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Abstract 

 

Language and action are fundamental human cognitive abilities that share partially overlapping neural 

substrates and functional mechanisms. While action learning has traditionally been investigated 

taking into account predominantly visuomotor processes, growing evidence suggests that language 

plays a significant role in shaping perception, cognition, and motor behavior. This thesis expands this 

literature, investigating the contribution of languageðexplicit (verbal labels) and implicit (inner 

speech and inner labels)ðto the acquisition and execution of novel actions. The thesis develops along 

two complementary but highly integrated lines. First, it examines whether associating novel verbal 

labels with novel action sequences facilitates learning, categorization, and execution. A preregistered 

behavioral experiment, including a kinematic protocol, showed that labeling induces faster reaction 

times and action execution times compared to a control condition, despite comparable encoding and 

accuracy levels, therefore suggesting a hierarchical structuring of motor sequences. Second, the thesis 

investigates the implicit contribution of inner speech to action learning. In a preregistered behavioral 

study, articulatory suppression was applied during action encoding to disrupt inner speech, while a 

control group performed a dual task matched for cognitive demand. Articulatory suppression 

significantly reduced action accuracy and execution quality and increased the proportion of non-

learners, demonstrating a causal role of inner speech in motor encoding. Self-report measures 

confirmed the effectiveness of the manipulation and suggested that condensed forms of inner speech 

may partially persist under suppression, positively influencing motor performance. Finally, the thesis 

presents a neuroimaging project whose aim is to investigate whether inner speech neural patterns are 

recruited during action observation, encoding, and recall. Preliminary fMRI technical and behavioral 

pilot data are reported to inform the forthcoming fMRI study. Overall, the findings support a model 

in which language functions as a structuring and control system for motor learning, extending 

embodied cognition accounts and offering implications for clinical rehabilitation, sport training, and 

language-conditioned artificial systems. 
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Thesis summary in French/R®sum® en fran­ais 

 

Le langage et lôaction sont des capacit®s cognitives humaines fondamentales qui partagent des 

substrats neuronaux et des m®canismes fonctionnels. Bien que lôapprentissage des actions ait 

traditionnellement ®t® ®tudi® en tenant compte principalement des processus visuomoteurs, un 

ensemble croissant de donn®es sugg¯re que le langage joue un r¹le significatif dans la structuration 

de la perception, de la cognition et du comportement moteur. Cette th¯se sôinscrit dans cette 

perspective en examinant la contribution du langage ð explicite (®tiquettes verbales) et implicite 

(langage int®rieur et ®tiquettes internes) ð ̈  lôacquisition et ¨ lôex®cution de nouvelles actions. La 

th¯se se d®veloppe selon deux axes compl®mentaires et fortement int®gr®s. Premi¯rement, elle 

examine si lôassociation de nouvelles ®tiquettes verbales ¨ de nouvelles s®quences dôactions facilite 

leur apprentissage, cat®gorisation et ex®cution. Une exp®rience comportementale pr®enregistr®e, 

incluant un protocole cin®matique, a montr® que lô®tiquetage induit des temps de r®action et 

dôex®cution de lôaction plus rapides par rapport ¨ une condition contr¹le, malgr® des niveaux 

dôencodage et de pr®cision comparables, sugg®rant ainsi une structuration hi®rarchique des s®quences 

motrices. Deuxi¯mement, la th¯se explore la contribution implicite du langage int®rieur ¨ 

lôapprentissage des actions. Dans une ®tude comportementale pr®enregistr®e, une suppression 

articulatoire a ®t® appliqu®e pendant la phase dôencodage afin de perturber le langage int®rieur, tandis 

quôun groupe contr¹le r®alisait une double t©che appari®e en charge cognitive. La suppression 

articulatoire a significativement r®duit la pr®cision et la qualit® dôex®cution des actions et augment® 

la proportion de participants incapables dôapprendre les actions, d®montrant ainsi un r¹le causal du 

langage int®rieur dans lôencodage moteur. Les r®ponses aux questionnaires ont confirm® lôefficacit® 

de la manipulation en sugg®rant davantage que des formes condens®es de langage int®rieur peuvent 

partiellement persister sous suppression, influen­ant positivement la performance motrice. Enfin, il 

est pr®sent® un projet de neuroimagerie qui vise ¨ examiner si des patrons neuronaux associ®s au 

langage int®rieur sont recrut®s lors de lôobservation, de lôencodage et du rappel des actions. Des 
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donn®es pilotes techniques en IRMf et comportementales sont rapport®es afin dôorienter la future 

®tude en IRMf. Dans lôensemble, ces r®sultats soutiennent un mod¯le selon lequel le langage agit 

comme un syst¯me de structuration et de contr¹le de lôapprentissage moteur, ®largissant les approches 

de la cognition incarn®e et ouvrant des perspectives pour la r®®ducation clinique, lôentra´nement 

sportif et les syst¯mes artificiels guid®s par le langage. 
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CHAPTER I 

General Introduction 
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Thesis overview 

 

Our everyday life involves language, in many forms. We use language during the day to 

communicate with others, and many individuals may also rely on it in their head when thinking about 

the daily schedule. Language is present even during the night, for instance in dreams, and some 

individuals may also talk aloud while sleeping. These are just a few examples of how central language 

is to everyday life and human experience. A common definition of language, such as the one provided 

by Wikipedia, describes it as ña structured system of communication that consists of grammar and 

vocabulary. It is the primary means by which humans convey meaning, both in spoken and signed 

forms, and may also be conveyed through writingò. Although this definition acknowledges that 

language is a rule-based system also including signed forms, it reflects a broader tendency to take 

into account uniquely its role as a tool for communication between humans or, more generally, living 

beings. However, such a definition overlooks another crucial function of language: its role as a 

cognitive tool. Language is not only used to communicate with others, but also to structure, support, 

and guide cognitive processes. 

