Both studies interpret these results in terms of co-representaƟon (Knoblich et al., 2011; Sebanz et 
al., 2006a). The concurrent processing of acƟon co-representaƟon appears to delay the detecƟon and 
processing of infrequent stop-signals. In this regard, Cardellicchio et al. (2021a), in line with Cavallo et al. 
(2014), propose that the lPMd recruits a more selecƟve inhibitory mechanism to control joint responses by 
suppressing interfering parallel motor plans, with acƟon co-representaƟon serving as the primary driver of 
this effect. SupporƟng this interpretaƟon, Cardellicchio et al. (2020) previously reported that, in a similar 
reaching task without stop-trials, the joint condiƟon was associated with reduced short-interval intracorƟcal 
inhibiƟon (SICI) and prolonged corƟcal silent period (CSP) during the reaching phase. More recently, Vescovo 
et al. (2024) replicated these findings, further demonstraƟng that CSP modulaƟon does not occur prior to 
movement onset but emerges later in the reaching phase, independent of advance informaƟon. Moreover, 
SSRT, considered a measure of the overall duraƟon required to implement stopping (Diesburg and Wessel, 
2021), has been found to correlate posiƟvely with CSP length (Paci et al., 2021) and negaƟvely with SICI 
strength (Cardellicchio et al., 2021b; Chowdhury et al., 2018). This paƩern of associaƟons further emphasizes 
the criƟcal role of inhibitory control mechanisms in modulaƟng joint acƟons. 

 

1.3.5. Balancing Co-RepresentaƟon: Final remarks 

In conclusion, converging evidence from behavioral, electrophysiological, and neuroimaging studies 
demonstrates that joint acƟons rely on a delicate interplay between high- and low-level co-representaƟonal 
processes, which can emerge relaƟvely automaƟcally. While foundaƟonal models, such as the mirror 
mechanism, simulaƟon theory, and ideomotor frameworks, effecƟvely describe how SO motor integraƟon, 
percepƟon–acƟon matching, and acƟon simulaƟon facilitate emergent coordinaƟon, these processes must 
be supported by top-down execuƟve funcƟons, parƟcularly inhibitory control, to address the demands of 
goal-directed social interacƟon. Indeed, results from joint Simon and Stop-Signal Task paradigms indicate that 
co-representaƟon of acƟons imposes a processing cost, evidenced by slower response inhibiƟon and 
amplified neural markers (e.g., heightened P3 and LRP amplitudes). AddiƟonally, fMRI invesƟgaƟons reveal 
that brain regions linked to social cogniƟon, such as the medial prefrontal cortex and orbitofrontal cortex, are 
differenƟally engaged when individuals interact with human co-actors compared to non-human agents or act 
alone, underscoring the role of perceived intenƟonality in shaping acƟon planning and monitoring. Consistent 
with this, correlaƟons between response inhibiƟon measures (SSRT, CSP, and SICI) and joint acƟon 
performance further emphasize inhibitory mechanisms as essenƟal for balancing the integraƟon and 
disƟncƟon of self- and other-generated acƟons. UlƟmately, these findings highlight the complex neural 
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circuitry underlying joint acƟons and illustrate that, in specific contexts, opƟmal behavior and accurate 
discriminaƟon of self-versus-other acƟons may necessitate suppressing co-representaƟon to resolve conflicts 
between SO integraƟon and disƟncƟon. 

 

1.4. Joint AcƟon in psychiatric and neurological disorders 
Clinical invesƟgaƟons of joint acƟon have encompassed populaƟons with socio-cogniƟve impairments due to 
various eƟologies, such as Parkinson’s disease (PD), focal brain lesions, or schizophrenia. However, most of 
the clinical joint acƟon research has focused on auƟsm spectrum disorder (ASD). To the best of my knowledge, 
no joint acƟon studies have been conducted involving individuals with Alzheimer’s disease, obsessive-
compulsive disorder, or bipolar disorder. Notably, adult neurological paƟents with damage to frontal regions, 
the posterior parietal cortex (PPC), or the temporoparietal juncƟon (TPJ), all areas closely linked to ToM 
(Apperly et al., 2004), did not manifest the joint Simon effect under typical tesƟng condiƟons (Humphreys 
and Bedford, 2011). ToM denotes the ability to conceptualize both one’s own and others’ mental states, 
encompassing intenƟons, beliefs, desires, and knowledge (Baron-Cohen et al., 1985; Frith and Frith, 1999; 
Premack and Woodruff, 1978). These neurological paƟents showed impairments on both first-order ToM tasks 
(requiring an understanding of another individual’s beliefs) and second-order ToM tasks (requiring the 
aƩribuƟon of beliefs regarding a third party’s mental state). Intriguingly, when specifically prompted to aƩend 
to their co-actor, the same paƟents with PPC/TPJ lesions exhibited the joint Simon effect (Humphreys and 
Bedford, 2011), suggesƟng that targeted aƩenƟonal cues can parƟally compensate for underlying ToM 
deficits. By contrast, individuals with schizophrenia, who frequently experience a disturbed sense of agency 
and atypical acƟvity in the medial prefrontal cortex (MPC) and TPJ, did not exhibit the joint Simon effect 
(Liepelt et al., 2012a). However, De la Asuncion et al. (2015) reported a joint Simon effect in schizophrenia 
paƟents, even though they exhibited generally slower response Ɵmes compared to the controls. InteresƟngly, 
electrophysiological data revealed a marked difference in the no-go P3 amplitude: healthy parƟcipants 
showed increased no-go P3 amplitude in the joint condiƟon, as previously reported (Ruissen and de Bruijn, 
2015; Sebanz et al., 2006b; Tsai et al., 2006), with respect to half-task control. Schizophrenia paƟents did not 
show this paƩern, suggesƟng altered processing necessary for successful joint acƟon in schizophrenia. Only 
one study assessed joint acƟons in PD. Fabbri et al. (Fabbri et al., 2018) administered to PD paƟents and 
healthy controls a go/no-go Flanker task under both joint and individual condiƟons, alongside measures of 
cogniƟve and affecƟve ToM. Results showed that only PD paƟents with higher cogniƟve ToM scores exhibited 
a joint Flanker effect, whereas controls displayed this effect regardless of the score. Moreover, PD paƟents 
with lower affecƟve ToM scores experienced greater interference effects, whereas the opposite paƩern 
emerged for HCs. In regression analyses, cogniƟve and affecƟve ToM predicted performance only in the joint 
condiƟon, underscoring the role of frontostriatal circuitry in PD. The heterogeneity of these results 
emphasizes the importance of accounƟng for both the severity and the anatomical locus of brain dysfuncƟon 
when examining the presence or absence of the joint Simon effect in populaƟons with impaired social 
cogniƟon (Miss et al., 2022). Surprisingly, although personality disorders are characterized by interpersonal 
and affecƟve disturbances that oŌen involve deficits in social cogniƟon, thus rendering the study of joint 
acƟons especially valuable for uncovering how these deficits manifest during real-Ɵme interpersonal 
exchanges, despite a comprehensive literature review, no studies appear to have invesƟgated joint acƟons 
specifically in the context of the DSM-5 personality disorder clusters (A, B, and C; American Psychiatric 
AssociaƟon, 2013). Insights derived from such research may facilitate the development of targeted 
intervenƟons and refine theoreƟcal models of a given disorder and social dysfuncƟon in general.  
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1.4.1. Joint acƟons in auƟsm spectrum disorder  

A growing body of research underscores the importance of joint acƟon coordinaƟon for understanding the 
core social difficulƟes observed in ASD and also for developing early intervenƟons. As already menƟoned, 
successful joint acƟon relies on boƩom-up sensory-motor processes, along with top-down execuƟve 
funcƟoning, to integrate both motor and social cues. Considering the data of joint acƟons in psychiatric and 
neurological paƟents, it appears evident that besides the mirror neuron system (and related low-level 
emergent coordinaƟon processing), another key neural network appears to be pivotal, i.e., the mentalizing, 
or theory of mind, system (Bekkering et al., 2009a; Newman-Norlund et al., 2008). In fact, individuals with 
ASD frequently exhibit abnormal acƟvity in these networks (Dickstein et al., 2013). Gonzalez et al. (2013) 
invesƟgated how ASD paƟents plan and execute tool-passing acƟons in joint-acƟon scenarios requiring 
consideraƟon of a partner’s comfort and end-goals. While some parƟcipants with ASD did adopt personally 
uncomfortable postures to facilitate the partner’s comfort, akin to controls, their overall behavior showed 
more variability and less consistent accommodaƟon of the partner’s needs. These findings highlight that 
although some aspects of movement planning in joint-acƟon contexts may align with normal paƩerns, 
individuals with ASD can exhibit greater heterogeneity in their ability to integrate the partner’s end-state 
comfort into their own motor acƟons. In another study of adults with auƟsm or Asperger Syndrome, who also 
demonstrated ToM impairments, as indicated by comparaƟvely poorer ToM task performance than 
neurotypical individuals, all but one of these parƟcipants met the criteria for passing at least one level of ToM 
task (first- or second-order), and they did show a robust joint Simon effect (Sebanz et al., 2005b). This finding 
implies that, despite observable deficits in social cogniƟon, certain aspects of acƟon co-representaƟon may 
remain sufficiently intact to support joint acƟon processing in ASD. Fulceri et al. (Fulceri et al., 2018) examined 
whether children with ASD can adapt their movements in joint tasks when they must rely solely on kinemaƟc 
informaƟon to achieve a shared goal. While children with ASD and typically developing (TD) children 
performed comparably when the movement’s end-point was visually specified (Clear End-Point), those with 
ASD exhibited greater reacƟon Ɵme variability. In contrast, during the Unclear End-Point task, where 
parƟcipants needed to infer the target solely from kinemaƟc cues, children with ASD were less accurate and 
performed more slowly than their TD counterparts. Notably, their movement paƩerns did not differ between 
the two tasks, whereas TD children became more consistent and commiƩed fewer errors when forced to rely 
on kinemaƟc informaƟon alone. These findings show an impaired ability in ASD to use kinemaƟc cues to 
anƟcipate and coordinate acƟons with a partner, thereby underscoring the importance of perceptual-motor 
coupling in social interacƟons. In a cross-secƟonal study examining joint acƟon skills, ASD children and 
adolescents performed mirroring and complemenƟng tasks with either a co-actor or a nonsocial partner 
(computer). ASD paƟents showed more pronounced difficulƟes with peer dyads and lagged behind age-
matched TD peers in overall JA abiliƟes (Bar Yehuda and Bauminger-Zviely, 2024). Leveraging real-world social 
interacƟons, Trevisan et al. (2021) conducted an experiment in which children with ASD and TD controls were 
tasked with moving tables either independently or collaboraƟvely through a maze, an acƟvity requiring 
strategic acƟon coordinaƟon, a key element of the joint acƟon process. Children with ASD were less likely to 
benefit from peer collaboraƟon and displayed reduced step synchronizaƟon compared to TD children. 
However, these differences were largely aƩenuated when an adult provided scaffolding. These findings could 
not be aƩributed to generalized motor delays in the ASD group. The authors contend that in children with 
ASD, joint acƟon coordinaƟon manifests as atypical synchronizaƟon of both cogniƟve and motor domains. 

In conclusion, although many individuals on the spectrum can understand others’ goals and intenƟons, it is 
evident that they oŌen struggle to share these goals in cooperaƟve joint motor tasks (for a comprehensive 
review, see Cerullo et al., 2021). This may stem from difficulƟes in low-level motor processes (e.g., 
coordinaƟng movements in Ɵme and space), possibly due to reduced aƩenƟon to others’ acƟons or impaired 
percepƟon of temporal and social cues (Von Der Lühe et al., 2016; Wild et al., 2010). Moreover, sensorimotor 
impairments, manifesƟng as altered movement percepƟon, planning, and Ɵming, can inhibit both the 
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communicaƟon of intenƟons and the coordinaƟon of motor interacƟons in ASD (Casartelli et al., 2016; Cook, 
2016). The bidirecƟonal nature of these impaired social exchanges is evident, as typical individuals also report 
difficulƟes interpreƟng auƟsƟc individuals’ cues (Brewer et al., 2016), whereas people with (high-funcƟoning) 
ASD find interacƟons with similar partners more fluid (Schilbach et al., 2013). Thus, mulƟple layers of joint 
acƟon processes, i.e., cooperaƟve ability, temporal coordinaƟon, and anƟcipatory motor planning, may be 
compromised in ASD, with deficits in sensorimotor integraƟon playing a key role (Cerullo et al., 2021). Since 
the mirror mechanism and ToM processing are central to acƟon representaƟon and predicƟon (Friston, 2010; 
Sinha et al., 2014), supporƟng their funcƟon through intervenƟons that foster motor and predicƟve skills 
could bolster social interacƟon outcomes (see Cerullo et al., 2021). UlƟmately, incorporaƟng joint acƟon 
coordinaƟon as a specific target in early treatment may enable children with ASD to beƩer develop shared 
aƩenƟon, acƟon goals, and intenƟons, potenƟally improving their social experiences (Brewer et al., 2016; 
Casartelli et al., 2016; Cook, 2016). 

 

1.5. The present work and applied techniques  
During my PhD, I employed a range of neurophysiological and electrophysiological techniques to invesƟgate 
the neural mechanisms underlying joint acƟon. In the first study, I used a TMS-EEG paradigm to explore the 
extent to which collecƟve goals are encoded at the motor level by targeƟng the primary motor cortex hand 
area (M1-hand) and the supplementary motor area (SMA). In the second study, I validated a gamified stop-
change task with a bimanual design, which I subsequently adapted into a unimanual joint version for a third 
study. Across these laƩer two experiments, I combined EMG and EEG measures to determine how inhibitory 
control is modulated in Joint versus Solo condiƟons. 

 

1.5.1. Techniques of Study I: MEPs and TMS-EEG 

Transcranial magneƟc sƟmulaƟon (TMS) has revoluƟonized human brain research (Barker et al., 1985) and is 
currently the method of choice to modulate neural acƟvity in the human brain (Siebner et al., 2022). The TMS 
pulse induces a transient Ɵme-varying electric field in the brain that enables the transient, controlled, and 
non-invasive perturbaƟon of the acƟvity of neurons located in the cerebral cortex under the coil.  

The induced electric field is modulated by the Ɵssue compartments’ conducƟve properƟes (Aberra et al., 
2020) and is most intense in the superficial regions of targeted corƟcal gyri and the underlying white maƩer 
(Siebner et al., 2022). TMS likely acƟvates axons of both excitatory and inhibitory neurons, with each axon’s 
firing threshold dependent on its geometry, myelinaƟon, spaƟal alignment relaƟve to the electric field, and 
the neuron’s physiological state (Di Lazzaro and Rothwell, 2014; Li et al., 2017). Indeed, TMS is inherently 
state-dependent because the neuron’s state is shaped by transsynapƟc dendriƟc and somaƟc inputs, intrinsic 
membrane potenƟal, and firing rate (Kasai et al., 1997; Silvanto et al., 2007; Sohn et al., 2003). 

Motor-evoked potenƟals (MEPs) are a central measure of corƟcospinal excitability in TMS studies. When TMS 
is applied over the primary motor cortex, it induces descending volleys that acƟvate spinal motor neurons. 
The resulƟng electrical response, recorded via surface electromyography (EMG) from a contralateral target 
muscle, is known as the MEP. The amplitude and latency of MEPs reflect corƟcospinal pathway excitability 
and integrity, making them a key physiological index (Siebner et al., 2022). The M1-hand motor cortex is the 
preferenƟal target when studying the mechanisms of TMS, as this area forms a characterisƟc knob-like 
structure (hand-knob), is superficially located, easily idenƟfiable on structural MRI scans, and readily 
accessible for sƟmulaƟon (Yousry et al., 1997). The short latency of the resulƟng MEP indicates that excitaƟon 
is carried by large, fast-conducƟng corƟcospinal fibers forming monosynapƟc connecƟons with cervical motor 
neurons, which is ideal for neurophysiological and neurocogniƟve research (Siebner et al., 2022). Another 
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pivotal neurophysiological property of the MEP, and perhaps the most striking illustraƟon of TMS “state 
dependency”, is that even minimal pre-acƟvaƟon of the target muscle can induce substanƟal MEP facilitaƟon. 
This facilitaƟon stems from physiological changes at both spinal and corƟcal levels, thereby rendering the 
propagaƟon of neuronal signals more efficient (Lazzaro et al., 1998; Mills et al., 1987; Ugawa et al., 1995). 

The neurophysiology underlying MEPs is complex, as they result from synchronized corƟcomotor excitaƟon 
of fast-conducƟng motor neurons and propagaƟon to the subsequent motor units (Siebner and Rothwell, 
2003). Given an imperfect physiological synchronizaƟon at the corƟcal, spinal, and muscular level, MEPs show 
a substanƟal trial-to-trial variability (Groppa et al., 2012). This means that phase cancellaƟon of descending 
volleys can substanƟally reduce MEP amplitude (Magistris et al., 1998). Despite the complexity of its 
underlying physiology, MEP-based studies have provided important insights into how TMS acts on M1, 
highlighƟng the method’s capabiliƟes and limitaƟons that must be recognized when disentangling state-
related changes in corƟcomotor excitability (Spampinato et al., 2023).  

However, the corƟcal perturbaƟon induced by transcranial sƟmulaƟon is not confined to a single site but 
rather propagates across mulƟple corƟcal regions. An effecƟve way to invesƟgate the cascade of events 
triggered by this perturbaƟon is to combine TMS with electroencephalography (EEG, Berger, 1929), which 
provides a favorable balance of good spaƟal and excellent temporal resoluƟon (Thut and Miniussi, 2009). 

The effects of a TMS pulse extend beyond the targeted corƟcal area, engaging distant corƟcal and subcorƟcal 
regions connected via long-range projecƟons (Valero-Cabré et al., 2001). The iniƟal neuronal depolarizaƟon 
beneath the coil generates acƟon potenƟals that travel along specific anatomical pathways, with trans-
synapƟc effects dependent on both the strength and the inhibitory/excitatory nature of these connecƟons 
(Momi et al., 2021; Valero-Cabré et al., 2007). It is also important to recognize that TMS signal propagaƟon is 
not solely dictated by anatomical connecƟons but it is influenced by the iniƟal funcƟonal state of the 
sƟmulated area (Silvanto et al., 2007) allowing to study different neurocogniƟve states and clinical condiƟons 
(BortoleƩo et al., 2015; Farzan and BortoleƩo, 2022; Parmigiani et al., 2023). In fact, the combined use of 
TMS and EEG provides a unique window into effecƟve connecƟvity (BortoleƩo et al., 2015; Miniussi and Thut, 
2010), understood as the causal relaƟonship among brain areas (Friston et al., 2013). 

TMS-EEG represents a highly promising methodology for invesƟgaƟng human brain dynamics (Ilmoniemi and 
Kicić, 2010; Kitajo et al., 2015). The EEG response to TMS can be examined using TMS-evoked potenƟals 
(TEPs), which serve as the equivalent of event-related potenƟals in standard EEG (Chung et al., 2015). TEPs 
serve as a robust measure of corƟcal excitability, as they vary with the sƟmulaƟon site, intensity, and 
orientaƟon—underscoring their sensiƟvity—while remaining stable over Ɵme, confirming their 
reproducibility (CasaroƩo et al., 2010). Most research has examined TEPs generated in the motor cortex (for 
a recent review, see Beck et al., 2024). However, to the best of our knowledge, only a handful of (recent) 
studies have invesƟgated TEPs in SMA (Busan et al., 2019; Casula et al., 2024; Casula et al., 2022; Leodori et 
al., 2024; Salo et al., 2018; Song et al., 2025; Thong et al., 2024). 

 

1.5.2. Techniques of Study II:  
Stop-Change Task, parƟal response EMG, and stop-signal P3 ERP 

A core construct of inhibitory control, a key execuƟve funcƟon, is response inhibiƟon, i.e., the ability to stop 
acƟons reacƟvely (Diamond, 2013). Response inhibiƟon is mainly characterized by the stop-signal reacƟon 
Ɵme (SSRT), a behavioral measure derived from the Stop-Signal Task (SST, Logan et al., 1984), the most 
common paradigm for studying inhibiƟon (Verbruggen et al., 2019). In the SST, parƟcipants repeatedly 
respond to a go signal but must inhibit this response whenever a stop signal appears, with a variable delay 
(stop-signal delay, SSD). The SSRT is esƟmated (typically via the integraƟon method) from the distribuƟon of 
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go reacƟon Ɵmes, mean SSDs, and the probability of commission errors on stop trials. (Verbruggen et al., 
2019). This esƟmaƟon rests on the independent race (or “horse race”) model, which posits that the go and 
stop processes independently compete against each other, and whichever process completes first (i.e., “wins” 
the race) determines whether the acƟon is ulƟmately executed or inhibited (Band et al., 2003; Logan and 
Cowan, 1984). Notably, the theoreƟcal basis of this model has neurophysiological plausibility and is well-
established in the literature (Boucher et al., 2007a; Boucher et al., 2007b). 

A popular extension of the SST is the Stop-Change Task (SCT, Logan, 1994). Both paradigms have idenƟcal 
sƟmuli and mechanics but differ regarding the number of required cogniƟve processes. In the SCT, an 
addiƟonal response re-engagement process is involved to iniƟate an alternaƟve acƟon (elicited by the stop-
signal, called change-signal in this case). Thus, while engaged in an SCT, a go process, an inhibiƟon process 
(Verbruggen et al., 2008) and a re-engagement process is acƟvated, with all three of them mainly operaƟng 
independently (Boecker et al., 2013). This means that the change-signal RT (CSRT) and SSRT are comparable, 
as the horse-race model is also applicable to stop-change inhibiƟon (Logan, 1994). Discrepancies between 
these two measures, usually found when assessed in separate blocks or sessions, are likely caused by the 
different cogniƟve demands of the task requirements but not by differences in the underlying inhibitory 
process (Boecker et al., 2013; Verbruggen et al., 2008).  

The SCT more closely reflects everyday behavior than the SST, which measures “pure” response inhibiƟon by 
requiring complete suppression of acƟons without subsequent behavioral adjustment. In reality, 
environmental or internal cues oŌen require us to cancel a planned or ongoing acƟon and then quickly switch 
to a new, more appropriate response—exactly what the SCT captures. An addiƟonal advantage of the SCT is 
that it provides a second behavioral parameter, the change-response reacƟon Ɵme (change-RT), reflecƟng 
the interval between the change signal and the iniƟaƟon of the alternaƟve acƟon. To avoid ambiguous 
terminology, hereaŌer, I will refer to the latency between the change-signal and the resulƟng inhibiƟon simply 
as “SSRT” (underscoring the importance of the stop-process), and to the latency between the change-signal 
and the execuƟon of the alternaƟve acƟon as “change-RT”. 

The SST/SCT is a valuable method for invesƟgaƟng reacƟve inhibiƟon across diverse condiƟons and seƫngs. 
Clinically, impairments in effecƟve behavioral control—reflected by slower SSRTs—have been observed in a 
range of populaƟons, including those with aƩenƟon-deficit/hyperacƟvity disorder, obsessive-compulsive 
disorder, drug abuse, schizophrenia, Parkinson’s disease, and ToureƩe syndrome (Di Caprio et al., 2020; 
Jahanshahi et al., 2015; Lipszyc and Schachar, 2010; Mancini et al., 2018a; Mancini et al., 2018b; Smith et al., 
2014; Snyder et al., 2015; Wylie et al., 2013; Yaniv et al., 2018). InhibiƟon deficits found in most of these 
paƟent populaƟons could be largely replicated by employing the SCT (Bekker et al., 2005; Fishbein et al., 
2007; Geurts et al., 2004).  

Nonetheless, growing evidence indicates that SSRT esƟmaƟons may be unreliable in certain pracƟcal seƫngs, 
parƟcularly in cases of trigger failures (failure to iniƟate the stop process), pronounced slowing of go 
responses, or violaƟons of independence assumpƟons at shorter SSDs (BisseƩ et al., 2021; BisseƩ and Logan, 
2014; Matzke et al., 2017; Skippen et al., 2019; Verbruggen et al., 2013). Recently, parƟal response EMG 
(prEMG) has been introduced as a complementary and more direct physiological measure of response 
inhibiƟon (Raud et al., 2022). EMG recordings from effector muscles frequently reveal small bursts of muscle 
acƟvity in successful stop-trials. These bursts represent responses iniƟated aŌer the go signal but terminated 
before the muscle acƟvity leads to a buƩon press. This parƟal response provides a means to determine the 
precise Ɵme point when motor acƟvity begins to decline, indicaƟng the implementaƟon of the inhibitory 
process (Atsma et al., 2018; Raud and Huster, 2017). PrEMGs serve as a reliable measure of acƟon stopping. 
While similar to the SSRT, these two measures should not be used interchangeably but rather as 
complementary measures. SSRT is an indirect metric reliant on assumpƟons that may not always hold in 
empirical data and appears more strongly influenced by behavioral strategies compared to prEMGs. In 
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contrast, the laƩer provide directly observable acƟon-stopping latencies at a single-trial level, with relaƟvely 
stable peak latencies. Neither measure serves as an unambiguous marker of neural response inhibiƟon, and 
they appear to be determined mainly by state-like and situaƟonal factors (Thunberg et al., 2024). However, 
when invesƟgaƟng joint acƟons and comparing them with individual acƟons—a comparison inherently 
situaƟonal and state-like dependent—these measures, used together, should offer significant potenƟal for 
advancing our understanding of the brain mechanisms underlying inhibitory control. 

Another area of focus within SST/SCT research, parƟcularly in studies uƟlizing EEG (and also fMRI), has been 
the idenƟficaƟon and applicaƟon of a precise and reliable neural index of inhibitory control (Wessel, 2023). 
The primary challenge arises from the dependency of successful stopping on the precise Ɵming of the 
inhibiƟon processes in relaƟon to acƟon iniƟaƟon (BisseƩ et al., 2021; Boucher et al., 2007a; Schall et al., 
2017). This suggests that the disƟncƟon between successful and failed stopping may depend less on the 
involvement of specific brain regions and more on the precise Ɵming of their acƟvaƟon. Given its high 
temporal resoluƟon, EEG represents an ideal technique for invesƟgaƟng the neural mechanisms underlying 
inhibitory control. An event-related potenƟal (ERP) proposed since the early 1990s as an index of inhibitory 
control is the frontocentral stop-signal P3 (also referred to as stop-signal P300, hereaŌer referred to simply 
as P3; see De Jong et al., 1990; Kok et al., 2004; Wessel and Aron, 2015b), though not without controversy 
(e.g., Huster, Messel, Thunberg, & Raud, 2020; Skippen et al., 2020; Thunberg, Wiker, Bundt, & Huster, 2024).  

A wealth of studies has provided empirical evidence suggesƟng that the P3 may serve as an index of inhibitory 
control during acƟon-stopping (for a recent review, see Hervault et al., 2024). This evidence can be 
summarized as follows, i) stop-signals elicit larger P3 amplitudes compared to go-signals; ii) P3 onset latency 
is shorter in successful stop trials compared to failed stop trials; iii) the P3 indexes individual differences in 
SSRT; iv) P3 onset occurs either earlier or around the same Ɵme as the SSRT; v) P3 latencies correlate with 
physiological markers of motor-system inhibiƟon; vi) P3 amplitudes correlate with reduced force during 
acƟon-stopping; and vii) modulaƟon of cogniƟve processes and sub-processes that contribute to stopping 
performance similarly influences the P3 (Hervault et al., 2024). In conclusion, SSRT, prEMGs, and the stop-
signal P3 have been widely recognized as reliable markers for invesƟgaƟng inhibitory control—and seem 
especially promising for studying response inhibiƟon in joint acƟons. We are convinced that combining these 
measures is a promising and comprehensive approach to effecƟvely characterize the cogniƟve states that 
shape inhibiƟon when individuals act alone or collaboraƟvely toward a collecƟve goal. 
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2. STUDY I 
2.1 Background 
As highlighted in the introducƟon, coordinaƟng with others is an essenƟal part of everyday life. People 
frequently engage in joint acƟviƟes: walking or dancing together, working and playing (video) games, or liŌing 
and moving heavy objects collaboraƟvely. Yet, as theoreƟcal and empirical research on joint acƟon 
demonstrates, there is a criƟcal difference between genuinely acƟng together and merely acƟng in parallel 
(Bratman, 2013; Gilbert, 1990; Knoblich et al., 2011; Miss et al., 2022; Searle, 1990). Consider two friends 
walking together versus two strangers randomly walking side by side. In both scenarios, a low-level form of 
emergent coordinaƟon may arise spontaneously, potenƟally leading to automaƟc synchronizaƟon of their 
walking paces (i.e., entrainment; Knoblich et al., 2011). However, the key disƟncƟon is that the friends share 
a common goal, whereas the strangers do not. Consequently, a collecƟve goal serves as a fundamental 
criterion differenƟaƟng genuine joint acƟon from mere parallel acƟon (BuƩerfill, 2015; BuƩerfill and 
Sinigaglia, 2023; Sinigaglia and BuƩerfill, 2020), and lies at the core of higher-level planned coordinaƟon 
(Knoblich et al., 2011). Although the term “joint acƟons” can be interpreted broadly, in the experiments 
presented in this thesis, it refers specifically to situaƟons where two or more agents act together and jointly 
direct at least one shared goal (see Barchiesi et al., 2022).  

Core to the understanding of joint acƟons is how collecƟve goals are represented and how these 
representaƟons affect acƟon preparaƟon and execuƟon when agents act together. Della GaƩa et al. (2017) 
used a two-agent version of the circle-line paradigm (Franz et al., 1991) showing that in the joint condiƟon, 
parƟcipants’ motor outputs were interpersonally coupled, resembling the bimanual circle-line effect known 
to stem from goal-related motor representaƟons (Garbarini et al., 2014; Garbarini et al., 2013; Garbarini et 
al., 2012; Jeannerod, 1988; Rizzolaƫ and Sinigaglia, 2007; Santello et al., 2002; Wolpert et al., 1995). Based 
on these results, the authors concluded that collecƟve goals could be represented motorically. Several other 
behavioral studies have indirectly or directly supported the idea that agents’ motor plans may relate to 
collecƟve goals (Clarke et al., 2019; Dötsch and Schubö, 2015; Meyer et al., 2013; Ramenzoni et al., 2014; 
Sacheli et al., 2018; Török et al., 2019). On the other hand, direct neurophysiological evidence of whether 
collecƟve goals are motorically represented remains limited. Previous EEG research focused mainly on how 
agents plan and monitor their own and others’ acƟons in joint tasks, suggesƟng at least some degree of motor 
involvement in goal representaƟon (KourƟs et al., 2014; KourƟs et al., 2013; KourƟs et al., 2019; Loehr et al., 
2013; Novembre et al., 2014). 

Importantly, monitoring or represenƟng the other’s acƟon alone does not necessarily indicate a collecƟve 
goal, as agents can track each other’s acƟons even when acƟng in parallel (Atmaca et al., 2011; Baus et al., 
2014; Böckler et al., 2012; Sebanz et al., 2005a). In a previous study conducted in our lab, Barchiesi et al. 
(2022) tried to assess collecƟve goal representaƟons by applying a new approach. To idenƟfy neural indicators 
of collecƟve goal representaƟon, the authors compared agents acƟng together with those acƟng in parallel 
or compeƟƟvely, using TMS to probe motor corƟcospinal excitability in these different condiƟons and thereby 
directly assessing how collecƟve goals might be motorically encoded. 

More in detail, the study design implied a turn-based task (the co-actor acted in the first turn, while the 
parƟcipant in the second turn) with four condiƟons: Joint condiƟon, where a parƟcipant and co-actor 
cooperate to shoot a ball to a common target, winning or losing together; Parallel condiƟon, where each 
player acts individually on their own target, they win or lose independently; CompeƟƟve condiƟon, 
parƟcipants compete to act faster than the other and only one can win; Motor Imagery condiƟon, where the 
parƟcipant played alone and imagined performing the correct response during the first turn, intended as an 
addiƟonal posiƟve control to show that the parƟcipant’s motor corƟcospinal excitability can be manipulated 
with the experimental seƫng. 
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This design contrasts condiƟons where goals are collecƟve (Joint) vs. individual (Parallel, CompeƟƟve), yet 
parƟcipants are compelled to pay aƩenƟon to the other’s acƟons in all cases (by means of rare catch trials). 
During the co-actor’s turn, a single-pulse TMS was delivered on the parƟcipant’s leŌ primary motor cortex to 
measure motor-evoked potenƟals (MEPs) from the resƟng right hand over the Extensor Carpi Ulnaris (ECU) 
and the Flexor Digitorum Superficialis (FDS) muscle, briefly aŌer the co-actor’s go-cue presentaƟon (signaling 
either a finger press or liŌ acƟon). TMS on M1 directly assesses the engagement of motor processes, allowing 
the invesƟgaƟon of the content of motoric representaƟons (CaƩaneo et al., 2009; Duque et al., 2017). MEP 
peak-to-peak amplitude served as the primary dependent variable, given prior evidence linking it to acƟon 
planning, execuƟon, observaƟon, and imagery (Bardi et al., 2015; CaƩaneo et al., 2013; Lebon et al., 2019; 
van Elswijk et al., 2008). 

The main predicƟon was that the parƟcipant should covertly implement the co-actor’s acƟon plan if the 
collecƟve goals are motorically represented in the Joint condiƟon. This would manifest in disƟnct corƟcospinal 
excitability modulaƟon in the Joint compared to Parallel and CompeƟƟve condiƟons during the co-actor’s cue 
presentaƟon. In fact, the motor imagery “posiƟve control” showed that MEP amplitude in the ECU muscle 
increased when parƟcipants imagined a finger liŌ (requiring ECU contracƟon) compared to imagining a finger 
press (requiring ECU relaxaƟon), confirming that MEPs could be effecƟvely modulated in the given seƫng. 
But contrary to the iniƟal hypothesis, under pre-registered analyses, there was no evidence that parƟcipants’ 
ECU MEPs were modulated by the co-actor’s acƟon in the Joint condiƟon (Barchiesi et al., 2022). Because of 
this null result, no further comparison was pursued between the Joint condiƟon and the Parallel/CompeƟƟve 
condiƟons. 

 

2.1.1 LimitaƟons of Barchiesi et al. (2022)  

The null finding of Barchiesi et al. (2022) appears to be in conflict with the above-menƟoned body of 
behavioral (Clarke et al., 2019; della GaƩa et al., 2017; Meyer et al., 2013; Sacheli et al., 2018; Török et al., 
2019) and electrophysiological (KourƟs et al., 2014; KourƟs et al., 2013; KourƟs et al., 2019; Loehr et al., 2013; 
Novembre et al., 2014) work suggesƟng that when acƟng together, agents represent both their own and their 
partner’s acƟons as if performing the enƟre acƟon themselves.  

Furthermore, the authors assumed a low sensiƟvity of the pre-registered dependent variable (ECU MEPs) and 
devised a new dependent variable to reduce noise from non-specific factors by including the contribuƟon of 
both ECU and FDS, i.e., the difference between z-scored FDS and ECU MEPs. Ideally, this difference is posiƟve 
in “liŌing” trials (maximum acƟvaƟon of ECU and minimal acƟvaƟon of FDS), while it is negaƟve in “pressing” 
trials (minimal ECU acƟvaƟon, maximum FDS acƟvaƟon). The comparison between trial types (liŌ vs. press 
trials) only revealed a trend in the hypothesized direcƟon (t = 1.51, df = 35, p-value = 0.07; Cohen’s d = 0.25). 
SƟll, this trend in the postulated direcƟon possibly suggests that the experimental approach, with appropriate 
modificaƟons, could be valid for demonstraƟng a motor representaƟon of collecƟve goals.  

Consequently, given that the experiment was lengthy, with condiƟons being motorically idenƟcal and 
administered sequenƟally, the authors ran further exploratory analyses with a reduced dataset, including only 
the first block, to control the effect of task-switching and faƟgue (at the expense of diminished sample size; n 
= 13). By taking the ECU-FDS difference as a dependent variable (providing a slightly larger effect size), the 
one-tail paired sample t-test showed a significant difference between press vs. liŌ trials in the joint condiƟon 
(t = 2.30, df = 12, p-value = 0.02; Cohen's d = .64). Thus, while this study did not detect, as hypothesized in 
the pre-registered analysis, a significant MEP modulaƟon driven by the co-actor’s acƟon during the joint task, 
it sƟll offers valuable insights into methodological refinements that future studies could implement. 
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2.1.2 Design of the new study and aims 

To address the limitaƟons idenƟfied in Barchiesi et al. (2022), we made substanƟal modificaƟons to the 
original paradigm and implemented these in a new experiment, which I was responsible for conducƟng. Given 
that the study by Barchiesi et al. (2022) likely suffered from an excessively long experimental session with too 
many condiƟons and an overly abstract shared goal in the joint condiƟon, key modificaƟon entailed reducing 
the experimental condiƟons from four to two (a Solo and a Joint condiƟon) and providing more concreteness 
to the shared goal among parƟcipants. Rather than simply moving balls, in the new task, parƟcipants would 
“assemble” a tandem bicycle or a monocycle, depending on the condiƟon. The aims of Study I are listed 
below, followed by the corresponding hypotheses and predicƟons. 

1. Aim 1: The first aim, consistent with the original study, is to determine whether parƟcipants engaged 
in joint acƟons covertly implement their co-actor’s acƟon plan and whether collecƟve goals are 
represented at the motor level. If this is the case, we hypothesize that by sƟmulaƟng M1,  disƟnct 
modulaƟon of corƟcospinal excitability can be observed in the Joint condiƟon compared to the Solo 
condiƟon during the co-actor’s cue presentaƟon. Specifically, we predict that combining antagonist 
muscle MEPs (calculated as the difference between ECU and FDS responses) will provide the most 
robust approach to isolaƟng collecƟve goal representaƟons in the motor system. In this framework, 
we expected significant differences between “liŌing” and “pressing” trials in the Joint condiƟon, 
whereas no significant differences are anƟcipated in the Solo condiƟon. 

2. Aim 2: Given that in Barchiesi et al. (2022) did not uƟlize neurophysiological markers beyond MEPs, 
this experiment implemented TMS-EEG co-registraƟon. Accordingly, the second aim of this study is to 
assess corƟcal excitability by examining TMS-evoked potenƟals (TEPs). To do this, we aim to 
invesƟgate the motor system acƟvity by means of M1 TEPs and the involvement of brain regions 
associated with more abstract motor processing. Given the supplementary motor area’s (SMA) 
established role in domain-general sequence processing (Cona et al., 2017; Cona and Semenza, 2017) 
and acƟon outcome monitoring (Bonini et al., 2014), we applied TMS to this region in a separate block 
to assess its corƟcal excitability and involvement in joint acƟons. Thus, the second aim of the study is 
to also assess TEPs following sƟmulaƟon of SMA. Due to the absence of specific hypotheses regarding 
the exact neural circuits involved at the level of M1 and SMA, we adopt an exploratory approach to 
the TEP analysis and refrain from making precise predicƟons about TEP characterisƟcs. Furthermore, 
we refrain from formulaƟng any predicƟons about its effect on behavior. 

 

2.2. Methods 

2.2.1. Power analysis, parƟcipants, and general procedures 

We esƟmated the sample size before starƟng data collecƟon based on the exploratory analysis (described in 
secƟon 2.1.1) of the above-menƟoned study (Barchiesi et al., 2022). I computed the sample size esƟmaƟon 
for a one-tailed paired t-test with G*Power (3.1.9.7, Faul et al., 2007). Using a power of 95% and a staƟsƟcal 
significance of 5%, the power analysis resulted in a sample size of 28 parƟcipants. In total, we enrolled 34 
healthy right-handed volunteers (range: 20-45 years) without any history of neurological or psychiatric 
disorder. ParƟcipants were first screened for condiƟons incompaƟble with TMS use (see Rossi et al., 2021; 
Rossi et al., 2009). Handedness was assessed by the Edinburgh Handedness Inventory (Mean [M] ± standard 
deviaƟons [SD]: 92.3 ± 14.3; Oldfield, 1971). The screened parƟcipants subsequently provided wriƩen 
informed consent and received single-pulse TMS to locate the motor hot spot and idenƟfy the resƟng motor 
threshold (rMT). Three parƟcipants had a rMT above 84% of the maximum sƟmulator output (MSO) and were 
excluded. Due to technical issues, the electromyographic signal (EMG) of one parƟcipant was not recorded. 
The experiment was comprised of a single session, lasƟng about 3 h, including about 1.5 h for the session set 
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up (EEG/EMG montage, hotspot locaƟon, and rMT) and 1.5 h for tesƟng (also counƟng 15 min for instrucƟons 
and training, plus 15 min for short pauses between each block). No adverse effects due to TMS applicaƟon 
were reported. The final sample consisted of 30 parƟcipants for the MEP analysis (18 females, M ± SD: 25.2 
± 4.9 years) and 31 parƟcipants for the TMS-EEG analysis (19 females, M ± SD: 25.3 ± 4.9 years). If applicable, 
parƟcipants received monetary reimbursement for travel expenses. The study has been approved by the 
Ethical CommiƩee of the IRCCS IsƟtuto Centro San Giovanni di Dio Fatebenefratelli (Brescia 25/2020) and was 
conducted in accordance with the ethical standards of the DeclaraƟon of Helsinki. 

 

2.2.2. Task setup 

The task was adapted from Barchiesi et al. (2022). Experiments were conducted in an electromagneƟcally 
shielded, dimly lit, and sound-aƩenuated room to minimize external noise and interference. Upon the 
parƟcipant's arrival, they were explicitly informed that the task involved collaboraƟon with another 
individual, as it was a joint acƟon task. They were also noƟfied that the co-actor would not undergo TMS 
sƟmulaƟon or EMG recordings. The co-actor was a member of the lab who acted as a naïve parƟcipant. A 
total of six lab members alternated as co-actors across experiments (mean age: 24.7 years; all female). 
ParƟcipants and co-actors were seated side by side, with parƟcipants on the leŌ and co-actors on the right, 
as this arrangement corresponded to the sequence of sƟmuli presented during each turn (see fig. 1). Both 
individuals each faced idenƟcal screens posiƟoned approximately 60 cm away (eye-to-screen distance, ASUS 
VG248QE; refresh rate: 60 Hz, resoluƟon: 1920 × 1080, dimensions: 61 cm × 34.4 cm). ParƟcipants rested 
comfortably on a chinrest to maintain stability during sƟmulaƟon. Both individuals placed their forearms on 
the table in a comfortable posiƟon, resƟng their fingers on a flat pressure sensor affixed to the table (4 cm × 
5.5 cm, model RP-S40-ST). They were instructed to make contact with the index, middle, and ring fingers on 
the sensor, pressing down or liŌing their hand in a shovel-like moƟon. ParƟcipants were also instructed to 
relax their musculature immediately aŌer compleƟng the acƟon to minimize EMG bursts that could interfere 
with MEP measurements. In the Joint condiƟon, parƟcipants alternated acƟons with a co-actor, pressing or 
liŌing a sensor in sequence with the shared goal of construcƟng a virtual tandem bike. This was achieved by 
operaƟng two stylized pinball-like shooters that propelled the right wheel (iniƟated by the co-actor during 
the first turn) or the leŌ wheel (iniƟated by the parƟcipant during the second turn). In the Solo condiƟon, 
parƟcipants performed the task independently, as the co-actor's turn was replaced by an automaƟc turn in 
which the wheel moved autonomously. The co-actor waited outside the room. ParƟcipants responded to 
idenƟcal cues to construct a virtual monocycle, posiƟoned on the leŌ side of the screen. Unlike the previous 
study (Barchiesi et al., 2022), the co-actor acƟvely performed the task rather than merely pretending to do 
so. AddiƟonally, both the parƟcipant and the co-actor performed the task using their right hand, whereas in 
the previous study, parƟcipants used their leŌ hand. To prevent parƟcipants from observing their own or the 
co-actor's hand movements, both right hands were concealed beneath a cardboard box. As in Barchiesi et al. 
(2022), catch trials were included during the co-actor’s or automaƟc turn, and parƟcipants with commission 
error rates exceeding 50% in any condiƟon would have been excluded; however, no parƟcipants exceeded 
this threshold. A custom-made script developed in MATLAB® and Psychophysics Toolbox 3 (Brainard and 
Vision, 1997; Kleiner et al., 2007) was used to display sƟmuli and control events on the screens.  
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Figure 1: Experimental setup in the Joint condiƟon (leŌ panel) and the Solo condiƟon (right panel). In the Joint condiƟon, 
the parƟcipant (right) and the co-actor (leŌ) sat side-by-side, each viewing the same task scene on separate screens. 
Both individuals’ right hands were covered by a cardboard box to minimize visual distracƟons. During the co-actor's turn 
(Turn 1), a single TMS pulse was delivered to the parƟcipant's leŌ motor cortex to evoke motor-evoked potenƟals (MEPs) 
in the Extensor Carpi Ulnaris (ECU) and Flexor Digitorum Superficialis (FDS) muscles of their right hand. The task involved 
collaboraƟvely building a tandem bicycle, with the parƟcipant taking over during Turn 2. In the Solo condiƟon, the 
parƟcipant performed the task independently while the co-actor was absent. The co-actor's turn (Turn 1) was replaced 
by an automaƟc turn, where the system acted autonomously based on preprogrammed Ɵmings. The parƟcipant's task 
was to construct a monocycle in the Solo condiƟon, following the same procedures for Turn 2 as in the Joint condiƟon. 
The experiment included simultaneous co-registraƟon of TMS and EEG, and both condiƟons shared idenƟcal Ɵming and 
task mechanics to ensure comparability between the Joint and Solo setups. 

 

 

2.2.3. Trial Ɵme-sequence and experiment structure 

As previously menƟoned, within each trial, the task was performed sequenƟally by the players in two turns: 
first the co-actor's turn, followed by the parƟcipant's turn. Before the trial onset, sensor pressure was 
monitored to detect any potenƟal involuntary finger liŌing by either individual. If insufficient pressure was 
detected on one of the sensors, a warning message (“Please, place your fingers on the sensors”) was displayed 
unƟl the fingers were correctly posiƟoned. Once adequate pressure was detected, the trial began with the 
co-actor’s turn. 
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Figure 2: Overview of the trial structure for the Joint and Solo tasks. This figure illustrates each condiƟon's progression 
and Ɵming of events, highlighƟng key differences between condiƟons. In the Joint task (top panel), the trial began with 
the display of two pinball-like shooters (white rectangles), two wheels (white circles), a blue tandem bike frame (top), 
and a central white fixaƟon cross. The right shooter was controlled by the co-actor, who always acted first, and the leŌ 
shooter by the parƟcipant, who acted second. AŌer a delay (400–600 ms), the co-actor’s wheel (on the right) briefly 
changed color to red (press), yellow (liŌ), or orange (catch trial). A single transcranial magneƟc sƟmulaƟon (TMS) pulse 
was delivered to the parƟcipant at a pseudo-randomized interval (-200 to 400 ms) relaƟve to the parƟcipant’s mean 
reacƟon Ɵme (RT; computed by tracking their performance in their turn). In catch trials, both the co-actor and parƟcipant 
withheld their acƟons. ThereaŌer, the wheel moved and aƩached to the rear of the bike (regardless of the co-actor’s 
performance). Following a delay (400–600 ms), the parƟcipant’s acƟon cue (red or yellow) appeared inside the leŌ wheel, 
signaling their turn. AŌer the leŌ wheel was propelled to the front of the tandem bike, the final feedback animaƟon (400 
ms) revealed the trial outcome: successful trials showed the assembled bike moving upward, while failed trials displayed 
the bike breaking apart. AŌer, a 1 second long black-screen with fixaƟon-cross, served as inter-trial interval (ITI). In the 
Solo task (boƩom panel), the co-actor’s turn was replaced by an automaƟc turn. The wheel moved autonomously 
following its color change (red, yellow, or orange), mimicking the co-actor's Ɵming. A TMS pulse was delivered with the 
same Ɵmings. Trial feedback was similar to the Joint task, with successful trials showing the monocycle assembling and 
moving upward, while failed trials depicted it disassembling. The ITI and task mechanics for parƟcipant acƟons remained 
consistent with the Joint task. 

 

In the joint condiƟon, at the onset of the turn, the screen displayed the following elements: two pinball-like 
shooters (stylized as white rectangles at the boƩom of the screen), two wheels (stylized as white circles in 
the middle), a blue tandem bike structure (without wheels, at the top), and a central white fixaƟon cross on 
a black background, as shown in fig. 2 (top panel). 

Congruently with their seaƟng posiƟon (fig. 1), the co-actor controlled the right pinball-like shooter while the 
parƟcipant controlled the leŌ one. AŌer a variable pseudo-randomized delay of 400–600 milliseconds (ms), 
the black interior of the co-actor’s wheel changed color (red, yellow, or orange) for 67 ms before returning to 
black. This visual cue indicated what acƟon the co-actor should perform: red signaled a press, yellow signaled 
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a liŌ, and orange indicated a catch trial. The task script kept track of the parƟcipant’s average reacƟon Ɵme 
(RT). At a pseudo-randomized interval ranging from -200 to 400 ms aŌer the tracked mean RT, a single TMS 
pulse was delivered to the parƟcipant before any animaƟon appeared on the screen. In case of a catch trial, 
both individuals were required to withhold any movements: the co-actor immediately, and the parƟcipant 
aŌer, during their own turn. Otherwise, the co-actor performed the cued acƟon, triggering the shooter 
towards the wheel aŌer a 500 ms delay, which also served as the holding Ɵme. The shooter’s impact on the 
wheel propelled it toward the tandem bike structure, fiƫng the wheel onto the rear side of the bike (right 
side). If the co-actor acted too slowly or did not respond in Ɵme, the shooter animaƟon started anyway. 

Following a pseudo-randomized delay of 400–600 ms, the parƟcipant’s acƟon cue appeared inside their 
designated wheel (on the leŌ side) as a color change to either red (indicaƟng a press) or yellow (indicaƟng a 
liŌ) for 67 ms, signaling the start of the second turn. The brief presentaƟon of the color cue in both turns was 
designed to encourage players to focus closely on the wheels. Unless a catch trial was signaled during the co-
actor’s turn (requiring the parƟcipant to pay aƩenƟon to the co-actor’s cue), the parƟcipant performed the 
corresponding acƟon and maintained it for at least 500 ms (holding Ɵme) to trigger the shooter and propel 
the wheel toward the front posiƟon of the tandem bike. As in the previous turn, if the acƟon performed was 
incorrect or slower than 500 ms, the shooter sƟll pushed the wheel to its posiƟon. Unlike Barchiesi et al. 
(2022), where the response window was set to 1 second, we reduced the upper RT limit to 500 ms to 
encourage parƟcipants to perform acƟons as quickly and reacƟvely as possible, thereby strengthening the 
sƟmulus-response associaƟon. The trial concluded with feedback in the form of an animaƟon lasƟng 400 ms: 
for successful trials, the tandem bike rotated 90 degrees upward and exited the screen by moving upward; 
for failed trials, the bike broke apart into two pieces and fell down the screen, indicaƟng that at least one 
player had made a mistake. A new trial began aŌer a 1-second interval displaying a black screen with a fixaƟon 
cross. 

In the Solo condiƟon, the trial mechanics remained largely the same, with the parƟcipant performing the task 
independently while the co-actor waited in a nearby room. As previously described, the co-actor’s turn was 
replaced by an automaƟc turn in which the wheel moved autonomously aŌer changing color. Again, the only 
relevant color for the parƟcipant during the automaƟc turn was orange, indicaƟng a catch trial. Following the 
visual cue, a TMS pulse was delivered at the same Ɵming as in the joint condiƟon (-200 to 400 ms relaƟve to 
the parƟcipant’s tracked mean RT), while the animaƟon started aŌer a pseudo-randomized delay of 100–600 
ms, mimicking the average co-actor’s Ɵming. In the second turn, parƟcipants responded to the same cues to 
construct a virtual monocycle posiƟoned on the leŌ side of the screen and replacing the tandem bike 
structure. Similar to the joint condiƟon, failed trials were represented by the monocycle disassembling into 
various parts, while successful trials were depicted by the monocycle rotaƟng and moving upward off the 
screen. 

Considerable aƩenƟon was given to providing clear instrucƟons and adequate training, administered to both 
players jointly. InstrucƟons were delivered using a comprehensive set of 38 slides, providing an exhausƟve 
explanaƟon of the task mechanics to ensure parƟcipants were thoroughly prepared. They were instructed to 
fixate on the white cross all the Ɵme during the task. ParƟcipants were informed preempƟvely that if an error 
occurred during the joint condiƟon, the responsible individual would not be idenƟfied, and the trial would be 
marked as failed due to the collecƟve nature of the task. Emphasis was placed on the disƟncƟon between the 
two condiƟons: in the solo condiƟon, the goal was individual, with independent performance, whereas in the 
joint condiƟon, the goal was shared, requiring collaboraƟve performance. Each condiƟon consisted of three 
blocks of 100 trials, each lasƟng approximately 10 minutes and corresponding to the three types of 
sƟmulaƟon (M1, SMA, and sham). The order of the condiƟons and blocks was counterbalanced across 
parƟcipants using a LaƟn square design to minimize potenƟal order effects. Each block consisted of 40 liŌ, 40 
press, and 20 catch trials. 
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2.2.4. MEPs acquisiƟon and TMS-EEG setup 

We acquired EEG signals using 74 TMS-compaƟble passive Ag/AgCl electrodes (EasyCap, BrainProducts 
GmbH, Munich, Germany) and a TMS-compaƟble amplifier system g.HIamp, g.tec Medical Engineering GmbH, 
Schiedlberg, Austria) at a sampling rate of 9600 Hz. Recordings were made without applying filters, and skin-
electrode impedance was maintained below 5 kΩ. We sƟmulated the parƟcipant’s target areas using a Super 
Rapid2 transcranial magneƟc sƟmulator connected to a 70-mm figure-of-eight coil (MagsƟm Company, 
Whitland, UK), eliciƟng a biphasic waveform (charge delay set at 350 ms). To minimize sensory arƟfacts 
contaminaƟng the TEPs, parƟcipants were asked to wear noise-canceling earphones producing white noise. 
EMG signals were amplified alongside the EEG electrodes and recorded from the ECU and FDS muscles on 
the resƟng right forearm using pairs of disposable surface electrodes in a bipolar montage. A band-pass filter 
between 10 and 2500 Hz and a notch filter were applied for visualizaƟon purposes only.  

The leŌ M1 was funcƟonally idenƟfied: The corƟcal hotspot, defined as the region eliciƟng the largest MEPs 
on average in both ECU and FDS, was idenƟfied by posiƟoning the coil approximately 3–4 cm lateral to the 
vertex. Single pulses were delivered at 30% of MSO and gradually increased in ~5% steps up to 70% MSO. This 
stepwise procedure allowed parƟcipants to acclimate to the experimental setup and the sensaƟons of TMS 
sƟmulaƟon. We performed a grid search over the leŌ hemisphere to locate the precise hotspot by 
systemaƟcally moving the coil in ~1 cm increments within a circular area approximately 4 cm in diameter. Coil 
orientaƟon was kept approximately at 45° from the midline such that the current flow direcƟon in the leŌ M1 
during the second phase of the biphasic pulse waveform was posterior-to-anterior (Siebner et al., 2022; 
Sommer et al., 2006). Once the hotspot was idenƟfied, we esƟmated the rMT for the ECU/FDS muscles using 
the maximum-likelihood threshold-hunƟng algorithm, a variant of the Parameter EsƟmaƟon by SequenƟal 
TesƟng (PEST) algorithm (Awiszus, 2003; 2011; Rossi et al., 2021; Rossi et al., 2009). The rMT was defined as 
the minimum sƟmulaƟon intensity that elicited an MEP of at least 50 μV in both muscles. The TMS intensity 
was set at 120% of the rMT throughout the experiment, and parƟcipants were sƟmulated during each trial.  

For SMA sƟmulaƟon, or more accurately, the SMA-complex (given the low spaƟal resoluƟon of TMS, we 
cannot exclude also the parƟal sƟmulaƟon of pre-SMA, see Casula et al., 2022), we selected FCz as the 
sƟmulaƟon site. This posiƟon was sufficiently anterior to avoid current spread to M1, which could otherwise 
elicit MEPs in shoulder, trunk, or lower limb muscles. Most studies agree that the opƟmal site for targeƟng 
the SMA is between 2 and 4 cm anterior to the vertex (Cona et al., 2017; Cunnington et al., 1996; Hamada et 
al., 2008; Janssen et al., 2015; Matsunaga et al., 2005; Oliveri et al., 2003; Serrien et al., 2002; Terao et al., 
2007; Verwey et al., 2002). Based on the dimensions of our EEG caps, the FCz electrode was posiƟoned 
between 3.3 cm and 4 cm anterior to Cz. The coil was oriented approximately 0° relaƟve to the midline, 
ensuring that current flow in the underlying cortex was directed posterior-to-anterior. This orientaƟon is 
supported by findings that both early and late TEP peaks, as well as local mean field potenƟals (a measure of 
corƟcal excitability), are enhanced when the SMA is sƟmulated in a posterior-to-anterior direcƟon (Casula et 
al., 2022). For sham sƟmulaƟon, the coil was posiƟoned over the Cz electrode at 0° relaƟve to the midline, 
with a plasƟc spacer of approximately 3 cm separaƟng the coil from the scalp. The parƟcipant's head fiducials 
were co-registered to a standard 3D head reconstrucƟon, enabling the use of a neuronavigaƟon system 
(SofTaxic 3.4.3, E.M.S., Bologna, Italy) to ensure precise coil posiƟoning and stability at the idenƟfied hotspot 
throughout the session. 
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2.2.5. ComputaƟon of the muscular engagement index and EMG-accuracy 

To evaluate parƟcipants’ muscular engagement during their turns in response to the acƟon cues, we 
calculated a muscular engagement index by subtracƟng the absolute z-scored FDS EMG acƟvity from the 
absolute z-scored ECU EMG acƟvity.  This computaƟon was performed for the Ɵme window spanning cue 
presentaƟon to 1 second aŌerward. The resulƟng values were then divided by the sampling rate (9600 Hz) to 
normalize the index. This index served as an addiƟonal behavioral measure, reflecƟng the movement 
direcƟon based on muscle acƟvity: liŌ acƟons yielded posiƟve values, while press acƟons resulted in negaƟve 
values (maximum acƟvaƟon of ECU and minimal acƟvaƟon of FDS and vice versa, respecƟvely). This EMG-
based engagement measure directly captures the parƟcipant's muscle acƟvaƟon, providing a more accurate 
reflecƟon of their intended motor response, essenƟal for reinforcing a strong sƟmulus-response associaƟon. 
AddiƟonally, given the relaƟvely high number of ‘no response’ trials, we uƟlized the muscular engagement 
index to classify also these trials, where parƟcipants probably responded to slowly. This approach allowed us 
to calculate an accuracy parameter based on EMG acƟvity rather than relying solely on sensor output, which 
was constrained by a strict upper RT limit and a long holding Ɵme. ClassificaƟon thresholds for these ‘no 
response’ trials were determined as follows: for each parƟcipant, the muscular engagement index was 
calculated for each trial, and only correctly executed liŌ and press trials were retained. Correct liŌ trials were 
sorted in ascending order, and press trials in descending order. The value corresponding to the 10th percenƟle 
(i.e., the trial at the 10% mark) was selected as the classificaƟon threshold for each acƟon type, such that ‘no 
response’ trials with an index higher than the 10th percenƟle of correct liŌ trials were classified as ‘liŌ’ and 
those smaller than the 10th percenƟle of correct press trials as ‘press’. The index was ploƩed individually for 
each parƟcipant and visually inspected to confirm that the liŌ and press thresholds were appropriately 
posiƟoned. Using this classificaƟon, we computed adjusted accuracy values (hereaŌer referred to as EMG-
accuracy). In contrast, standard accuracy based on acƟons executed within the upper RT, defined as the 
proporƟon of correct responses relaƟve to the total number of liŌ and press trials from the sensor output, 
will hereaŌer be referred to as behavioral accuracy. 

 

2.2.6. StaƟsƟcal analysis of behavior 

To ensure that parƟcipants demonstrated acceptable and comparable performance across all experimental 
blocks, we conducted a series of analyses on the behavioral parameters. First, to verify that parƟcipants were 
effecƟvely aƩenƟve during the co-actor’s turn, we conducted a two-way repeated-measures analysis of 
variance (rm-ANOVA) on catch trial accuracy, with condiƟon (levels: solo, joint) and sƟmulaƟon-type (levels: 
M1, SMA, sham) as within-subject factors.  

Second, to confirm an adequate sƟmulus-response associaƟon in go trials, we conducted a two-way rm-
ANOVA on EMG-accuracy (see secƟon 2.2.5.) with condiƟon (levels: solo, joint) and trial-type (levels: liŌ, 
press) as within-subject factors.  

Finally, we assessed parƟcipants’ general movement speed and precision. As the parƟcipants' turn always 
followed the co-actor’s turn, we also examined whether trial congruence (both turns involving the same 
acƟon cue) influenced behavioral performance. Two separate three-way rm-ANOVAs were conducted, with 
RTs and behavioral accuracy as dependent variables, and congruence (levels: congruent, incongruent), 
condiƟon, and sƟmulaƟon-type as within-subject factors.  
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2.2.7. MEPs preprocessing and staƟsƟcal analysis  

To minimize potenƟal biases, MEPs were analyzed as blinded data. A band-pass filter (10–2500 Hz) and a 50 
Hz notch filter were applied offline to reduce arƟfacts. Peak-to-peak amplitudes were calculated for each MEP 
within an individualized 10 ms to 50 ms post-TMS pulse window by subtracƟng the lowest peak from the 
highest. ArƟfactual acƟvity was visually checked and corrected. To reduce variability, we ensured that both 
ECU and FDS were relaxed before TMS pulses, classifying a muscle as relaxed if pre-sƟmulaƟon EMG acƟvity 
did not exceed ±100 μV peak-to-peak amplitude within 50 ms before the pulse. Trials exceeding this threshold 
or with MEP amplitudes below 50 μV were excluded. Mean MEPs were then calculated for each condiƟon 
(Wilcox, 2009). We sƟmulated during every trial, resulƟng in up to 40 trials per acƟon cue (liŌ and press) per 
block within each condiƟon. This sample size exceeds typical TMS studies and meets recommendaƟons for 
high MEP reliability and staƟsƟcal power (Bastani and Jaberzadeh, 2012; Biabani et al., 2018). As TMS was 
delivered at a pseudo-randomized interval ranging from -200 to 400 ms relaƟve to each parƟcipant’s tracked 
mean RT, we assessed whether sƟmulaƟon Ɵmings were consistent across blocks to rule out any systemaƟc 
bias. Specifically, we ran two separate repeated-measures ANOVAs on (1) the delay between the visual color 
cue (the co-actor’s go signal) and the TMS pulse, and (2) the latency (posiƟve or negaƟve) between the 
tracked mean RT and the pulse, with condiƟon (solo vs. joint) and sƟmulaƟon type (M1, SMA, sham) as within-
subject factors. 

If collecƟve goals are represented motorically, parƟcipants should encode the co-actor’s hand acƟons in 
accordance with the cues presented during the co-actor’s turn. Therefore, we hypothesized greater 
corƟcospinal excitability in the FDS and ECU muscles during the co-actor’s press and liŌ trials, respecƟvely. 
Conversely, MEP peak-to-peak amplitudes were expected to be reduced in the opposing trials (i.e., ECU during 
press trials and FDS during liŌ trials). As preliminary control analyses, we conducted three-way mixed-design 
ANOVAs on ECU-MEPs and FDS-MEPs to examine the effects of condiƟon (levels: solo, joint) and trial-type 
(levels: liŌ, press) as within-subject factors. AddiƟonally, parƟcipants were divided into two groups based on 
the order of condiƟons administered (between-subject factor: joint-first, solo-first) to invesƟgate potenƟal 
priming or faƟgue effects.  

As already menƟoned, in our lab’s prior study (Barchiesi et al., 2022), analyses of the motor imagery condiƟon 
(used as a posiƟve control) showed a greater effect size when using the difference between ECU and FDS 
MEPs as the dependent variable, compared to analyzing individual muscles. This approach enhances the 
likelihood that any posiƟve findings reflect motor representaƟons of collecƟve goals while minimizing 
confounding effects, such as arousal or other non-specific influences on MEP amplitudes. Accordingly, the 
difference in MEPs for liŌ and press trials was used as a measure of selecƟve modulaƟon of the muscles 
involved in these acƟons.  

To address the primary aim of this study, we conducted a two-way repeated-measures ANOVA with the ECU-
FDS MEP amplitude difference as the dependent variable, and condiƟon (levels: solo, joint) and trial-type 
(levels: liŌ, press) as within-subject factors. When necessary, Greenhouse-Geisser correcƟons were applied 
to account for violaƟons of sphericity, and post hoc analyses were corrected using the Bonferroni method. If 
the dependent variable was not normally distributed, z-score transformaƟons were applied. 

 

2.2.8. TEP preprocessing and staƟsƟcal analysis 

The preprocessing pipeline was adapted from our previous studies (BortoleƩo et al., 2021; Guidali et al., 2023; 
Zazio et al., 2022). Analyses were performed in MATLAB R2023a (The Mathworks, NaƟck, MA, USA) using 
custom scripts with both, EEGLAB v.2023.1 (Delorme and Makeig, 2004), and FieldTrip (Oostenveld et al., 
2011) funcƟons (default parameters, unless specified otherwise). ConƟnuous TMS-EEG data was interpolated 
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for 3 ms around the TMS trigger, high-pass filtered at 1 Hz (using EEGLAB’s windowed sync FIR filter funcƟon 
‘pop_eegfiltnew’), down-sampled at 4800 Hz and epoched around the TMS pulse from 700 ms before to 800 
ms aŌer the sƟmulaƟon. Then, for each parƟcipant, we merged all blocks and applied the source-esƟmate-
uƟlizing noise-discarding (SOUND) algorithm (spherical 3-layer model, regularizaƟon parameter: λ = 0.1; 
Mutanen et al., 2018) to discard noise measurement. A first automaƟc arƟfact rejecƟon was performed 
(EEGLAB funcƟon ‘pop_jointprob’) with global and local limits set to 5 SD deviaƟons to discard highly 
arƟfactual trials. ThereaŌer, we run an independent component analysis (ICA) for ocular arƟfact correcƟon 
and components relaƟve to horizontal and verƟcal ocular movements were visually inspected and discarded 
by two independent researchers (EEGLAB funcƟon ‘pop_runica’, infomax algorithm, 73 channels included 
with an equal number of computed components). To remove TMS-evoked muscular arƟfacts in the first 50 
ms aŌer pulse from the M1 blocks, we separated only these two blocks from our merged data and applied a 
signal-space projecƟon and source-informed reconstrucƟon algorithm (SSP-SIR, Mutanen et al., 2016). The 
computed principal components were visually inspected by two independent researchers and discarded if 
they showed a high-frequency signal Ɵme-locked the TMS pulse (3.9 ± 1.0 SSP-SIR components were removed 
on average).  Finally, we split our data back to the original blocks, removed the signal from 0 to 8 ms aŌer the 
TMS pulse, and, aŌer a low-pass filter at 100 Hz (IIR BuƩerworth filter, order 4, using the EEGLAB funcƟon 
‘pop_basicfilter’), we performed a second automaƟc arƟfact rejecƟon with limits set to 3 SDs. Data was off-
line re-referenced to the average of the leŌ and the right mastoids (TP9/10), epoched from−100 to 400 ms, 
baseline corrected in the 100 ms to 5 ms preceding the pulse and averaged according to the experimental 
condiƟons. No channels were excluded, and aŌer preprocessing, an average of 6.9 ± 2.2% of the trials in each 
condiƟon were discarded from further analyses. TEPs were compared using cluster-based permutaƟon tests 
for dependent samples (FieldTrip funcƟon ‘Ō_ƟmelockstaƟsƟcs’) approximated with a Monte Carlo procedure 
using 1000 permutaƟons (Maris and Oostenveld, 2007). 

  

2.3. Results 

2.3.1. Behavioral results  

Our behavioral parameters were primarily used to assess performance and confirm consistency across all 
experimental condiƟons. ParƟcipants’ behavioral performance was generally good. No parƟcipant was 
excluded due to insufficient accuracy in catch trials (0.88 ± 0.07, M ± SD). Only two parƟcipants scored below 
70% accuracy in one of the two condiƟons (62% and 67%). To ensure homogeneity across blocks, we 
conducted a two-way non-parametric aligned rank transform analysis of variance (ART-ANOVA, Leys and 
Schumann, 2010) on catch trial accuracy (0.88 ± 0.13, M ± SD) with CondiƟon (levels: Joint, Solo) and 
SƟmulaƟon Type (levels: M1, SMA, Sham) as within-subject factors. No significant differences were found 
(see Table 1).  

Table 1: Results of the non-parametric repeated measures Aligned Rank Transformed analysis of variance (ART-ANOVA, 
Leys and Schumann, 2010) on Catch Trial Accuracy, with CondiƟon (Levels: Joint, Solo) and SƟmulaƟon Type (Levels: M1, 
SMA, Sham) as within-subject factors. Df, degrees of freedom.  



31 
 

 

Due to the intenƟonally fast task pace (with a 500 ms upper RT limit) and the extended holding Ɵme (500 
ms), several trials were recorded as ‘no response,’ even when parƟcipants may have aƩempted the correct 
acƟon. To assess consistent muscular engagement across blocks, we conducted a two-way ANOVA (with 
CondiƟon and SƟmulaƟon Type as factors) on EMG-accuracy (0.86 ± 0.13, M ± SD), which also revealed no 
significant differences. All parƟcipants achieved at least 65% EMG-accuracy.  

We performed three-way repeated-measures ANOVAs on mean reacƟon Ɵmes (RTs) and behavioral accuracy, 
by including an addiƟonal Congruence factor (acƟon-cue congruence between parƟcipants and co-actors 
within the same trial; levels: Congruent, Incongruent). Significant effects emerged only in the analysis of 
behavioral accuracy (fig. 3). 

First, a significant main effect of SƟmulaƟon Type was observed (p = 0.021, ηp² = 0.122), though none of the 
post hoc comparisons survived Bonferroni correcƟon. Second, a significant main effect of CondiƟon was 
found (p = 0.030, ηp² = 0.147, fig. 3A), with parƟcipants performing less accurately in the Joint condiƟon 
compared to the Solo condiƟon (0.71 ± 0.11 vs. 0.75 ± 0.10, M ± SD). Lastly, a significant main effect of 
Congruence (p = 0.020, ηp² = 0.168) indicated higher accuracy in congruent trials compared to incongruent 
ones (Mdiff ± SD = 0.03 ± 0.13, fig. 3B). 

Given that the co-actors, who acted to be a naïve parƟcipants but were actually lab members, we also 
examined their behavioral performance during the joint condiƟon. As expected, the co-actors demonstrated 
high accuracy during catch trials (0.89 ± 0.05, M ± SD). AddiƟonally, their behavioral accuracy during liŌ and 
press trials was significantly higher (0.86 ± 0.07, M ± SD) compared to the parƟcipants (0.71 ± 0.10, M ± SD; 
t(50.87) = -6.41, p < .001). To assess whether the co-actor's performance influenced parƟcipant performance, 
we computed block-wise correlaƟons between the co-actors’ and parƟcipants’ accuracies. The results 
indicated no staƟsƟcally significant relaƟonships in the M1 block (r = 0.06, t(29) = 0.33, p = 0.742), sham block 
(r = 0.04, t(29) = 0.20, p = 0.842), or SMA block (r = 0.20, t(29) = 1.10, p = 0.281). 

 

Figure 3: Significant results for behavioral accuracy (raƟo), i.e., standard accuracy based on acƟons executed within the 
upper RT, defined as the proporƟon of correct responses relaƟve to the total number of liŌ and press trials as recorded 
from the sensor output. (A) Behavioral accuracy by CondiƟon, showing significantly lower accuracy in the Joint condiƟon 
compared to the Solo condiƟon. (B) Behavioral accuracy by Congruence, with significantly higher accuracy observed in 
Congruent trials compared to Incongruent trials. For all panels, the box plots represent the median (horizontal line within 
the box), the interquarƟle range (IQR; the height of the box), and the whiskers extend to 1.5 Ɵmes the IQR or the furthest 
data point within that range. Outliers are represented as individual points outside the whiskers. Asterisks (*) indicate 
staƟsƟcally significant differences. 



32 
 

2.3.2. MEPs 

As a preliminary analysis, we examined whether delivering TMS at a randomized latency relaƟve to each 
parƟcipant’s mean RT introduced any systemaƟc bias. We tested for any effect of condiƟon or sƟmulaƟon 
type on the cue-TMS delay and RT-TMS latency but found no significant differences in either measure (see 
Table 2). 

 

Table 2: Results of the repeated measures ANOVA on Cue-TMS Delay and mean RT-TMS Latency. The analysis includes 
CondiƟon (Levels: Joint, Solo) and SƟmulaƟon Type (Levels: M1, SMA, Sham) as within-subject factors. ANOVAs did not 
yield any significant effect. Reported values include degrees of freedom (Df), residual degrees of freedom (Residual Df), 
mean squared error (MSE), F-value, parƟal eta squared (ParƟal η²), and p-value for each main effect and interacƟon. 

 

AŌer excluding trials with excessive pre-TMS muscle contracƟon or MEP amplitudes smaller than 50 μV, at 
least 77.5% of trials were retained in each condiƟon (i.e., a minimum of 31 out of 40 trials), with an average 
of 39.2 ± 1.5 trials per condiƟon, resulƟng in the removal of 1.96% of trials. Since no parƟcipant was excluded 
due to poor behavioral performance, the final sample consisted of 30 parƟcipants (18 females; mean age: 
25.2 ± 4.9 years; handedness: 92.0% ± 0.2%; TMS sƟmulaƟon intensity: 76.8% ± 8.9% MSO; all values 
presented as M ± SD).  

First, as a control analysis, to assess corƟcospinal excitability individually in the ECU and FDS muscles while 
parƟcipants observed the co-actor’s acƟon cues, we conducted two separate three-way mixed-design 
ANOVAs on mean peak-to-peak ECU and mean peak-to-peak FDS MEP amplitudes. CondiƟon (Solo, Joint) and 
Trial Type (LiŌ, Press) were tested as within-subject factors, and Order (Joint-first, Solo-first) as a between-
subjects factor. Due to non-normal distribuƟon, MEP values were z-scored prior to analysis.  

The ANOVA on ECU MEPs showed a significant CondiƟon × Trial Type interacƟon (p = 0.020, ηp² = 0.177, fig. 
4A). Bonferroni-corrected post hoc analysis indicated that in the Solo condiƟon, MEP amplitudes during liŌ 
trials were significantly larger than during press trials (Mdiff ± SD = 0.11 ± 0.21, fig. 4A). Whereas the ANOVA 
on FDS MEPs revealed a significant main effect of CondiƟon (p = 0.049, ηp² = 0.131, fig 4B), revealing larger 
corƟco-spinal excitability in the joint condiƟon, with respect to solo condiƟon (Mdiff ± SD = 0.180 ± 0.267).  
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Finally, to address Aim 1 and invesƟgate our primary hypothesis, we conducted a two-way repeated-measures 
ANOVA on the difference between z-scored ECU and FDS MEP amplitudes (ECU–FDS) with CondiƟon (Solo, 
Joint) and Trial Type (LiŌ, Press) as within-subject factors. This analysis did not reveal any significant effects. 

 

Figure 4: Significant results of motor-evoked potenƟals (MEP). (A) Z-scored mean MEP amplitudes were recorded from 
the ECU muscle for LiŌ and Press trial types in both condiƟons, with a significant CondiƟon × Trial Type interacƟon 
indicaƟng larger MEP amplitudes during LiŌ trials compared to Press trials in the Solo condiƟon. (B) Z-scored mean MEP 
amplitudes recorded from the FDS muscle, showing a significant main effect of CondiƟon with higher amplitudes in the 
Joint condiƟon. For all panels, the box plots represent the median (horizontal line within the box), the interquarƟle range 
(IQR; the height of the box), and the whiskers extend to 1.5 Ɵmes the IQR or the furthest data point within that range. 
Outliers are represented as individual points outside the whiskers. Asterisks (*) indicate staƟsƟcally significant 
differences. 