 

In this thesis, I report evidence from the literature and our own experiments on the role of 

language in action learning, thereby more generally supporting the role of language in cognition. I 

will first review the literature on action learning. Given the limited attention paid to the role of 

language in this field, I then introduce the main research question of this work: what is the role of 

language in action learning? I will then review the state of the art on the relationship between action 

and language. In this part, as evidence of this link, I will report two behavioral experiments conducted 

at the beginning of my PhD. These experiments, carried out in collaboration with the Institute for 

Cognitive Sciences and Technologies (ISTC) of the CNR in Rome, are part of a side project 

developed in parallel with the main project of my PhD.  
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From this point onward, the thesis will develop along two distinct yet closely related 

directions. First, I will focus on the explicit role of language, such as the use of labels, in cognition 

and action learning. Second, I will also address the implicit role of language, in the form of inner 

speech (i.e., inner labels, inner verbal instructions) in cognition and action learning, focusing also on 

its neural underpinnings. Regarding the first direction, I will provide an overview of the contribution 

of explicit labels to cognition and action. Regarding the second direction, starting from an 

evolutionary perspective, I will introduce inner speech and further discuss its role in cognition. I will 

also examine the methodological approaches used in the literature to investigate inner speech, 

reporting the manuscript of a mini review on methodological choices for studying inner speech, which 

is currently under review. Furthermore, I will present an overview of neuroimaging studies on inner 

speech, integrating evidence of its neural bases. 

 

The main contents of these sections will converge to introduce the research questions of the thesis, 

which are organized according to the specific studies carried out to address them. Specifically, I will 

present the hypotheses related to: 

1. The first behavioral experiment, which examines whether explicitly associating a novel label with 

a new action induces a categorization and merging process of the motor sequences composing the 

action, leading to faster recall and execution. 

2. The second behavioral experiment, which investigates whether individuals rely on inner speech 

(i.e., inner verbal instructions and implicit inner labels) when observing an action model that they 

are required to learn. 

3. The third neuroimaging experiment, which addresses whether specific linguistic neural patterns 

can be first isolated when participants observe novel actions to memorize them, and then decoded 

when they subsequently recall and perform those actions. 

Finally, I will discuss the results of the experiments by integrating the relevant literature and outlining 

potential applications of the findings, as well as future directions of this research project. 
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Neural bases and cognitive processes involved in action learning  

 

Human beings continuously execute actions. They walk, they do sport, they gesticulate when 

speaking, they scroll the phone, they tap on the pc keyboard to write Ph.D. theses etc. Before 

executing actions, it is necessary to learn how to perform them. We have an innate genetic heritage 

which predisposes us to learn actions (Meltzoff & Moore, 1977; Rizzolatti & Craighero, 2004). 

However, all alone, this genetic heritage is not sufficient. A model, someone showing us the actions 

to learn, is necessary. In the case of children, the parental figures are fundamental as they expose the 

child to the actions and, since the brain is innately provided with the necessary neurocognitive 

resources for imitation, the child are able to reproduce the observed actions (Meltzoff & Moore, 

1977).  

According to the ideomotor framework, inspired by the work of James (1890) and further 

developed through the research conducted by Prinz (2005), observing someone else performing an 

action means simulating that action in our brain and predicting the outcome of that action. In other 

words, even if just observing, we are reproducing the otherôs action in our brain without any visible 

outcome. Then, when the observer is also asked to reproduce the observed action, the observed action 

activates visual response images in the observerôs brain that, in turn, modulate the observerôs motor 

response. Interestingly, this process occurs involuntarily, even when individuals are not specifically 

required to imitate the observed movement (Bargh, 1992). This framework criticizes the sensory-

motor framework, according to which actions are executed as a response to external stimuli and 

perceiving and performing an action are conceived as two unrelated processes. As evidence of the 

ideomotor framework, two studies conducted by Brass and colleagues (2001, 2002) showed that 

observing someone else performing an action modulates the observerôs motor response, proving that 

our brain reproduces online the observed action. In these experiments, participants were asked to 

respond by moving their index finger when they saw the index finger of the stimulus hand moving. 

Crucially, while the index finger of the stimulus hand moved downward in half of the trials and 
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upward in the other half (in a randomized order), participants were asked to respond using in all trials 

the same index finger movement (either downward or upward). The results showed a temporal 

advantage for congruent movement (e.g. when participants responded with a downward index finger 

movement when observing a downward index finger movement) compared to incongruent 

movements (e.g. when participants responded with a downward index finger movement when 

observing an upward index finger movement). If, as stated by the sensory-motor framework, 

perceptual processes and action processes were detached, no response time difference would be 

detected between congruent and incongruent actions. 

Another action theory in line with the ideomotor framework is the ñdirect-matching 

hypothesisò (Rizzolatti et al., 2001). According to this theory, not only the same neural resources 

involved in the execution of the observed action are activated in the observer as well, but this 

activation allows the observer to understand the observed action. This theory, as well as the ideomotor 

framework, is neurophysiologically supported by the existence of the mirror neurons, reported for the 

first time in monkeys by Di Pellegrino and colleagues in 1992, by Gallese and colleagues (1996) 

using single neurons recording, and later in humans by Fadiga and colleagues in 1995 using TMS, 

and by Iacoboni and colleagues in 1999 using fMRI (Di Pellegrino et al., 1992; Fadiga et al., 1995; 

Iacoboni et al., 1999). In an fMRI study, Buccino and colleagues (2001) asked participants to observe 

videos showing actions involving hand, mouth and foot movements. These actions could be 

performed over an object (transitive version) or without any object (intransitive version). The 

transitive actions consisted in biting an apple, grasping a ball, kicking a ball, and pushing a brake. 

The control condition, instead, consisted in observing a static image version of each action. 

Activations in the premotor cortex and the Brocaôs area were reported, as well as activations in the 

inferior parietal lobule for the transitive actions. Crucially, the activations were somatotopically 

organized so that they reflected the specific involvement of each effector. 
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Figure 1. Somatotopically organized activations in the premotor and parietal cortices during action 

observation. In red the mouth related activations, in green the hand related activations, in blue the foot related 

activations. The section A refers to the intransitive actions, while the section B refers to the transitive ones.  

From Buccino et al. (2001).  

 

Talking more abstractly, Brocaôs area is not only involved in the inner reproduction of the observed 

action, but it also serves to understand the outcomes and the goal of the observed action (Iacoboni et 

al., 2005; Rizzolatti & Craighero, 2004). Many theories of action imitation focus on the relation 

between the observed action and reproduced action to address whether individuals prioritize the goal 

achievement independently of the movement itself or they faithfully reproduce the movement to 

achieve the observed goal. Tomasello and colleagues (1993), for instance, distinguished between 

emulation and imitation. Emulation is conceived as the goal reproduction independently of the 

modelôs strategy to achieve the goal; imitation is conceived as a faithful reproduction of the strategy 

employed to achieve the goal. Interestingly, individuals are able to learn and reproduce actions and 

they are able to do that when actions have clear and specific goals (e.g. cooking a meal), but also for 

actions without clear goals besides correctly reproducing them (e.g. learning a specific dance move). 

In this thesis, we are interested in investigating action learning without taking into account the action 

goal. We decided to begin our investigation of action learning starting from very basic actions, 
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conceived as a set of motor sequences without any goal; participants were simply invited to reproduce 

the actions as shown. Why this choice? We argue that the studies investigating action learning and 

action imitation overlook the role of language. For this reason, considering that there are only a few 

examples of studies investigating the role of language in action learning, we decided to start from 

scratch, not including the role of goals or everyday actions. Including actions with specific goals 

would mean adding a further step in the action learning cognitive process. According to Karbach and 

colleagues (2011), associating a verbal label with an action with a clear goal implies linking the label 

with the outcome of the action rather than with the action structure. In this project, instead, the aim is 

to try to shed light on the role of language in the cognitive structural organization of the action 

encoding. Here, not only we speculate that, when learning an action by observing a model performing 

it, language has a role, but its role may be central for the encoding process to be successful and for 

the cognitive organization of the action encoded in the brain. In collaboration with Borghi and 

Brozzoli (Borghi et al., 2023) we raised this issue when commenting on a work published by Proietti 

and colleagues (2023). In their work, the authors proposed an active inference model on action 

understanding, learning and imitation, focusing on kinematic aspects and action goals. While the 

authors did not focus on the possible role of language in these processes, tangentially mentioning it 

only in relation to the fact that the learner may be already provided with verbal information priorly to 

the exposition to the action, we provided some suggestions about how language could be implicated. 

Our work is attached below. 
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As reported in the paper, we have several reasons to think that language may be involved in action 

learning. The most important one is that, in many cases, when we are presented with a novel action 

that we have to learn, we are also presented with its name. Letôs imagine that we are in a sport context 

and we want to learn a new sport. We choose to learn how to dance and our dance teacher shows us 

some dance moves. There could be two possibilities: in the first one, in which we want to learn how 

to learn classical dance, our dance teacher shows us the ñpli®ò or the ñd®gag®ò. A presumable situation 

is that the teacher shows us the pli® and he/she tells us ñthis is called pli®ò. From that moment, we 

start to associate a set of sensorimotor information, a set of motor sequences performed in a specific 

order, with a verbal label. We are creating a new cognitive semantic space, filling it with sensorimotor 

information, related both to the observation and the execution. After the teacher asks us to perform a 

pli®, we will likely be aware of what he/she is asking us to do, because the association between what 

we have observed and its label has been created. Although naming referents is quite a widespread 

phenomenon, letôs also take into account the case in which we are exposed to a novel action but not 

to its name; what happens in this case? Is it possible that in this case action and language would not 

overlap? Are we sure there are no linguistic processes involved at all? What if there are other cognitive 

and linguistic processes taking place when we have to learn an unnamed action? Well, we posit the 

hypothesis that we use inner speech (IS), ñthat little voice inside our headò (Perrone-Bertolotti et al., 

2014). It has been shown that inner speech plays a role in several tasks, crucially, in linguistic as well 

as non-linguistic ones (Nedergaard et al., 2023). Hints in favor of a possible involvement of IS in 

action also come from sport psychology. There is evidence that athletes use instructional self-talk, 

both covert and overt, when trying to learn a new movement or improve the technique. Instructional 

self-talk seems quite useful for beginners, and athletes may provide themselves with verbal hints in 

order to improve the motor performance (Hatzigeorgiadis et al., 2011). These are some of the cues 

that triggered the hypotheses of this Ph.D. project: 

- action learning is not merely a matter of visuomotor processes, but it also includes linguistic 

processes: 
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o Associating a new verbal label with a novel action may modulate how the action  is 

encoded and cognitively represented, and its subsequent reproduction. 

o When a label-action association is missing, we may still rely on linguistic processes, 

and the main suspect is inner speech. 