 

2.3.3. TEPs 

To examine corƟcal response differences between the Joint and Solo condiƟons, TMS-evoked potenƟals 
(TEPs) were compared using cluster-based permutaƟon tests for dependent samples (implemented in 
FieldTrip using the Monte Carlo method with 1,000 permutaƟons). Comparisons were made across all 
channels and Ɵme points from 5 to 350 ms post-TMS pulse within each sƟmulaƟon site: M1 (fig.4), SMA 
(fig.5), and Sham. A significant posiƟve cluster was idenƟfied in the M1 condiƟon between 285 and 350 ms 
(cluster-corrected p = 0.032; fig. 6). To control for non-specific effects (e.g., sensory or auditory arƟfacts) and 
isolate M1-specific acƟvity, we subtracted the sham condiƟon acƟvity from the M1 and SMA TEPs. The 
previously observed posiƟve cluster in M1 was no longer significant in the M1–Sham comparison (cluster-
corrected p = 0.157). No other significant effects were detected. 
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Figure 5: TMS-evoked potenƟals following M1 sƟmulaƟon during the Joint condiƟon (leŌ) and Solo condiƟon (right). Each 
trace represents the EEG response from a single electrode, and the overlaid topographical maps illustrate the 
characterisƟc components of M1 sƟmulaƟon at 15 ms, 30 ms, 60 ms, 100 ms, 180 ms, and 310 ms, highlighƟng the 
spaƟotemporal dynamics of corƟcal acƟvaƟon in both condiƟons. 

 
Figure 6: BuƩerfly plots of TMS-evoked potenƟals following SMA sƟmulaƟon during the Joint condiƟon (leŌ) and Solo 
condiƟon (right). Each trace represents the EEG response from a single electrode, with overlaid topographical maps 
illustraƟng the characterisƟc components of SMA sƟmulaƟon at 15 ms, 40 ms, 60 ms, 110 ms, 180 ms, and 280 ms. 

 

 

Figure 7: Time course of the significant cluster from the comparison of Joint vs. Solo condiƟons in M1 TMS-evoked 
potenƟals (leŌ) and corresponding topographical map at 300 ms (right), showing the spaƟal distribuƟon of the effect. 
Asterisks mark significant electrodes, with warmer colors indicaƟng posiƟve effects and cooler colors indicaƟng negaƟve 
effects. 
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2.4. Discussion 
Our study invesƟgated the neural basis of joint acƟons, specifically whether collecƟve goals are motorically 
represented. We hypothesized that when acƟng together, individuals engage motor processes for their own 
acƟons and those of their co-actor, effecƟvely processing the enƟre acƟon sequence required to represent 
the collecƟve goal. This motor representaƟon would reflect an integrated understanding of both self-
generated and the co-actor acƟons as part of a shared objecƟve. To test this, we conducted the first-ever 
TMS-EEG experiment in Joint AcƟon research, measuring motor-evoked potenƟal (MEP) amplitudes as an 
index of motor cortex acƟvaƟon and TMS-evoked potenƟals (TEPs) to assess corƟcal excitability and effecƟve 
connecƟvity (Farzan and BortoleƩo, 2022). We expected that if parƟcipants represented the collecƟve goal 
motorically, their MEP amplitudes would vary in response to the acƟon cues in the co-actor’s turn. 

In line with our laboratory’s previous pre-registered study (Barchiesi et al., 2022), we implemented specific 
criteria to ensure reliable task execuƟon. First, parƟcipant performance on catch trials was monitored to 
confirm aƩenƟveness during the co-actor’s turn and adherence to task instrucƟons. Second, parƟcipants 
were evaluated based on RT and accuracy to verify that they had learned the sƟmulus–acƟon associaƟons 
and remained engaged throughout the task by maintaining consistent performance across blocks. 
AddiƟonally, unlike Barchiesi et al. (2022), we introduced an upper RT limit of 500 ms to encourage reacƟve 
rather than deliberaƟve responses and increased the holding Ɵme (to 500 ms), which inevitably increased 
“no response” trials. Thus, to ensure proper muscular engagement, we also assessed EMG-based accuracy 
showing proper behavior even during most of these “no response” trials. Despite task constraints, the 
relaƟvely low error rates suggest that parƟcipants followed the instrucƟons carefully and that the task 
demands were appropriate and not overly difficult. 

Using MEPs as a dependent variable was jusƟfied by previous literature showing that the representaƟon of 
acƟons in motor areas is related to muscle-specific increases in MEP amplitude. Specifically, modulaƟon of 
MEP amplitude has been observed during motor processes such as acƟon planning and execuƟon (van Elswijk 
et al., 2008), acƟon observaƟon (Bardi et al., 2015; CaƩaneo et al., 2013), and motor imagery (Lebon et al., 
2019). In line with this research, Barchiesi et al. (2022) incorporated two motor imagery blocks (one in the 
pilot experiment and one in the main experiment) in their design, providing fundamental evidence that MEPs 
could be modulated within our type of experimental framework. Following Barchiesi et al. (2022), aŌer 
significant changes in the experimental design, we used ECU-FDS MEP amplitude difference to test the 
hypothesis of motor representaƟons of collecƟve goals. However, we did not find evidence of a specific 
modulaƟon at the motor level for the co-actor's acƟon representaƟon in the Joint condiƟon. However, 
contrary to our hypothesis, we observed a significant modulaƟon between liŌ and press trials in the Solo 
condiƟon within ECU. Furthermore, we did not find a similar modulaƟon in FDS, instead we observed that 
MEPs were larger in the Joint condiƟon. Our primary dependent variable, ECU–FDS difference, showed no 
significant modulaƟon. 

The larger FDS-MEPs in the Joint condiƟon, however, are in line with recent evidence that corƟcospinal 
excitability is modulated by aƩenƟonal focus in dynamic acƟon (Matsumoto et al., 2024). Specifically, in a 
ramp-and-hold contracƟon task, the authors reported larger MEPs under an external focus (i.e., direcƟng 
aƩenƟon to the pressure applied to an object) compared to an internal focus (i.e., aƩending aƩenƟon to one’s 
own finger). A comparable effect may have occurred in our study, such that parƟcipants might have been 
more externally focused on the co-actor during the joint condiƟon, whereas acƟng alone in the solo condiƟon 
might have led to a more internally oriented focus. 

This self-directed aƩenƟon could also suggest why we found a significant modulaƟon in ECU-MEPs. 
ParƟcipants in the Solo condiƟon may have covertly imagined or prepared their (liŌ) acƟons during the 
automaƟc turn. In contrast, during joint acƟons, the (externally triggered) representaƟon of collecƟve goals—
or more broadly, the co-representaƟon of another individual’s acƟon—might have sƟll engaged motor 
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processes but could simultaneously have interfered with the motor representaƟon (or preparaƟon) of one’s 
own acƟon that. Such conflicƟng self-other motor processing could suggest that MEPs may not be an ideal 
measure for probing collecƟve goal representaƟon or acƟon co-representaƟon. 

One might wonder why MEPs were modulated differently across the two muscles. One possible explanaƟon 
is the fact that propriocepƟve and visual inputs can differenƟally alter the corƟcospinal excitability of 
reciprocal forearm muscles, implying disƟnct neural control mechanisms for flexors versus extensors (Quinn 
et al., 2018; Suzuki et al., 2019). Thus, it should not be assumed that extensors and flexors (or antagonisƟc 
muscle groups in general) will respond equivalently to TMS, as each may be governed by disƟnct corƟcal and 
subcorƟcal pathways. 

Unlike Barchiesi et al. (2022), we applied TMS over a broader Ɵme window, from -200 ms to 400 ms relaƟve 
to the parƟcipant’s mean RT. This raises a second criƟcal point: the uncertainty regarding the opƟmal Ɵming 
to effecƟvely probe corƟcospinal excitability for acƟon co-representaƟon in joint tasks. If the most sensiƟve 
window for detecƟng these effects occurs earlier or later than our chosen Ɵmeframe, we may have 
unintenƟonally diluted any potenƟal effects. 

Another limitaƟon of our experiment concerns task design. Unlike other joint acƟon tasks that require precise 
coordinaƟon, our task was specifically designed to minimize the need for fine synchronizaƟon with the co-
actor. Despite this, parƟcipants were sƟll influenced by the co-actor’s cues. This was evident in the lower 
accuracy observed in the Joint condiƟon compared to the Solo condiƟon. Further supporƟng this, we found 
a significant main effect of Congruence, with parƟcipants performing more accurately in congruent trials than 
in incongruent ones. However, when roles are clearly divided—as in our turn-based task design—achieving 
shared goals may not necessitate a motor representaƟon of the co-actor’s acƟons (Kutz, 2000), explaining the 
absence of significant modulaƟon in the Joint condiƟon. This interpretaƟon aligns with the perspecƟve that 
collecƟve goal achievement can rely on various cogniƟve and motor processes rather than solely on motor 
representaƟons of others’ acƟons (Sinigaglia & BuƩerfill, 2020).  

AlternaƟvely, as suggested by Barchiesi et al. (2022), it is possible that the joint nature of the task modulates 
acƟvity in acƟon-related regions outside the primary motor cortex (M1), such as the premotor corƟces. These 
regions may be modulated in a way that suppresses their output to M1, prevenƟng it from receiving afferent 
input. SupporƟng this idea, a recent study demonstrated that reacƟve inhibiƟon is slowed during joint acƟons; 
however, applying conƟnuous theta burst sƟmulaƟon (cTBS) to disrupt acƟvity in the leŌ dorsal premotor 
cortex (lPMd) eliminated the joint acƟon-induced slowing of response inhibiƟon (Cardellicchio et al., 2021a). 

Regarding TEPs, we did not propose any specific hypothesis for either M1 or SMA sƟmulaƟon, given that, to 
the best of our knowledge, no prior TMS-EEG experiment has been conducted within a joint acƟon paradigm. 
AŌer collecƟng TEPs from the SMA, we computed the grand-average signal across all parƟcipants and 
condiƟons and idenƟfied five main peaks at approximately 20, 30, 60, 110, and 180 ms, consistent with 
previous reports (Casula et al., 2024; Casula et al., 2022; Leodori et al., 2024). Likewise, TEPs elicited by M1 
sƟmulaƟon exhibited the characterisƟc temporal components extensively described in the literature (Farzan 
and BortoleƩo, 2022). However, when comparing the Solo and Joint condiƟons via cluster-based analyses, 
aŌer subtracƟng the sham condiƟon, no significant differences emerged in either region. 

These null findings converge with the lack of evidence for a motoric representaƟon of shared goals, as 
previously noted for the behavioral and MEP data. Several factors could explain why TEPs remained 
inconclusive. One possibility is that joint acƟon does not substanƟally affect early corƟcal TEP components in 
SMA or M1. Indeed, previous studies indicate that TEP components, parƟcularly those before 100 ms, can be 
highly site-specific (Freedberg et al., 2020; Garcia et al., 2011; Ozdemir et al., 2021; Rogasch et al., 2020). 
Such topographical specificity may obscure any subtle modulaƟon arising from joint acƟons, making it difficult 
to detect under the current experimental design.  
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Regarding later TEP components such as the N100, P180, and N280, they tend to be influenced by mulƟple 
overlapping sources (Farzan and BortoleƩo, 2022). The N100, for example, oŌen exhibits a broad topography 
and has been linked to mulƟple generators (Roos et al., 2021). It can also be confounded by auditory and 
somatosensory responses evoked by the coil click or skin sƟmulaƟon (Farzan and BortoleƩo, 2022). The 
subsequent P180 and N280 peaks are sƟll poorly characterized, though they may arise from a mixture of 
corƟcal sources and auditory evoked responses (Ahn and Fröhlich, 2021; Ter Braack et al., 2015). 

The inherent variability of EEG data, compounded by the dynamic nature of joint-acƟon paradigms, can 
reduce sensiƟvity to subtle effects, parƟcularly given intersubject and trial-by-trial variability. To miƟgate non-
task-related arƟfacts, we conducted the experiment in a sound-aƩenuated room, employed acƟve noise-
canceling earphones with white noise, and introduced a sham condiƟon for subtracƟon. This approach, 
commonly used in TMS-EEG studies (Conde et al., 2019; Gordon et al., 2018; Rocchi et al., 2021), helps control 
for the auditory clicks and scalp sensaƟons that could contaminate TEP waveforms. Nonetheless, it remains 
unclear whether these precauƟons fully eliminate all extraneous confounds. 

A criƟcal quesƟon is whether the joint condiƟon by itself is sufficient to produce a detectable state-dependent 
modulaƟon of TEPs in SMA or M1. Previous work shows that TEPs can indeed vary across different brain 
states—such as disƟnct levels of consciousness or different cogniƟve loads (Ferrarelli et al., 2010; Massimini 
et al., 2005; Noreika et al., 2020). However, our results suggest that the joint condiƟon tested with our 
paradigm may not have generated a sufficiently disƟnct brain state to alter TEPs in a measurable way. 

Future invesƟgaƟons should consider refined experimental designs (e.g., stronger manipulaƟon of joint-
acƟon contexts), higher staƟsƟcal power, and possibly more advanced source-localizaƟon techniques. These 
steps may help clarify whether TEPs can reveal subtle corƟcal changes in response to collecƟve goals in SMA, 
M1, or other relevant corƟcal areas.  

 

2.5. Conclusion 
This study represents a preliminary effort to invesƟgate whether collecƟve goals are represented at the motor 
level by employing TMS-EEG co-registraƟon in parƟcipants acƟng alongside a co-actor or alone. In addiƟon, 
we revisited the MEP measures from Barchiesi et al. (2022) under comparable experimental condiƟons, while 
simultaneously aƩempƟng to address the limitaƟons idenƟfied in that previous work. Although we 
hypothesized that MEPs would be modulated in joint acƟon contexts according to the confederate’s intended 
acƟon, no significant modulaƟon emerged; on the contrary, we found significant modulaƟon in the Solo 
condiƟon, but only in ECU-MEPs. Even aŌer accounƟng for the methodological constraints outlined by 
Barchiesi et al. (2022), we found no evidence to support our iniƟal conjecture. Likewise, the TEP results also 
point away from a motoric representaƟon of shared goals: TEP recordings in both the SMA and M1 were 
inconclusive, as the cluster-based analysis—aŌer subtracƟng the sham condiƟon—revealed no significant 
effects. Despite these null findings, our study provides valuable insights and methodological guidance for 
future invesƟgaƟons of collecƟve goal representaƟon in both healthy and clinical populaƟons. 
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3. STUDY II 
3.1. Background 

3.1.1. Slower InhibiƟon in Joint AcƟons: Co-RepresentaƟon, ReferenƟal Coding, or AƩenƟonal Bias? 

An important observaƟon from the joint acƟon literature (see secƟon 1.3.4.) is the pivotal role of inhibitory 
control. However, as noted in the introducƟon, only two studies (Cardellicchio et al., 2021a; Cavallo et al., 
2014) have implemented a joint variant of the SST, the most commonly used paradigm for studying inhibiƟon, 
parƟcularly acƟon cancellaƟon (Raud et al., 2020b; Verbruggen et al., 2019). Both studies reported longer 
SSRTs under the Joint condiƟon compared to the Solo condiƟon, as well as neurophysiological evidence 
indicaƟng the engagement of a more selecƟve, and consequently slower, stopping mechanism (Aron and 
Verbruggen, 2008; Majid et al., 2012). This aligns with the concept of co-representaƟon: in the Joint condiƟon, 
both the parƟcipant’s and co-actor’s acƟons remain acƟve, yet only the parƟcipant’s own acƟon must be 
selected for inhibiƟon. In other words, the parallel motor plans elicited by co-represenƟng the partner’s 
acƟon must be bypassed, necessitaƟng the recruitment of a more targeted inhibitory mechanism during joint 
acƟons.  

However, relying solely on co-representaƟon to explain this slower inhibiƟon may not be the only possible 
interpretaƟon. AlternaƟvely, referenƟal coding effects (Dolk et al., 2014; Dolk et al., 2013) could result from 
purely perceptual and aƩenƟonal processes, in which spaƟal codes for both one’s own and the other’s acƟons 
are integrated into the parƟcipant’s task set to disƟnguish each person’s acƟons. If the relevant sƟmulus 
aƩribute appears on the co-actor’s side, spaƟal response codes linked to that side are automaƟcally acƟvated 
and conflict with the parƟcipant’s own response, potenƟally leading to disinhibiƟon, as observed in the two 
studies. Indeed, Cavallo et al. (2014) themselves acknowledge the possibility of this “non-social” explanaƟon, 
noƟng that their setup may have elicited referenƟal coding effects at the cost of increased motor control 
demands (Dolk et al., 2011; Dolk et al., 2014; Hommel et al., 2001; Maier et al., 2023).  

Cardellicchio et al. (2021a) do not discuss alternaƟve interpretaƟons, but given that parƟcipants reached for 
a boƩle held either by a co-actor (joint) or a mechanical holder (solo), the mere presence of the co-actor’s 
hand may have shiŌed, and thus biased, aƩenƟonal prioriƟes toward the target locaƟon (Garza et al., 2013; 
Reed et al., 2010; Reed et al., 2006). Furthermore, Cardellicchio et al. (2021a) used conƟnuous theta burst 
sƟmulaƟon (cTBS) to invesƟgate the role of the leŌ dorsal premotor cortex (lPMd), demonstraƟng that this 
region modulates joint acƟon stopping performance. Their interpretaƟon is that lPMd, driven by co-
representaƟon, recruits a more selecƟve mechanism to control joint acƟon responses while suppressing 
parallel, interfering motor plans. However, during their experiment, countermanding movements were 
requested while parƟcipants were moving toward the co-actor’s hand, thus requiring them to stop aŌer 
movement onset and aŌer target fixaƟon (i.e., the co-actor’s hand holding the boƩle).  

Previous work shows that neural correlates of potenƟal reaching acƟons coexist in the premotor cortex during 
periods of uncertainty, but once an unambiguous cue appears, the chosen motor plan is reinforced while 
alternaƟve plans are inhibited (Cisek and Kalaska, 2005).  Yet, this selecƟve weighƟng of representaƟons is 
biased (Klaes et al., 2011) and possibly mediated, among others, by aƩenƟonal processes (Cisek and Kalaska, 
2010). Consequently, disrupƟng PMd acƟvity, as in Cardellicchio et al. (2021a), could impair this motor-plan 
compeƟƟon, diminishing the hand-induced aƩenƟonal prioriƟzaƟon effect. Such a “downregulated 
compeƟƟon” account is consistent with observed reducƟons in response Ɵmes (CaƩaneo and Parmigiani, 
2021) and enhanced procedural motor skills (Stephan et al., 2016) when PMd acƟvity is suppressed. Hence, 
even in Cardellicchio et al. (2021a), there may be an alternaƟve, non-social, but rather aƩenƟonal 
interpretaƟon of the behavioral and neurophysiological outcomes, not strictly requiring the co-representaƟon 
framework. 
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3.1.2. SelecƟve InhibiƟon: Measurement, Mechanisms, and ImplicaƟons for Joint AcƟons 

If we, however, accept the hypothesis that selecƟve inhibiƟon is key to joint acƟons, regardless of a social or 
non-social interpretaƟon of slower stopping latencies in joint acƟons, it is essenƟal to understand how 
selecƟve inhibiƟon is typically measured and how it manifests outside a joint acƟon context. This 
consideraƟon is crucial for designing any new joint paradigm aimed at tesƟng whether inhibitory modulaƟon 
truly stems from co-representaƟon (i.e., a social effect) rather than nonsocial accounts.  

In a standard single-effector SST, parƟcipants make a speeded response (e.g., pressing a buƩon) to go signals 
and then aƩempt to inhibit that response when a stop signal appears, a process predominantly driven by 
reacƟve processes. The primary measure of interest is the SSRT, which provides an esƟmate of the covert 
latency of this reacƟve inhibitory process, i.e., reacƟve inhibiƟon. In contrast, a selecƟve SST with two 
effectors (e.g., right and leŌ hands) introduces selecƟve inhibiƟon: parƟcipants must inhibit the hand signaled 
to stop while conƟnuing any required response with the other hand. This entails addiƟonal cogniƟve 
demands, as inhibiƟon is no longer global but instead requires suppressing one acƟon while allowing another 
to proceed. Consequently, parƟcipants must also discriminate whether to inhibit one hand, the other, or 
neither, thereby increasing task complexity. 

ProacƟve control, on the other hand, refers to a strategic, anƟcipatory mechanism in which individuals modify 
their behavior in advance (e.g. strategic slowing) based on contextual cues, prior experience, or learned 
probabiliƟes. This stands in contrast to reacƟve control, which is engaged only aŌer a stop signal or 
unexpected event occurs. In both types of SST, the interplay between reacƟve and proacƟve control is criƟcal, 
the laƩer oŌen manifesƟng as strategic slowing of response Ɵmes to improve the likelihood of successful 
stopping. Moreover, proacƟve control can be experimentally manipulated, for example, by providing pre-trial 
cues about the probability of a stop signal, allowing parƟcipants to anƟcipate and adjust their behavior 
accordingly.Early influenƟal work on selecƟve stopping, employing a bimanual variant of the SST (Aron and 
Verbruggen, 2008), demonstrated that foreknowledge of the stopping locaƟon, via informaƟve cues, 
significantly slows the stopping latencies, albeit at the advantage of reducing the stopping-interference effect, 
thereby indicaƟng that stopping can be mechanisƟcally selecƟve. Aron and Verbruggen (2008) posited that 
the recruitment of selecƟve or global stopping mechanisms is mutually exclusive and context-dependent. 
However, while subsequent studies supported these findings (Claffey et al., 2010; Majid et al., 2012), others 
reported null or opposing results regarding SSRT differences, in bimanual SSTs, between informaƟve and 
noninformaƟve cues (Cirillo et al., 2018; Lavallee et al., 2014; Raud and Huster, 2017; SmiƩenaar et al., 2013).  

To invesƟgate whether stopping only one component of mulƟple acƟons (i.e., selecƟve inhibiƟon) involves 
abruptly acƟvaƟng a single global inhibitory mechanism, followed by reiniƟaƟng any ongoing acƟons, or 
whether it relies on balancing disƟnct global and selecƟve inhibitory processes, Raud et al. (2020a) designed 
a mulƟmodal experiment incorporaƟng behavioral and physiological markers of proacƟve control, motor 
preparaƟon, and response inhibiƟon. They administered two versions of an SST containing proacƟve cues, 
i.e., a standard unimanual paradigm and a bimanual task for selecƟvely stopping one of two prepared 
responses, as done similarly before (Aron and Verbruggen, 2008).   

Contrary to the dual-mechanism model, which predicts disƟnct global versus selecƟve inhibiƟon, they found 
no significant differences in SSRTs, stopped-hand MEP amplitudes, or frontal β power (13–20 Hz) between 
the two tasks. However, the authors did observe evidence of selecƟve proacƟve control before the actual 
inhibiƟon in the bimanual condiƟon. Taken together, these findings suggest the recruitment of a single 
inhibitory stopping mechanism, with some indicaƟons of selecƟve stopping where net behavioral outcomes 
depended on acƟon-specific motor preparaƟon. The authors propose that a rapid, reacƟve inhibiƟon 
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mechanism is likely acƟvated whenever a stop signal is detected, while the success of stopping may depend 
on perceptual speed and the concurrent state of the motor cortex.  

In conclusion, the inconsistencies in the literature challenge the noƟon that selecƟve inhibiƟon is a disƟnct 
process and, by extension, whether it actually operates during joint acƟons as originally proposed (Aron and 
Verbruggen, 2008). Findings of Raud et al. (2020a) suggest that what appears to be selecƟve inhibiƟon may 
stem from changes in motor preparaƟon rather than from two separate inhibitory mechanisms. This aligns 
with other neurophysiological evidence suggesƟng that proacƟve control biases sensorimotor and aƩenƟonal 
systems in anƟcipaƟon of a stop signal (Elchlepp et al., 2016; Langford et al., 2016). The same principle could 
extend to joint acƟons, where a proacƟve biasing of motor preparaƟon, possibly driven by co-representaƟon, 
might offer a more plausible explanaƟon rather than switching the underlying inhibitory mode.  

 

3.2. Aims of Study II 
Two main issues arise from previous work on joint acƟon stopping and, by extension, on selecƟve inhibiƟon. 
First, it remains unclear whether the slower reacƟve inhibiƟon reported in prior joint SST studies genuinely 
stems from co-representaƟon or could instead be explained by non-social mechanisms (e.g., referenƟal 
coding, aƩenƟonal shiŌing). Second, the literature does not conclusively show that selecƟve inhibiƟon is a 
disƟnct and slower process compared to global inhibiƟon. Indeed, as Raud and colleagues suggest, what 
appears to be selecƟve inhibiƟon may simply reflect changes in motor preparaƟon rather than a separate 
inhibitory mechanism. 

Consequently, we do not know whether the processes involved in joint acƟons, leading among them co-
representaƟon, truly invoke an independent selecƟve inhibiƟon mechanism, or simply induce a proacƟve bias 
in motor preparaƟon. To address these uncertainƟes, Study II aims to clarify these issues through two main 
steps: 

1. PosiƟve Control Experiment: Devise and administer a control paradigm that subsƟtutes co-
representaƟon (as evoked by joint acƟons) with the co-engagement of a second effector in a selecƟve 
bimanual inhibiƟon task. This bimanual selecƟve inhibiƟon serves as a proxy for joint acƟon, given 
that coordinaƟng two effectors in one individual can mirror some of the demands of coordinaƟng 
acƟons between two people. 

2. Joint Experiment: Employ the same task in its unimanual form under a joint condiƟon and compare 
it with the corresponding solo condiƟon. The hypotheses for this joint experiment will be guided by 
the findings from the posiƟve control. 

Two guiding principles shape the design of the new paradigm, as will be detailed in the next chapter. First, we 
will use a Stop-Change Task (SCT) that robustly engages motor preparaƟon and acƟon re-engagement aŌer 
inhibiƟon, examining both reacƟve inhibiƟon and proacƟve control. This approach enables us to invesƟgate 
how selecƟve stopping, and, by extension, joint acƟons, affect various facets of motor control. Second, the 
paradigm will strive to maximize co-representaƟon by emphasizing collecƟve goals, while minimizing non-
social confounds. 

Thus, the raƟonale behind the posiƟve control is straighƞorward. If we fail to observe longer SSRTs in a 
selecƟve bimanual SCT (as Raud et al., 2020a, did with their bimanual SST), it becomes increasingly unlikely 
that the prolonged stopping latencies reported in the joint SST by Cavallo et al. (2014) and Cardellicchio et al. 
(2021a) result from co-representaƟon. In that case, other posiƟve control outcomes may point to differences 
in proacƟve control or acƟon re-engagement, thereby shaping the hypotheses for the Joint Experiment. 
Conversely, if we do find lengthened SSRTs in the bimanual condiƟon, it would, with due cauƟon, suggest that 
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co-representaƟon-like processes, rather than merely non-social confounds, play a central role in slowing 
reacƟve inhibiƟon in joint acƟon stopping. 

Accordingly, the primary aim of the PosiƟve Control Experiment is to indirectly assess whether co-
representaƟon truly accounts for the extended stopping latencies reported in joint SST studies, by using 
bimanual selecƟve inhibiƟon as a proxy. In parallel, the main aim of the Joint Experiment is to disentangle the 
various facets of motor control involved in joint acƟon stopping and re-engagement, while simultaneously 
highlighƟng co-representaƟon and limiƟng non-social confounds (such as referenƟal coding). 
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4. STUDY II: POSITIVE CONTROL EXPERIMENT  
4.1. Background 

4.1.1. The bimanual selecƟve Stop-Change Task as a posiƟve control 

Biased motor preparaƟon appears to be involved in selecƟve stopping (Raud et al., 2020a), while a slower, 
more selecƟve inhibiƟon mechanism has been proposed to account for prolonged joint acƟon stopping 
(Cavallo et al., 2014). However, it remains unclear whether, and how, these two processes might be 
connected. If motor preparaƟon does contribute to a longer inhibiƟon process, then an inhibiƟon task that 
places greater demands on motor planning should, in principle, amplify the slowing of stopping latencies. 

In the bimanual SST, selecƟve stopping does not require substanƟal motor re-engagement, thus imposing 
only a minimal load on motor preparaƟon, potenƟally explaining, among other factors, the mixed results 
reported in the literature. By contrast, a bimanual SCT demands more extensive motor preparaƟon during 
selecƟve stopping, as parƟcipants must also selecƟvely re-engage in an alternate acƟon. One possibility is 
that co-representaƟon biases motor preparaƟon, thereby prolonging stopping latencies. If this link holds true, 
then a bimanual selecƟve SCT, by virtue of its greater demands on motor preparaƟon, would serve as an ideal 
posiƟve control paradigm. Building on the task design of Raud et al. (2020a),  I therefore devised a posiƟve 
control paradigm intended for a future joint SCT. 

Specifically, I devised a unimanual two-choice SCT, in which two possible responses are iniƟated or 
reprogrammed using the right hand, alongside a bimanual variant that similarly requires selecƟve stopping 
of the right hand to cancel one of two prepared responses before switching to an alternaƟve movement. 
Unlike Raud et al. (2020a),  however, both versions of the task exclusively involve right-hand stops (and 
following changes). 

The reason for this seƫng is that the bimanual condiƟon effecƟvely “simulates” co-representaƟon: the 
unselected effector (the leŌ hand) always completes its iniƟated movement, acƟng as a stand-in for a co-
actor’s acƟon. The parƟcipant must selecƟvely inhibit and re-engage only the selected (right-hand) effector, 
mirroring what would occur in an unimanual joint SCT. Analogous to how parƟcipants in a joint Simon task 
co-represent a partner’s acƟon as if performing a solo task, a bimanual SCT here serves as a potenƟal 
subsƟtute for a purely unimanual joint version. Ideally, the laƩer prompts co-representaƟon and thus induces 
delayed inhibiƟon, stemming from biased motor preparaƟon. 

Simplifying the design from Raud et al. (2020a), I separated certain-go and maybe-stop trials into different 
blocks. This eliminated the need for informaƟve cues and shortened the trials while sƟll allowing for the 
assessment of proacƟve control by contrasƟng certain-go and maybe-stop trials. Instead of pressing keyboard 
keys with thumbs, parƟcipants performed liŌ and press acƟons with either one hand or both hands 
(unimanual vs. bimanual condiƟons). To minimize working memory load in the bimanual version (and to avoid 
complex acƟon combinaƟons) movements performed with one hand were matched by the opposite 
movement in the other hand. Consequently, there were only two go cues and corresponding acƟon sets: 
pressing with the right hand (red cue) required a simultaneous liŌ of the leŌ hand, whereas liŌing with the 
right hand (yellow cue) required a simultaneous press of the leŌ hand (see Methods for more details). 

Several consideraƟons moƟvated this design. First, to “simulate” co-representaƟon in the bimanual condiƟon, 
the leŌ hand always performed a predictable acƟon, while the right hand carried the same responsibility for 
acƟng or changing as in the unimanual version. Second, choosing opposite acƟons (press vs. liŌ) is reminiscent 
of push–pull joint coordinaƟon (e.g., moving furniture or operaƟng a lever with another person), thereby 
offering some ecological validity. Third, avoiding idenƟcal frequent go acƟons in both hands circumvented 
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mirroring effects, ensuring that parƟcipants had to prepare both potenƟal acƟon sets. Fourth, in change trials, 
the acƟon sets became congruent, reducing the complexity of re-engagement. 

Since the SCT is effecƟvely an extension of the SST (Boecker et al., 2013), it also offers addiƟonal benefits. 
Specifically, it enables the measurement of acƟon re-engagement Ɵmes (change-RT) and differenƟates 
between correct inhibitory control and simple inaƩenƟveness in stop-change trials—whereas, in the SST, 
withholding a response could equally be due to effecƟve stopping or failure to noƟce the go signal. 

 

4.1.2. GamificaƟon of the Stop-Change Task for the Joint and Bimanual PosiƟve Control Task 

A range of social factors significantly affect the strength of co-representaƟon. Notably, well-defined collecƟve 
goals are crucial for eliciƟng co-representaƟon in social task contexts, whereas purely perceptual factors tend 
to drive referenƟal coding when no explicit joint outcome is involved (see secƟon 1.2.4.). Numerous studies 
demonstrate how task design and instrucƟons can emphasize a cooperaƟve goal, for instance, by establishing 
shared intenƟons, introducing common rewards, or providing mutual feedback, thereby enhancing co-
representaƟon (Miss et al., 2022). This effect is most pronounced in scenarios that highlight a common 
outcome, supporƟng the principle that shared goals are key to generaƟng a truly social effect (Sebanz et al., 
2006a). Although a simple instrucƟon to “cooperate” oŌen suffices for adults, a salient joint reward structure 
with well-defined shared objecƟves can further strengthen interdependence and co-representaƟon.  

One strategy is to integrate game-design elements, a process known as gamificaƟon, into the experimental 
paradigm. GamificaƟon involves using principles like point systems, badges, leaderboards, challenges, 
progressive levels, and immersive storytelling to boost engagement and moƟvaƟon. However, such strategies 
should be carefully designed to avoid undesirable outcomes, such as excessive compeƟƟon or elevated stress. 
The SCT (like the SST) demands sustained cogniƟve effort and can feel repeƟƟve or frustraƟng. Because the 
staircase algorithm ensures a roughly 50% failure rate on stop trials regardless of parƟcipants’ effort, 
moƟvaƟon can diminish, potenƟally leading to increased go omissions and more stop-process trigger failures. 
This not only undermines task adherence but also hinders a reliable SSRT esƟmate (Verbruggen et al., 2019).  

Gamifying the SCT/SST may alleviate these issues by maintaining higher levels of moƟvaƟon, as demonstrated 
in a study where a gamified SST improved parƟcipants’ enjoyment without compromising execuƟon or 
performance (Friehs et al., 2020). Although there is some concern that introducing more complex visuals and 
rules could detract from cogniƟve resources like aƩenƟon and working memory, evidence from a gamified 
visual search task suggests the opposite: performance increased with no change in search or fixaƟon 
strategies (James et al., 2019). Given no differences in strategies, the authors interpreted the results in terms 
of higher levels of aƩenƟon and effort. Likewise, an n-back working memory task, when gamified, produced 
more posiƟve subjecƟve experiences without adversely affecƟng task load or performance (Scharinger et al., 
2023). 

However, the literature on gamified cogniƟve tasks remains limited, and potenƟal drawbacks are not yet well 
understood. Consequently, to probe the feasibility of a gamified joint SCT and assess the effect of 
gamificaƟon, I also developed a gamified version of the bimanual posiƟve-control SCT to examine whether 
any behavioral differences emerge between the two formats. 
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4.1.3. Aims and Hypotheses of the PosiƟve Control Experiment 

Building on earlier invesƟgaƟons of selecƟve inhibiƟon, this posiƟve control experiment extends the SC 
paradigm to a bimanual context to examine how proacƟve and reacƟve control mechanisms interact under 
condiƟons of heightened motor preparaƟon, condiƟons that may arise during co-representaƟon while 
engaged in joint acƟons. Outlined below are the primary aims of the PosiƟve Control Experiment, followed 
by the core hypotheses derived from these objecƟves. 

1. Validate the bimanual SCT as a posiƟve-control task for joint acƟon stopping 
Building on the findings and task design of Raud et al. (2020a), the first aim is to develop and 
validate a bimanual SCT that likely imposes higher demands on motor preparaƟon due to the need 
for rapid acƟon re-engagement aŌer selecƟve stopping. We predict that No-Change trials (i.e., go-
trials in the Stop-Change blocks) will have longer RTs in the bimanual version than in the unimanual 
version, reflecƟng a stronger reliance on proacƟve control. We also expect these heightened 
demands to directly influence SSRT, which should be significantly longer in the bimanual variant. 
Further, to assess reacƟve inhibiƟon more thoroughly, we will measure prEMGs (see SecƟon 1.5.2), 
which we likewise predict to be prolonged under bimanual condiƟons. Crucially, our goal is to 
determine whether this bimanual SCT can funcƟon as a posiƟve-control paradigm for examining 
joint acƟon stopping. By requiring the selecƟve inhibiƟon of one hand while the other conƟnues 
moving, the task mirrors key elements of co-representaƟon seen in joint acƟon contexts. Should the 
bimanual SCT consistently elicit extended stopping latencies, aƩributable to biased or more 
demanding motor preparaƟon, it would serve as a vital benchmark for future joint SCT studies. 
 

2. InvesƟgate the effects of gamificaƟon on task performance and engagement  
Recognizing that standard inhibitory control tasks can be both repeƟƟve and cogniƟvely taxing, and 
that joint tasks benefit from emphasizing collecƟve goals to reliably induce co-representaƟon, our 
second aim is to explore how gamificaƟon influences task performance and parƟcipant 
engagement. Ideally, we anƟcipate that our behavioral outcomes will not differ significantly 
between a standard SCT and a gamified SCT, indicaƟng that gamificaƟon does not compromise the 
core measures of inhibitory control. 

 

4.2 Methods 

4.2.1. ParƟcipants, sample size esƟmaƟon, and exclusion criteria 

Sample size esƟmaƟon was based on the effect size reported by Aron and Verbruggen (2008) and was 
calculated via G*Power (3.1.9.7, Faul et al., 2007) for a two-tailed paired t-test. With 90% power and a 5% 
significance level, the power analysis indicated a required sample size of 23 parƟcipants. Accordingly, 27 right-
handed parƟcipants with no history of neurological or psychiatric disorders (9 males, age range 20–36 years) 
were enrolled aŌer providing wriƩen informed consent. One subject did not complete the experiment and 
was excluded. 

Exclusion criteria addressed potenƟal violaƟons of the independent race model assumpƟon and the reliability 
of SSRT esƟmaƟon. The SSRT was esƟmated based on the independent race model, which assumes an 
independent race between the go and stop processes; any violaƟon of this assumpƟon yields unreliable SSRT 
esƟmates (Band et al., 2003).  

To check for such violaƟons at the individual subject level, we compared each parƟcipant’s mean RT on 
unsuccessful change trials with their mean RT on No-Change trials (including choice errors and premature 
responses) for both response modes (bimanual and unimanual condiƟons, Verbruggen et al., 2019).  
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If the mean RT on unsuccessful change trials was numerically longer than the mean RT on No-Change trials 
in at least one response mode, SSRT was not esƟmated. Three parƟcipants were excluded for this reason, all 
for violaƟons of the bimanual condiƟon. 

Because SSRT esƟmaƟon is also sensiƟve to the percentage of go omissions (omissions in No-Change trials), 
we used the integraƟon method with replacement of go omissions, which simulaƟons indicate is robust even 
when omission rates are high (Verbruggen et al., 2019). Nonetheless, SSRT tends to be underesƟmated as the 
percentage of go omissions increases, so we excluded parƟcipants with more than 15% omission errors in 
No-Change trials. Two parƟcipants exceeded this threshold in the bimanual condiƟon and were therefore 
excluded. A further exclusion criterion targeted the probability of unsuccessful change trials, since SSRT 
esƟmates are most reliable when this probability is near 0.50 (Band et al., 2003). We set thresholds at 0.75 
and 0.25, meaning parƟcipants with probabiliƟes above 0.75 or below 0.25 in any condiƟon were subject to 
exclusion; however, no parƟcipants met this criterion. 