 

 

In the following sections, I will expose more in detail how we arrived at these hypotheses, 

starting from the evidence in literature on the link between action and language. From this point, I 

will separate the two linguistic aspects. I will first focus on the role of labels in cognition and then I 

will illustrate the role of inner speech in cognition and its neural bases. After this theoretical part, I 

will report the methodology and results of our experiments: the first behavioral experiment on the 

effect of the association of a new verbal label with a novel action; the second behavioral experiment 

on the role of inner speech in action learning; the neuroimaging experiment on the neural bases of 

inner speech during action learning. 
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CHAPTER II 

The Link Between Action and Language 

 

 

 

 

 

 

 

 

 

 

  



 

 ΞΥ 

Introduction to language and its link with cognition and action 

 

When searching for inspiration and attempting to organize my knowledge to write the incipit 

of this thesis, I relied on language in a covert form. I tried to combine the information I acquired 

through my academic path and personal life, shaping it into linguistically structured thoughts, which 

I then translated into written words on my laptop. These words will be read by my supervisors and 

reviewers; they will be interpreted, and processedïonce again through language. Through language, 

they will be evaluated and returned in a revised form of linguistic content. Thus begins a circular 

process of words that will allow me to complete this thesis and defend it, reportingïstill through 

languageïwhat I have done in these years of Ph.D. However, language is not merely the tool through 

which my universities will determine whether I deserve the title of doctor. Language is also the main 

subject of this thesis. Throughout my academic path, Iôve often heard that studying language is 

particularly challenging. Yet studying the brain without considering the role of language in the human 

mind would mean neglecting the scaffolding of knowledge, as well as the primary tool we use to 

construct both our own understanding and that of others. In other words, in the view endorsed in this 

work, language is not only a medium for communication, but also a central instrument of cognition 

(for a different view, Fedorenko et., 2024). When taking this perspective, it is important to 

acknowledge the ongoing theoretical debate on the role of language for the human being and the 

human brain. While several accounts emphasize the primarily communicative function of language 

and its role in social coordination (e.g., Deacon, 1997; Fedorenko et al., 2024; Millikan, 2005; Searle, 

1969; Scott-Phillips, 2015), other approaches assign language a more central role in structuring 

human cognition, serving as a system for internal computation (e.g., Chomsky, 1977; Pinker & 

Bloom, 1990; Reboul, 2017). 

In the second half of the previous century, amodal theories of cognition proposed that language 

relies on symbolic representations of the referent related to the word (Fodor, 1975; Pylyshyn, 1984). 

The word apple, for instance, would encompass multiple examples of apples, captured through an 
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abstract representation. This representation is considered unrelated to any type of sensory 

information, even though knowledge about apples is originally acquired via sensory modalities. For 

instance, while experiencing an apple means perceiving its red/yellow/green color and tasting its 

flavor, reasoning about an apple would rely on an abstract, sensory-detached representation, in which 

perceptual information is no longer involved. As reported by Kaup and colleagues, although the 

meaning of the word ñmelodyò mainly will refer to auditory features, the representation of this 

meaning within the mental lexicon will no longer encompass a specific auditory experience because 

it is more abstract than any particular experience. Likewise, although the word ñstainò mainly refers 

to visual features, its symbolic meaning representation will itself be abstracted from visual 

experience. It is thus reasonable to assume that these two symbolic representationsðfor ñmelodyò 

and ñstainòðshare a common format, despite them both referring to entities that are typically 

perceived via different senses (Kaup et al., 2023). According to this perspective, language is 

conceived as a system separated by sensorimotor processes. This perspective is challenged by the 

embodied and grounded cognition one (Barsalou, 2008). From this perspective, words are not amodal. 

They are rather associated to sensory information related to the real experience with the word referent. 

According to the Hebbian learningïneurons that fire together hire togetherïthe sensorimotor 

processes occurring in modality-specific brain areas during interaction with a referent lead to the 

formation of connections between sensorimotor system and language-related regions. Learning the 

word apple, in this framework, means establishing connections between the semantic representations 

of the word and the sensorimotor information associated with apple, such as the color, the taste, and 

the motor programs involved in reaching, grasping, and bringing the apple to the mouth. In other 

words, processing the word apple automatically triggers the reactivation of sensory and motor 

information encoded through prior experiences. The most fitting work demonstrating this is the one 

published in 2004 by Hauk and colleagues (2004). In this work, the authors provided evidence that 

processing action-related words engages the same motor areas involved in executing the 

corresponding actions. Hauk and colleagues observed somatotopically organized activations in motor 
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cortex when participants processed the words kick (foot-related motor areas), pick (hand-related 

motor areas), and lick (mouth-related motor areas) (Figure 2). 

 

 

Figure 2. Figure taken from Hauk and colleagues (2004) showing the similar activations in the premotor and 

motor cortex during actual movements of the foot, finger and tongue as well as during the processing of leg, 

arm and face words. 