AŌer applying these exclusion criteria, the final sample for behavioral analysis comprised 21 parƟcipants (7 
males, M ± SD = 24.3 ± 3.5 years). For prEMG analysis, one subject’s EMG data became corrupted and was 
unusable, resulƟng in a prEMG sample of 20 parƟcipants (6 males, M ± SD = 24.4 ± 3.6 years). Handedness 
was confirmed via the Edinburgh Handedness Inventory (M ± SD: 94.9 ± 12.8; Oldfield, 1971). All parƟcipants 
were naïve to the purpose of the study and completed the experiment in a single session lasƟng 
approximately 2 hours. This included about 30 minutes for informed consent procedures and EMG setup, 
followed by 90 minutes for instrucƟons, pracƟce, tesƟng, and short breaks between blocks. ParƟcipants 
received monetary reimbursement for travel expenses, if applicable. The study was approved by the Ethical 
CommiƩee of the IRCCS IsƟtuto Centro San Giovanni di Dio Fatebenefratelli (Brescia e 25/2020) and was 
conducted in accordance with the DeclaraƟon of Helsinki. 

 

4.2.2. Procedure 

Experiments were conducted in an electromagneƟcally shielded, dimly lit, and sound-aƩenuated room (the 
same as in Study I) to minimize external noise and interference. Upon arrival, parƟcipants were fully informed 
about the experimental procedures and provided informed consent. Surface EMG signals were recorded using 
disposable Ag/Cl electrodes (Delsys) connected to a g.HIamp amplifier system (g.tec Medical Engineering 
GmbH, Schiedlberg, Austria), sampled at 9,600 Hz. Following the protocol of the first study, electrodes were 
placed in a bipolar montage over the extensor carpi ulnaris (ECU) and flexor digitorum superficialis (FDS) on 
both the right and leŌ forearms. Although only right-forearm EMG data were analyzed, the symmetrical 
placement ensured comparable propriocepƟve feedback across both arms. No online hardware filters were 
applied during acquisiƟon; however, for visualizaƟon purposes only, a band-pass filter (10–2,500 Hz) and a 
notch filter were applied. 

Two USB-controlled hand levers recorded each hand’s press acƟons. For liŌ acƟons, pressure sensors (RP-
S40-ST, 4 cm × 5.5 cm) were affixed to each lever and connected to an Arduino-based circuit for data collecƟon 
and processing. ParƟcipants rested their forearms on two black wooden plaƞorms (approximately 3 × 40 × 10 
cm), designed to keep the hand at the same level as the lever aƩached at the plaƞorm’s distal end. This 
arrangement prevented the hand from being held at an incline and ensured a neutral wrist posiƟon, thereby 
promoƟng muscle relaxaƟon and allowing a downward (negaƟve) excursion of the hand during press acƟons 
(Fig. 9A). The hand levers themselves were repurposed commercial USB footswitches (FS221-P, PCsensor, 
Shenzhen, China; 42 × 63 × 100 mm), each triggered by a low-noise photoelectric switch. In response to on-
screen cues, parƟcipants either pressed the lever or liŌed the hand while maintaining a stable and horizontal 
forearm posiƟon on the plaƞorm.  
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Figure 9: Experimental setup of both response modes and screenshots of the feedbacks in the gamified format. (A) Task setup for the 
bimanual (leŌ) and unimanual (right) condiƟons (see secƟon 4.2.5. for task mechanics). The leŌ side illustrates the standard format, 
where a simple yellow circle represents a "liŌ" cue. The right side presents the gamified version, in which the cues (in this case, a red 
"press" cue) have a gray border that later transiƟons into the hull of a flying saucer (UFO), maintaining a structured transiƟon between 
the task's cue in the execuƟon phase and the feedback phase. EMG electrodes for the flexor digitorum superficialis (FDS) and extensor 
carpi ulnaris (ECU) muscles are indicated, along with addiƟonal components such as the lever with a pressure sensor (blue) and the 
wooden support plaƞorm (black) for resƟng the forearm. (B) Cropped screenshots depicƟng feedback in the gamified version (see 
secƟon 4.2.5.). The leŌ panel shows negaƟve feedback (a collision with an asteroid), indicaƟng an incorrect response; in this case, the 
light gray hull with white lights indicates trials in the SCT blocks (either No-Change or Change trials). The right panel shows posiƟve 
feedback, where the UFO successfully avoids the asteroid, indicaƟng a correct response. The hull is dark gray with no lights, indicaƟng 
Go-Only block trials. 

ParƟcipants sat facing a computer monitor approximately 60 cm away (eye-to-screen distance, ASUS 
VG248QE; 60 Hz refresh rate, 1920 × 1080 resoluƟon, 61 cm × 34.4 cm). They were instructed not to grip the 
lever or adopt a rigid posture, but instead to perform shovel-like moƟons for both hand liŌs and presses. To 
reduce excessive muscle tension in the ECU and FDS, the thumb and pinky finger on each hand were gently 
secured with a small strip of medical micropore tape (3M, Minnesota, U.S.), prevenƟng rigid finger extension 
or inadvertent lever gripping. A custom-script in MATLAB® combined with Psychophysics Toolbox 3 (Brainard 
and Vision, 1997; Kleiner et al., 2007) controlled the presentaƟon of visual sƟmuli and the events of the SCT. 

 

4.2.3. Bimanual and unimanual Stop-Change Task 

Programming of the paradigm strictly followed the guidelines of Verbruggen et al. (2019). As described in the 
Background (4.1.), the two-choice SCT always required changing the right-hand response to its alternaƟve in 
both task versions. In the bimanual version, parƟcipants were instructed to selecƟvely change only the right-
hand response while addiƟonally conƟnuing the leŌ-hand acƟon as planned.  

Two block types were administered: Go-Only blocks (all certain-go trials) and Stop-Change (SC) blocks 
(pseudo-randomly intermixed No-Change and Change trials). Change trials consƟtuted 33% of the trials in 
each SC block. To minimize faƟgue, each response mode (bimanual or unimanual) featured four 90-trial SC 
blocks and four 20-trial Go-Only blocks, for a total of eight blocks per response mode. The order of these 
blocks was alternated so that parƟcipants could take a short pause aŌer a cogniƟvely more demanding SC 
block, before proceeding to a comparaƟvely simpler, albeit repeƟƟve, albeit very short Go-Only block. Half of 
the blocks employed a gamified format and the other half a standard format, yielding 720 SC trials and 160 
Go-Only trials overall. Block type, task format, and response mode were counterbalanced in a LaƟn-square 
arrangement. Although task types alternated on a block-by-block basis, Go-Only and SC blocks that shared 
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the same format were presented in pairs. ParƟcipants always completed the enƟre set of blocks for one 
response mode before switching to the other.  

At the beginning of the experiment, and again aŌer finishing the first response mode, parƟcipants completed 
130 pracƟce trials to familiarize themselves with that mode. The pracƟce phase comprised two Go-Only 
blocks of 20 trials each and two SC blocks of 45 trials each, arranged in one gamified pair and one standard 
pair. During pracƟce blocks, trial-end feedback indicated the specific error type (too slow, commission, 
omission, or no response). In contrast, feedback during the main experimental blocks was only posiƟve or 
negaƟve. ParƟcipants who felt they needed more pracƟce were permiƩed an addiƟonal training block. In 
total, counƟng both pracƟce and experimental trials, parƟcipants performed 900 SC trials and 240 Go-Only 
trials. 

In No-Change trials of the bimanual task, movements performed with one hand were paired with the opposite 
movement in the other hand: pressing with the right hand (red cue) required a simultaneous liŌ of the leŌ 
hand, while liŌing with the right hand (yellow cue) required a simultaneous press of the leŌ hand. Errors were 
recorded individually for each hand. However, negaƟve feedback was given if the parƟcipant made a mistake 
with either effector. 

Similarly, in the unimanual task, the red cue indicated a press, and the yellow cue indicated a liŌ, both 
executed with the right hand. At the end of each trial, parƟcipants received feedback indicaƟng whether their 
response was correct or incorrect. Trials in the Go-Only blocks were idenƟcal to the No-Change trials. 

In Change trials, parƟcipants who had already iniƟated or were in the process of iniƟaƟng a right-hand 
movement (e.g., pressing down in response to the iniƟal go-cue) were required to switch to the alternaƟve 
acƟon (e.g., liŌing up) upon presentaƟon of the change cue. Change-Success trials were those in which 
parƟcipants successfully altered the right-hand acƟon upon presentaƟon of the change cue, as confirmed by 
posiƟve feedback. By contrast, if the system had already registered the iniƟal go acƟon, the trial was deemed 
a failure, and negaƟve feedback was presented to indicate the unsuccessful change, despite changing acƟon 
aŌerward. A staircase algorithm governed the stop-signal delay (SSD): aŌer each successful change, 50 ms 
was added to the SSD (Change trials became more difficult), whereas 50 ms was subtracted following a failed 
change (Change trials became easier, but SSD never dropped below 50 ms), thereby maintaining an 
approximate 50% failure rate for Change trials.  

Notably, in the bimanual task, for the purpose of determining a successful or failed change (and thus updaƟng 
the staircase), only the right-hand acƟon was taken into account. Consequently, a trial could be designated as 
change-success even if the leŌ hand commiƩed a commission error. However, in such a scenario, parƟcipants 
sƟll received negaƟve feedback to reflect the error on the leŌ side. The iniƟal SSD was set to 150 ms. 

The feedback at the end of the trial was especially important in the SC blocks because it moƟvated 
parƟcipants to respond as quickly as possible in No-Change trials, where the upper RT limit for posiƟve 
feedback was set to 700 ms. However, RTs were recorded up to 1000 ms, at which point the trial was marked 
as a “no response.” Thus, parƟcipants were aware if their response was too slow. Following the guidelines of 
Verbruggen et al. (2019), parƟcipants were instructed not to wait for the change cue, and the experimenter 
gave block-based feedback if they noƟceably slowed down.  

 

4.2.4. Task instrucƟons and formats 

For the standard format, parƟcipants were instructed to prioriƟze both speed and accuracy and explicitly 
cauƟoned against delaying their response to the go signal in anƟcipaƟon of a possible change signal. They 
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were also informed that, due to the tracking algorithm, the task would become increasingly challenging, 
resulƟng in a failure to inhibit the iniƟated go response on approximately 50% of all change trials.  

In contrast, the gamified format introduced a simple storyline, where parƟcipants controlled a stylized alien 
“flying saucer” spacecraŌ flying through space (see secƟon 4.2.5.) and had to execute the correct acƟons to 
avoid incoming asteroids (Fig. 9B). While the sequence of events, Ɵmings, and fundamental mechanics 
remained idenƟcal across both formats and response modes, the gamified version differed in its cue 
appearances, feedback aestheƟcs, and narraƟve elements. In the standard format, parƟcipants were given 
no specific goal beyond meeƟng the core task requirements. 

 

4.2.5. SƟmuli and trial Ɵme-sequence in gamified and standard-format versions 

Before each trial, the system monitored pressure on the sensor(s) to ensure that parƟcipants’ hands were 
correctly posiƟoned. If insufficient pressure was detected, a warning message (“Please place your fingers on 
the sensors”) appeared unƟl proper contact was restored. Once adequate pressure was registered, the trial 
began.  

In the standard format (Fig. 10), each trial began with a black background and a central white fixaƟon cross 
(~1.9° of visual angle [dva]) that was always visible in the foreground. ParƟcipants were instructed to maintain 
fixaƟon on this cross throughout the experiment. In the gamified format (Fig. 11), in addiƟon to the fixaƟon 
cross, a black circle (~5.7° dva) with a 1° thick gray border was present. Depending on the block type, the 
border could be a dark gray with a deep-blue edge (Go-Only blocks), enhancing contrast against the black 
background, or a light gray with a white edge (SC blocks). The total diameter of the circular sƟmulus in the 
gamified format was ~6.8° dva. 

AŌer a variable pseudo-randomized delay of 500–700 ms, a red or yellow full circle (~5.7° dva) appeared in 
the standard format, corresponding to press (red) or liŌ (yellow) acƟons. In the gamified format, the 
previously black circle was replaced by this colored circle while retaining the same border. 

In No-Change trials, parƟcipants responded as quickly as possible with the correct acƟon (or the correct 
acƟon-set in the bimanual task). In change trials, following the SSD governed by the staircase algorithm, the 
circle switched color, indicaƟng the need to change the right-hand acƟon from press to liŌ (red to yellow) or 
liŌ to press (yellow to red). ParƟcipants had 1,000 ms from the onset of this color change to execute the 
alternaƟve acƟon. The acƟon cue disappeared aŌer this Ɵme limit, at which point the feedback phase began. 

Feedback in the standard format appeared as a simple red “X” (negaƟve feedback) or a green “OK” (posiƟve 
feedback), each ~2.9° dva, and was displayed for 1,670 ms (Fig. 10). This interval also served as the intertrial 
interval (ITI). In the gamified format, over the same 1,670 ms interval, the black circle with a gray border 
transiƟoned into a stylized alien “flying saucer” (UFO) viewed from above, with the black center represenƟng 
the UFO’s canopy and the gray border its hull (see Fig. 9B). If the trial was successful, the UFO quickly dodged 
an incoming asteroid, if unsuccessful, it collided with the asteroid. To enhance the sense of moƟon, a 
background of moving stars gradually appeared at the onset of this animaƟon and then faded out before its 
conclusion. 

The Go-Only blocks were idenƟcal to the SC blocks except that they contained no change trials. The go trials 
in these blocks were structurally the same as the No-Change trials, with the same cue, Ɵming, and feedback 
arrangements. 
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Figure 10: Task sequence for the standard format, illustraƟng the trial structure for Change and No-Change trials. As an example, the 
bimanual condiƟon is shown, however Ɵmings are idenƟcal between the two response modes. In a Change trial (top row), the trial 
begins with a fixaƟon cross, followed by a Go-cue (press). AŌer a variable stop-signal delay (SSD), a Change signal (yellow circle) 
appears, requiring parƟcipants to liŌ both hands instead of pressing with the right hand and liŌing with the leŌ hand (always opposite 
acƟons in bimanual go trials, see Methods). If the response is correctly executed within the Ɵme limit (700 ms), posiƟve feedback 
(green "OK") is displayed (response are recorded within 1000 ms). In a No-Change trial (boƩom row), parƟcipants receive a Go-cue 
(press), but no Change signal follows. If parƟcipants fail to comply with the instructed acƟon, they receive negaƟve feedback (red "X"). 
Go-Only trials (not explicitly shown) follow the same structure as No-Change trials, requiring only the iniƟally cued press without any 
stopping or changing. 
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Figure 11: Task sequence for the gamified format, illustraƟng the trial structure for Change, No-Change, and Go-Only trials (as an 
example the unimanual condiƟon is shown). In a Change trial (top row), the trial starts with a fixaƟon cross embedded in a gray-
bordered cue represenƟng the hull of the UFO. A Go-cue (liŌ in this example) is presented, requiring the parƟcipant to act as fast as 
possible. AŌer a variable stop-signal delay (SSD), the cue changes to a red circle, signaling the required response change. The 
parƟcipant must cancel the iniƟated liŌ acƟon and press. Incorrect execuƟon results in negaƟve feedback in the form of a collision 
with an asteroid, shown with UFO hull lights acƟve (failure). In a No-Change trial (middle row), the Go-cue (liŌ) appears, but no Change 
signal follows, requiring the parƟcipant to conƟnue the acƟon as iniƟated. In a Go-Only trial (boƩom row), the cue has a dark gray 
hull with a blue outline. Correct responses results in a posiƟve feedback, where the UFO successfully avoids the asteroid. The upper RT 
for posiƟve feedback is 700 ms, while responses are recorded for a maximum of 1000 ms. This gamified format integrates space-
themed visual cues and feedback animaƟons to enhance engagement while maintaining idenƟcal Ɵmings with the standard format.
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4.2.6. StaƟsƟcal analysis of behavioral data 

We used RTs and SSRTs as our primary behavioral measures. Normality of each parameter’s distribuƟon was 
tested using the Shapiro-Wilk test, and homogeneity of variances was assessed using the Levene test. 
Whenever the assumpƟons for standard ANOVA were violated, we applied aligned rank transform analysis of 
variance (ART-ANOVA, Leys and Schumann, 2010) and the aligned rank contrast for Post-Hoc tesƟng. For 
simplicity, liŌ and press acƟons were collapsed and not analyzed separately. All Post-Hoc comparisons were 
corrected using the Bonferroni method.To confirm the validity of our SSRT esƟmates, we addiƟonally verified 
the basic assumpƟons of the independent race model (horse-race model) at the group level (see secƟon 4.2.1. 
for an individual subject approach). To do this, we conducted a repeated-measures ANOVA on RTs with Trial 
Type (levels: change-failure, no-change), Response Mode (levels: bimanual, unimanual), and Task Format 
(levels: gamified, standard) as within-subject factors, on the premise that change-failure trials should have 
shorter RTs than no-change trials.  

In addiƟon, we ran a repeated-measures ANOVA on p-failure (the proporƟon of failed change trials), with 
Task Type (bimanual, unimanual) and Task Version (gamified, standard) as within-subject factors, to verify 
that the staircase algorithm maintained a ~50% failure rate appropriately across condiƟons. 

However, the primary goal of this study was to evaluate proacƟve control (e.g., strategic slowing) and reacƟve 
control (prEMG measures and SSRTs). To examine how response modes influenced RTs across blocks (go-only 
vs. stop-change) and how these interacted with Trial Type and Task Format, we conducted a three-way rm-
ANOVA with Trial Type (go-only, no-change, change-success), Task Format (gamified, standard), and Response 
Mode (bimanual, unimanual) as within-subject factors. Finally, we performed a two-way repeated-measures 
ANOVA on SSRT with Response Mode (bimanual, unimanual) and Task Format (gamified, standard) as the 
within-subject factors.  

 

4.2.7. ParƟal response EMG preprocessing and analysis 

EMG preprocessing and variable extracƟon were based on publicly available scripts shared by Raud et al. 
(2021; hƩps://osf.io/rqnuj/) in conjuncƟon with their guidelines for prEMG analysis (Raud et al., 2022). Unless 
otherwise specified, the parameters used strictly followed those in the original scripts. The adapted rouƟnes 
were implemented in MATLAB (MathWorks, version 2023a) and EEGLAB (Delorme & Makeig, 2004; version 
24.2.1). 

First, raw EMG signals were bandpass filtered between 20 and 250 Hz using a second-order BuƩerworth filter 
and then resampled to 500 Hz. Epochs were extracted from –200 ms to 2,000 ms relaƟve to the onset of the 
go signal. As per Raud et al. (2022), any trial whose mean baseline acƟvity exceeded 100 µV would be 
discarded, although in this dataset no prEMGs were actually rejected under this criterion. The EMG signals 
were then root-mean-square transformed over a ±5-point moving average window and baseline-corrected. 
For each parƟcipant and each right-hand muscle, the resulƟng epochs were concatenated and z-scored on a 
block-by-block basis 

Following Raud et al. (2022), an EMG burst was considered present in a trial if any data point exceeded a 
threshold of 1.2 (expressed in standard deviaƟon units across all trials). This threshold, also used consistently 
in recent studies (Huster et al., 2020; Raud et al., 2020a; Raud et al., 2020b), was verified visually and found 
to perform well. Peak latency was defined as the Ɵme point at which the amplitude reached its maximum. 
Onset latency was determined by searching backward in Ɵme from the peak, stopping when a conƟnuous 8-
ms window of data points fell below the amplitude threshold. Finally, peak and onset latencies were 
recalculated relaƟve to the stop-change onset by subtracƟng the respecƟve SSD. 
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A criƟcal quesƟon is how many prEMG trials are needed to obtain reliable esƟmates. Raud et al. (2022) 
addressed this by iteraƟvely reducing the number of subjects with the lowest counts of prEMGs (starƟng at 
six) in a relaƟvely large dataset (n = 46). They found that reliability for prEMG onset latency remained high 
regardless of reducƟons in either trials or parƟcipants, whereas peak latency reliability improved with the 
number of trials and plateaued at around 13 trials. They concluded that having approximately 15 (or more) 
prEMG trials is opƟmal, yet reliability esƟmates at the group level remained high even when including 
parƟcipants with fewer than 10 trials, indicaƟng an overall strong reliability of prEMGs. 

Based on these findings, we analyzed prEMGs inclusively, retaining all parƟcipants regardless of their prEMG 
counts. We then reanalyzed the data by excluding parƟcipants with low numbers of prEMGs, as a control, 
using paired-sample t-tests on onset and peak latencies. Finally, we used Pearson’s correlaƟon to examine 
relaƟonships among prEMG onset latency, prEMG peak latency, and SSRT. 

 

4.3. Results 

4.3.1. Horse race model assumpƟons 

Table 3 provides an overview of all behavioral parameters across both response modes and task formats 

 

Table 3. Behavioral parameters across response modes (Bimanual, Unimanual) and task formats (Gamified, Standard). 
The table presents mean values ± standard deviaƟons for change-failure rates (p(failure)), Stop-Signal Delay (SSD), Stop-
Signal ReacƟon Time (SSRT), successful change-acƟon reacƟon Ɵmes (Change RT), and Change-Failure RT. AddiƟonally, 
RTs, error rates, and accuracy scores (correct trials over total trials) for No-Change and Go-Only trials are provided.  

Results of the rm-ANOVA on RTs with Trial Type (levels: Change-Failure, No-Change), Response-Mode (levels: 
Bimanual, Unimanual), and Task Format (levels: Gamified, Standard) as within-subject factors (Table 4), 
supported the assumpƟon of the race-model by showing a significant main effect of Trial Type, with RTs in 
change-failure trials being shorter than in No-Change trials (Mdiff ± SD = –61.4 ± 74.3). We also found a 
significant main effect of Response-Mode, revealing that parƟcipants were slower in the Bimanual task (M ± 
SD = 587.5 ± 70.9) compared to the Unimanual task (M ± SD = 531.5 ± 79.6).  
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These two main effects were qualified by their significant interacƟon. Post hoc analysis with Bonferroni 
correcƟon showed that, besides all within-condiƟon comparisons being significant, the between-condiƟon 
cross-comparison of bimanual No-Change vs. unimanual change-failure was also significant (t(20) = 4.14, p = 
0.003, esƟmate ± SE = 46.8 ± 11.3). This outcome is expected, as bimanual No-Change trials were the slowest 
overall, while unimanual Change-Failure trials were the fastest. Finally, we found a significant main effect of 
Task Format, as parƟcipants were slightly faster, on average, in the Gamified version (M ± SD = 551.3 ± 77.7) 
than in the Standard version (M ± SD = 567.7 ± 82.3). No other significant effects were found. 

 

Table 4. Results of the repeated measures ANOVA on response Ɵmes in change-failure and No-Change trials to confirm 
stochasƟc independence of the go and stop processes. Significant effects (p < 0.05) are highlighted in bold. Reported 
values include degrees of freedom (Df), residual degrees of freedom (Residual Df), mean squared error (MSE), F-value, 
and p-value for each main effect and interacƟon. ParƟal eta squared (η²) values indicate effect sizes. 

 

We also evaluated whether the staircase algorithm funcƟoned as intended. A non-parametric rm aligned rank 
transform (ART) ANOVA on p-failure with Task-Type (Bimanual, Unimanual) and Task-Version (Gamified, 
Standard) as within-subject factors (Table 5) revealed no significant effects, indicaƟng that the success rate of 
Stop-Change trials remained consistently around 50% across all condiƟons. This confirmed that our esƟmates 
of reacƟve inhibiƟon (i.e., the SSRT) were reliable. 

 
Table 5. Results of the non-parametric repeated measures Aligned Rank Transformed analysis of variance (ART-ANOVA, 
Leys and Schumann, 2010) on p-failure, with Response Mode (Levels: Bimanual, Unimanual) and Task Format (Levels: 
Gamified, Standard) as within-subject factors. Df, degrees of freedom. 
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4.3.2. Response modes significantly impact all types of reacƟon Ɵme modaliƟes 

To assess how the response modes affected latencies across blocks (Go-Only and SCT blocks), Trial Type, and 
Task Format, we run a three-way rm ART ANOVA on within-subject factors Trial Type (Levels: Go-Only, No-
Change, Change-success), Task Format (Gamified, Standard), and Response-Mode (Bimanual, Unimanual) as 
the Levene test did not confirm homogeneity of variance (Table 6).  

 
Table 6. Repeated measures Aligned Rank Transformed ANOVA on Response Time (RT). Degrees of freedom (Df), residual 
degrees of freedom (Residual Df), F-values, and p-values are reported. Significant effects (p < 0.05) are highlighted in 
bold. 

The rm ART ANOVA on RTs revealed significant main effects of Trial Type and Response Mode. RTs in the 
Unimanual condiƟon (M ± SD = 482.8 ± 88.8 ms) were shorter than those in the Bimanual condiƟon (M ± SD 
= 545.3 ± 90.5 ms), with a mean difference of –62.6 ± 89.6 ms. Post hoc tests for Trial Type showed that Go-
Only trials (M ± SD = 453.6 ± 45.0 ms), Change trials (M ± SD = 498.4 ± 99.3 ms), and No-Change trials (M ± 
SD = 590.2 ± 73.9 ms) all differed significantly from each other (all p < 0.001). 

These main effects were qualified by a significant Trial Type × Response Mode interacƟon. Table 7 summarizes 
the post hoc comparisons. Strategic slowing is evident in both response modes, as indicated by No-Change 
trials being longer than Go-Only trials. Crucially, No-Change RTs in the bimanual condiƟon are significantly 
slower than in the unimanual condiƟon, suggesƟng greater strategic slowing in the former. However, the 
finding that Go-Only trials themselves differ significantly across modes leaves open the possibility that 
response complexity also contributes to this slowing. Moreover, in the Bimanual condiƟon, Change-trial RTs 
resembled Unimanual No-Change RTs, whereas Unimanual Change-trial RTs did not significantly differ from 
Go-Only trials (in either mode, see boxplots in Fig. 12). 

Finally, Task Format and its interacƟons were not significant, suggesƟng that the presence or absence of a 
gamified or standard format did not affect proacƟve control, as operaƟonalized by overall RT paƩerns. 



55 
 

 
Table 7. Aligned Rank Transformed post hoc contrasts on response Ɵmes (RTs). The table presents esƟmated differences 
(EsƟmate), standard errors (SE), degrees of freedom (df), t-raƟos, and p-values for pairwise comparisons. Significant 
effects (p < 0.05) are highlighted in bold. 

 

Figure 12: ReacƟon Ɵmes (RTs) across response modes (bimanual vs. unimanual) and trial types (Change, Go-Only, and 
No-Change trials). Boxplots display RT means in milliseconds (ms) for each condiƟon, with bimanual (Bi) responses shown 
in green, pink, and yellow, and unimanual (Uni) responses in blue, red, and orange. Change trials show the longest RTs, 
followed by No-Change and Go-Only trials. Bimanual responses generally exhibit longer RTs compared to unimanual 
responses, reflecƟng increased motor planning demands in more complex response condiƟons. For significant 
comparisons, see Table 7. Box plots represent the median (horizontal line within the box), the interquarƟle range (IQR; 
the height of the box), and the whiskers extend to 1.5 Ɵmes the IQR or the furthest data point within that range. Outliers 
are represented as individual points outside the whiskers. 
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4.3.3. Measures of reacƟve inhibiƟon: SSRT and prEMG 

The two-way rm-ANOVA on SSRT (Factors: Response-Mode, Task Format) revealed a significant main effect of 
Response Mode (F(1, 20) = 13.61, η²p = 0.405, p = 0.001), as stop latencies were significantly shorter in the 
unimanual (M ± SD = 256.7 ± 36.7) than in the bimanual condiƟon (M ± SD = 297.7 ± 57.2; Fig. 13A). No other 
significant effect was found. 

With regard to prEMGs, their frequency in successful stop-change trials (M ± SD = 0.192 ± 0.132) aligned with 
previously reported values (Raud et al., 2020a; Raud et al., 2022), albeit on the lower side. Because both press 
and liŌ acƟons were required in our paradigm, prEMGs were detected in both the ECU and FDS muscles of 
the right forearm. To explore potenƟal differences in prEMG probability, we conducted a rm ANOVA with 
Response Mode (bimanual vs. unimanual) and Muscle (ECU vs. FDS) as within-subject factors. This analysis 
revealed a significant main effect of Response Mode (F(1, 19) = 11.38, η²ₚ = 0.375, p = 0.003), indicaƟng lower 
prEMGs probability in the bimanual condiƟon than in the unimanual condiƟon. AddiƟonally, we observed a 
significant Response Mode × Muscle interacƟon (F(1, 19) = 5.75, η²ₚ = 0.232, p = 0.027), showing the highest 
prEMG frequency specifically in the unimanual condiƟon when changing from press to liŌ (i.e., in FDS; M ± 
SD = 0.247 ± 0.148).  

An examinaƟon of raw trial counts indicated that each parƟcipant had, on average, 62.5 correct stop-change 
trials per condiƟon, yielding about 9.9 ± 5.4 prEMG trials (range: 2–20) in the bimanual condiƟon and 13.6 ± 
6.7 prEMG trials (range: 4–29) in the unimanual condiƟon.  

To assess reacƟve inhibiƟon based on the Ɵmings of prEMGs, we ran paired-samples t-tests comparing onset 
latency, peak latency, and the SSD between response modes. The laƩer served as a control analysis to ensure 
that the condiƟons were comparable. All variables met normality criteria. For the full sample (n = 20), onset 
latency differed significantly between bimanual and unimanual tasks (t(19) = 4.29, CI [8.59, 25.00], meandiff = 
16.80, p < 0.001, Fig. 13B). Peak latency also showed a significant difference (t(19) = 3.15, CI [4.24, 21.00], 
meandiff = 12.62, p = 0.005, Fig. 13C). In contrast, SSD did not differ significantly (t(19) = 0.81, CI [–17.54, 
39.59], meandiff = 11.03, p = 0.429). 

We then repeated this analysis under a more conservaƟve approach, excluding parƟcipants with fewer than 
six prEMG trials in any condiƟon (sample n = 14). The results remained unchanged: onset latency differed 
significantly (t(13) = 3.80, CI [6.71, 24.36], meandiff = 15.53, p = 0.002), and peak latency was also significantly 
different (t(13) = 3.28, CI [4.70, 22.89], meandiff = 13.80, p = 0.006). Once again, SSD showed no significant 
difference (t(13) = 1.16, CI [–17.68, 58.40], meandiff = 20.36, p = 0.268). These findings suggest a robust effect 
of response mode on prEMG Ɵming indices (onset and peak), independent of the total number of prEMG 
trials included. 

Lastly, correlaƟon analyses revealed a strong associaƟon between SSRTs and, both, prEMG onset (Fig. 13 D, 
Bimanual: r = 0.66, p = 0.002; Unimanual: r = 0.62, p = 0.004) as well as peak latencies (Fig. 13 E; Bimanual: r 
= 0.72, p < 0.001; Unimanual: r = 0.63, p = 0.003). Also onset and peak latencies correlated strongly (Fig. 13 
F; Bimanual: r = 0.96, p < 0.001; Unimanual: r = 0.98, p < 0.001). Overall, these results highlight that the Ɵming 
of prEMG acƟvity differs between bimanual and unimanual tasks, reflecƟng disƟnct reacƟve control demands. 

Time courses of Stop-locked EMG acƟviƟes for prEMG (averages over all trials) develop similarly as reported 
previously (Raud et al., 2020a; Raud et al., 2022), with a main peak around 150-160 ms (Fig. 14). However, 
prEMGs in the bimanual condiƟon show a wider dispersion of burst peaks (Fig. 14D). No staƟsƟcal analyses 
were done on prEMG Ɵme courses. Refer to Fig. 14 for qualitaƟve comparisons of prEMGs and successful 
Change Trial EMG acƟvity (Fig. 14A) or failed-Change trials (Fig. 14C). In addiƟon, Ɵme courses of prEMG 
acƟviƟes in individual muscles are shown for the unimanual condiƟon (Fig. 14B) and for the bimanual 
condiƟon (Fig. 14D). 
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Figure 13: Comparison of Stop Signal ReacƟon Time (SSRT), parƟal response EMG (prEMG) onset, and prEMG peak across 
bimanual and unimanual condiƟons (in milliseconds, ms). Panels (A–C) show boxplots comparing SSRT (A), prEMG onset 
(B), and prEMG peak (C) between bimanual (green) and unimanual (blue) condiƟons. Panels (D–E) display correlaƟons 
between SSRT and prEMG onset (D) and SSRT and prEMG peak (E), with significant posiƟve relaƟonships in both 
condiƟons (bimanual: blue diamonds, unimanual: red triangles). Panel (F) shows a strong correlaƟon between prEMG 
peak and onset. For all panels, the box plots represent the median (horizontal line within the box), the interquarƟle range 
(IQR; the height of the box), and the whiskers extend to 1.5 Ɵmes the IQR or the furthest data point within that range. 
Outliers are represented as individual points outside the whiskers. 
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Figure 14: Time courses of Stop-locked EMG acƟvity for parƟal response EMG bursts (prEMG) and for successful or failed 
Change acƟvity across response modes (unimanual and bimanual). (A) Stop-locked prEMG acƟvity and successful Change 
EMG signals in unimanual (Uni) and bimanual (Bi) condiƟons. Unimanual Change (blue) and Bimanual Change (red) EMG 
traces indicate successful movement execuƟon, while prEMG acƟvity (green for bimanual, black for unimanual) 
represents early movement-related acƟvaƟon, while the peak coincides with its inhibiƟon. (B) Stop-locked prEMG acƟvity 
in the unimanual condiƟon, showing the separate EMG traces for the flexor digitorum superficialis (FDS) (blue) and 
extensor carpi ulnaris (ECU) (green), with the averaged signal (black). (C) Stop-locked prEMG acƟvity and failed Change 
EMG signals. Unimanual (cyan) and bimanual (magenta) failed Change trials. (D) Stop-locked prEMG acƟvity in the 
bimanual condiƟon, showing separate FDS (blue) and ECU (green) traces, along with the averaged signal (black). Overall, 
prEMG signals reveal early movement preparaƟon and inhibiƟon processes, with evident differences between unimanual 
and bimanual condiƟons. Time in milliseconds (ms). EMG amplitudes are in z-scores, see Methods. 



59 
 

4.4. Discussion 
Expanding on the findings of Cavallo et al. (2014) and Cardellicchio et al. (2021a), both of which indicate the 
behavioral and neurophysiological involvement of a slower, more selecƟve stopping mechanism, this study 
takes inspiraƟon from the established relaƟonship between the joint Simon effect and the broader 
interrelaƟon of bimanual and joint acƟon tasks (e.g., Della GaƩa et al.(2017)). By adapƟng methodologies 
from selecƟve inhibiƟon studies, we aimed to develop a bimanual SCT that could funcƟon as a posiƟve control 
for co-representaƟon. 

Our primary hypothesis posited a greater involvement of proacƟve control in situaƟons where parƟcipants 
are aware that an upcoming trial may demand selecƟve stopping, while simultaneously requiring intense 
motor engagement and re-engagement, as is the case in the SCT. To invesƟgate whether proacƟve control 
influences motor preparaƟon, we compared No-Change trials against Go-Only trials. In both the bimanual 
and unimanual condiƟons, we observed pronounced differences between these two trial types, aligning with 
our expectaƟons. 

However, in contrast to Raud et al. (2020a), who did not detect such a divergence, we found a significant 
difference in No-change RTs across response modes. This finding indicates a stronger proacƟve control 
component in the bimanual condiƟon, thereby supporƟng our iniƟal hypothesis. 

Furthermore, both of our reacƟve inhibiƟon measures, i.e., prEMGs and SSRT, revealed longer stopping 
latencies in the bimanual mode. We also found that acƟon re-engagement required more Ɵme in the 
bimanual condiƟon. Notably, parƟcipants in the bimanual task tended to act in relaƟve synchrony with both 
hands across all trial types, suggesƟng that they proacƟvely prepared an overarching acƟon set rather than 
independently controlling each effector’s engagement or re-engagement. 

Our findings are somewhat consistent with the iniƟal conceptualizaƟon of selecƟve inhibiƟon by Aron et al. 
(2008), who employed a bimanual SST. In that study, one block featured informaƟve cues, giving parƟcipants 
foreknowledge about which hand they might need to stop, while another block had non-informaƟve cues. 
Surprisingly, when cues were informaƟve, stopping latencies became longer, yet the stopping-interference 
effect (SIE) was shorter. The authors interpreted this result in terms of selecƟve inhibiƟon imposing less 
interference on the non-selected hand. Although Aron et al. (2008) did not dismiss the possibility that 
proacƟve motor preparaƟon could account for faster SIE under foreknowledge, differently from us, they did 
not observe significant difference in RTs, leading them to favor a selecƟve inhibiƟon mechanism. 

In the present study, we do not provide causal evidence that a biased proacƟve motor preparaƟon directly 
prolongs stopping latencies during selecƟve stopping, nor that a separate selecƟve inhibiƟon mechanism is 
involved. Crucially, however, our data reveal that the heightened motor-planning demands inherent in a 
bimanual SCT have a wide-ranging influence, affecƟng motor preparaƟon, stopping, and re-engagement 
across the board. This overarching impact underscores the importance of considering how mulƟple 
concurrent acƟons can shape inhibitory control and acƟon reprogramming, indicaƟng how these demands 
may mirror co-representaƟon and the challenges expected in a joint acƟon scenario. 

Moreover, the findings by Aron et al. (2008) have not been replicated consistently. MulƟple studies have 
reported null or even opposing results regarding SSRT differences between informaƟve and non-informaƟve 
condiƟons (Cirillo et al., 2018; Lavallee et al., 2014; Raud and Huster, 2017; SmiƩenaar et al., 2013), suggesƟng 
that the role of selecƟve inhibiƟon and proacƟve motor preparaƟon in these tasks may be more complex than 
iniƟally proposed. 

Raud et al. (2020a) disƟnguished their design from previous work by contrasƟng an unimanual stop-signal 
task (SST) with a bimanual, selecƟve SST, which required stopping only one component of a mulƟ-acƟon 
response. InteresƟngly, unlike our findings, they found no significant differences in SSRTs or strategic slowing 
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between the unimanual and bimanual condiƟons. They concluded that their results supported the 
recruitment of a single inhibitory stopping mechanism, with the net behavioral output depending largely on 
acƟon-specific motor preparaƟon rather than on a fundamentally disƟnct selecƟve inhibiƟon process. 