  

In line with the view of a link between semantics and the sensorimotor system, we conducted a study 

in collaboration between the Sapienza University of Rome and the Institute for Cognitive Sciences 

and Technologies (ISTC) of the CNR of Rome. In this study, we investigated the use of 

demonstratives. Demonstratives are commonly classified as grammatical markers functioning as 

pronouns and determiners and used as spatial deictics, to point to the location of a referent relative to 

the deictic center (Diessel 2006). The factor behind their choiceïwhether using this or that to refer to 

a referentïis quite debated in the literature. According to a popular view, the choice between the 

proximal and distal demonstrative (respectively, this and that) maps onto a contrast between ñnear 

the speakerò and ñfar from the speakerò. This view is empirically supported by the studies conducted 

by Coventry and colleagues (2008, 2014), according to which the demonstrativesô choice is linked to 

a contrast between peripersonalïthe space immediately surrounding the bodyï and extrapersonal 

spaceïthe space outside the boundary of the peripersonal space. Within this framework, this is 
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typically associated with referents located in peripersonal space, whereas that is associated with 

referents in extrapersonal space. However, in the literature, it has been proposed that other factors 

also modulate the demonstrative choice. Brovold & Grush (2012), for instance, suggested that the 

demonstrative choice depends on whether the referent is under the speakerôs control or not. 

Specifically, the authors referred to three types of control: physical, perceptual and social. In our 

study, we only took into account physical control. Importantly, this perspective does not contradict 

the Coventry and colleaguesô framework, but rather extends it by proposing a more general 

explanatory framework. In the following section, I will attach the paper of the first experiment of this 

study, published in the proceedings of the 47th Annual Conference of the Cognitive Science Society 

(Gervasi et al., 2024). The paper is followed by a section reporting additional data collected in a 

follow-up experiment, which is currently in preparation for submission. 
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Physical controllability and motor competence awareness increase the 

use of the proximal demonstrative this, a follow-up experiment 

 

We conducted a first behavioral experiment to test Brovold and Grushôs hypothesis according 

to which the choice between this and that maps onto a contrast between in control/not in control 

(physical control) of the referent. This experiment was designed to be a semantic production task. 

Participants interacted with two circles on a screen, one controllable and one moving randomly. Their 

objective was to solve an instrumental task (moving the controllable circle far from the non-

controllable one by using the mouse) to unlock the perceptual features of the two circles (one showed 

a gap, the other showed two gaps). At this point, the participants had to identify the target circleïthe 

one with two gapsïby using demonstratives (questo/quello, in English this/that). Results were in line 

with our hypothesis. Furthermore, participants seemed to spontaneously adopt a control strategy with 

time (across blocks). However, the results of this experiment did not provide indications about 

whether the demonstrative choice also correlates with the motor component of the mouse trajectory. 

In some cases, participants could randomly and very fastly move the two circles on the screen and be 

able to detect the target stimulus, without really being aware of the controllability difference between 

the two circles, thereby not exploiting the controllability property of one circle to solve the 

instrumental task. For this reason, we decided to conduct a second experiment. Considering our 

conception of physical control as the medium necessary to emphasize the use of this, we expected 

that, if the use of this was enhanced during blocks, goal-directed mouse movements were enhanced 

as well during blocks. Goal-directed mouse movements, in this case, would represent the straight 

consequence of an enhanced awareness of the physical control as well as an improved competence in 

exploiting physical controllability to solve the instrumental task and then the perceptual one. Then, 

we carried out a second experiment including 26 participants and we asked them to perform a task 

similar to the previous one. In this case, we slightly modified the strategy required to solve the 
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instrumental task and revealed the gaps in the circles for the perceptual task. The aim of this change 

was to emphasize the role of controllability in one of the stimuli as a key factor in successfully solving 

the instrumental task. In the previous experiment, the controllable circle had to cross a distance 

threshold relative to the low-controllability circle to open the gaps. In the current experiment, 

participants were required to discover a hidden target area on the screen. More precisely, they had to 

move the highly controllable circle into an invisible target zoneða semicircular area located at the 

center of the right half of the 19-inch screen. Importantly, participants were not informed about the 

existence of this hidden area. Unlike the previous study, where rapidly moving the mouse across the 

screen often led participants to easily identify the target stimulus, here we sought to implicitly 

highlight the perception of control in one of the two stimuli. Successfully activating the gaps now 

required participants to move the controllable circle precisely into the target area, thereby placing 

greater demands on motor control and reliance on the stimulusô controllability.  

The overall experimental structure remained the same as in the previous study, including the 

number of trials, blocks, and sessions. Besides that, while one of the two stimuli followed the mouse 

movement with a high level of accuracy (90% of physical controllability), the other one followed the 

controllable circle more compared to the previous experiment (30% of physical controllability). Then, 

when participants moved the highly controllable stimulus into the hidden area, the gaps in the circles 

were displayed. As in the previous experiment, once participants identified the target stimulus, they 

were instructed to say "questo" (this) or "quello" (that) as quickly as possible. In this version, we also 

introduced a more interactive response format to simulate a participantïexperimenter interaction. 