The findings from Raud et al. (2020a) contribute to the ongoing debate over whether a truly selecƟve 
inhibiƟon mechanism, as originally proposed by Aron et al. (2008), genuinely exists. Consequently, it also 
remains uncertain whether the outcomes reported by Cavallo and Cardellicchio can be fully explained by such 
a selecƟve inhibiƟon mechanism. The same uncertainty applies to our results. Instead, alternaƟve 
explanaƟons, such as global stopping with varying degrees of acƟon-specific motor preparaƟon, may be 
equally or more plausible. 

Nevertheless, our paradigm was specifically designed as a posiƟve control for a future joint SCT rather than a 
direct invesƟgaƟon into selecƟve inhibiƟon. Consequently, it would be unwise to interpret our findings as 
explicit support for, or a refutaƟon, of the dual-mechanism perspecƟve (i.e., disƟnct global vs. selecƟve 
inhibiƟon). However, in line with Raud et al. (2020a), we also believe that what appears to be a selecƟve 
inhibiƟon effect may, in fact, reflect differences in motor preparaƟon rather than an enƟrely separate 
inhibitory process. 

We draw this conclusion because we observed direct behavioral evidence of altered motor preparaƟon, 
namely, longer No-Change trial duraƟons in the bimanual SCT, alongside longer stopping latencies. In contrast, 
Raud et al. (2020a) detected only neurophysiological signs of biased motor preparaƟon in a less demanding 
bimanual SST, without corresponding differences in stopping latencies. Thus, it seems more likely that our 
results highlight how increased motor preparaƟon can simultaneously prolong stopping latencies, rather than 
indicaƟng a discrete selecƟve inhibiƟon mechanism. 

As noted in the IntroducƟon, this interpretaƟon aligns with neurophysiological data suggesƟng that proacƟve 
control systemaƟcally biases sensorimotor and aƩenƟonal systems in anƟcipaƟon of a stop signal  (Elchlepp 
et al., 2016; Langford et al., 2016). Although not definiƟve proof, our findings extend these conclusions to a 
Stop-Change paradigm, indicaƟng that such biasing not only shapes motor preparaƟon but may also modulate 
reacƟve inhibiƟon. 

This study provides promising evidence that the bimanual SCT reliably elicits longer stopping latencies and 
exhibits biased motor preparaƟon, thereby offering a robust benchmark for a future joint SCT. In essence, the 
bimanual SCT captures what might happen if one “over”-co-represents, however not another person’s acƟon, 
but two components of one’s own bimanual acƟon. By requiring a selecƟve stop or change in one effector 
(e.g., the right hand) while conƟnuing the other, the task may probe how represenƟng mulƟple acƟon 
elements simultaneously shapes inhibitory control in a joint context. This design effecƟvely magnifies the 
constraints that could arise in a joint acƟon context, where an individual must inhibit only their own 
movement while conƟnuing to “co-represent” a partner’s ongoing acƟons. 

Beyond this, we also explored the potenƟal impact of gamificaƟon on proacƟve and reacƟve control. As 
predicted, gamificaƟon did not fundamentally alter core inhibitory metrics, including No-Change RTs, SSRT, or 
prEMGs. While the gamified version may improve parƟcipant engagement or enjoyment, it did not appear to 
compromise or substanƟally enhance the inhibitory processes under invesƟgaƟon. This outcome is significant 
for future research, suggesƟng that task formats can be adapted to be more engaging without introducing 
confounds in criƟcal inhibiƟon measures. 

In conclusion, our findings confirm that the bimanual SCT effecƟvely manipulates and reveals changes in 
motor preparaƟon when one component of mulƟple acƟons must be inhibited or reorganized in parallel. 
While it does not directly address joint or social contexts, the paradigm’s capacity to induce clear 
modificaƟons in motor control provides a solid basis for future research that may incorporate social elements 
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5. STUDY II: JOINT EXPERIMENT 
5.1 Background and Hypotheses 
In the PosiƟve Control Experiment, we demonstrated the validity of our Stop-Change Task (SCT) design, as all 
predicƟons were confirmed by our selecƟve-bimanual SCT serving as a posiƟve control paradigm. Building on 
these findings, we next administered the gamified unimanual version of the SCT to naïve parƟcipants under 
both joint and solo condiƟons while simultaneously recording EMG and EEG data. 

Given the high yield of prEMGs observed in the flexor digitorum superficialis (FDS) during the Control 
Experiment (when parƟcipants switched from a press acƟon to a liŌ acƟon), we opted to simplify the SCT by 
assigning only go press acƟons (and change liŌ acƟons) to the naïve parƟcipants and likewise go liŌ (and 
change press) acƟons to the co-actor. This ensured a consistent subdivision of acƟon types across the 
experiment between the two individuals and helped reduce overall task complexity. As in Study I, the co-actor 
was, in fact, a lab member who pretended to be naïve. 

 

Our hypotheses for the Joint Experiment remain largely consistent with those of the Control Experiment. 
Since our data indicated that the increased motor-planning demands inherent in a bimanual SCT influenced 
motor preparaƟon, stopping, and re-engagement in a transversally, we formulated our hypotheses 
accordingly:  

 HP1: Stronger ProacƟve Control in the Joint CondiƟon 
We anƟcipate that parƟcipants in the joint condiƟon will exhibit stronger proacƟve control than 
those in the solo condiƟon. This should be reflected in longer No-Change RTs (i.e., strategic 
slowing), as parƟcipants preempƟvely adjust their response speed in anƟcipaƟon of potenƟal stop-
change signals. 

 HP2: Increased DuraƟon of ReacƟve InhibiƟon Indices 
We expect that reacƟve inhibiƟon measures, specifically, SSRTs and prEMG latency, will be 
prolonged under the joint condiƟon, driven by co-representaƟon.  

 HP3: Altered Frontocentral Stop-Signal P3 
In the joint condiƟon, we anƟcipate an altered paƩern of the frontocentral stop-signal P3, reflecƟng 
changes in the efficiency of the inhibitory process when co-representaƟon is involved. This 
electrophysiological marker is typically associated with successful inhibiƟon, and deviaƟons from 
the standard paƩern would suggest a modulaƟon of inhibitory control in the presence of a co-actor. 

Taken together, these hypotheses align with the idea that biased motor preparaƟon, this Ɵme elicited by co-
represenƟng a partner’s acƟons rather than by selecƟve (bimanual) stopping, can influence both proacƟve 
and reacƟve dimensions of inhibiƟon. 

 

5.2 Methods 

5.2.1. ParƟcipants, sample size esƟmaƟon, and exclusion criteria 

To compute the sample size esƟmaƟon, we used the effect size reported by Cavallo et al. (2014) in their third 
and final experiment (which employed TMS). It was calculated via G*Power (3.1.9.7, Faul et al., 2007) for a 
two-tailed paired t-test, with 90% power and a 5% significance level. Power analysis revealed a required 
sample size of 32 parƟcipants. A total of 33 parƟcipants with no history of neurological or psychiatric disorders 
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(6 males, age range 19–32 years) were enrolled aŌer providing wriƩen informed consent, as one subject did 
not complete the experiment and was excluded. 

As in Study II, exclusion criteria addressed potenƟal violaƟons of the independent race model assumpƟon. 
Again, we compared each parƟcipant’s mean RT on unsuccessful change trials with their mean RT on No-
Change trials (including choice errors and premature responses) for joint and solo condiƟons, however, no 
parƟcipant showed numerically longer No-Change RTs. Furthermore, no parƟcipants had more than 15% 
omission errors in No-Change trials or exceeded the 0.75/0.25 thresholds for failed Change trials in any 
condiƟon (see 4.2.1. for more details about the exclusion criteria).  

The final sample comprised 32 parƟcipants (6 males, M ± SD = 23.5 ± 4.1 years). Two leŌ-handed parƟcipants 
were also included in the sample, as it has been shown that handedness does not impact inhibitory control 
(Mancini and Mirabella, 2021). Handedness was assessed via the Edinburgh Handedness Inventory (M ± SD: 
84.4 ± 43.6; Oldfield, 1971). All parƟcipants were naïve to the purpose of the study and completed the 
experiment in a single session lasƟng approximately 2.5 hours. This included about 60 minutes for informed 
consent procedures, EEG, and EMG setup, followed by 90 minutes for instrucƟons, pracƟce, tesƟng, and short 
breaks between blocks. ParƟcipants received monetary reimbursement for travel expenses, if applicable. The 
study was approved by the Ethical CommiƩee of the IRCCS IsƟtuto Centro San Giovanni di Dio Fatebenefratelli 
(Brescia e 25/2020) and was conducted in accordance with the DeclaraƟon of Helsinki. 

 

5.2.2. Procedure 

As for Study I and II, experiments were conducted in the same electromagneƟcally shielded, dimly lit, and 
sound-aƩenuated room. Upon arrival, parƟcipants were informed about the experimental procedures and 
provided informed consent. We acquired EEG signals using 74 passive Ag/AgCl electrodes (EasyCap, 
BrainProducts GmbH, Munich, Germany), while surface EMG signals were recorded using disposable Ag/Cl 
electrodes (Delsys) all connected to a g.HIamp amplifier system (g.tec Medical Engineering GmbH, 
Schiedlberg, Austria), sampled at 9,600 Hz. EMG electrodes were placed in a bipolar montage over the 
extensor carpi ulnaris (ECU) and flexor digitorum superficialis (FDS) on the right forearm. Recordings were 
made without filters, and skin-electrode impedance was maintained below 5 kΩ. For visualizaƟon purposes 
only, a band-pass filter (10–2,500 Hz) and a notch filter were applied. 

The co-actor was a member of the lab who acted as a naïve parƟcipant. A total of five lab members alternated 
as co-actors across experiments (all female). ParƟcipants and co-actors were seated side by side (~90 cm 
away), with parƟcipants on the leŌ and co-actors on the right. Both individuals faced idenƟcal screens 
distanced approximately 60 cm away (eye-to-screen distance; ASUS VG248QE, 60 Hz refresh rate, 1920 × 1080 
resoluƟon, 61 cm × 34.4 cm). We used the same hand levers as in Study II (see 4.2.2.), one for each individual. 
Both rested comfortably on a chinrest to limit moƟon during EEG recordings. 

ParƟcipants were instructed not to grip the lever or adopt a rigid posture, but instead to perform shovel-like 
moƟons for both hand liŌs and presses. As in Study II, to reduce excessive muscle tension in the ECU and FDS 
muscles, the thumb and pinky finger on each hand were gently secured with a small strip of medical 
micropore tape (3M, Minnesota, U.S.), prevenƟng rigid finger extension or inadvertent lever gripping. The 
same custom-script in MATLAB® combined with Psychophysics Toolbox 3 (Brainard and Vision, 1997; Kleiner 
et al., 2007), with only some minor adaptaƟons, controlled the presentaƟon of visual sƟmuli and the events 
of the SCT. 
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5.2.3. Joint Stop-Change Task setup  

The same gamified unimanual SCT used in the Control Experiment was administered twice in this experiment: 
once in a joint condiƟon and once in a solo condiƟon. As before, we included SC blocks (comprising Stop-
Change and No-Change trials) along with a Go-Only block (consisƟng solely of Go-Only trials, which were 
idenƟcal to No-Change trials). In addiƟon to EEG recordings, a major change from the Control Experiment 
was the introducƟon of a storytelling component that assigned disƟnct roles to the parƟcipant and co-actor 
within the gamified task, which will be described in detail later. 

Another criƟcal difference was that parƟcipants were instructed only to perform go presses and liŌ changes, 
while the co-actor always liŌed on go trials and pressed on change trials. This arrangement offered several 
advantages, i), it simplified the task and minimized potenƟal faƟgue; ii), it replicated the opposing acƟons 
required in the bimanual posiƟve-control; iii), it ensured a consistent subdivision of acƟon types, reinforcing 
the disƟnct roles implied by the storytelling elements; iv), the co-actor’s liŌ acƟons were silent, reducing the 
likelihood of auditory arƟfacts during the joint condiƟon. 

In fact, aŌer a brief training phase, both players’ right hands were concealed under black cardboard boxes 
lined with sound-absorbing foam to avoid any visual or auditory distracƟons. While parƟcipants believed this 
setup served to prevent mutual interference, the co-actor was secretly instructed not to move at all on go 
(liŌ) trials, thus eliminaƟng any sound and further limiƟng potenƟal confounds. 

For each condiƟon, parƟcipants completed two Stop-Change (SC) blocks, each consisƟng of pseudo-randomly 
intermixed No-Change trials (100 trials, 66%) and Change trials (50 trials, 33%), and one Go-Only block of 75 
trials (all certain-go). The Go-Only block, which was inserted between the two SC blocks, served as a less 
demanding pause. In total, 600 SC and 150 Go-Only trials were administered. CondiƟons were 
counterbalanced across parƟcipants, who always completed an enƟre set of blocks for one condiƟon before 
switching to the other. 

At the start of the experiment, parƟcipants undertook a pracƟce phase comprising 45 trials (15 Go-Only, 30 
SC) to familiarize themselves with the task. This training phase employed a modified bimanual SCT (see 
SecƟon 4.2.3.), where each player controlled one lever instead of both hands. ParƟcipants who needed more 
pracƟce were permiƩed an addiƟonal training block. Altogether, counƟng both pracƟce and experimental 
blocks, parƟcipants completed 630 SC trials and 165 Go-Only trials. 

During pracƟce, the players could see each other’s hands, and the co-actor genuinely performed the task, 
reinforcing the belief that they were both acƟvely engaged. AddiƟonally, these pracƟce trials provided 
detailed feedback (too slow, commission, omission, or no response) for each parƟcipant, analogous to the 
hand-specific feedback in the bimanual task.  

In contrast, in the main experimental blocks, only the parƟcipants' acƟons were recorded employing the 
unimanual SCT version, and feedback was limited to posiƟve or negaƟve responses (as in the gamified version 
of Control Experiment). However, parƟcipants were led to believe that they were coordinaƟng with the co-
actor in the joint condiƟon when, in reality, they performed the exact same unimanual SCT in both condiƟons. 
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Figure 15: Experimental setup of Joint and solo condiƟons. (A) Joint setup (see secƟon 4.2.5. for task mechanics). ParƟcipants were 
always seated on the leŌ side, co-actors on the right side, both with chinrests. The laƩer pretended to be a naïve parƟcipants and 
wore an unplugged EEG cap, with fake EMG electrodes on the right forearm. Hands were covered by cardboard boxes with noise 
cancelling foam. The light gray graphical version of the gamified UFO from Control Experiment, depicted with acƟve lights in its 
feedback animaƟon (see Figure 9B, leŌ), was used in the Joint condiƟon. (B) In the Solo condiƟon, the darker gray 'lights off' graphical 
version of the UFO was presented. Only the parƟcipant acted in this condiƟon, while the co-actor passively observed. 

 

5.2.4. Belief inducƟon 

The only substanƟal difference between the two condiƟons, beyond the co-actor pretending to act behind 
the cardboard box in the joint blocks and siƫng inacƟve (arms crossed) in the solo blocks, was in the 
storytelling and belief inducƟon components. 

Upon arrival, each parƟcipant was introduced to their co-actor. They were already aware that this would be 
a joint EEG experiment, since during recruitment they had been informed that arriving late would 
inconvenience the other parƟcipant. Once introduced, both individuals were reminded that they would have 
been co-registered and that they would collaborate on a porƟon of the experiment, which was organized 
similarly to a simple video game with role-playing elements. CriƟcally, the game required two disƟnct player 
roles: an astronaut and an aerospace engineer. 

To assign these roles, the experimenter used a simple HTML site, ostensibly acƟng as a randomizer. In truth, 
the site always assigned the astronaut role when clicking with the leŌ mouse buƩon and the engineer role 
when clicking with the right mouse buƩon. The two players decided freely who would click the buƩon, but 
the co-actor knew to choose the right buƩon if they were the one clicking, ensuring that they received the 
engineer role. In no instance did parƟcipants overtly quesƟon the authenƟcity of the randomizer, and the role 
assignment always proceeded smoothly. 

AŌer the roles were assigned, the two players were taken to separate rooms for EMG and EEG cap placement. 
Once the parƟcipant’s setup was complete, the co-actor also wore a real EEG cap (without gel), along with 
inacƟve reference and EMG electrodes like those used by the parƟcipant. An experimenter then guided the 
co-actor to the recording room, where the parƟcipant was waiƟng. However, the experimenter only 
pretended to connect the co-actor’s electrodes to the amplifier, in reality only the parƟcipant’s EEG data were 
recorded. 
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When both individuals were ready, the experimenter began with the task instrucƟons, which included the 
gamified storytelling elements. Great care was taken to ensure consistency: a total of 28 slides were used to 
deliver the story and task explanaƟons uniformly across parƟcipants. 

 

5.2.5. Storytelling and instrucƟons 

Briefly, parƟcipants were told the following story: The astronaut (the actual parƟcipant), who was exploring 
a distant star system in collaboraƟon with an engineer on Earth (the co-actor), becomes stranded on an alien 
planet aŌer their spaceship sustains irreparable damage. Searching for help, the astronaut discovers 
remnants of a now-exƟnct but highly advanced alien civilizaƟon, including a funcƟonal “flying saucer” (UFO). 
Realizing this UFO might allow a safe return to Earth, the astronaut (inside the UFO) and the engineer 
(remotely from Earth) must coordinate, whenever possible, to pilot this alien craŌ through an asteroid field.  

Each experimental block was framed as a disƟnct game level, conƟnuing the overarching storyline. The quality 
of the connecƟon between the UFO and Earth, which determined the speed of the link, varied across levels, 
thereby altering how players could interact during each trial: 

When the signal between the UFO and Earth is only “mediocre” (i.e., during joint SC blocks), both players 
must act as quickly as possible (using opposite movements) in “acƟon” trials (No-Change trials) whenever the 
UFO’s canopy changes color to red (go-cue), indicaƟng an incoming asteroid. Should the engineer act too 
slowly or incorrectly (signaled by a yellow change cue in Change trials), the astronaut has an opportunity to 
correct the engineer’s mistake by performing the liŌ acƟon, thus salvaging these so-called “correcƟon” trials. 

However, when the connecƟon between the UFO and Earth is “excellent” (i.e., during the joint Go-Only block), 
both players again respond as quickly as possible in “acƟon” trials (Go-Only trials). This Ɵme, roles are 
switched: if the astronaut is too slow or makes a mistake, the engineer, leveraging the fast connecƟon speed, 
can correct the trial with the astronaut’s acƟon (i.e., a press). However, in pracƟce, change signals did not 
actually appear in this condiƟon unless the astronaut voluntarily omiƩed or mis-performed the response, 
making it effecƟvely a pure Go-Only scenario. 

Importantly, communicaƟon between the UFO and Earth is not guaranteed for the enƟre journey. In such 
instances, the astronaut must fly the UFO alone (solo condiƟon). Under these circumstances, someƟmes the 
astronaut can leverage the UFO’s built-in navigaƟon system (solo Go-Only block), and if the astronaut fails or 
is too slow, the UFO itself iniƟates the “correcƟon” automaƟcally (in pracƟce, the change signal never 
appeared, unless astronaut voluntarily mis-performed, as in the joint Go-Only).  

At other Ɵmes, however, both Earth communicaƟon and the UFO’s navigaƟon system are unavailable (solo 
SC blocks). In these trials, the astronaut must respond as quickly as possible to the red UFO’s canopy (No-
Change cues), but occasional random navigaƟon errors arise (marked by the yellow canopy, i.e., change cue), 
prompƟng the astronaut to correct the acƟon via the opposite response (press in Change trials). 

OperaƟonally, the SC blocks were idenƟcal across condiƟons, but the parƟcipant was led to believe that 
Change cues in the joint condiƟon (when the connecƟon with Earth was “mediocre”) were triggered by co-
actor errors, giving them the ability to correct these mistakes. In this scenario, each Change cue was 
effecƟvely framed as feedback about the co-actor’s performance while both players aƩempted to synchronize 
their responses to the go cues. 

Conversely, in the solo condiƟon, parƟcipants were told that the Change cues stemmed from a purely random 
source (which was actually true), so “salvaging” any given trial became a strictly individual sub-goal. In the 
joint condiƟon, by contrast, successfully correcƟng a trial served a collecƟve sub-goal within the overarching 
mission to return home, thereby adding a cooperaƟve element to the same SC block mechanics. 
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To further differenƟate between the two condiƟons, the light gray graphical version of the gamified UFO from 
from the Control Experiment, depicted with acƟve lights in its feedback animaƟon (see Figure 9B, leŌ), was 
used in the Joint condiƟon to emphasize that a funcƟonal connecƟon had been established between Earth 
and the UFO. Conversely, in the Solo condiƟon, the darker gray 'lights off' version was presented, highlighƟng 
the absence of a connecƟon (Fig. 9B, right). 

 

5.2.6. ERP preprocessing  

As in Study I, the preprocessing pipeline was adapted from our previous studies (BortoleƩo et al., 2021; 
Guidali et al., 2023; Zazio et al., 2022), and tailored specifically for ERP analysis requirements. Custom scripts 
were developed in MATLAB R2023a (The MathWorks, NaƟck, MA, USA), incorporaƟng funcƟons from both 
EEGLAB v2023.1 (Delorme and Makeig, 2004) and FieldTrip (Oostenveld et al., 2011) , with default parameters 
applied unless otherwise specified. 

ConƟnuous EEG data were high-pass filtered at 0.2 Hz using EEGLAB’s windowed sinc FIR filter funcƟon 
(pop_eegfiltnew), downsampled to 600 Hz (pop_resample), and segmented into epochs ranging from −500 
ms to 2000 ms relaƟve to the go-cue. 

We then applied automated channel rejecƟon using the Local Outlier Factor (LOF) method (Kumaravel et al., 
2022a), implemented via the NEAR plugin for EEGLAB (Kumaravel et al., 2022b), to idenƟfy and remove outlier 
channels and flatlines (LOF threshold = 1.5). 

A first, lenient round of automaƟc arƟfact rejecƟon was performed in two steps, each based on a different 
staƟsƟcal approach. The joint probability method (pop_jointprob, with global and local thresholds set to 5 
SD) idenƟfied epochs with extreme amplitude deviaƟons, while the kurtosis method (thresholds set to 6 SD) 
detected non-Gaussian distribuƟons indicaƟve of atypical neural acƟvity. 

We first applied Independent Component Analysis (ICA) to remove blink-related components before running 
the Source-EsƟmate-UƟlizing Noise-Discarding (SOUND) algorithm. Eye blinks are large, stereotyped arƟfacts 
that ICA can reliably isolate due to their high and globally distributed variance. ICA components associated 
with horizontal and verƟcal eye movements were automaƟcally idenƟfied and removed using the ‘ICLabel’ 
plugin for EEGLAB. The ICA decomposiƟon was performed with the ‘pop_runica’ funcƟon (infomax 
algorithm), using 74 channels and extracƟng an equal number of components. Following ICA, the EEG data 
were average-referenced.  

Then, we applied the SOUND algorithm (spherical 3-layer model, regularizaƟon parameter: λ = 0.1; Mutanen 
et al., 2018) to idenƟfy and discard noise-contaminated measurements. Following the interpolaƟon of 
previously rejected channels, a low-pass filter was applied at 40 Hz (4th-order IIR BuƩerworth filter, using the 
EEGLAB funcƟon pop_basicfilter). A second automaƟc arƟfact rejecƟon step was then performed, using 
thresholds of 4.5 standard deviaƟons (SD) for local and 3.5 SD for global detecƟon. 

The data were maintained in average reference, epoched from −200 to 1000 ms relaƟve to the change cue, 
and baseline-corrected using the 200 ms to 5 ms interval preceding the change cue. The data were then 
averaged by experimental condiƟon. 

 

5.2.7. StaƟsƟcal analysis of behavioral data, prEMGs, and ERPs 

We used RTs and SSRTs as our primary behavioral measures. Normality of each parameter’s distribuƟon was 
tested using the Shapiro-Wilk test, and homogeneity of variances was assessed using the Levene test. 
Whenever the assumpƟons for standard ANOVA were violated, we applied aligned rank transform analysis of 
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variance (ART-ANOVA, Leys and Schumann, 2010) and the aligned rank contrast for Post-Hoc tesƟng. All Post-
Hoc comparisons were corrected using the Bonferroni method. 

As in the Control Experiment, to confirm that our SSRT esƟmates were valid, we verified the basic assumpƟons 
of the independent race model and evaluated the performance of the staircase algorithm, conducƟng a rm-
ANOVA on RTs with Trial Type (levels: Change-Failure, No-Change) and CondiƟon (levels: Joint, Solo) as within-
subject factors. We also ran a t-test on p-failure between condiƟons, to verify that the staircase algorithm 
worked properly in both cases. 

To examine how acƟons influenced RTs across blocks (Go-Only vs. Stop-Change) and how these interacted 
between condiƟons, we conducted a two-way rm-ANOVA with Trial Type (Go-Only, No-Change, Change-
Success) and CondiƟon (Joint, Solo) as within-subject factors. Finally, we performed t-tests on SSRT, prEMG 
onset, and peak. The prEMGs were preprocessed as in the Control Experiment (see 4.2.7.). 

Regarding staƟsƟcal analyses of ERPs, the final sample included all parƟcipants (n = 32). On average, 2.8 ± 1.9 
channels were rejected per parƟcipant, and 13.6 ± 3.1% of stop-change trials were excluded following 
preprocessing. ERP comparisons were performed using cluster-based permutaƟon tests for dependent 
samples, encompassing first the Ɵme window from 0 to 500 ms relaƟve to the stop-change cue, and then 
focusing specifically on the 250-500 ms window, to study alteraƟon of the fronto-central Stop P3. The analysis 
was conducted with FieldTrip’s ‘Ō_ƟmelockstaƟsƟcs’ funcƟon, employing a Monte Carlo approximaƟon with 
3000 permutaƟons (Maris and Oostenveld, 2007). 

 

5.3. Results 

5.3.1. Horse race model assumpƟons 

First, we verified the assumpƟon of the SCT, by comparing the RTs of No-Change and Change-Failure trials 
(see Table 8 for an overview of all behavioral parameters). In both trial types, movements were performed in 
response to the (iniƟal) go-cue. However, in Change-Failure trials, the iniƟal acƟon was executed because the 
go-process was completed before the stop-process, prevenƟng the subsequent re-engagement of the change 
acƟon. Therefore, the mean RTs of the Change-Failure trials should be shorter than those of the No-Change 
trials (Verbruggen et al., 2019).  

We conducted a non-parametric repeated-measures aligned rank transform (ART) ANOVA on RTs with Trial 
Type (levels: Change-Failure, No-Change) and CondiƟon (levels: Joint, Solo) as within-subject factors (Table 
9). The analysis supported the assumpƟon by showing a significant main effect of Trial Type, with RTs in 
Change-Failure trials being shorter than in No-Change trials (Mdiff ± SD = 85.1 ± 54.6). We also found a 
significant main effect of CondiƟon, revealing that parƟcipants were slower in the Solo condiƟon (M ± SD = 
498.4 ± 57.4) compared to the Joint condiƟon (M ± SD = 470.6 ± 77.2). No other significant effects were found.  



68 
 

Table 8. Behavioral parameters across condiƟons (Joint, Solo). The table presents mean values ± standard deviaƟons for 
change-failure rates (p(failure)), Stop-Signal Delay (SSD), Stop-Signal ReacƟon Time (SSRT), successful change-acƟon 
reacƟon Ɵmes (Change RT), and Change-Failure RT. AddiƟonally, RTs, error rates, and accuracy scores (correct trials over 
total trials) for No-Change and Go-Only trials are provided.  

 

Next, we evaluated whether the staircase algorithm funcƟoned as intended. A Wilcoxon signed-rank test with 
conƟnuity correcƟon was conducted to compare p-failure between the Joint and Solo condiƟons. The results 
indicated no significant difference between condiƟons (V = 227.5, p = 0.187), suggesƟng that the success rate 
of Stop-Change trials remained consistently around 50% across all condiƟons. This confirmed that our 
esƟmates of reacƟve inhibiƟon (i.e., the SSRT) were reliable. 

Table 9. Results of the rm ART ANOVA on response Ɵmes in change-failure and No-Change trials to confirm stochasƟc 
independence of the go and stop processes. Significant effects (p < 0.05) are highlighted in bold. Reported values include 
degrees of freedom (Df), residual degrees of freedom (Residual Df), F-value, and p-value for each main effect and 
interacƟon. 

 

5.3.2. CondiƟons do not modulate proacƟve control (HP1) 

To assess how the condiƟons affected RTs across blocks (Go-Only and SCT blocks) and Trial Types, we run a 
two-way rm ART ANOVA on within-subject factors Trial Type (Levels: Go-Only, No-Change, Change-success) 
and CondiƟon (Joint, Solo) as the Levene test did not confirm homogeneity of variance (Table 10).  
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Table 10. Repeated measures Aligned Rank Transformed ANOVA on Response Time (RT). Degrees of freedom (Df), 
residual degrees of freedom (Residual Df), F-values, and p-values are reported. Significant effects (p < 0.05) are 
highlighted in bold. 

The rm ART ANOVA on RTs revealed only a significant main effect of Trial Type. Post hoc tests for Trial Type 
showed that Go-Only trials (M ± SD = 317.3 ± 55.4 ms) and Change trials (M ± SD = 316.7 ± 37.9 ms) were 
significantly different from No-Change trials (M ± SD = 527.0 ± 56.1 ms; all p < 0.001). However, Go-Only and 
Change trials were not different (p=1). The main effect of CondiƟon or its interacƟon was not significant, 
suggesƟng no modulaƟon of proacƟve control in joint acƟons. 

 

5.3.3. Measures of reacƟve inhibiƟon: SSRT and prEMG (HP2) 

A two-tailed paired t-test was conducted to compare SSRT between the Joint and Solo condiƟons (HP2). The 
results revealed a significant difference between condiƟons, t(31) = 2.82, p = 0.008, indicaƟng that SSRT was 
significantly longer in the Joint condiƟon than the Solo condiƟon (Mdiff ± SD = 16.2 ± 34.8; 95% CI [4.48, 27.96]; 
Cohen's d = 0.50; see Table 8 and Figure 16A). 

Regarding prEMGs, their frequency in successful stop-change trials was substanƟally higher in the current 
experiment (39.6%) compared to Study II (19.2%). Because only press-to-liŌ change acƟons were required, 
prEMGs were recorded exclusively from the FDS muscle of the right forearm. A paired t-test comparing prEMG 
counts between the joint and solo condiƟons indicated a significant difference, t(31) = 2.25, p = 0.032, with 
more prEMGs observed in the joint condiƟon (M ± SD = 20.9 ± 6.4) than in the solo condiƟon (M ± SD = 18.7 
± 6.3; Mdiff ± SD = 2.3 ± 19.8). Only two parƟcipants produced fewer than six prEMGs in one of the condiƟons 
(two and five prEMGs, respecƟvely). Given the larger overall sample (n = 32), all parƟcipants were retained 
for the final analyses. 

As in Study II, to assess reacƟve inhibiƟon based on the Ɵmings of prEMGs (HP2), we ran paired-samples t-
tests comparing onset latency, peak latency, and the SSD between condiƟons. All variables met the normality 
criteria. Onset latency (t(31) = 1.01, CI [-3.76, 11.11], Mdiff = 3.67, p = 0.322, Fig. 16B), as well as peak latency 
was not significantly different (t(31) = 1.22, CI [-2.56, 10.23], Mdiff = 3.83, p = 0.231, Fig. 16C). In contrast, SSD 
was significantly different (t(31) = -3.69, CI [-70.27, -20.22], Mdiff = -45.24, p < 0.001), as the delay was on 
average longer in the Solo condiƟon, than in the Joint condiƟon. 

CorrelaƟon analyses revealed again a strong associaƟon between SSRTs and both prEMG onset (Fig. 16D; 
Joint: r=0.44, p=0.011; Solo: r=0.44, p=0.011) as well as peak latencies (Fig. 16E; Joint: r=0.47, p=0.006; Solo: 
r=0.48, p=0.005).  

Regarding the Ɵme courses of Stop-locked EMG acƟviƟes for prEMG (averages over all trials), they develop 
consistently between condiƟons with a main peak around 150 ms (Fig. 17).  Refer to Fig. 17 for qualitaƟve 
comparisons of prEMGs and successful Change Trial EMG acƟvity (Fig. 17A) or failed-Change trials (Fig. 17B).  
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Figure 16: Comparison of Stop Signal ReacƟon Time (SSRT), parƟal response EMG (prEMG) onset, and prEMG peak across 
Joint and Solo condiƟons (in milliseconds, ms). Panels (A–C) show boxplots comparing SSRT (A), prEMG onset (B), and 
prEMG peak (C) between Joint (green) and Solo (blue) condiƟons. Panels (D–E) display correlaƟons between SSRT and 
prEMG onset (D) and SSRT and prEMG peak (E), with significant posiƟve relaƟonships in both condiƟons (Joint: blue 
diamonds, Solo: red triangles). For all panels, the box plots represent the median (horizontal line within the box), the 
interquarƟle range (IQR; the height of the box), and the whiskers extend to 1.5 Ɵmes the IQR or the furthest data point 
within that range. Outliers are represented as individual points outside the whiskers. 
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Figure 17: Time courses of Stop-locked EMG acƟvity for parƟal response EMG bursts (prEMG) and for successful or failed 
Change acƟvity across condiƟons (Joint and Solo). (A) Stop-locked prEMG acƟvity and successful Change EMG signals in 
Joint (green) and Solo (blue) condiƟons. DoƩed EMG traces indicate successful change-movement execuƟon, while 
prEMG acƟvity (conƟnuous line) represents early movement-related acƟvaƟon, while the peak coincides with its 
inhibiƟon. (B) Stop-locked prEMG acƟvity and failed Change EMG signals. The doƩed lines show failed Change trials EMG 
acƟvity. Overall, prEMG signals reveal early movement preparaƟon and inhibiƟon processes, with no evident differences 
between condiƟons. Time in milliseconds (ms). EMG amplitudes are in z-scores, see Methods. 

 

5.3.4. Event-related potenƟals  

As a first preliminary step, we performed a cluster-based permutaƟon test for dependent samples across all 
channels and compared No-Change (Fig. 18A) and Stop-Change trials (Fig. 18D-E), starƟng from the go-
cue/change-cue onset up to 500 ms. Consistent with expectaƟons, given the substanƟal differences between 
the two trial types, two significant clusters (one posiƟve, one negaƟve; both p < 0.001) emerged, spanning 
the enƟre period of interest. 

Next, we examined corƟcal response differences between Stop-Change Failure trials and Stop-Change Success 
trials. Comparisons were made across all channels and Ɵme points from 0 to 500 ms aŌer the appearance of 
the change-cue. As expected, significant differences emerged, revealing two main clusters. A  posiƟve cluster 
spanned the enƟre period of interest (cluster-corrected p < 0.001; Fig. 18B), and a negaƟve cluster was 
idenƟfied from 180 to 400 ms (cluster-corrected p < 0.001; Fig. 18C). 

The first cluster captures the Ɵme-shiŌed corƟcal acƟvity that arises because, in failed Stop-Change trials, the 
iniƟal go process has already concluded, whereas in successful trials the inhibiƟon process was sƟll underway. 
The second cluster, in turn, highlights the earlier onset of the P3 in successful Stop-Change trials compared 
to failed ones (Hervault et al., 2024).  
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Figure 18. Grand average ERP waveforms with topographical distribuƟons and cluster-based permutaƟon results for 
Stop-Change Failure vs. Success trials. (A) ERP waveforms for No-Change trials (correct go trials in the Stop-Change 
blocks), with scalp maps showing the P1, N2, and P3 components. (B) Significant posiƟve cluster (p < 0.001) for Stop-
Change Failure vs. Stop-Change Success trials, spanning overt the whole period of interest with a centro-parietal 
topography. (C) Significant negaƟve cluster (p < 0.001) for the same contrast, peaking around 350 ms. The leŌ panels 
show the Ɵme course of cluster significance, and the right panels display the topographical distribuƟon at the cluster’s 
peak. Black asterisks indicate significant electrodes contribuƟng to the cluster. (D) ERP waveforms for Stop-Change 
Success trials, with Cz highlighted in black. (E) ERP waveforms for Stop-Change Failure trials, showing differences in 
amplitude and Ɵming compared to Success trials. The Cz electrode is highlighted in black, with the corresponding trace 
from the Success condiƟon overlaid in red, illustraƟng the earlier onset in successful inhibiƟon. 

Next, given the pronounced difference between failed and successful Stop-Change trials, we compared the 
Joint and Solo condiƟons separately for Stop-Change Failure (Fig. 19A-B) and Stop-Change Success trials. As 
an iniƟal, broad-ranging approach, we conducted a cluster-based analysis spanning the 0–500 ms window 
aŌer the change-cue. No significant clusters emerged for the Success trials. However, for the Failure trials, we 
idenƟfied a significant posiƟve cluster between 260 and 390 ms, peaking at 280 ms (cluster-corrected p = 
0.039; Fig. 19C), revealing an earlier onset and greater amplitude of the P3 component in the Solo condiƟon 
(Fig. 19A), with respect to the Joint condiƟon (Fig. 19B). No addiƟonal significant effects were found. 
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Figure 19. Grand average ERP waveforms with topographical distribuƟons and cluster-based permutaƟon results for 
Stop-Change Failure trials. (A) Stop-Change Failure trials in the Joint condiƟon show a reduced P3 component compared 
to (B) Stop-Change Failure trials in the Solo condiƟon. Each trace represents the EEG response from a single electrode, 
and the overlaid topographical maps illustrate ERP components at 125 ms (P1), 210 ms (N2), and 350 ms (P3). The Cz 
electrode is highlighted in black in both panels. (C) A significant negaƟve cluster (p = 0.039) emerged for the contrast 
between Solo and Joint Stop-Change Failure trials, with a fronto-central scalp distribuƟon peaking at 280 ms and 
spanning the interval from 260 to 390 ms, indicaƟng an earlier onset and a greater acƟvaƟon in the Solo condiƟon. The 
leŌ panel shows the Ɵme course of cluster significance, while the right panel presents the topographical distribuƟon at 
the cluster’s peak. Black asterisks indicate electrodes contribuƟng significantly to the cluster. 