After the participant responded with "questo" or "quello," the experimenter asked for the color of the 

target stimulus by saying ñrosso o blu?ò (ñred or blue?ò in Italian). To avoid feedback differences and 

simulate a 100% accuracy condition, the experimenter was provided with the correct target color for 

each trial and always asked for the corresponding color. Participants could then confirm or deny the 

color by saying ñs³ò (yes) or ñnoò (no). Differently from the first experiment, participants could move 

more rapidly to the following trial if they were able to complete the instrumental and perceptual task 
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before the end of the trial, which had a maximum duration of 5 seconds, by pressing the space bar on 

the keyboard. This was crucial to measure the participantsô competence in terms of duration of each 

trial. The results of this second study not only replicated those of the first one, revealing a preference 

for using the proximal demonstrative (this) for the target stimulus when it was controllable (Figure 

3), but they also provided us with further clues on the relation between physical control and the 

demonstrative choice. 

 

Figure 3. Proportion of proximal choices used to refer to the target stimuli. 

 

Specifically, the more participants engaged with the controllable circle, the more skilled they became 

at the instrumental taskïand crucially, the more likely they were to describe the target using questo 

(this). This effect was evident both in the competence measure in terms of time for solving the task 

and mouse trajectories (Figure 4, 5). 

 



 

 ΠΝ 

 

Figure 4. On the Y axis, the proportion of the proximal choice; on the X axis, the competence measure in terms 

of mouse trajectories. 

 

 

Figure 5. The table of mouse trajectories per participant, showing in lighter blue a more goal directed 

mouse trajectory (from the center towards the hidden area) along trials. 
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Combined with those of the first experiment, our results challenge a strict interpretation of 

demonstrative choice as being based solely on the distinction between peripersonal and extrapersonal 

space. At the same time, although these results might initially appear in contrast with prior research, 

we argue that they are complementary: physical control emerges as an additional factor that enhances 

the relevance of action potentiality in spatial reference. Physical control, in this framework, represents 

a further step, by enhancing the role of the possibility to enact with a referent in the space. This form 

of control, importantly, does not require direct physical reach, as demonstrated by participantsô use 

of a mouse to interact with targets even in extrapersonal space. These findings are in line with the 

broader framework of embodied cognition, showing that linguistic choices are grounded in 

sensorimotor experiences. The observed preference toward proximal demonstratives in contexts of 

physical control supports the idea that acting over an objectðregardless of actual spatial distanceð

can reshape the perceived relationship between speaker and referent. In this sense, demonstrative 

choice becomes a linguistic consequence of enacted interaction potential, aligning with the idea that 

language is not only linked with the spatial representation, but also about expressing the possibility 

to act upon referents located in the space. From a semantic point of view, our results suggest that 

Italian demonstratives encode more than merely spatial references. However, without cross-cultural 

evidence we canôt generalize our results to other languages, considering that demonstratives follow 

different semantic structures across languages (Diessel, 2006). Further research should focus on this 

point, investigating whether the role of physical control over the demonstrative choice is 

generalizable across different languages and cultures. 
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CHAPTER III 

The Role of Labels in Cognition 
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Labels as scaffolding of human cognition 

 

In the previous chapter I reported evidence that individuals choose the demonstrative 

pronouns to refer to a referent depending on the physical control they have on that referent. Studying 

the demonstrative use from a cognitive science point of view is interesting since demonstrative are 

among the earliest acquired words (Clark 1978, 2003). Children start to use them around two years 

old to coordinate the interlocutorôs joint attentional focus (Tyl®n et al., 2010). In other words, since 

the very early stages of life, humans start to associate labels with referents (i.e., objects and entities 

in the world), to categorize those referents and to refer to them when talking to other people. A label 

is a symbolic element (usually a word) that serves as a pointer to a category of referents (e.g., objects 

or entities). While a "word" is a unit of language, a "label" also serves a functional role: it is the 

"handle" that allows the mind to group diverse individual experiences (e.g., all different types of dogs) 

into a single mental representation ("dog"). ñAttaching a linguistic label to a particular aspect of 

experience could make it easier to perform some conceptual tasks, such as acquiring concepts like 

object kinds (Xu, 2002) and numbers (Carey, 2004), shaping the boundaries between color categories 

(Winawer et al., 2007), or influencing how easily a visual feature or object is detected (Lupyan & 

Ward, 2013)ò (Connell, 2019). Individuals may attach labels to entire actions to learn them. In most 

of the cases, when individuals are presented with a novel action to learn, they are also presented with 

the corresponding label. Being a tennis lover, I report a tennis example: when I started taking private 

tennis lessons, my tennis coach showed me the vast range of shots: service, forehand, backhand etc. 

Letôs pick one of them: the forehand. Hitting a forehand in tennis means executing the following steps 

(I provide a facilitated version): rotate your body to the right, bring back your racket with the non-

dominant hand, accelerate the movement towards the ball, hit the ball, complete the movement going 

up to your non-dominant shoulder. According to Lupyan, associating labels to sensorimotor 

information, induces a categorization process of the sensorimotor information, so that the different 

components are encoded as part of the same thing (Lupyan, 2012). Categorization does not only 
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involves categorizing similar information together but also categorizing distinct elements as more 

different and far between each other. For instance, not only we categorize all these motor sequences 

as part of the same action (forehand), but we also cognitively represent the forehand as different from 

the backhand even if they comprise similar motor sequences. However, forehand and backhand could 

be categorized as more similar between each other if they were not labeled. The fact that the totality 

of the motor sequences of the forehand is associated with the verbal label forehand and those of the 

backhand with backhand leads to distinct and separated cognitive representations of those two 

actions. But thatôs not the end of the story. Categorization is a process able to influence even basic 

sensorimotor processes as perception. Once a name is provided, a category is created, thereby the 

perceptual processes are sensible to the category boundaries (Gilbert, 2006; Goldstone, 1994). One 

way to explain this issue is by taking into account colors. Naming colors does not simply mean having 

words to communicate which range of light wavelengths we are referring to. Goldstone and 

colleagues (2001), for instance, reported that creating the category green and blue means feeding the 

respective categories with specific perceptual features but also decreasing the overlap between the 

two categories. However, it has to be noted that this example is restricted to English. In "grue" 

languages, there is only one anchor for the entire spectral range spanning from green to blue. Since 

there is no linguistic boundary, green and blue overlap more in the brain compared to English 

speakers. Therefore, speakers of "grue" languages, such as Chinese or Japanese, actually perceive 

these colors as more similar to each other compared to English speakers (Roberson et al., 2000). 

According to the label-feedback hypothesis proposed by Lupyan (2012), for English speakers instead, 

starting from the moment of the formation of the category green, observing a green referent 

automatically activates the green category. This induces the activation of top-down processes which 

lead feeding the green category with green elements in the context, but also to separate non-green 

referents from the green category. However, it should be acknowledged that recent work has shown 

that the effects of color labeling on perception vary across tasks and experimental conditions (Kapelle 

& Flecken, 2025). Now that the role of labels and the related categorization process that they induce 
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is clearer, letôs focus specifically on the link between a word and the corresponding action. To do that, 

letôs move back to the study published by Hauk and colleagues (2004) and letôs base the reasoning on 

the Hebbian associative learning again (Hebb, 1949). We can say that, from a neurocognitive point 

of view, the authors showed how processing a word means reactivating all the connections related to 

the experience with that word. When the word ñpickò has been acquired, individuals have experienced 

coding the word ñpickò while experiencing the physical meaning of that word: using the hand to grab 

an object. Through Hebbian learning, then, the linguistic regions involved in the processing of the 

word (mostly semantic regions) have been activated at the same time as the sensorimotor regions. 

These sensorimotor regions, in that moment, may have been activated when observing someone 

picking an object or when producing the action in first person. Thus, the semantic regions and the 

sensorimotor regions were active at the same moment and through Hebbian learning they wired 

together. However, it has to be noted that this view has been criticized, creating a debate in the 

literature and opening questions related to the actual involvement of motor areas in understanding 

word meaning. On the one hand, it has been argued that conceptual understanding does not require 

motor cortex activation (Mahon & Caramazza, 2008). In addition, empirical evidence suggests that 

action word processing does not strictly overlap with the cortical regions involved in actual motor 

execution (Postle et al., 2008). Fargier and colleagues (2012) investigated the brain correlates of the 

association between verbal labels and new actions through an EEG study. Authors assumed that 

associating a verbal stimulus to a novel hand or arm movement elicited the formation of connections 

between perisylvian language regions and motor regions. The authors presented 20 videos and 20 

novel words to the participants: videos showed different types of reaching-and-grasping movement 

towards a cylinder or animated artificial images; words were bisyllabic pseudo-words adapted to a 

French sample. Participants were asked to learn the action-word association during a training session 

in which they were exposed to the movement video and the verbal stimulus at the onset of the video. 

Participants were also asked to imitate the movement while observing the video and listening to the 

verbal stimulus. Results showed that the action-word association is rapidly formed. Crucially, results 
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showed an activation of centro-parietal regions (sensorimotor regions), while listening to the verbal 

stimuli on day 1 but not on day 2. In addition, results showed a bilateral fronto-central activation on 

day 2, not specifically related to the actions encoding. The authors interpreted these results, 

suggesting an activation of convergence zones between language and motor regions and reflecting a 

more abstract action representation. These activations may thus correspond to higher-level zones in 

which the motor information is integrated in a more underspecified way, not specifically involving 

primary information directly involved in the action. These different activations show then a dynamical 

process: in a first phase, a more specific action-related activation in the motor regions is triggered by 

the word presentation; in a second phase, the action-label association reaches a higher cognitive level, 

more detached from basic sensorimotor information.  

Another empirical evidence related to the association between a novel action (manipulating a 

novel tool) and a verbal label is a study conducted by Foerster and colleaguesô (2020). In this study, 

the authors used immersive virtual reality to investigate whether associating new verbal labels to 

novel tools could enhance tool use. Participants were presented with six novel tools. While three of 

them were associated with new verbal labelsïSNI, UNT, LUMïthe other three were left unnamed. 

Then, through a training phase, participants were asked to learn each toolôs specific function, motor 

sequence and target object. Results showed that participants were faster in grasping and using labeled 

tools compared to unnamed tools. Critically, the same facilitation was not observed in the bare moving 

condition, when participants were just required to move the tools rather than using them. The authors 

interpret this effect and facilitation of the label taking into account the label feedback hypothesis 

proposed by Lupyan (2012): the association of the label with the tool leads to the formation of specific 

connections so that when participants see the tool the label is automatically activated. As a 

consequence, reactivating the corresponding label means reactivating all the sensorimotor 

information related to the label through top-down mechanisms, consequently guiding the 

sensorimotor processes involved in the manipulation of that specific tool.  
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Yet, this is not the end of the story. A large body of work by Gentilucci and colleagues demonstrates 

that language can directly modulate ongoing motor control at a fine-grained kinematic level. In a first 

experiment (Gentilucci & Gangitano, 1998), participants reached and grasped objects on which size-

related words (e.g., ñlongò vs. ñshortò) were printed, and arm peak acceleration, velocity, and 