 

Given our specific hypothesis (HP3) that the frontocentral stop-P3 would differ between Joint and Solo 
condiƟons, we conducted a targeted cluster-based comparison in the 250–400 ms Ɵme window, which 
encompasses the typical peak latency of the P3. Collapsing across trial types (Stop-Change Success and 
Failure), we idenƟfied two significant clusters in the Joint (Fig. 20A) vs. Solo (Fig. 20B) contrast: a negaƟve 
cluster (p = 0.032; Fig. 20C) spanning 260–355 ms, and a posiƟve cluster (p = 0.033; Fig. 20D) spanning 251–
356 ms. Both clusters, parƟcularly the posiƟve one, were driven by the earlier onset and greater amplitude 
of the P3 in the Solo condiƟon compared to the Joint condiƟon, as clearly seen in the Cz acƟvity (Fig. 20E), a 
representaƟve frontocentral site typically associated with the stop-P3. 

Next, we examined each trial type separately. For Stop-Change Success trials, no significant clusters were 
found. However, for Stop-Change Failure trials, the previously observed cluster re-emerged (Fig. 19C) with 
even stronger significance (p = 0.011). This finding reinforces the interpretaƟon that the stop-signal P3 is 
parƟcularly sensiƟve to differences in reacƟve inhibiƟon demands between Joint and Solo condiƟons, 
especially in the context of failed Stop-Change trials. 
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Figure 20. Grand average ERP waveforms and topographical distribuƟons for Stop-Change trials in the Solo and Joint 
condiƟons. (A) ERP waveforms for Stop-Change trials in the Joint condiƟon and (B) in the Solo condiƟon, showing similar 
component acƟvaƟons (P1, N2, P3) but with notable differences in amplitude and Ɵming. The Cz electrode is highlighted 
in black. (C) A significant negaƟve cluster (p = 0.032) and (D) a significant posiƟve cluster (p = 0.033) were idenƟfied in 
the P3 Ɵme window (250–400 ms) when comparing Solo vs. Joint Stop-Change trials. (E) Average acƟvity at the Cz 
electrode for Solo (blue) and Joint (red) condiƟons. The overlaid difference wave (Solo minus Joint, in black; not to scale) 
highlights the amplitude divergence in the P3 window. The green line shows the cluster staƟsƟc over Ɵme, and the doƩed 
verƟcal lines indicate the onset and offset of the significant posiƟve cluster. 

 

5.4. Discussion 
To the best of our knowledge, this experiment is the first to administer a joint version of the SCT and the first 
to record EEG data within the broader stop-signal task family. Building on the results of our posiƟve control 
experiment (Study II), we aimed to assess inhibitory control when parƟcipants performed acƟons either 
jointly or alone. We hypothesized that co-representaƟon in joint acƟons would heighten proacƟve control, 
manifested as longer No-Change RTs and longer stopping latencies in the joint condiƟon. We also predicted 
a later onset and reduced amplitude of the frontocentral stop-signal P3 in the joint condiƟon, reflecƟng a 
potenƟally less efficient inhibitory process. 

Regarding the electrophysiological data, the significant posiƟve frontal-central cluster observed around 280 
ms suggests a modulaƟon of the P3 component that may be driven by co-representaƟon. This 
electrophysiological finding is consistent with our behavioral results, which revealed significantly longer SSRTs 
in the joint condiƟon compared to the solo condiƟon. Taken together, these outcomes support the noƟon 
that engaging in a shared task may alter the efficiency of inhibitory mechanisms. 
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However, contrary to our findings in Study II, we did not observe significant differences in prEMG onset or 
latencies, indicaƟng a dissociaƟon between EMG-based indices of reacƟve inhibiƟon and the behavioral or 
EEG-based measures. Furthermore, the behavioral data did not provide any clear evidence of biased motor 
preparaƟon or proacƟve control in the joint condiƟon, suggesƟng that co-representaƟon may not uniformly 
affect all markers of inhibiƟon, as seen with the bimanual SCT. 

Looking ahead, addiƟonal analyses of the EEG data will be crucial for clarifying whether subtle aspects of 
proacƟve control are exerƟng an influence on stopping latencies that may not be captured by behavioral 
parameters alone. More extensive analyses, such as source localizaƟon or connecƟvity measures, could also 
shed light on the specific neural networks involved in joint acƟon inhibitory processes.  

 

5.4.1 Establishing collecƟve vs. individual goals: A belief-inducƟon approach 

Joint acƟons inherently imply a constant, dynamic interplay between self and other (Dumas and Fairhurst, 
2021), requiring individuals to conƟnuously adapt their behaviors to effecƟvely exchange informaƟon and 
coordinate with others (Vesper et al., 2016). As a result, co-actors’ behaviors become interdependent, making 
it challenging to assess each parƟcipant’s individual contribuƟons and reacƟons to their partner’s acƟons (De 
Vicariis et al., 2022). Our strategy for addressing this inherent behavioral interdependence was to develop a 
joint stop-change paradigm that leveraged gamificaƟon and belief inducƟon, embedding the Ɵmings dictated 
by the staircase procedure into the belief of a coordinated interacƟon with the co-actor.  

In pracƟce, parƟcipants performed the idenƟcal task twice, but they were led to believe that, in the joint 
condiƟon, the Change cues were triggered by the co-actor’s errors, creaƟng the impression that they were 
interacƟng with and adjusƟng their behavior in response to their partner’s acƟons and feedback. In the solo 
condiƟon, parƟcipants were told that the Change cues originated from a purely random source, which, by the 
way, was actually true. By creaƟng this scenario, we emphasized that responding to change cues was primarily 
an individual sub-goal.  

In the joint condiƟon, however, successfully correcƟng a trial served as a collecƟve sub-goal. Beyond the 
presence of the co-actor, who kept their hand either moƟonless under a cardboard box in the joint condiƟon 
or crossed on their lap in the solo condiƟon, all other aspects remained idenƟcal between condiƟons. 

Our overarching strategy aimed to maximize the contrast between collecƟve goals and individual goals. As 
noted in the IntroducƟon, variables such as the relaƟonship between co-actors, group idenƟƟes and 
dynamics, affecƟve valence, and the degree of cogniƟve empathy and familiarity all have the potenƟal to 
modulate co-representaƟon. We sought to minimize these influences by limiƟng direct interacƟon between 
parƟcipants and co-actors: they interacted only briefly during the role-assignment process (lasƟng only a few 
minutes) before being taken to separate rooms for EEG montage. Furthermore, when the experiment began, 
both individuals wore EEG caps, further reducing familiarity, conducted the task in a dimly lit room, each 
facing their own monitor while resƟng on a chinrest, and were instructed not to communicate during the 
experiment. 

Thus, we can reasonably rule out affecƟve valence, familiarity, or group dynamics as contribuƟng factors to 
co-representaƟon differences. Likewise, we can exclude potenƟal effects of salience or arousal, given that the 
overall experimental setup remained constant across condiƟons. 
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5.4.2 Why referenƟal coding fails to account for our results 

Importantly, we can also exclude any effect of referenƟal coding or aƩenƟonal shiŌing. First, in contrast to 
previous joint SST studies (Cardellicchio et al., 2021a; Cavallo et al., 2014), our design did not posiƟon sƟmuli 
or movement in a horizontally organized spaƟal plane. Rather than using two effectors and presenƟng sƟmuli 
on opposing sides of the monitor (as in Cavallo et al. 2014), we required responses from a single effector only 
(right hand), moving verƟcally (liŌing up or pressing down) while consistently presenƟng sƟmuli in the center 
of the screen. 

The core assumpƟon of the referenƟal coding account is that the discriminaƟon between two (acƟon) events 
is achieved by intenƟonally weighƟng disƟnct acƟon features (Memelink & Hommel, 2013; Liepelt et al., 
2014). This means that individuals adopt a cogniƟve strategy to selecƟvely emphasize certain discriminaƟve 
acƟon features in order to disƟnguish more effecƟvely between them.  

In the context of the joint Simon task, referenƟal coding entails focusing on the spaƟal dimension (leŌ vs. 
right), such that a co-actor (or any aƩenƟon-grabbing object) becomes a spaƟal reference point used to 
classify one’s own acƟons (Dolk et al., 2014). As a result, even in the absence of an acƟvely performing social 
partner, a spaƟal compaƟbility effect can emerge purely from perceptual processes (Dolk et al., 2011; Dolk et 
al., 2013).  

However, any sufficiently discriminaƟve feature can serve as a reference point for coding one’s own acƟons 
(Dolk et al., 2014). This was demonstrated by Sellaro et al. (2014) using a joint Simon task in which parƟcipants 
responded to the geometrical shape of a centrally presented colored sƟmulus by pressing either a leŌ or right 
buƩon, while wearing gloves that either matched or differed in color from the sƟmuli. In the first experiment, 
the authors administered the task individually, instrucƟng parƟcipants to respond to both sƟmulus shapes 
(pressing the right or leŌ buƩon). In the second experiment, parƟcipants responded to only one of the two 
shapes individually (solo Go/No-Go condiƟon) or performed the same task jointly with a co-actor. The results 
showed that congruence between sƟmulus and glove color affected performance in both the two-choice and 
the joint tasks, but not in the individual Go/No-Go control condiƟon, thereby empirically demonstraƟng a 
non-spaƟal Joint Simon Effect driven by referenƟal coding.  

On the same line of reasoning, one could argue that the go-cue color (red) and the change-cue color (yellow) 
provided sufficiently disƟnct reference features for coding one’s own acƟons versus the co-actor’s acƟon. 
From the parƟcipant’s perspecƟve, because they responded consistently to the go cues, the red color might 
have been coded as their own acƟon, whereas the yellow cue, believed to be triggered by the co-actor, could 
be associated with the co-actor’s acƟon. In fact, this reasoning aligns with the idea that, in referenƟal coding, 
perceivable consequences of the other’s acƟons shape the representaƟon of one’s own individual task share 
in accordance with the demands of that task share (Dolk & Prinz, 2016). 

Thus, in our experiment, when change cues appeared during the joint condiƟon, a potenƟal conflict could 
arise between sƟmulus features (“Is it my cue or not?”) and acƟon events (“Should I move or not?”). If 
referenƟal coding were driving this effect, we would expect a paƩern similar to the Joint Simon paradigm, 
where conflicƟng sƟmulus locaƟon and sƟmulus idenƟty produce a slowing of responses (joint Simon effect), 
assumed to reflect the inhibiƟon of one’s own responses on the other person’s trials (Maier et al., 2023). 
However, we observed no significant slowing in any type of response Ɵme (neither change RTs nor No-Change 
RTs). Instead of inhibiƟng one’s responses in the allegedly “other” stop-change trials, parƟcipants showed 
disinhibiƟon, as evidenced by longer stopping latencies (i.e., SSRTs). 

Consequently, we consider it unlikely that referenƟal coding explains our findings in the joint condiƟon. 
Rather, we propose that the observed slowing in SSRTs stems from self-other integraƟon and discriminaƟon 
conflicts driven by co-representaƟon. In our paradigm, the key disƟncƟon lies in the collecƟve goal induced 
by our belief manipulaƟon, which appears to modulate reacƟve inhibiƟon. Thus, our results indicate that a 
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strong collecƟve goal can impose a processing cost, reflected in slower stopping latencies and altered neural 
markers, suggesƟng that co-represenƟng the other’s acƟons indeed shapes how individuals inhibit their 
responses. 

 

5.4.3 Balancing difficulty and joint coordinaƟon: Insights from SSD and Change RT effects 

Another intriguing finding is that the solo condiƟon yielded longer Stop-Signal Delays (SSDs) than the joint 
condiƟon. Although interpreƟng SSD can be challenging, a longer SSD indicates a more difficult version of the 
Stop-Change Task (SCT) compared to one with a shorter SSD. One could argue, then, that parƟcipants 
expended less effort in the joint condiƟon and more in the solo condiƟon, but this is counterintuiƟve if we 
assume that social pressure in the joint condiƟon would encourage greater effort. Moreover, we found no 
evidence of parƟcipants trying harder on the go trials in the joint condiƟon, as reflected by the lack of 
significant differences in No-Change or Go-Only RTs. 

A more plausible explanaƟon involves the interplay between SSD and SSRT. In the joint condiƟon, SSD was 
shorter while SSRT was longer. When these two parameters are combined, they approximate the Ɵme 
window in which about half of the No-Change trials are too fast to be inhibited (Verbruggen et al., 2019), a 
point closely aligning with the mean No-Change RT, which did not differ significantly across condiƟons. Hence, 
we interpret the significant difference in SSD as an addiƟonal manifestaƟon of the co-representaƟon cost: 
with a greater burden on the motor system during joint acƟons, parƟcipants unintenƟonally “shiŌed” the 
difficulty of the SCT (i.e., used on average, a shorter SSD), resulƟng in similar RTs, despite longer stopping 
latencies that reflect the demands of coordinaƟng with a partner. 

Furthermore, another fundamental finding in the current study is that Change RTs do not significantly differ 
between the joint and solo condiƟons. This result has important implicaƟons for understanding the quality of 
human interacƟons, especially given that previous joint SST research suggested a potenƟal compromise in 
inhibitory processes, leaving open quesƟons about how such a compromise might affect collaboraƟve tasks.  

By employing a SCT, we were also able to assess Change RTs, which arguably hold greater ecological value 
than the simpler “freezing” of movements required in a standard Stop-Signal Task (Boecker et al., 2013). In 
daily interpersonal interacƟons, joint coordinaƟon requires a constant reassessment and re-programming of 
acƟons (De Vicariis et al., 2022). Our finding that Change RTs remain unaffected by co-representaƟon suggests 
that while re-engaging acƟons may carry an addiƟonal cogniƟve load, this burden does not translate into 
slower overall movement execuƟon. Hence, the Ɵme course of motor reprogramming and execuƟon appears 
largely preserved during joint acƟons, aligning with the human capacity for seamless cooperaƟon. 
Nonetheless, it remains plausible that certain clinical or personality disorders could impair joint acƟon 
reengagement, indicaƟng a potenƟal avenue for future research. 

 

5.4.4. Significant differences in the frontocentral stop-P3 

Previous neurophysiological research has primarily examined the joint Simon task, where No-Go trials—that 
is, trials requiring the co-actor’s response—elicit a larger P3 amplitude compared to No-Go trials in the half-
task control condiƟon (i.e., when parƟcipants act alone). This enhanced P3 is believed to reflect increased 
response inhibiƟon, necessary to prevent an individual from acƟng during the partner’s turn, and is thought 
to be driven by co-representaƟon (Ruissen and de Bruijn, 2015; Sebanz et al., 2006b; Tsai et al., 2006). The 
significant role of inhibiƟon in this paradigm is further supported by behavioral findings, which show how 
parƟcipants adjust their responses on a trial-to-trial basis following the co-actor’s responses (Maier et al., 
2023). 
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However, the No-Go P3 observed in the joint Simon paradigm differs substanƟally from the stop-signal P3 in 
SSTs or SCTs. In the joint Simon task, which essenƟally operates as a turn-based Go/No-Go paradigm, 
parƟcipants must inhibit their own response when it is the partner’s turn. In contrast, our paradigm led 
parƟcipants to believe they needed to act in synchrony with a co-actor, occasionally changing their acƟon in 
response to the co-actor’s alleged mistake. Thus, whereas the joint Simon paradigm presents a Ɵming-
discriminaƟon challenge—deciding whose turn it is—our Stop-Change task involves a behavioral adjustment 
challenge in response to perceived errors. 

It is therefore unsurprising that our findings show an opposite P3 paƩern with respect to the No-go P3 in the 
Joint Simon: when parƟcipants must adjust their acƟon in response to the co-actor’s mistake, their stop P3 is 
significantly delayed and reduced in amplitude (i.e., diminished inhibitory engagement) compared to 
condiƟons in which they respond to a random event (acƟng alone).  

Taken together, these results suggest that co-representaƟon imposes greater inhibitory control when it is the 
partner’s turn (as in the joint Simon), yet aƩenuates acƟon cancellaƟon during joint acƟon re-adjustments in 
our paradigm. In other words, co-representaƟon appears to facilitate self–other differenƟaƟon, prevenƟng 
one from acƟng during the other’s turn, while at the same Ɵme disrupƟng acƟon cancellaƟon once the acƟon 
process has already begun. 

Furthermore, our results suggest that differences between the Joint and Solo condiƟons arise through two 
mechanisms. First, earlier onset of the P3 in the Solo condiƟon indicates a faster iniƟaƟon of the inhibiƟon 
process (Diesburg et al., 2024; Hervault et al., 2024), aligning with the observed shorter SSRT in that condiƟon. 
Second, smaller P3 amplitude in the Joint condiƟon reflects lowered or less efficient performance monitoring 
(Barcelo and Cooper, 2018; Huster et al., 2020; Murphy et al., 2015).  

Notably, when disƟnguishing between Stop-Change Failure and Success trials, we observe significant 
differences only in Failure trials. In other words, most of the detected effects occur when inhibiƟon fails rather 
than when it is successfully implemented. This suggests that the overall engagement of the inhibiƟon process 
may not be the sole factor driving the differences, rather, the performance-monitoring component of the P3 
appears pivotal. In pracƟcal terms, failing to stop in the Joint condiƟon elicits a weaker error-monitoring 
response compared to Solo, implying that co-representaƟon, may also alter error-related processes. 

 

5.4.5 IntegraƟng our results with previous joint SST literature 

As observed in earlier studies (Cardellicchio et al., 2021a; Cavallo et al., 2014), we recorded longer SSRTs in 
the Joint condiƟon, accompanied by a later onset and smaller amplitudes of the stop P3. The laƩer finding 
points to a weaker performance monitoring process under joint acƟons. These outcomes suggest that co-
representaƟon contributes to slower or less efficient reacƟve inhibiƟon. However, we did not observe any 
difference in prEMG latencies, our secondary index of reacƟve inhibiƟon, nor did we find evidence of disƟnct 
proacƟve control.  

RelaƟng our results to prior joint SST studies, we quesƟon the idea that an alternaƟve, slower yet more 
selecƟve inhibiƟon mechanism (as proposed by Aron & Verbruggen, 2008) fully explains these observaƟons 
(Cirillo et al., 2018; Lavallee et al., 2014; Raud and Huster, 2017; SmiƩenaar et al., 2013). In fact, single-process 
accounts that posit a mutually exclusive and context-dependent choice between selecƟve or global stopping 
have come under increased scruƟny, as emerging evidence shows that these long-standing models oŌen fail 
to capture all experimental outcomes (Tatz et al., 2024). 

Instead, two-process frameworks, such as the “pause-then-cancel” (PTC) model, appear to beƩer capture 
observed data (Diesburg and Wessel, 2021; Diesburg et al., 2024; Guan and Wessel, 2022; Schmidt and Berke, 
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2017; Tatz et al., 2024; Tatz et al., 2021; Waller et al., 2021). Briefly, PTC models posit that acƟon stopping 
involves two disƟnct processes. First, a fast and global “Pause process” (Pp) quickly suppresses the motor 
system in response to detecƟng a salient sƟmulus. Second, a slower but more selecƟve “Cancel process” (Cp) 
specifically determines which acƟon is ulƟmately suppressed.  

Notably, prEMG, reduced corƟcospinal excitability (CSE) of task-unrelated effectors, and short-interval 
intracorƟcal inhibiƟon (SICI), reflecƟng rapid, GABAa-mediated inhibiƟon, appear to index the Pp, whereas 
SSRT and the corƟcal silent period (CSP), which reflect slower, GABAb-mediated inhibiƟon, align with the Cp 
(Tatz et al., 2024). Indeed, SSRT, which represents the total Ɵme required to implement stopping (Diesburg 
and Wessel, 2021), is posiƟvely correlated with CSP length (Paci et al., 2021) but negaƟvely correlated with 
SICI (Chowdhury et al., 2018). From a PTC perspecƟve, this makes sense: if the Pp contributes less to stopping, 
the (slower) Cp must compensate, resulƟng in an overall longer stopping duraƟon. 

The PTC model also appears compaƟble with current findings in joint acƟon. In a previous study that 
employed a comparable reaching task (but without stop trials), Cardellicchio et al. (2020) observed reduced 
SICI and prolonged CSP in the joint condiƟon during the reaching phase. More recently, the same group 
replicated these results and further demonstrated that CSP modulaƟon emerged only aŌer acƟon onset, 
irrespecƟve of prior informaƟon (Vescovo et al., 2024). One interpretaƟon of these findings is that joint acƟon 
execuƟon entails a divergent modulaƟon of the PTC processes, wherein the Pp is aƩenuated (lower SICI), and 
the Cp is delayed (longer CSP), ulƟmately leading to an overall prolongaƟon of motor inhibiƟon (i.e., slower 
SSRTs).  

Furthermore, the stop-signal frontocentral P3 is proposed as a signature of the Cp, as it peaks at around 300 
ms aŌer a stop signal and shows an earlier onset in successful compared to failed stop trials (Kok et al., 2004; 
Wessel and Aron, 2015a). Notably, blind source separaƟon techniques such as ICA can be used to isolate 
neural acƟviƟes from disƟnct corƟcal sources, thereby significantly enhancing the single-trial signal-to-noise 
raƟo of ERPs (Huster et al., 2020; Wessel, 2018; Wessel & Ullsperger, 2011). Recent work leveraging this 
approach indicates that the stop-signal P3 arises from thalamocorƟcal inputs that arrive later during failed 
stop trials than in successful ones. Aligned with the idea of Cp as a top-down process, these inputs are not 
weaker in failed stops, rather, they are simply too late to avert the response (Diesburg et al., 2024; Logan et 
al., 1984). AddiƟonally, the amplitude of the P3 is larger when parƟcipants explicitly aƩempt to stop versus 
when they ignore the sƟmulus (Dutra et al., 2018; Tatz et al., 2021; Waller et al., 2021), reinforcing its role as 
an index of inhibitory engagement of the Cp. 

This PTC model aligns well with our findings. We observed a dissociaƟon between earlier stages of reacƟve 
inhibiƟon (i.e., prEMG peak latencies), which reflect the fast and global Pp, and later, more targeted inhibitory 
stages (i.e., SSRTs and stop-P3), linked to the Cp. This paƩern echoes the results of Cavallo et al. (2014), who 
assessed corƟcospinal excitability in non-effector muscles during a joint SST condiƟon and found greater 
involvement of a later-acƟng cancellaƟon mechanism, coupled with a diminished role for quick, global 
inhibiƟon. Interpreted within the PTC framework, the longer Ɵme required by the Cp in the Joint condiƟon 
reduces the likelihood of detecƟng reduced corƟcospinal excitability in task-unrelated effectors, an indicator 
of the Pp (Tatz et al., 2024). CollecƟvely, these data suggest that the Joint condiƟon predominantly relies on 
the slower, more selecƟve Cp, whereas the Solo condiƟon is driven mainly by the faster Pp, aligning with 
previous neurophysiological findings of SICI and CSP (Cardellicchio et al., 2020; Vescovo et al., 2024). 

If our reasoning holds, it dovetails nicely with Cardellicchio et al. who demonstrated that lateral premotor 
cortex (lPMd) modulates joint acƟon stopping performance using cTBS. Their findings suggest that lPMd is 
involved in co-representaƟon and helps shape the balance between the Pause (Pp) and Cancel (Cp) processes. 
Seminal work by Cisek and Kalaska (2005) showed that, in the premotor cortex, mulƟple potenƟal reaching 
acƟons can coexist during periods of uncertainty, and once an unambiguous cue appears, the selected motor 
plan is strengthened while alternaƟve plans are inhibited. Applying this principle to joint acƟons, the 
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uncertainty may not arise from mulƟple compeƟng self-generated motor plans but rather from the 
coexistence of one’s own plan with the co-actor’s representaƟon, i.e., co-representaƟon. Possibly, under joint 
condiƟons, the strengthening of the selected motor plan in response to an unambiguous cue may require 
greater reliance on the slower, targeted Cp mechanism with respect to solo condiƟons. 

Subsequent studies on premotor regions indicate that selecƟve weighƟng—or, more precisely, compeƟƟon—
of representaƟons can be biased by aƩenƟonal processes (Cisek and Kalaska, 2010; Klaes et al., 2011). 
However, our findings do not suggest the involvement of aƩenƟonal biases or proacƟve biasing. This makes 
sense if co-representaƟon of another person’s acƟons does not inherently entail compeƟƟon, unlike 
situaƟons in which mulƟple acƟon plans coexist in uncertain contexts. It may also account for why we 
observed a broad impairment of inhibiƟon markers, including proacƟve control, in our bimanual PosiƟve 
Control Experiment, whereas only a specific extension of the Cancel process (Cp) emerged in our Joint 
Experiment. As noted in Study II’s shared background, disrupƟng PMd acƟvity during joint acƟons (as in 
Cardellicchio et al., 2021a), could interfere with the compeƟƟon among motor plans, but alternaƟvely, and 
in a simpler sense, it may also directly disrupt co-representaƟon. The authors proposed that the PMd 
“segregates observed (other) and self-motor outputs via a selecƟve inhibiƟon mechanism.” Building on 
previous research, and based also on our own findings, however, we suggest that PMd may instead enable 
the coexistence of self-generated motor plans and co-represented acƟons without requiring an addiƟonal, 
independent selecƟve inhibiƟon mechanism. FuncƟonally, this coexistence mirrors maintaining mulƟple 
potenƟal acƟons under uncertainty, so that once an unambiguous cue appears (in our case, the iniƟal go cue), 
the Cp must engage longer to implement acƟon cancellaƟon in joint contexts. Nonetheless, we currently lack 
evidence of a direct causal link by which PMd acƟvity specifically triggers the Cp, highlighƟng the need for 
further research to clarify these relaƟonships. 

 

5.4.6. Conclusions 

By implemenƟng the first known joint version of the SCT, we advanced the understanding of acƟon 
cancellaƟon in shared-acƟon contexts. Our carefully gamified paradigm was designed to control for potenƟal 
confounds while highlighƟng the contrast between collecƟve and individual goals, and we expanded it to 
incorporate prEMG and EEG measures. Consistent with prior research, our behavioral findings suggest that 
co-representaƟon significantly influences reacƟve inhibiƟon. However, this influence did not manifest as 
slower Change RTs, indicaƟng that acƟon reprogramming remains relaƟvely efficient even under joint 
condiƟons. In other words, while shared task goals may increase cogniƟve load, they do not necessarily 
compromise the speed or execuƟon of re-engaging one’s acƟons. 

A key observaƟon is the apparent mismatch between early inhibiƟon markers (prEMG onset and latencies) 
and later behavioral (SSRT) and neurophysiological indices (stop P3). Although our EEG analysis is sƟll at its 
beginning, these iniƟal results imply that co-representaƟon may specifically target later inhibitory processes. 
Recent two-process frameworks, parƟcularly the PTC model, offer a compelling perspecƟve on how different 
phases of inhibiƟon may be disƟnctly affected in joint contexts.  
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6. FINAL CONCLUSIONS 
Planned and goal-directed joint acƟons, which lie at the heart of this PhD thesis, are as intricate to invesƟgate 
as they are to perform. They involve a delicate interplay of complex acƟon planning, cogniƟvely demanding 
engagement and re-engagement, and taxing co-representaƟon and self–other integraƟon processes. While 
many species coordinate tasks, the human capacity to do so rapidly, flexibly, and oŌen automaƟcally is 
unique. Crucially, communicaƟon is not always necessary for effecƟve joint coordinaƟon. Instead, the 
presence of a collecƟve or shared goal, a mutual vision or agreed-upon sequence of acƟons, proves essenƟal 
for cooperaƟon.  

Another major challenge in this research is the frequent conflaƟon of goal-oriented joint coordinaƟon with 
spontaneous, or emergent, interpersonal coordinaƟon (Ayache et al., 2021), making it difficult to tease apart 
the impact of joint goals from unconscious mutual aƩunement, like, for example, referenƟal coding. Across 
both studies presented here, every effort was made to reduce this risk, even though the projects themselves 
addressed markedly different facets of joint acƟon. 

While Study I was a preliminary exploraƟon of motor-level representaƟons of collecƟve goals via TMS–EEG 
co-registraƟon, and Study II invesƟgated how inhibitory control differs between joint and solo contexts, these 
projects share a pivotal overarching link: co-representaƟon and collecƟve goals. In parƟcular, the intriguing 
and not yet fully explored quesƟon is how these two factors are related and how they might interact in 
shaping motor control. In Study I, we hypothesized that MEPs would be modulated according to the 
confederate’s intended acƟon, thereby reflecƟng a hypothesized motor representaƟon of collecƟve goals. 
Contrary to this predicƟon, we observed no such modulaƟon. Instead, significant changes emerged in the 
Solo condiƟon. Moreover, TEP recordings from both the SMA and M1 offered no clear support for a motoric 
representaƟon of shared goals, as the results in these regions were inconclusive. 

In Study II, we confirmed that joint acƟon stopping is less effecƟve than stopping alone. These results align 
well with the pause-then-cancel (PTC) framework, indicaƟng that prolonged stopping latencies primarily arise 
from a lengthened Cancel process (Cp) rather than alteraƟons to the Pause process (Pp). In light of previous 
joint SST findings, this extended Cp appears closely linked to co-representaƟon, as corroborated by previous 
work (Cavallo et al., 2014). AddiƟonally, it seems that co-representaƟon’s influence can be aƩenuated by cTBS 
applied to the lPMd (as in Cardellicchio et al., 2021a), further suggesƟng a pivotal role for premotor circuits 
in shaping these processes. 

 

6.1. Do Premotor Circuits Encode the Motoric RepresentaƟon of CollecƟve Goals? 
If co-representaƟon is Ɵghtly linked to collecƟve goal representaƟons, as it may plausible to assume, it could 
be argued that the motoric representaƟon of collecƟve goals, as invesƟgated in Study I, might be localized in 
premotor areas rather than in M1, as previously hypothesized (Barchiesi et al., 2022). However, the inhibitory 
mechanisms assessed in Study II likely represent just one component within a conƟnuously updaƟng motor 
plan, which encompasses both facilitatory and inhibitory influences (Raud et al., 2020a). Moreover, these 
dynamics may depend on the broader sensorimotor control system, potenƟally involving motor, premotor, 
and dorsal aƩenƟonal regions (Cisek and Kalaska, 2010; Mirabella, 2014). In such a model, a key funcƟon of 
corƟcal inhibiƟon could be to adjust the gain of motor representaƟons, as proposed by Greenhouse et al. 
(2015), so that inhibitory strength adapts in response to uncertainty about available acƟons or the 
requirements of proacƟve control. While this framework aligns well with our findings on joint acƟon stopping, 
given the complexiƟes of the involved mechanisms, directly linking collecƟve goal representaƟons to 
premotor regions remains a challenging endeavor. 
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Further evidence of the complexity of collecƟve goal representaƟons lies in the role of predicƟons. In a 
seminal fMRI study, Ramnani and Miall (2004), introduced an associaƟve joint sƟmulus–response task in 
which visual cues signaled upcoming acƟons for co-actors located in adjacent rooms. ParƟcipants thus formed 
predicƟons about the co-actor’s acƟons, drawing on their own task representaƟon and acƟon anƟcipaƟon 
processes. In this paradigm, the color of an instrucƟon cue determined the acƟng agent (the scanned 
parƟcipant, the co-actor, or a non-agent computer), while the shape of the cue specified the finger 
movement. Certain cues also required the agent to withhold a response unƟl a trigger, effecƟvely prevenƟng 
early motor planning. CriƟcally, the resulƟng neural acƟvity paƩerns differed according to whether 
parƟcipants were preparing their own acƟon or anƟcipaƟng the co-actor’s. While preparing self-directed 
movements selecƟvely engaged PMd, anƟcipaƟng the co-actor’s acƟons acƟvated the paracingulate cortex, 
superior temporal cortex, and interconnected premotor areas (Ramnani and Miall, 2004). These findings 
indicate that disƟnct subsystems within the human motor control network manage self-generated acƟons 
versus the predicƟon or simulaƟon of someone else’s acƟons. Notably, these “other-oriented” regions lie 
outside the classical mirror system and have also been implicated in mental state aƩribuƟon (Frith and Frith, 
1999; Gallagher and Frith, 2003).  

The Ramnani and Miall (2004) results thus underscore how premotor regions may differenƟally process self-
oriented and other-oriented tasks. However, whether these areas specifically encode collecƟve goals, or 
merely facilitate a broader simulaƟon and predicƟon of another person’s acƟons, remains an open quesƟon 
for future research. 

6.2. Final remarks 
Overall, this thesis illustrates the mulƟfaceted interplay among motor preparaƟon, inhibitory control, and 
collecƟve goal representaƟons when individuals act in concert. Although we have yet to definiƟvely pinpoint 
the neural underpinnings of shared goals, our findings underscore the criƟcal role that co-representaƟon, and 
the flexible engagement of inhibitory mechanisms, play in human social coordinaƟon.  

Crucially, future research should more fully integrate predicƟve processes into the study of joint acƟons, as 
they appear central to collaboraƟve success yet remain underexplored. By employing advanced neuroimaging 
techniques and refined behavioral paradigms, such invesƟgaƟons can shed new light on how the brain 
orchestrates rapid, flexible, and goal-directed cooperaƟon and how these abiliƟes may be compromised in 
neurological and psychiatric disorders. 

  



83 
 

REFERENCES 

 Aberra, A.S., Wang, B., Grill, W.M., and Peterchev, A.V. (2020). SimulaƟon of transcranial magneƟc 
sƟmulaƟon in head model with morphologically-realisƟc corƟcal neurons. Brain sƟmulaƟon 13, 175-
189. 

 Ahn, S., and Fröhlich, F. (2021). Pinging the brain with transcranial magneƟc sƟmulaƟon reveals 
corƟcal reacƟvity in Ɵme and space. Brain sƟmulaƟon 14, 304-315. 

 American Psychiatric AssociaƟon. (2013). DiagnosƟc and staƟsƟcal manual of mental disorders (DSM-
5®) (American Psychiatric Pub). 

 Amodio, D.M., and Frith, C.D. (2016). (2006) MeeƟng of minds: the medial frontal cortex and social 
cogniƟon. Discovering the social mind, 183-207. 

 Apperly, I.A., Samson, D., Chiavarino, C., and Humphreys, G.W. (2004). Frontal and temporo-parietal 
lobe contribuƟons to theory of mind: neuropsychological evidence from a false-belief task with 
reduced language and execuƟve demands. J. Cogn. Neurosci. 16, 1773-1784. 
10.1162/0898929042947928. 

 Aron, A.R., and Verbruggen, F. (2008). Stop the Presses: DissociaƟng a SelecƟve From a Global 
Mechanism for Stopping. Psychol. Sci. 19, 1146-1153. 10.1111/j.1467-9280.2008.02216.x. 

 Atmaca, S., Sebanz, N., and Knoblich, G. (2011). The joint flanker effect: sharing tasks with real and 
imagined co-actors. Exp. Brain Res. 211, 371-385. 10.1007/s00221-011-2709-9. 

 Atsma, J., Maij, F., Gu, C., Medendorp, W.P., and Corneil, B.D. (2018). AcƟve braking of whole-arm 
reaching movements provides single-trial neuromuscular measures of movement cancellaƟon. J. 
Neurosci. 38, 4367-4382. 

 Awiszus, F. (2003). TMS and threshold hunƟng. In Suppl. Clin. Neurophysiol., (Elsevier), pp. 13-23. 

 Awiszus, F. (2011). Fast esƟmaƟon of transcranial magneƟc sƟmulaƟon motor threshold: is it safe? 
Brain SƟmulaƟon: Basic, TranslaƟonal, and Clinical Research in NeuromodulaƟon 4, 58-59. 

 Ayache, J., Connor, A., Marks, S., Kuss, D.J., Rhodes, D., Sumich, A., and Heym, N. (2021). Exploring 
the "Dark MaƩer" of Social InteracƟon: SystemaƟc Review of a Decade of Research in Spontaneous 
Interpersonal CoordinaƟon. Front. Psychol. 12, 718237. 10.3389/fpsyg.2021.718237. 

 Band, G.P., van der Molen, M.W., and Logan, G.D. (2003). Horse-race model simulaƟons of the stop-
signal procedure. Acta Psychol. (Amst.) 112, 105-142. 10.1016/s0001-6918(02)00079-3. 

 Bar Yehuda, S., and Bauminger-Zviely, N. (2024). Social-Motor CoordinaƟon Between Peers: Joint 
AcƟon Developmental Trajectories in ASD and TD. J. AuƟsm Dev. Disord. 54, 811-828. 
10.1007/s10803-022-05851-1. 

 Barcelo, F., and Cooper, P.S. (2018). An informaƟon theory account of late frontoparietal ERP 
posiƟviƟes in cogniƟve control. Psychophysiology 55, e12814. 

 Barchiesi, G., Zazio, A., Marcantoni, E., Bulgari, M., Baraƫeri di San Pietro, C., Sinigaglia, C., and 
BortoleƩo, M. (2022). Sharing motor plans while acƟng jointly: A TMS study. Cortex 151, 224-239. 
10.1016/j.cortex.2022.03.007. 



84 
 

 Bardi, L., Bundt, C., Notebaert, W., and Brass, M. (2015). EliminaƟng mirror responses by instrucƟons. 
Cortex 70, 128-136. 

 Barker, A.T., Jalinous, R., and Freeston, I.L. (1985). Non-invasive magneƟc sƟmulaƟon of human motor 
cortex. The Lancet 325, 1106-1107. 

 Baron-Cohen, S., Leslie, A.M., and Frith, U. (1985). Does the auƟsƟc child have a “theory of mind”? 
CogniƟon 21, 37-46. 

 Bastani, A., and Jaberzadeh, S. (2012). A higher number of TMS-elicited MEP from a combined 
hotspot improves intra-and inter-session reliability of the upper limb muscles in healthy individuals. 

 Baus, C., Sebanz, N., de la Fuente, V., Branzi, F.M., MarƟn, C., and Costa, A. (2014). On predicƟng 
others’ words: Electrophysiological evidence of predicƟon in speech producƟon. CogniƟon 133, 395-
407. 10.1016/j.cogniƟon.2014.07.006. 

 Beck, M.M., Heyl, M., Mejer, L., Vinding, M.C., ChrisƟansen, L., Tomasevic, L., and Siebner, H.R. (2024). 
Methodological Choices MaƩer: A SystemaƟc Comparison of TMS-EEG Studies TargeƟng the Primary 
Motor Cortex. Hum. Brain Mapp. 45, e70048. 10.1002/hbm.70048. 

 Bekker, E., Overtoom, C., Kenemans, J., Kooij, J., De Noord, I., Buitelaar, J., and Verbaten, M. (2005). 
Stopping and changing in adults with ADHD. Psychol. Med. 35, 807-816. 

 Bekkering, H., De Bruijn, E.R., Cuijpers, R.H., Newman-Norlund, R., Van Schie, H.T., and Meulenbroek, 
R. (2009a). Joint acƟon: NeurocogniƟve mechanisms supporƟng human interacƟon. Top. Cogn. Sci. 1, 
340-352. 

 Bekkering, H., De Bruijn, E.R.A., Cuijpers, R.H., Newman-Norlund, R., Van Schie, H.T., and 
Meulenbroek, R. (2009b). Joint AcƟon: NeurocogniƟve Mechanisms SupporƟng Human InteracƟon. 
Top. Cogn. Sci. 1, 340-352. hƩps://doi.org/10.1111/j.1756-8765.2009.01023.x. 

 Berger, H. (1929). Über das Elektrenkephalogramm des Menschen. Arch. Psychiatr. Nervenkr. 87, 527-
570. 10.1007/BF01797193. 

 Beyer, F., Sidarus, N., Bonicalzi, S., and Haggard, P. (2017). Beyond self-serving bias: diffusion of 
responsibility reduces sense of agency and outcome monitoring. Soc. Cogn. Affect. Neurosci. 12, 138-
145. 

 Biabani, M., Farrell, M., Zoghi, M., Egan, G., and Jaberzadeh, S. (2018). The minimal number of TMS 
trials required for the reliable assessment of corƟcospinal excitability, short interval intracorƟcal 
inhibiƟon, and intracorƟcal facilitaƟon. Neurosci. LeƩ. 674, 94-100. 

 BisseƩ, P.G., Jones, H.M., Poldrack, R.A., and Logan, G.D. (2021). Severe violaƟons of independence 
in response inhibiƟon tasks. Science advances 7, eabf4355. 

 BisseƩ, P.G., and Logan, G.D. (2014). SelecƟve stopping? Maybe not. J. Exp. Psychol. Gen. 143, 455. 

 Blakemore, S.-J., and Frith, C. (2003). Self-awareness and acƟon. Curr. Opin. Neurobiol. 13, 219-224. 

 Böckler, A., Knoblich, G., and Sebanz, N. (2012). Effects of a coactor's focus of aƩenƟon on task 
performance. J. Exp. Psychol. Hum. Percept. Perform. 38, 1404-1415. 10.1037/a0027523. 



85 
 

 Boecker, M., Gauggel, S., and Drueke, B. (2013). Stop or stop-change — Does it make any difference 
for the inhibiƟon process? Int. J. Psychophysiol. 87, 234-243. 
hƩps://doi.org/10.1016/j.ijpsycho.2012.09.009. 

 Bonini, F., Burle, B., Liégeois-Chauvel, C., Régis, J., Chauvel, P., and Vidal, F. (2014). AcƟon Monitoring 
and Medial Frontal Cortex: Leading Role of Supplementary Motor Area. Science 343, 888-891. 
doi:10.1126/science.1247412. 

 BortoleƩo, M., Bonzano, L., Zazio, A., Ferrari, C., Pedullà, L., Gasparoƫ, R., Miniussi, C., and Bove, M. 
(2021). Asymmetric transcallosal conducƟon delay leads to finer bimanual coordinaƟon. Brain 
SƟmulaƟon 14, 379-388. hƩps://doi.org/10.1016/j.brs.2021.02.002. 

 BortoleƩo, M., Veniero, D., Thut, G., and Miniussi, C. (2015). The contribuƟon of TMS–EEG 
coregistraƟon in the exploraƟon of the human corƟcal connectome. Neurosci. Biobehav. Rev. 49, 114-
124. 

 Boucher, L., Palmeri, T.J., Logan, G.D., and Schall, J.D. (2007a). Inhibitory control in mind and brain: an 
interacƟve race model of countermanding saccades. Psychol. Rev. 114, 376-397. 10.1037/0033-
295X.114.2.376. 

 Boucher, L., Stuphorn, V., Logan, G.D., Schall, J.D., and Palmeri, T.J. (2007b). Stopping eye and hand 
movements: are the processes independent? Percept. Psychophys. 69, 785-801. 

 Brainard, D.H., and Vision, S. (1997). The psychophysics toolbox. Spat. Vis. 10, 433-436. 

 Brass, M., Derrfuss, J., and von Cramon, D.Y. (2005). The inhibiƟon of imitaƟve and overlearned 
responses: a funcƟonal double dissociaƟon. Neuropsychologia 43, 89-98. 

 Bratman, M.E. (2013). Shared agency: A planning theory of acƟng together (Oxford University Press). 

 Brewer, R., Bioƫ, F., Catmur, C., Press, C., Happé, F., Cook, R., and Bird, G. (2016). Can neurotypical 
individuals read auƟsƟc facial expressions? Atypical producƟon of emoƟonal facial expressions in 
auƟsm spectrum disorders. AuƟsm Res. 9, 262-271. 

 Busan, P., Del Ben, G., Russo, L.R., Bernardini, S., Natarelli, G., Arcara, G., Manganoƫ, P., and 
BaƩaglini, P.P. (2019). StuƩering as a maƩer of delay in neural acƟvaƟon: A combined TMS/EEG study. 
Clin. Neurophysiol. 130, 61-76. 10.1016/j.clinph.2018.10.005. 

 BuƩerfill, S. (2012). Joint acƟon and development. The Philosophical Quarterly 62, 23-47. 

 BuƩerfill, S.A. (2015). Planning for collecƟve agency. In CollecƟve Agency and CooperaƟon in Natural 
and ArƟficial Systems: ExplanaƟon, ImplementaƟon and SimulaƟon, pp. 149-168. 10.1007/978-3-
319-15515-9_8. 

 BuƩerfill, S.A., and Sinigaglia, C. (2023). Towards a mechanisƟcally neutral account of acƟng jointly: 
the noƟon of a collecƟve goal. Mind 132, 1-29. 

 Cardellicchio, P., Dolfini, E., and D'Ausilio, A. (2021a). The role of dorsal premotor cortex in joint acƟon 
stopping. iScience 24, 103330. 10.1016/j.isci.2021.103330. 

 Cardellicchio, P., Dolfini, E., Fadiga, L., and D'Ausilio, A. (2020). Parallel fast and slow motor inhibiƟon 
processes in Joint AcƟon coordinaƟon. Cortex 133, 346-357. 
hƩps://doi.org/10.1016/j.cortex.2020.09.029. 



86 
 

 Cardellicchio, P., Koch, G., Fadiga, L., and D'Ausilio, A. (2021b). Motor overload: GABAergic index of 
parallel buffer costs. Brain SƟmulaƟon 14, 1106-1108. hƩps://doi.org/10.1016/j.brs.2021.07.061. 

 CasaroƩo, S., Romero Lauro, L.J., Bellina, V., Casali, A.G., Rosanova, M., Pigorini, A., Defendi, S., 
Marioƫ, M., and Massimini, M. (2010). EEG responses to TMS are sensiƟve to changes in the 
perturbaƟon parameters and repeatable over Ɵme. PLoS One 5, e10281. 
10.1371/journal.pone.0010281. 

 Casartelli, L., Molteni, M., and Ronconi, L. (2016). So close yet so far: Motor anomalies impacƟng on 
social funcƟoning in auƟsm spectrum disorder. Neurosci. Biobehav. Rev. 63, 98-105. 

 Casula, E.P., Esposito, R., Dezi, S., Ortelli, P., SebasƟanelli, L., Ferrazzoli, D., Saltuari, L., Pezzopane, V., 
Borghi, I., Rocchi, L., et al. (2024). Reduced TMS-evoked EEG oscillatory acƟvity in corƟcal motor 
regions in paƟents with post-COVID faƟgue. Clin. Neurophysiol. 165, 26-35. 
hƩps://doi.org/10.1016/j.clinph.2024.06.008. 

 Casula, E.P., Leodori, G., Ibáñez, J., Benussi, A., Rawji, V., Tremblay, S., Latorre, A., Rothwell, J.C., and 
Rocchi, L. (2022). The Effect of Coil OrientaƟon on the SƟmulaƟon of the Pre–Supplementary Motor 
Area: A Combined TMS and EEG Study. Brain Sciences 12, 1358. 

 CaƩaneo, L., Caruana, F., Jezzini, A., and Rizzolaƫ, G. (2009). RepresentaƟon of goal and movements 
without overt motor behavior in the human motor cortex: a transcranial magneƟc sƟmulaƟon study. 
J. Neurosci. 29, 11134-11138. 10.1523/jneurosci.2605-09.2009. 

 CaƩaneo, L., Maule, F., Barchiesi, G., and Rizzolaƫ, G. (2013). The motor system resonates to the 
distal goal of observed acƟons: tesƟng the inverse pliers paradigm in an ecological seƫng. Exp. Brain 
Res. 231, 37-49. 

 CaƩaneo, L., and Parmigiani, S. (2021). SƟmulaƟon of Different Sectors of the Human Dorsal Premotor 
Cortex Induces a ShiŌ from ReacƟve to PredicƟve AcƟon Strategies and Changes in Motor InhibiƟon: 
A Dense Transcranial MagneƟc SƟmulaƟon (TMS) Mapping Study. Brain Sci 11. 
10.3390/brainsci11050534. 

 Cavallo, A., Catmur, C., Sowden, S., Ianì, F., and Becchio, C. (2014). Stopping movements: when others 
slow us down. Eur. J. Neurosci. 40, 2842-2849. hƩps://doi.org/10.1111/ejn.12645. 

 Cerullo, S., Fulceri, F., Muratori, F., and Contaldo, A. (2021). AcƟng with shared intenƟons: A 
systemaƟc review on joint acƟon coordinaƟon in AuƟsm Spectrum Disorder. Brain Cogn. 149, 105693. 
10.1016/j.bandc.2021.105693. 

 Chowdhury, N.S., Livesey, E.J., Blaszczynski, A., and Harris, J.A. (2018). VariaƟons in response control 
within at-risk gamblers and non-gambling controls explained by GABAergic inhibiƟon in the motor 
cortex. Cortex 103, 153-163. 10.1016/j.cortex.2018.03.004. 

 Chung, S.W., Rogasch, N.C., Hoy, K.E., and Fitzgerald, P.B. (2015). Measuring Brain SƟmulaƟon Induced 
Changes in CorƟcal ProperƟes Using TMS-EEG. Brain SƟmul 8, 1010-1020. 10.1016/j.brs.2015.07.029. 

 Cirillo, J., Cowie, M.J., MacDonald, H.J., and Byblow, W.D. (2018). Response inhibiƟon acƟvates 
disƟnct motor corƟcal inhibitory processes. J. Neurophysiol. 119, 877-886. 

 Cisek, P., and Kalaska, J.F. (2005). Neural correlates of reaching decisions in dorsal premotor cortex: 
specificaƟon of mulƟple direcƟon choices and final selecƟon of acƟon. Neuron 45, 801-814. 
10.1016/j.neuron.2005.01.027. 



87 
 

 Cisek, P., and Kalaska, J.F. (2010). Neural Mechanisms for InteracƟng with a World Full of AcƟon 
Choices. Annu. Rev. Neurosci. 33, 269-298. hƩps://doi.org/10.1146/annurev.neuro.051508.135409. 

 Claffey, M.P., Sheldon, S., SƟnear, C.M., Verbruggen, F., and Aron, A.R. (2010). Having a goal to stop 
acƟon is associated with advance control of specific motor representaƟons. Neuropsychologia 48, 
541-548. 10.1016/j.neuropsychologia.2009.10.015. 

 Clark, H.H. (2020). Social acƟons, social commitments. In Roots of human sociality, (Routledge), pp. 
126-150. 

 Clarke, S., McEllin, L., Francová, A., Székely, M., BuƩerfill, S.A., and Michael, J. (2019). Joint acƟon 
goals reduce visuomotor interference effects from a partner’s incongruent acƟons. Sci. Rep. 9. 

 Coles, M.G. (1989). Modern mind-brain reading: psychophysiology, physiology, and cogniƟon. 
Psychophysiology 26, 251-269. 

 Colzato, L.S., de Bruijn, E.R., and Hommel, B. (2012). Up to “me” or up to “us”? The impact of self-
construal priming on cogniƟve self-other integraƟon. Front. Psychol. 3, 341. 

 Cona, G., Marino, G., and Semenza, C. (2017). TMS of supplementary motor area (SMA) facilitates 
mental rotaƟon performance: Evidence for sequence processing in SMA. Neuroimage 146, 770-777. 
hƩps://doi.org/10.1016/j.neuroimage.2016.10.032. 

 Cona, G., and Semenza, C. (2017). Supplementary motor area as key structure for domain-general 
sequence processing: A unified account. Neurosci. Biobehav. Rev. 72, 28-42. 
hƩps://doi.org/10.1016/j.neubiorev.2016.10.033. 

 Conde, V., Tomasevic, L., Akopian, I., Stanek, K., Saturnino, G.B., Thielscher, A., Bergmann, T.O., and 
Siebner, H.R. (2019). The non-transcranial TMS-evoked potenƟal is an inherent source of ambiguity 
in TMS-EEG studies. Neuroimage 185, 300-312. 

 Cook, J. (2016). From movement kinemaƟcs to social cogniƟon: the case of auƟsm. Philosophical 
TransacƟons of the Royal Society B: Biological Sciences 371, 20150372. 

 Cunnington, R., Iansek, R., Thickbroom, G.W., Laing, B.A., Mastaglia, F.L., Bradshaw, J.L., and Phillips, 
J.G. (1996). Effects of magneƟc sƟmulaƟon over supplementary motor area on movement in 
Parkinson's disease. Brain 119, 815-822. 

 De Jong, R., Coles, M.G., Logan, G.D., and GraƩon, G. (1990). In search of the point of no return: the 
control of response processes. J. Exp. Psychol. Hum. Percept. Perform. 16, 164. 

 de la Asuncion, J., Bervoets, C., Morrens, M., Sabbe, B., and De Bruijn, E.R. (2015). EEG correlates of 
impaired self-other integraƟon during joint-task performance in schizophrenia. Soc. Cogn. Affect. 
Neurosci. 10, 1365-1372. 10.1093/scan/nsv023. 

 De Vicariis, C., Pusceddu, G., Chackochan, V.T., and SanguineƟ, V. (2022). ArƟficial Partners to 
Understand Joint AcƟon: RepresenƟng Others to Develop EffecƟve CoordinaƟon. IEEE TransacƟons 
on Neural Systems and RehabilitaƟon Engineering 30, 1473-1482. 10.1109/TNSRE.2022.3176378. 

 Decety, J., and Lamm, C. (2007). The role of the right temporoparietal juncƟon in social interacƟon: 
how low-level computaƟonal processes contribute to meta-cogniƟon. NeuroscienƟst 13, 580-593. 



88 
 

 della GaƩa, F., Garbarini, F., Rabuffeƫ, M., Viganò, L., BuƩerfill, S.A., and Sinigaglia, C. (2017). Drawn 
together: When motor representaƟons ground joint acƟons. CogniƟon 165, 53-60. 
hƩps://doi.org/10.1016/j.cogniƟon.2017.04.008. 

 Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of single-trial EEG 
dynamics including independent component analysis. J. Neurosci. Methods 134, 9-21. 
hƩps://doi.org/10.1016/j.jneumeth.2003.10.009. 

 Di Caprio, V., Modugno, N., Mancini, C., Olivola, E., and Mirabella, G. (2020). Early-Stage Parkinson's 
PaƟents Show SelecƟve Impairment in ReacƟve But Not ProacƟve InhibiƟon. 35, 409-418. 
10.1002/mds.27920. 

 Di Lazzaro, V., and Rothwell, J.C. (2014). CorƟcospinal acƟvity evoked and modulated by non-invasive 
sƟmulaƟon of the intact human motor cortex. The Journal of physiology 592, 4115-4128. 

 Di Pellegrino, G., Fadiga, L., Fogassi, L., Gallese, V., and Rizzolaƫ, G. (1992). Understanding motor 
events: a neurophysiological study. Exp. Brain Res. 91, 176-180. 

 Diamond, A. (2013). ExecuƟve funcƟons. Annu. Rev. Psychol. 64, 135-168. 10.1146/annurev-psych-
113011-143750. 

 Dickstein, D.P., Pescosolido, M.F., Reidy, B.L., Galvan, T., Kim, K.L., Seymour, K.E., Laird, A.R., Di 
MarƟno, A., and BarreƩ, R.P. (2013). Developmental meta-analysis of the funcƟonal neural correlates 
of auƟsm spectrum disorders. J. Am. Acad. Child Adolesc. Psychiatry 52, 279-289. e216. 

 Diesburg, D.A., and Wessel, J.R. (2021). The Pause-then-Cancel model of human acƟon-stopping: 
TheoreƟcal consideraƟons and empirical evidence. Neurosci. Biobehav. Rev. 129, 17-34. 
hƩps://doi.org/10.1016/j.neubiorev.2021.07.019. 

 Diesburg, D.A., Wessel, J.R., and Jones, S.R. (2024). Biophysical Modeling of Frontocentral ERP 
GeneraƟon Links Circuit-Level Mechanisms of AcƟon-Stopping to a Behavioral Race Model. J. 
Neurosci. 44. 10.1523/jneurosci.2016-23.2024. 

 Dolk, T., Hommel, B., Colzato, L.S., Schütz-Bosbach, S., Prinz, W., and Liepelt, R. (2011). How "social" 
is the social Simon effect? Front. Psychol. 2, 84. 10.3389/fpsyg.2011.00084. 

 Dolk, T., Hommel, B., Colzato, L.S., Schütz-Bosbach, S., Prinz, W., and Liepelt, R. (2014). The joint 
Simon effect: a review and theoreƟcal integraƟon. Front. Psychol. 5. 10.3389/fpsyg.2014.00974. 

 Dolk, T., Hommel, B., Prinz, W., and Liepelt, R. (2013). The (not so) social Simon effect: a referenƟal 
coding account. J. Exp. Psychol. Hum. Percept. Perform. 39, 1248. 

 Dötsch, D., and Schubö, A. (2015). Social categorizaƟon and cooperaƟon in motor joint acƟon: 
evidence for a joint end-state comfort. Exp. Brain Res. 233, 2323-2334. 10.1007/s00221-015-4301-1. 

 Dumas, G., and Fairhurst, M.T. (2021). Reciprocity and alignment: quanƟfying coupling in dynamic 
interacƟons. R Soc Open Sci 8, 210138. 10.1098/rsos.210138. 

 Duque, J., Greenhouse, I., Labruna, L., and Ivry, R.B. (2017). Physiological Markers of Motor InhibiƟon 
during Human Behavior. Trends Neurosci. 40, 219-236. 10.1016/j.Ɵns.2017.02.006. 

 Elchlepp, H., Lavric, A., Chambers, C.D., and Verbruggen, F. (2016). ProacƟve inhibitory control: A 
general biasing account. Cogn. Psychol. 86, 27-61. 10.1016/j.cogpsych.2016.01.004. 



89 
 

 Fabbri, M., Vitale, C., Cuoco, S., Beracci, A., Calabrese, R., Cordella, M., MazzoƩa, R., Barone, P., 
Pellecchia, M.T., and Santangelo, G. (2018). Theory of mind and joint acƟon in Parkinson's disease. 
Cogn. Affect. Behav. Neurosci. 18, 1320-1337. 10.3758/s13415-018-0642-0. 

 Farzan, F., and BortoleƩo, M. (2022). IdenƟficaƟon and verificaƟon of a 'true' TMS evoked potenƟal 
in TMS-EEG. J. Neurosci. Methods 378, 109651. 10.1016/j.jneumeth.2022.109651. 

 Faul, F., Erdfelder, E., Lang, A.-G., and Buchner, A. (2007). G*Power 3: A flexible staƟsƟcal power 
analysis program for the social, behavioral, and biomedical sciences. Behav. Res. Methods 39, 175-
191. 10.3758/BF03193146. 

 Ferrarelli, F., Massimini, M., Sarasso, S., Casali, A., Riedner, B.A., Angelini, G., Tononi, G., and Pearce, 
R.A. (2010). Breakdown in corƟcal effecƟve connecƟvity during midazolam-induced loss of 
consciousness. Proceedings of the NaƟonal Academy of Sciences 107, 2681-2686. 

 Fishbein, D.H., Krupitsky, E., Flannery, B.A., Langevin, D.J., Bobashev, G., Verbitskaya, E., AugusƟne, 
C.B., Bolla, K.I., Zvartau, E., and Schech, B. (2007). NeurocogniƟve characterizaƟons of Russian heroin 
addicts without a significant history of other drug use. Drug and alcohol dependence 90, 25-38. 

 Ford, R.M., and Aberdein, B. (2015). Exploring social influences on the joint Simon task: Empathy and 
friendship. Front. Psychol. 6, 962. 

 Franz, E.A., Zelaznik, H.N., and McCabe, G. (1991). SpaƟal topological constraints in a bimanual task. 
Acta Psychol. (Amst.) 77, 137-151. 

 Freedberg, M., Reeves, J.A., Hussain, S.J., Zaghloul, K.A., and Wassermann, E.M. (2020). IdenƟfying 
site-and sƟmulaƟon-specific TMS-evoked EEG potenƟals using a quanƟtaƟve cosine similarity metric. 
PLoS One 15, e0216185. 

 Friehs, M.A., Dechant, M., Vedress, S., Frings, C., and Mandryk, R.L. (2020). EffecƟve GamificaƟon of 
the Stop-Signal Task: Two Controlled Laboratory Experiments. JMIR Serious Games 8, e17810. 
10.2196/17810. 

 Friston, K. (2010). The free-energy principle: a unified brain theory? Nature reviews neuroscience 11, 
127-138. 

 Friston, K., Moran, R., and Seth, A.K. (2013). Analysing connecƟvity with Granger causality and 
dynamic causal modelling. Curr. Opin. Neurobiol. 23, 172-178. 
hƩps://doi.org/10.1016/j.conb.2012.11.010. 

 Frith, C.D., and Frith, U. (1999). InteracƟng minds--a biological basis. Science 286, 1692-1695. 

 Fulceri, F., Tonacci, A., Lucaferro, A., Apicella, F., Narzisi, A., VincenƟ, G., Muratori, F., and Contaldo, 
A. (2018). Interpersonal motor coordinaƟon during joint acƟons in children with and without auƟsm 
spectrum disorder: The role of motor informaƟon. Res. Dev. Disabil. 80, 13-23. 
10.1016/j.ridd.2018.05.018. 

 Gallagher, H.L., and Frith, C.D. (2003). FuncƟonal imaging of ‘theory of mind’. Trends Cogn. Sci. 7, 77-
83. 

 Gallese, V., Fadiga, L., Fogassi, L., and Rizzolaƫ, G. (1996). AcƟon recogniƟon in the premotor cortex. 
Brain 119, 593-609. 



90 
 

 Gallese, V., and Goldman, A. (1998). Mirror neurons and the simulaƟon theory of mind-reading. 
Trends Cogn. Sci. 2, 493-501. 10.1016/S1364-6613(98)01262-5. 

 Galloƫ, M., Fairhurst, M.T., and Frith, C.D. (2017). Alignment in social interacƟons. Conscious. Cogn. 
48, 253-261. 

 Garbarini, F., D'Agata, F., Piedimonte, A., Sacco, K., Rabuffeƫ, M., Tam, F., Cauda, F., Pia, L., Geminiani, 
G., Duca, S., et al. (2014). Drawing lines while imagining circles: Neural basis of the bimanual coupling 
effect during motor execuƟon and motor imagery. Neuroimage 88, 100-112. 
hƩps://doi.org/10.1016/j.neuroimage.2013.10.061. 

 Garbarini, F., Pia, L., Piedimonte, A., Rabuffeƫ, M., Gindri, P., and BerƟ, A. (2013). Embodiment of an 
alien hand interferes with intact-hand movements. Curr. Biol. 23, R57-R58. 

 Garbarini, F., Rabuffeƫ, M., Piedimonte, A., Pia, L., Ferrarin, M., Frassineƫ, F., Gindri, P., Cantagallo, 
A., Driver, J., and BerƟ, A. (2012). ‘Moving’a paralysed hand: bimanual coupling effect in paƟents with 
anosognosia for hemiplegia. Brain 135, 1486-1497. 

 Garcia, J.O., Grossman, E.D., and Srinivasan, R. (2011). Evoked potenƟals in large-scale corƟcal 
networks elicited by TMS of the visual cortex. J. Neurophysiol. 106, 1734-1746. 

 Garza, J.P., Strom, M.J., Wright, C.E., Roberts, R.J., Jr., and Reed, C.L. (2013). Top-down influences 
mediate hand bias in spaƟal aƩenƟon. AƩen Percept Psychophys 75, 819-823. 10.3758/s13414-013-
0480-7. 

 Genty, E., Heesen, R., Guéry, J.-P., Rossano, F., Zuberbühler, K., and Bangerter, A. (2020). How apes get 
into and out of joint acƟons: Shared intenƟonality as an interacƟonal achievement. Interact. Stud. 21, 
353-386. 

 Geurts, H.M., Verté, S., Oosterlaan, J., Roeyers, H., and Sergeant, J.A. (2004). How specific are 
execuƟve funcƟoning deficits in aƩenƟon deficit hyperacƟvity disorder and auƟsm? Journal of child 
psychology and psychiatry 45, 836-854. 

 Gibson, J. (1977). The theory of affordances. Perceiving, acƟng and knowing: Towards an ecological 
psychology/Erlbaum. 

 Gilbert, M. (1990). Walking together: A paradigmaƟc social phenomenon. MidWest studies in 
philosophy 15, 1-14. 

 Gonzalez, D.A., Glazebrook, C.M., Studenka, B.E., and Lyons, J. (2013). Motor interacƟons with 
another person: do individuals with AuƟsm Spectrum Disorder plan ahead? Front. Integr. Neurosci. 
7, 23. 10.3389/fnint.2013.00023. 

 Gordon, P.C., Desideri, D., Belardinelli, P., Zrenner, C., and Ziemann, U. (2018). Comparison of corƟcal 
EEG responses to realisƟc sham versus real TMS of human motor cortex. Brain sƟmulaƟon 11, 1322-
1330. 

 Gräfenhain, M., Carpenter, M., and Tomasello, M. (2013). Three-year-olds’ understanding of the 
consequences of joint commitments. PLoS One 8, e73039. 

 Greenhouse, I., Sias, A., Labruna, L., and Ivry, R.B. (2015). Nonspecific inhibiƟon of the motor system 
during response preparaƟon. J. Neurosci. 35, 10675-10684. 



91 
 

 Groppa, S., Oliviero, A., Eisen, A., Quartarone, A., Cohen, L., Mall, V., Kaelin-Lang, A., Mima, T., Rossi, 
S., and Thickbroom, G. (2012). A pracƟcal guide to diagnosƟc transcranial magneƟc sƟmulaƟon: 
report of an IFCN commiƩee. Clin. Neurophysiol. 123, 858-882. 

 Guan, Y., and Wessel, J.R. (2022). Two Types of Motor InhibiƟon aŌer AcƟon Errors in Humans. The 
Journal of Neuroscience 42, 7267. 10.1523/JNEUROSCI.1191-22.2022. 

 Guidali, G., Zazio, A., Lucarelli, D., Marcantoni, E., Stango, A., Barchiesi, G., and BortoleƩo, M. (2023). 
Effects of transcranial magneƟc sƟmulaƟon (TMS) current direcƟon and pulse waveform on corƟco-
corƟcal connecƟvity: A registered report TMS-EEG study. Eur. J. Neurosci. 58, 3785-3809. 
hƩps://doi.org/10.1111/ejn.16127. 

 Hadley, L.V., Novembre, G., Keller, P.E., and Pickering, M.J. (2015). Causal role of motor simulaƟon in 
turn-taking behavior. J. Neurosci. 35, 16516-16520. 

 Hamada, M., Ugawa, Y., and Tsuji, S. (2008). High-frequency rTMS over the supplementary motor area 
for treatment of Parkinson's disease. Movement disorders: official journal of the Movement Disorder 
Society 23, 1524-1531. 

 Hasson, U., Ghazanfar, A.A., Galantucci, B., Garrod, S., and Keysers, C. (2012). Brain-to-brain coupling: 
a mechanism for creaƟng and sharing a social world. Trends Cogn. Sci. 16, 114-121. 

 Heesen, R., Genty, E., Rossano, F., Zuberbühler, K., and Bangerter, A. (2017). Social play as joint acƟon: 
a framework to study the evoluƟon of shared intenƟonality as an interacƟonal achievement. Learn. 
Behav. 45, 390-405. 

 Hervault, M., Soh, C., and Wessel, J.R. (2024). Does the stop-signal P3 reflect inhibitory control? 
Cortex 183, 232-250. 10.1016/j.cortex.2024.12.005. 

 Holländer, A., Jung, C., and Prinz, W. (2011). Covert motor acƟvity on NoGo trials in a task sharing 
paradigm: evidence from the lateralized readiness potenƟal. Exp. Brain Res. 211, 345-356. 

 Hommel, B., Colzato, L.S., and Van Den Wildenberg, W.P. (2009). How social are task representaƟons? 
Psychol. Sci. 20, 794-798. 

 Hommel, B., Müsseler, J., Aschersleben, G., and Prinz, W. (2001). The Theory of Event Coding (TEC): a 
framework for percepƟon and acƟon planning. Behav. Brain Sci. 24, 849-878; discussion 878-937. 
10.1017/s0140525x01000103. 

 Humphreys, G.W., and Bedford, J. (2011). The relaƟons between joint acƟon and theory of mind: a 
neuropsychological analysis. Exp. Brain Res. 211, 357-369. 

 Huster, R.J., Messel, M.S., Thunberg, C., and Raud, L. (2020). The P300 as marker of inhibitory control 
– Fact or ficƟon? Cortex 132, 334-348. hƩps://doi.org/10.1016/j.cortex.2020.05.021. 

 Iani, C., Anelli, F., Nicoleƫ, R., and Rubichi, S. (2014). The carry-over effect of compeƟƟon in task-
sharing: Evidence from the joint Simon task. PLoS One 9, e97991. 

 Ilmoniemi, R.J., and Kicić, D. (2010). Methodology for combined TMS and EEG. Brain Topogr. 22, 233-
248. 10.1007/s10548-009-0123-4. 

 Jahanshahi, M., Obeso, I., Baunez, C., Alegre, M., and Krack, P. (2015). Parkinson's disease, the 
subthalamic nucleus, inhibiƟon, and impulsivity. Mov. Disord. 30, 128-140. 10.1002/mds.26049. 



92 
 

 James, W. (1890). The principles of psychology, Vol II (Henry Holt and Company). 10.1037/11059-000. 

 James, W.R.G., Reuther, J., Angus, E., Clarke, A.D.F., and Hunt, A.R. (2019). Inefficient Eye Movements: 
GamificaƟon Improves Task ExecuƟon, But Not FixaƟon Strategy. Vision (Basel) 3. 
10.3390/vision3030048. 

 Janssen, A.M., Oostendorp, T.F., and Stegeman, D.F. (2015). The coil orientaƟon dependency of the 
electric field induced by TMS for M1 and other brain areas. J. Neuroeng. Rehabil. 12, 47. 
10.1186/s12984-015-0036-2. 

 Jeannerod, M. (1988). The neural and behavioural organizaƟon of goal-directed movements 
(Clarendon Press/Oxford University Press). 

 Jordan, J.S., and Knoblich, G. (2004). SpaƟal percepƟon and control. Psychonomic BulleƟn & Review 
11, 54-59. 10.3758/BF03206460. 

 Kasai, T., Kawai, S., Kawanishi, M., and Yahagi, S. (1997). Evidence for facilitaƟon of motor evoked 
potenƟals (MEPs) induced by motor imagery. Brain Res. 744, 147-150. 

 Kitajo, K., Hanakawa, T., Ilmoniemi, R.J., and Miniussi, C. (2015). A contemporary research topic: 
manipulaƟve approaches to human brain dynamics. Front. Hum. Neurosci. 9. 
10.3389/fnhum.2015.00118. 

 Klaes, C., Westendorff, S., ChakrabarƟ, S., and Gail, A. (2011). Choosing goals, not rules: deciding 
among rule-based acƟon plans. Neuron 70, 536-548. 10.1016/j.neuron.2011.02.053. 

 Kleiner, M., Brainard, D., and Pelli, D. (2007). What's new in Psychtoolbox-3? 

 Knoblich, G., BuƩerfill, S., and Sebanz, N. (2011). Psychological research on joint acƟon: theory and 
data. Psychology of learning and moƟvaƟon 54, 59-101. 

 Kok, A., Ramautar, J.R., De Ruiter, M.B., Band, G.P., and Ridderinkhof, K.R. (2004). ERP components 
associated with successful and unsuccessful stopping in a stop-signal task. Psychophysiology 41, 9-
20. 

 KourƟs, D., Knoblich, G., Woźniak, M., and Sebanz, N. (2014). AƩenƟon allocaƟon and task 
representaƟon during joint acƟon planning. Journal of CogniƟve Neuroscience 26, 2275-2286. 

 KourƟs, D., Sebanz, N., and Knoblich, G. (2013). PredicƟve representaƟon of other people's acƟons in 
joint acƟon planning: An EEG study. Soc. Neurosci. 8, 31-42. 10.1080/17470919.2012.694823. 

 KourƟs, D., Woźniak, M., Sebanz, N., and Knoblich, G. (2019). Evidence for we-representaƟons during 
joint acƟon planning. Neuropsychologia 131, 73-83. 10.1016/j.neuropsychologia.2019.05.029. 

 Kuhbandner, C., Pekrun, R., and Maier, M.A. (2010). The role of posiƟve and negaƟve affect in the 
“mirroring” of other persons' acƟons. CogniƟon and EmoƟon 24, 1182-1190. 

 Kumaravel, V.P., Buiaƫ, M., Parise, E., and Farella, E. (2022a). Adaptable and Robust EEG Bad Channel 
DetecƟon Using Local Outlier Factor (LOF). Sensors (Basel) 22. 10.3390/s22197314. 

 Kumaravel, V.P., Farella, E., Parise, E., and Buiaƫ, M. (2022b). NEAR: An arƟfact removal pipeline for 
human newborn EEG data. Dev. Cogn. Neurosci. 54, 101068. 
hƩps://doi.org/10.1016/j.dcn.2022.101068. 



93 
 

 Lamm, C., Bukowski, H., and Silani, G. (2016). From shared to disƟnct self–other representaƟons in 
empathy: evidence from neurotypical funcƟon and socio-cogniƟve disorders. Philosophical 
TransacƟons of the Royal Society B: Biological Sciences 371, 20150083. 

 Lamm, C., and Majdandžić, J. (2015). The role of shared neural acƟvaƟons, mirror neurons, and 
morality in empathy–A criƟcal comment. Neurosci. Res. 90, 15-24. 

 Lamm, C., Rütgen, M., and Wagner, I.C. (2019). Imaging empathy and prosocial emoƟons. Neurosci. 
LeƩ. 693, 49-53. 

 Langford, Z.D., Krebs, R.M., Talsma, D., Woldorff, M.G., and Boehler, C.N. (2016). Strategic down-
regulaƟon of aƩenƟonal resources as a mechanism of proacƟve response inhibiƟon. Eur. J. Neurosci. 
44, 2095-2103. 10.1111/ejn.13303. 

 Lavallee, C.F., Meemken, M.T., Herrmann, C.S., and Huster, R.J. (2014). When holding your horses 
meets the deer in the headlights: Ɵme-frequency characterisƟcs of global and selecƟve stopping 
under condiƟons of proacƟve and reacƟve control. Front. Hum. Neurosci. 8, 994. 

 Lazzaro, V.D., Restuccia, D., Oliviero, A., Profice, P., Ferrara, L., Insola, A., Mazzone, P., Tonali, P., and 
Rothwell, J. (1998). Effects of voluntary contracƟon on descending volleys evoked by transcranial 
sƟmulaƟon in conscious humans. The Journal of physiology 508, 625-633. 

 Lebon, F., Ruffino, C., Greenhouse, I., Labruna, L., Ivry, R.B., and Papaxanthis, C. (2019). The neural 
specificity of movement preparaƟon during actual and imagined movements. Cereb. Cortex 29, 689-
700. 

 Leodori, G., De Bartolo, M.I., Piervincenzi, C., Mancuso, M., Ojha, A., Costanzo, M., Aiello, F., Vivacqua, 
G., Fabbrini, G., Conte, A., et al. (2024). Mapping Motor CorƟcal Network Excitability and ConnecƟvity 
Changes in De Novo Parkinson's Disease. Mov. Disord. 39, 1523-1532. 
hƩps://doi.org/10.1002/mds.29901. 

 Leys, C., and Schumann, S. (2010). A nonparametric method to analyze interacƟons: The adjusted 
rank transform test. J. Exp. Soc. Psychol. 46, 684-688. hƩps://doi.org/10.1016/j.jesp.2010.02.007. 

 Li, B., Virtanen, J.P., Oeltermann, A., Schwarz, C., Giese, M.A., Ziemann, U., and Benali, A. (2017). 
LiŌing the veil on the dynamics of neuronal acƟviƟes evoked by transcranial magneƟc sƟmulaƟon. 
Elife 6, e30552. 

 Liepelt, R., Schneider, J.C., Aichert, D.S., Wöstmann, N., Dehning, S., Möller, H.-J., Riedel, M., Dolk, T., 
and Eƫnger, U. (2012a). AcƟon blind: disturbed self-other integraƟon in schizophrenia. 
Neuropsychologia 50, 3775-3780. 

 Liepelt, R., Schneider, J.C., Aichert, D.S., Wöstmann, N., Dehning, S., Möller, H.J., Riedel, M., Dolk, T., 
and Eƫnger, U. (2012b). AcƟon blind: disturbed self-other integraƟon in schizophrenia. 
Neuropsychologia 50, 3775-3780. 10.1016/j.neuropsychologia.2012.10.027. 

 Lipszyc, J., and Schachar, R. (2010). Inhibitory control and psychopathology: a meta-analysis of studies 
using the stop signal task. J. Int. Neuropsychol. Soc. 16, 1064-1076. 10.1017/S1355617710000895. 

 Loehr, J.D., KourƟs, D., Vesper, C., Sebanz, N., and Knoblich, G. (2013). Monitoring Individual and Joint 
AcƟon Outcomes in Duet Music Performance. Journal of CogniƟve Neuroscience 25, 1049-1061. 
10.1162/jocn_a_00388. 



94 
 

 Logan, G.D. (1994). On the ability to inhibit thought and acƟon: A users' guide to the stop signal 
paradigm. 

 Logan, G.D., and Cowan, W.B. (1984). On the ability to inhibit thought and acƟon: A theory of an act 
of control. Psychol. Rev. 91, 295. 

 Logan, G.D., Cowan, W.B., and Davis, K.A. (1984). On the ability to inhibit simple and choice reacƟon 
Ɵme responses: a model and a method. J. Exp. Psychol. Hum. Percept. Perform. 10, 276-291. 

 Lotze, R.H. (1852). Medicinische Psychologie oder die Physiologie der Seele (Weidmann'sche 
Buchhandlung, Leipzig (1852)). 

 Magistris, M.R., Rösler, K.M., Truffert, A., and Myers, J.P. (1998). Transcranial sƟmulaƟon excites 
virtually all motor neurons supplying the target muscle. A demonstraƟon and a method improving 
the study of motor evoked potenƟals. Brain 121, 437-450. 10.1093/brain/121.3.437. 

 Maier, M.E., Liepelt, R., and Steinhauser, M. (2023). The role of acƟon inhibiƟon for behavioral control 
in joint acƟon. Psychonomic BulleƟn & Review 30, 200-211. 10.3758/s13423-022-02162-5. 

 Majid, D.S., Cai, W., George, J.S., Verbruggen, F., and Aron, A.R. (2012). Transcranial magneƟc 
sƟmulaƟon reveals dissociable mechanisms for global versus selecƟve corƟcomotor suppression 
underlying the stopping of acƟon. Cereb. Cortex 22, 363-371. 10.1093/cercor/bhr112. 

 Mancini, C., Cardona, F., Baglioni, V., Panunzi, S., Pantano, P., Suppa, A., and Mirabella, G. (2018a). 
InhibiƟon is impaired in children with obsessive-compulsive symptoms but not in those with Ɵcs. 
Movement Disorder. 10.1002/mds.27406. 

 Mancini, C., and Mirabella, G. (2021). Handedness Does Not Impact Inhibitory Control, but 
Movement ExecuƟon and ReacƟve InhibiƟon Are More under a LeŌ-Hemisphere Control. Symmetry 
13. 10.3390/sym13091602. 

 Mancini, C., Modugno, N., SanƟlli, M., Pavone, L., Grillea, G., Morace, R., and Mirabella, G. (2018b). 
Unilateral SƟmulaƟon of Subthalamic Nucleus Does Not Affect Inhibitory Control. Front. Neurol. 9, 
1149. 10.3389/fneur.2018.01149. 

 Maris, E., and Oostenveld, R. (2007). Nonparametric staƟsƟcal tesƟng of EEG- and MEG-data. J. 
Neurosci. Methods 164, 177-190. 10.1016/j.jneumeth.2007.03.024. 

 Massimini, M., Ferrarelli, F., Huber, R., Esser, S.K., Singh, H., and Tononi, G. (2005). Breakdown of 
corƟcal effecƟve connecƟvity during sleep. Science 309, 2228-2232. 

 Matsumoto, A., Ogawa, A., Oshima, C., Aruga, R., Ikeda, M., Sasaya, R., Toriyama, M., Irie, K., and 
Liang, N. (2024). AƩenƟonal focus differenƟally modulates the corƟcospinal and intracorƟcal 
excitability during dynamic and staƟc exercise. J. Appl. Physiol. 136, 807-820. 
10.1152/japplphysiol.00821.2023. 

 Matsunaga, K., Maruyama, A., Fujiwara, T., Nakanishi, R., Tsuji, S., and Rothwell, J.C. (2005). Increased 
corƟcospinal excitability aŌer 5 Hz rTMS over the human supplementary motor area. The Journal of 
physiology 562, 295-306. 

 Matzke, D., Love, J., and Heathcote, A. (2017). A Bayesian approach for esƟmaƟng the probability of 
trigger failures in the stop-signal paradigm. Behav. Res. Methods 49, 267-281. 



95 
 

 McClung, J.S., Jentzsch, I., and Reicher, S.D. (2013). Group membership affects spontaneous mental 
representaƟon: failure to represent the out-group in a joint acƟon task. PLoS One 8, e79178. 

 Meyer, M., Bekkering, H., Haartsen, R., Stapel, J., and Hunnius, S. (2015). The role of acƟon predicƟon 
and inhibitory control for joint acƟon coordinaƟon in toddlers. J. Exp. Child Psychol. 139, 203-220. 

 Meyer, M., van der Wel, R.P., and Hunnius, S. (2013). Higher-order acƟon planning for individual and 
joint object manipulaƟons. Exp. Brain Res. 225, 579-588. 10.1007/s00221-012-3398-8. 

 Mills, K., Murray, N., and Hess, C. (1987). MagneƟc and electrical transcranial brain sƟmulaƟon: 
physiological mechanisms and clinical applicaƟons. Neurosurgery 20, 164-168. 

 Milward, S.J., and Carpenter, M. (2018). Joint acƟon and joint aƩenƟon: D rawing parallels between 
the literatures. Soc. Personal. Psychol. Compass 12, e12377. 

 Miniussi, C., and Thut, G. (2010). Combining TMS and EEG offers new prospects in cogniƟve 
neuroscience. Brain Topogr. 22, 249-256. 10.1007/s10548-009-0083-8. 

 Mirabella, G. (2014). Should I stay or should I go? Conceptual underpinnings of goal-directed acƟons. 
Front. Syst. Neurosci. 8, 206. 10.3389/fnsys.2014.00206. 

 Miss, F.M., Adriaense, J.E.C., and Burkart, J.M. (2022). Towards integraƟng joint acƟon research: 
Developmental and evoluƟonary perspecƟves on co-representaƟon. Neurosci. Biobehav. Rev. 143, 
104924. hƩps://doi.org/10.1016/j.neubiorev.2022.104924. 

 Miss, F.M., and Burkart, J.M. (2018). CorepresentaƟon during joint acƟon in marmoset monkeys 
(Callithrix jacchus). Psychol. Sci. 29, 984-995. 

 Mitchell, J.P., Macrae, C.N., and Banaji, M.R. (2006). Dissociable medial prefrontal contribuƟons to 
judgments of similar and dissimilar others. Neuron 50, 655-663. 

 Momi, D., Ozdemir, R.A., Tadayon, E., Boucher, P., Di Domenico, A., Fasolo, M., Shafi, M.M., Pascual-
Leone, A., and Santarnecchi, E. (2021). PerturbaƟon of resƟng-state network nodes preferenƟally 
propagates to structurally rather than funcƟonally connected regions. Sci. Rep. 11, 12458. 
10.1038/s41598-021-90663-z. 

 Müller, B.C., Kühn, S., van Baaren, R.B., Dotsch, R., Brass, M., and Dijksterhuis, A. (2011). PerspecƟve 
taking eliminates differences in co-representaƟon of out-group members’ acƟons. Exp. Brain Res. 
211, 423-428. 

 Murphy, P.R., Robertson, I.H., Harty, S., and O'Connell, R.G. (2015). Neural evidence accumulaƟon 
persists aŌer choice to inform metacogniƟve judgments. elife 4, e11946. 

 Mutanen, T.P., Kukkonen, M., Nieminen, J.O., Stenroos, M., Sarvas, J., and Ilmoniemi, R.J. (2016). 
Recovering TMS-evoked EEG responses masked by muscle arƟfacts. Neuroimage 139, 157-166. 
10.1016/j.neuroimage.2016.05.028. 

 Mutanen, T.P., Metsomaa, J., Liljander, S., and Ilmoniemi, R.J. (2018). AutomaƟc and robust noise 
suppression in EEG and MEG: The SOUND algorithm. Neuroimage 166, 135-151. 
10.1016/j.neuroimage.2017.10.021. 



96 
 

 Newman-Norlund, R.D., Bosga, J., Meulenbroek, R.G., and Bekkering, H. (2008). Anatomical 
substrates of cooperaƟve joint-acƟon in a conƟnuous motor task: virtual liŌing and balancing. 
Neuroimage 41, 169-177. 

 Nguyen, A.T., Albrecht, M.A., Lipp, O.V., and Marinovic, W. (2020). Motor output maƩers: Evidence of 
a conƟnuous relaƟonship between Stop/No-go P300 amplitude and peak force on failed inhibiƟons 
at the trial-level. Psychophysiology 57, e13558. 10.1111/psyp.13558. 

 Noreika, V., Kamke, M.R., Canales-Johnson, A., Chennu, S., Bekinschtein, T.A., and Maƫngley, J.B. 
(2020). Alertness fluctuaƟons when performing a task modulate corƟcal evoked responses to 
transcranial magneƟc sƟmulaƟon. Neuroimage 223, 117305. 10.1016/j.neuroimage.2020.117305. 

 Novembre, G., Sammler, D., and Keller, P.E. (2016). Neural alpha oscillaƟons index the balance 
between self-other integraƟon and segregaƟon in real-Ɵme joint acƟon. Neuropsychologia 89, 414-
425. 

 Novembre, G., Ticini, L.F., Schütz-Bosbach, S., and Keller, P.E. (2014). Motor simulaƟon and the 
coordinaƟon of self and other in real-Ɵme joint acƟon. Soc. Cogn. Affect. Neurosci. 9, 1062-1068. 
10.1093/scan/nst086. 

 Oldfield, R.C. (1971). The assessment and analysis of handedness: the Edinburgh inventory. 
Neuropsychologia 9, 97-113. 

 Oliveri, M., Babiloni, C., Filippi, M.M., Caltagirone, C., Babiloni, F., Cicinelli, P., Traversa, R., Palmieri, 
M.G., and Rossini, P.M. (2003). Influence of the supplementary motor area on primary motor cortex 
excitability during movements triggered by neutral or emoƟonally unpleasant visual cues. Exp. Brain 
Res. 149, 214-221. 10.1007/s00221-002-1346-8. 

 Oostenveld, R., Fries, P., Maris, E., and Schoffelen, J.M. (2011). FieldTrip: Open source soŌware for 
advanced analysis of MEG, EEG, and invasive electrophysiological data. Comput. Intell. Neurosci. 
2011, 156869. 10.1155/2011/156869. 

 Ozdemir, R.A., Tadayon, E., Boucher, P., Sun, H., Momi, D., Ganglberger, W., Westover, M.B., Pascual-
Leone, A., Santarnecchi, E., and Shafi, M.M. (2021). CorƟcal responses to noninvasive perturbaƟons 
enable individual brain fingerprinƟng. Brain sƟmulaƟon 14, 391-403. 

 Paci, M., Di Cosmo, G., Perrucci, M.G., Ferri, F., and CostanƟni, M. (2021). CorƟcal silent period reflects 
individual differences in acƟon stopping performance. Sci. Rep. 11, 15158. 10.1038/s41598-021-
94494-w. 

 Parmigiani, S., Ross, J.M., Cline, C.C., Minasi, C.B., Gogulski, J., and Keller, C.J. (2023). Reliability and 
Validity of Transcranial MagneƟc SƟmulaƟon-Electroencephalography Biomarkers. Biol Psychiatry 
Cogn Neurosci Neuroimaging 8, 805-814. 10.1016/j.bpsc.2022.12.005. 

 Premack, D., and Woodruff, G. (1978). Does the chimpanzee have a theory of mind? Behav. Brain Sci. 
1, 515-526. 

 Prinz, W. (1997). PercepƟon and acƟon planning. Eur. J. Cogn. Psychol. 9, 129-154. 

 Quinn, L., Miljevic, A., Rurak, B.K., Marinovic, W., and Vallence, A.-M. (2018). DifferenƟal plasƟcity of 
extensor and flexor motor cortex representaƟons following visuomotor adaptaƟon. Exp. Brain Res. 
236, 2945-2957. 10.1007/s00221-018-5349-5. 



97 
 

 Ramenzoni, V.C., Sebanz, N., and Knoblich, G. (2014). Scaling up percepƟon-acƟon links: Evidence 
from synchronizaƟon with individual and joint acƟon. J. Exp. Psychol. Hum. Percept. Perform. 40, 
1551-1565. 10.1037/a0036925. 

 Ramnani, N., and Miall, R.C. (2004). A system in the human brain for predicƟng the acƟons of others. 
Nat. Neurosci. 7, 85-90. 10.1038/nn1168. 

 Raud, L., and Huster, R.J. (2017). The temporal dynamics of response inhibiƟon and their modulaƟon 
by cogniƟve control. Brain Topogr. 30, 486-501. 

 Raud, L., Huster, R.J., Ivry, R.B., Labruna, L., Messel, M.S., and Greenhouse, I. (2020a). A Single 
Mechanism for Global and SelecƟve Response InhibiƟon under the Influence of Motor PreparaƟon. 
J. Neurosci. 40, 7921-7935. 10.1523/jneurosci.0607-20.2020. 

 Raud, L., Thunberg, C., and Huster, R.J. (2022). ParƟal response electromyography as a marker of 
acƟon stopping. eLife 11, e70332. 10.7554/eLife.70332. 

 Raud, L., Westerhausen, R., Dooley, N., and Huster, R.J. (2020b). Differences in unity: The go/no-go 
and stop signal tasks rely on different mechanisms. Neuroimage 210, 116582. 
10.1016/j.neuroimage.2020.116582. 

 Reed, C.L., Betz, R., Garza, J.P., and Roberts, R.J. (2010). Grab it! Biased aƩenƟon in funcƟonal hand 
and tool space. AƩenƟon, PercepƟon, & Psychophysics 72, 236-245. 10.3758/APP.72.1.236. 

 Reed, C.L., Grubb, J.D., and Steele, C. (2006). Hands up: aƩenƟonal prioriƟzaƟon of space near the 
hand. J. Exp. Psychol. Hum. Percept. Perform. 32, 166-177. 10.1037/0096-1523.32.1.166. 

 Richardson, M.J., Marsh, K.L., Isenhower, R.W., Goodman, J.R., and Schmidt, R.C. (2007). Rocking 
together: Dynamics of intenƟonal and unintenƟonal interpersonal coordinaƟon. Human movement 
science 26, 867-891. 

 Rizzolaƫ, G., and Craighero, L. (2004). The mirror-neuron system. Annu. Rev. Neurosci. 27, 169-192. 

 Rizzolaƫ, G., Fadiga, L., Gallese, V., and Fogassi, L. (1996). Premotor cortex and the recogniƟon of 
motor acƟons. CogniƟve brain research 3, 131-141. 

 Rizzolaƫ, G., Fogassi, L., and Gallese, V. (2001). Neurophysiological mechanisms underlying the 
understanding and imitaƟon of acƟon. Nature reviews neuroscience 2, 661-670. 

 Rizzolaƫ, G., and Sinigaglia, C. (2007). Mirrors in the Brain: How our minds share acƟons and 
emoƟons (Oxford University Press). 

 Rizzolaƫ, G., and Sinigaglia, C. (2010). The funcƟonal role of the parieto-frontal mirror circuit: 
interpretaƟons and misinterpretaƟons. Nature reviews neuroscience 11, 264-274. 

 Rocchi, L., Di Santo, A., Brown, K., Ibánez, J., Casula, E., Rawji, V., Di Lazzaro, V., Koch, G., and Rothwell, 
J. (2021). Disentangling EEG responses to TMS due to corƟcal and peripheral acƟvaƟons. Brain 
sƟmulaƟon 14, 4-18. 

 Rogasch, N.C., Zipser, C., Darmani, G., Mutanen, T.P., Biabani, M., Zrenner, C., Desideri, D., Belardinelli, 
P., Müller-Dahlhaus, F., and Ziemann, U. (2020). The effects of NMDA receptor blockade on TMS-
evoked EEG potenƟals from prefrontal and parietal cortex. Sci. Rep. 10, 3168. 



98 
 

 Roos, D., Biermann, L., Jarczok, T.A., and Bender, S. (2021). Local differences in corƟcal excitability–a 
systemaƟc mapping study of the TMS-evoked N100 component. Front. Neurosci. 15, 623692. 

 Rossi, S., Antal, A., Bestmann, S., Bikson, M., Brewer, C., Brockmöller, J., Carpenter, L.L., CincoƩa, M., 
Chen, R., and Daskalakis, J.D. (2021). Safety and recommendaƟons for TMS use in healthy subjects 
and paƟent populaƟons, with updates on training, ethical and regulatory issues: Expert Guidelines. 
Clin. Neurophysiol. 132, 269-306. 

 Rossi, S., HalleƩ, M., Rossini, P.M., Pascual-Leone, A., and Group, S.o.T.C. (2009). Safety, ethical 
consideraƟons, and applicaƟon guidelines for the use of transcranial magneƟc sƟmulaƟon in clinical 
pracƟce and research. Clin. Neurophysiol. 120, 2008-2039. 

 Ruch, H., Zürcher, Y., and Burkart, J.M. (2018). The funcƟon and mechanism of vocal accommodaƟon 
in humans and other primates. Biological Reviews 93, 996-1013. 

 Ruissen, M.I., and de Bruijn, E.R. (2015). Is it me or is it you? Behavioral and electrophysiological 
effects of oxytocin administraƟon on self-other integraƟon during joint task performance. Cortex 70, 
146-154. 

 Ruissen, M.I., and de Bruijn, E.R. (2016). CompeƟƟve game play aƩenuates self-other integraƟon 
during joint task performance. Front. Psychol. 7, 274. 

 Ruys, K.I., and Aarts, H. (2010). When compeƟƟon merges people's behavior: Interdependency 
acƟvates shared acƟon representaƟons. J. Exp. Soc. Psychol. 46, 1130-1133. 

 Sacheli, L.M., Arcangeli, E., and Paulesu, E. (2018). Evidence for a dyadic motor plan in joint acƟon. 
Sci. Rep. 8, 5027. 10.1038/s41598-018-23275-9. 

 Sahaï, A., DesanƟs, A., Grynszpan, O., Pacherie, E., and Berberian, B. (2019). AcƟon co-representaƟon 
and the sense of agency during a joint Simon task: Comparing human and machine co-agents. 
Conscious. Cogn. 67, 44-55. 

 Salo, K.S., Vaalto, S.M.I., Mutanen, T.P., Stenroos, M., and Ilmoniemi, R.J. (2018). Individual AcƟvaƟon 
PaƩerns AŌer the SƟmulaƟon of Different Motor Areas: A Transcranial MagneƟc SƟmulaƟon-
Electroencephalography Study. Brain Connect 8, 420-428. 10.1089/brain.2018.0593. 

 Santello, M., Flanders, M., and SoechƟng, J.F. (2002). PaƩerns of hand moƟon during grasping and 
the influence of sensory guidance. J. Neurosci. 22, 1426-1435. 

 Schall, J.D., Palmeri, T.J., and Logan, G.D. (2017). Models of inhibitory control. Philosophical 
TransacƟons of the Royal Society B: Biological Sciences 372, 20160193. 

 Scharinger, C., Prislan, L., Bernecker, K., and Ninaus, M. (2023). GamificaƟon of an n-back working 
memory task - Is it worth the effort? An EEG and eye-tracking study. Biol. Psychol. 179, 108545. 
10.1016/j.biopsycho.2023.108545. 

 Schilbach, L., Timmermans, B., Reddy, V., Costall, A., Bente, G., Schlicht, T., and Vogeley, K. (2013). 
Toward a second-person neuroscience1. Behav. Brain Sci. 36, 393-414. 

 Schmidt, R., and Berke, J.D. (2017). A Pause-then-Cancel model of stopping: evidence from basal 
ganglia neurophysiology. Philosophical TransacƟons of the Royal Society B: Biological Sciences 372, 
20160202. 10.1098/rstb.2016.0202. 



99 
 

 Schmidt, R.C., Fitzpatrick, P., Caron, R., and Mergeche, J. (2011). Understanding social motor 
coordinaƟon. Human movement science 30, 834-845. 

 Searle, J.R. (1990). CollecƟve intenƟons and acƟons. 

 Sebanz, N., Bekkering, H., and Knoblich, G. (2006a). Joint acƟon: bodies and minds moving together. 
Trends Cogn. Sci. 10, 70-76. 10.1016/j.Ɵcs.2005.12.009. 

 Sebanz, N., and Knoblich, G. (2009). PredicƟon in joint acƟon: What, when, and where. Top. Cogn. 
Sci. 1, 353-367. 

 Sebanz, N., Knoblich, G., and Prinz, W. (2003). RepresenƟng others' acƟons: just like one's own? 
CogniƟon 88, B11-21. 10.1016/s0010-0277(03)00043-x. 

 Sebanz, N., Knoblich, G., and Prinz, W. (2005a). How Two Share a Task: CorepresenƟng SƟmulus-
Response Mappings. J. Exp. Psychol. Hum. Percept. Perform. 31, 1234-1246. 10.1037/0096-
1523.31.6.1234. 

 Sebanz, N., Knoblich, G., Prinz, W., and Wascher, E. (2006b). Twin peaks: An ERP study of acƟon 
planning and control in coacƟng individuals. Journal of cogniƟve neuroscience 18, 859-870. 

 Sebanz, N., Knoblich, G., Stumpf, L., and Prinz, W. (2005b). Far from acƟon-blind: RepresentaƟon of 
others' acƟons in individuals with auƟsm. Cogn. Neuropsychol. 22, 433-454. 

 Sebanz, N., Rebbechi, D., Knoblich, G., Prinz, W., and Frith, C.D. (2007). Is it really my turn? An event-
related fMRI study of task sharing. Soc. Neurosci. 2, 81-95. 

 Sellaro, R., Dolk, T., Colzato, L., Liepelt, R., and Hommel, B. (2014). ReferenƟal Coding Does Not Rely 
on LocaƟon Features: Evidence for a NonspaƟal Joint Simon Effect. Journal of experimental 
psychology. Human percepƟon and performance 41. 10.1037/a0038548. 

 Serrien, D.J., Strens, L.H., Oliviero, A., and Brown, P. (2002). RepeƟƟve transcranial magneƟc 
sƟmulaƟon of the supplementary motor area (SMA) degrades bimanual movement control in 
humans. Neurosci. LeƩ. 328, 89-92. 

 Shafaei, R., Bahmani, Z., Bahrami, B., and Vaziri-Pashkam, M. (2020). Effect of perceived interpersonal 
closeness on the joint Simon effect in adolescents and adults. Sci. Rep. 10, 18107. 

 Shin, Y.K., Proctor, R.W., and Capaldi, E.J. (2010). A review of contemporary ideomotor theory. Psychol. 
Bull. 136, 943. 

 Siebner, H., and Rothwell, J. (2003). Transcranial magneƟc sƟmulaƟon: new insights into 
representaƟonal corƟcal plasƟcity. Exp. Brain Res. 148, 1-16. 

 Siebner, H.R., Funke, K., Aberra, A.S., Antal, A., Bestmann, S., Chen, R., Classen, J., Davare, M., Di 
Lazzaro, V., and Fox, P.T. (2022). Transcranial magneƟc sƟmulaƟon of the brain: What is sƟmulated?–
A consensus and criƟcal posiƟon paper. Clin. Neurophysiol. 140, 59-97. 

 Silvanto, J., Muggleton, N.G., Cowey, A., and Walsh, V. (2007). Neural adaptaƟon reveals state-
dependent effects of transcranial magneƟc sƟmulaƟon. Eur. J. Neurosci. 25, 1874-1881. 

 Simon, J.R., and Wolf, J.D. (1963). CHOICE REACTION TIME AS A FUNCTION OF ANGULAR STIMULUS-
RESPONSE CORRESPONDENCE AND AGE. Ergonomics 6, 99-105. 10.1080/00140136308930679. 



100 
 

 Sinha, P., Kjelgaard, M.M., Gandhi, T.K., Tsourides, K., Cardinaux, A.L., Pantazis, D., Diamond, S.P., and 
Held, R.M. (2014). AuƟsm as a disorder of predicƟon. Proceedings of the naƟonal academy of 
sciences 111, 15220-15225. 

 Sinigaglia, C., and BuƩerfill, S.A. (2020). Motor RepresentaƟon and AcƟon Experience in Joint AcƟon. 
In Minimal CooperaƟon and Shared Agency, A. Fiebich, ed. (Springer InternaƟonal Publishing), pp. 
181-193. 10.1007/978-3-030-29783-1_11. 

 Siposova, B., and Carpenter, M. (2019). A new look at joint aƩenƟon and common knowledge. 
CogniƟon 189, 260-274. 

 Skippen, P., Matzke, D., Heathcote, A., Fulham, W.R., Michie, P., and Karayanidis, F. (2019). Reliability 
of triggering inhibitory process is a beƩer predictor of impulsivity than SSRT. Acta Psychol. (Amst.) 
192, 104-117. 

 Smith, J.L., Maƫck, R.P., Jamadar, S.D., and Iredale, J.M. (2014). Deficits in behavioural inhibiƟon in 
substance abuse and addicƟon: a meta-analysis. Drug and alcohol dependence 145, 1-33. 

 SmiƩenaar, P., Guitart-Masip, M., Luƫ, A., and Dolan, R.J. (2013). Preparing for selecƟve inhibiƟon 
within frontostriatal loops. J. Neurosci. 33, 18087-18097. 

 Snyder, H.R., Miyake, A., and Hankin, B.L. (2015). Advancing understanding of execuƟve funcƟon 
impairments and psychopathology: bridging the gap between clinical and cogniƟve approaches. 
Front. Psychol. 6, 328. 

 Sohn, Y.H., Dang, N., and HalleƩ, M. (2003). Suppression of corƟcospinal excitability during negaƟve 
motor imagery. J. Neurophysiol. 90, 2303-2309. 

 Sommer, M., Alfaro, A., Rummel, M., Speck, S., Lang, N., Tings, T., and Paulus, W. (2006). Half sine, 
monophasic and biphasic transcranial magneƟc sƟmulaƟon of the human motor cortex. Clin. 
Neurophysiol. 117, 838-844. 

 Song, Y., Gordon, P.C., Roy, O., Metsomaa, J., Belardinelli, P., Rostami, M., and Ziemann, U. (2025). 
Involvement of muscarinic acetylcholine receptor-mediated cholinergic neurotransmission in TMS–
EEG responses. Progress in Neuro-Psychopharmacology and Biological Psychiatry 136, 111167. 
hƩps://doi.org/10.1016/j.pnpbp.2024.111167. 

 Spampinato, D.A., Ibanez, J., Rocchi, L., and Rothwell, J. (2023). Motor potenƟals evoked by 
transcranial magneƟc sƟmulaƟon: interpreƟng a simple measure of a complex system. J. Physiol. 601, 
2827-2851. 10.1113/jp281885. 

 Stenzel, A., Chinellato, E., Bou, M.A.T., Del Pobil, Á.P., Lappe, M., and Liepelt, R. (2012). When 
humanoid robots become human-like interacƟon partners: corepresentaƟon of roboƟc acƟons. J. 
Exp. Psychol. Hum. Percept. Perform. 38, 1073. 

 Stephan, M.A., Brown, R., Lega, C., and Penhune, V. (2016). Melodic Priming of Motor Sequence 
Performance: The Role of the Dorsal Premotor Cortex. Front. Neurosci. 10. 
10.3389/fnins.2016.00210. 

 Suzuki, T., Suzuki, M., Kanemura, N., and Hamaguchi, T. (2019). DifferenƟal Effect of Visual and 
PropriocepƟve SƟmulaƟon on CorƟcospinal Output for Reciprocal Muscles. Front. Integr. Neurosci. 
13, 63. 10.3389/fnint.2019.00063. 



101 
 

 Tatz, J.R., Carlson, M.O., Lovig, C., and Wessel, J.R. (2024). Examining motor evidence for the pause-
then-cancel model of acƟon-stopping: Insights from motor system physiology. bioRxiv. 
10.1101/2024.01.30.577976. 

 Tatz, J.R., Soh, C., and Wessel, J.R. (2021). Common and Unique Inhibitory Control Signatures of 
AcƟon-Stopping and AƩenƟonal Capture Suggest That AcƟons Are Stopped in Two Stages. J. Neurosci. 
41, 8826-8838. 10.1523/jneurosci.1105-21.2021. 

 Ter Braack, E.M., de Vos, C.C., and van PuƩen, M.J. (2015). Masking the auditory evoked potenƟal in 
TMS–EEG: a comparison of various methods. Brain Topogr. 28, 520-528. 

 Terao, Y., Furubayashi, T., Okabe, S., Mochizuki, H., Arai, N., Kobayashi, S., and Ugawa, Y. (2007). 
Modifying the corƟcal processing for motor preparaƟon by repeƟƟve transcranial magneƟc 
sƟmulaƟon. Journal of CogniƟve Neuroscience 19, 1556-1573. 

 Thong, S., Doery, E., Biabani, M., Rogasch, N.C., Chong, T.T.J., Hendrikse, J., and Coxon, J.P. (2024). 
DisinhibiƟon across secondary motor corƟcal regions during motor sequence learning: A TMS-EEG 
study. The Journal of Neuroscience, e0443242024. 10.1523/JNEUROSCI.0443-24.2024. 

 Thunberg, C., Wiker, T., Bundt, C., and Huster, R.J. (2024). On the (un)reliability of common behavioral 
and electrophysiological measures from the stop signal task: Measures of inhibiƟon lack stability over 
Ɵme. Cortex 175, 81-105. hƩps://doi.org/10.1016/j.cortex.2024.02.008. 

 Thut, G., and Miniussi, C. (2009). New insights into rhythmic brain acƟvity from TMS–EEG studies. 
Trends Cogn. Sci. 13, 182-189. 

 Tomasello, M. (2020). The role of roles in uniquely human cogniƟon and sociality. J. Theory Soc. 
Behav. 50, 2-19. 

 Tomasello, M., Carpenter, M., Call, J., Behne, T., and Moll, H. (2005). Understanding and sharing 
intenƟons: The origins of cultural cogniƟon. Behav. Brain Sci. 28, 675-691. 

 Török, G., Pomiechowska, B., Csibra, G., and Sebanz, N. (2019). RaƟonality in Joint AcƟon: Maximizing 
Coefficiency in CoordinaƟon. Psychol. Sci. 30, 930-941. 10.1177/0956797619842550. 

 Trevisan, D.A., Enns, J.T., Birmingham, E., and Iarocci, G. (2021). AcƟon coordinaƟon during a real-
world task: Evidence from children with and without auƟsm spectrum disorder. Dev. Psychopathol. 
33, 65-75. 10.1017/s0954579419001561. 

 Tsai, C.-C., Kuo, W.-J., Jing, J.-T., Hung, D.L., and Tzeng, O.J.-L. (2006). A common coding framework in 
self–other interacƟon: evidence from joint acƟon task. Exp. Brain Res. 175, 353-362. 

 Tsai, C., Kuo, W., Hung, D.L., and Tzeng, O.J.L. (2008). AcƟon Co-representaƟon is Tuned to Other 
Humans. Journal of CogniƟve Neuroscience 20, 2015-2024. 10.1162/jocn.2008.20144. 

 Ugawa, Y., Uesaka, Y., Terao, Y., Hanajima, R., and Kanazawa, I. (1995). MagneƟc sƟmulaƟon over the 
cerebellum in humans. Annals of Neurology: Official Journal of the American Neurological AssociaƟon 
and the Child Neurology Society 37, 703-713. 

 Valero-Cabré, A., Oliveri, M., Gangitano, M., and Pascual-Leone, A. (2001). ModulaƟon of spinal cord 
excitability by subthreshold repeƟƟve transcranial magneƟc sƟmulaƟon of the primary motor cortex 
in humans. Neuroreport 12, 3845-3848. 



102 
 

 Valero-Cabré, A., Payne, B.R., and Pascual-Leone, A. (2007). Opposite impact on 14 C-2-deoxyglucose 
brain metabolism following paƩerns of high and low frequency repeƟƟve transcranial magneƟc 
sƟmulaƟon in the posterior parietal cortex. Exp. Brain Res. 176, 603-615. 

 van Elswijk, G., Schot, W.D., Stegeman, D.F., and Overeem, S. (2008). Changes in corƟcospinal 
excitability and the direcƟon of evoked movements during motor preparaƟon: a TMS study. BMC 
Neurosci. 9, 1-12. 

 van Ulzen, N.R., Lamoth, C.J., Daffertshofer, A., Semin, G.R., and Beek, P.J. (2008). CharacterisƟcs of 
instructed and uninstructed interpersonal coordinaƟon while walking side-by-side. Neurosci. LeƩ. 
432, 88-93. 

 Verbruggen, F., Aron, A.R., Band, G.P., Beste, C., BisseƩ, P.G., BrockeƩ, A.T., Brown, J.W., Chamberlain, 
S.R., Chambers, C.D., Colonius, H., et al. (2019). A consensus guide to capturing the ability to inhibit 
acƟons and impulsive behaviors in the stop-signal task. Elife 8. 10.7554/eLife.46323. 

 Verbruggen, F., Chambers, C.D., and Logan, G.D. (2013). FicƟƟous inhibitory differences: how 
skewness and slowing distort the esƟmaƟon of stopping latencies. Psychol. Sci. 24, 352-362. 

 Verbruggen, F., Schneider, D.W., and Logan, G.D. (2008). How to stop and change a response: the role 
of goal acƟvaƟon in mulƟtasking. J. Exp. Psychol. Hum. Percept. Perform. 34, 1212. 

 Verwey, W.B., Lammens, R., and van Honk, J. (2002). On the role of the SMA in the discrete sequence 
producƟon task: a TMS study. Neuropsychologia 40, 1268-1276. 

 Vescovo, E., Cardellicchio, P., Tomassini, A., Fadiga, L., and D'Ausilio, A. (2024). Excitatory/inhibitory 
motor balance reflects individual differences during joint acƟon coordinaƟon. Eur. J. Neurosci. 59, 
3403-3421. hƩps://doi.org/10.1111/ejn.16365. 

 Vesper, C., Abramova, E., Bütepage, J., Ciardo, F., Crossey, B., Effenberg, A., Hristova, D., Karlinsky, A., 
McEllin, L., and Nijssen, S.R. (2017). Joint acƟon: Mental representaƟons, shared informaƟon and 
general mechanisms for coordinaƟng with others. Front. Psychol. 7, 2039. 

 Vesper, C., Abramova, E., Bütepage, J., Ciardo, F., Crossey, B., Effenberg, A., Hristova, D., Karlinsky, A., 
McEllin, L., Nijssen, S.R., et al. (2016). Joint AcƟon: Mental RepresentaƟons, Shared InformaƟon and 
General Mechanisms for CoordinaƟng with Others. Front. Psychol. 7, 2039. 
10.3389/fpsyg.2016.02039. 

 Vesper, C., BuƩerfill, S., Knoblich, G., and Sebanz, N. (2010). A minimal architecture for joint acƟon. 
Neural Networks 23, 998-1003. 

 Vesper, C., van der Wel, R.P., Knoblich, G., and Sebanz, N. (2013). Are you ready to jump? PredicƟve 
mechanisms in interpersonal coordinaƟon. J. Exp. Psychol. Hum. Percept. Perform. 39, 48. 

 Von Der Lühe, T., Manera, V., Barisic, I., Becchio, C., Vogeley, K., and Schilbach, L. (2016). Interpersonal 
predicƟve coding, not acƟon percepƟon, is impaired in auƟsm. Philosophical TransacƟons of the Royal 
Society B: Biological Sciences 371, 20150373. 

 Waller, D.A., HazelƟne, E., and Wessel, J.R. (2021). Common neural processes during acƟon-stopping 
and infrequent sƟmulus detecƟon: The frontocentral P3 as an index of generic motor inhibiƟon. Int. 
J. Psychophysiol. 163, 11-21. hƩps://doi.org/10.1016/j.ijpsycho.2019.01.004. 



103 

 Wen, T., and Hsieh, S. (2015). Neuroimaging of the joint Simon effect with believed biological and
non-biological co-actors. Front. Hum. Neurosci. 9, 483.

 Wessel, J. (2023). AcƟon stopping.

 Wessel, J.R., and Anderson, M.C. (2023). Neural mechanisms of domain-general inhibitory control.
Trends Cogn. Sci. 10.1016/j.Ɵcs.2023.09.008.

 Wessel, J.R., and Aron, A.R. (2015a). It's not too late: the onset of the frontocentral P3 indexes
successful response inhibiƟon in the stop-signal paradigm. Psychophysiology 52, 472-480.
10.1111/psyp.12374.

 Wessel, J.R., and Aron, A.R. (2015b). It's not too late: The onset of the frontocentral P 3 indexes
successful response inhibiƟon in the stop-signal paradigm. Psychophysiology 52, 472-480.

 Wilcox, R.R. (2009). Basic staƟsƟcs: understanding convenƟonal methods and modern insights
(Oxford University Press).

 Wild, K.S., Poliakoff, E., Jerrison, A., and Gowen, E. (2010). The influence of goals on movement
kinemaƟcs during imitaƟon. Exp. Brain Res. 204, 353-360.

 Williams, J.H., Waiter, G.D., Perra, O., PerreƩ, D.I., and Whiten, A. (2005). An fMRI study of joint
aƩenƟon experience. Neuroimage 25, 133-140.

 Wolpert, D.M., Doya, K., and Kawato, M. (2003). A unifying computaƟonal framework for motor
control and social interacƟon. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358, 593-602.

 Wolpert, D.M., Ghahramani, Z., and Jordan, M.I. (1995). An internal model for sensorimotor
integraƟon. Science 269, 1880-1882.

 Wylie, S.A., Claassen, D.O., Kanoff, K.E., Ridderinkhof, K.R., and van den Wildenberg, W.P. (2013).
Impaired inhibiƟon of prepotent motor acƟons in paƟents with ToureƩe syndrome. J. Psychiatry
Neurosci. 38, 349-356. 10.1503/jpn.120138.

 Yaniv, A., Benaroya-Milshtein, N., Steinberg, T., Ruhrman, D., Apter, A., and Lavidor, M. (2018).
ExecuƟve control development in ToureƩe syndrome and its role in Ɵc reducƟon. Psychiatry Res. 262,
527-535. 10.1016/j.psychres.2017.09.038.

 Yousry, T., Schmid, U., Alkadhi, H., Schmidt, D., Peraud, A., BueƩner, A., and Winkler, P. (1997).
LocalizaƟon of the motor hand area to a knob on the precentral gyrus. A new landmark. Brain: a
journal of neurology 120, 141-157.

 Zapparoli, L., Paulesu, E., Mariano, M., Ravani, A., and Sacheli, L.M. (2022). The sense of agency in
joint acƟons: A theory-driven meta-analysis. Cortex 148, 99-120.
hƩps://doi.org/10.1016/j.cortex.2022.01.002.

 Zazio, A., Barchiesi, G., Ferrari, C., Marcantoni, E., and BortoleƩo, M. (2022). M1-P15 as a corƟcal
marker for transcallosal inhibiƟon: A preregistered TMS-EEG study. Front. Hum. Neurosci. 16.


	Abstract in italiano