deceleration were higher when the word implied greater distance, even though reading was task-

irrelevant. Subsequent experiments (Gentilucci et al., 2000; Gentilucci, 2003) showed that this 

semantic influence extends to different object properties (e.g., near/far, high/low) and is sensitive to 

grammatical class: adjectives (e.g., ñhighò) mainly affected visual analysis of object properties, 

whereas adverbs (e.g., ñupò) and especially verbs (e.g., ñliftò vs. ñplaceò) more directly shaped action 

kinematics, with verbs producing stronger modulation of movement trajectory and velocity. Later 

work (Dalla Volta et al., 2009) further revealed somatotopic effects: hand-related verbs slowed hand 

actions compared to foot-related verbs. Together, Gentilucciôs studies suggest that automatic word 

processing impacts object-related motor representations in premotor circuits, influencing the planning 

and control of actions. In parallel, studies by Nazir, Boulenger, Jeannerod, and colleagues provided 

compelling evidence for a fast and bidirectional interaction between language and motor systems. 

Using fine-grained kinematic analyses, they showed that processing action verbs interferes with an 

ongoing reaching movement within the first 200 ms after word onset, whereas the same verbs 

facilitate movement when processed before movement initiation (Boulenger et al., 2006). This 

interference effect persisted even when action words were presented after movement onset (50ï200 

ms delay; Nazir et al., 2008), indicating that linguistic input can affect motor execution online. 

Critically, the presentation of action verbs during action planning modulated subsequent kinematics 

(Boulenger et al., 2008), demonstrating that motor structures are engaged in action-word processing.   

To summarize what it has been said, in line with Lupyanôs work presented above: (1) associating a 

new label with a referent creates a sort of box that can be filled with the relative information, as 

sensorimotor one, helping dissociate information related or not to the referent and automatically 
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recalling the label when presented with the referent; (2) the role of labels is not limited to the encoding 

processes, but labels are continuously able to modulate sensorimotor processes. 
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CHAPTER IV 

The Role of Inner Speech in Cognition 
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Back to the origin of the link between language and new actions, a 

possible interiorization process of the verbal instructions during action 

learning 

 

Several evolutionary theories propose that the expansion of human motor capacities is tightly 

linked to the emergence and progressive complexification of language. In 1861, Darwin proposed 

that the human hand evolved adaptively to improve tool control, while the vocal tract evolved to 

support the articulatory gestures required for spoken language (Darwin, 1861). This idea was later 

expanded by subsequent researchers, who emphasized shared features between the motor control 

required for object manipulation and that involved in articulation. For example, Gentilucci and 

Corballis (2006) in the Gestural Primacy Hypothesis proposed a transition from manual action to 

linguistic communication. They argued that the mirror neuron system provided the necessary 

evolutionary scaffolding for language, allowing for a gradual shift from manual gestures to vocal 

speech within the same neural circuits, specifically the human homologue of area F5 (Brocaôs area). 

As empirical support for this hypothesis, Gentilucci and colleagues (2001) demonstrated that, when 

participants were asked to pronounce a syllable like "ba", while grasping objects of different sizes, 

their mouth opened wider, and their vocalization was louder/longer when participants grasped larger 

than smaller objects. Besides this, it has been argued that the evolution of language was driven by the 

development of manual skills and the resulting increase in mutual assistance and collaborative activity 

(Engels, 2003; Stout & Chaminade, 2012). Consequently, tool making and tool use ultimately 

provided, as Engels put it, ñman in the making... something to say to each otherò. Language therefore 

began to develop predominantly within the left hemisphere, where hierarchical organization of motor 

and cognitive functions was already more advanced (Roby-Brami et al., 2012). As a follow-up of 

these proposals, in the Cognitive Coupling Hypothesis (COCO hypothesis), Kolodny and Edelman 

(2018) suggested that language emerged because of the need to share with others motor knowledge 
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about how to create and manipulate new tools. In this context, language was the instrument useful to 

facilitate the teaching and learning processes of toolmaking and tool use. The authors argued that the 

neural mechanisms for action planning and sequential controlïinitially developed through tool-use 

and toolmakingïwere gradually linked with neural mechanisms for social communication, and 

eventually with language. Increases in the structural complexity of language benefitted from the 

progressive complexification of brain regions related to action planning and control. This 

evolutionary perspective is supported by recent neuroscientific evidence. Brozzoli and colleagues 

(2019) provided results in favor of a functional cognitive link between language and tool use by 

showing that individual differences in tool use predict differences in linguistic production (Brozzoli 

et al., 2019). This relationship was further supported by a following study in which we showed that 

language and tool use not only share functional processes but also share neural bases. Furthermore, 

given these shared resources, training in tool use leads to improvements in syntactic abilities, and 

conversely, language training enhances tool-use performance (Thibault et al., 2021).  

When early humans were engaged in teaching others how to create and use tools, instructors 

may have taken advantage of a form of protolanguage to drive the learnerôs attention towards critical 

motor aspects of the task, emphasizing specific features of the motor procedure and thereby 

facilitating learning. In this sense, language may have functioned as a top-down mechanism, 

modulating the learnerôs sensorimotor processes. By guiding attention in this way, language may have 

introduced a crucial element beyond mere demonstration: it allowed instructors to influence what 

learners perceived as more relevant. As a result, the learnerôs cognitive representations of the motor 

task may have been shaped by linguistic guidance, leading to a biased motor program and a scaffolded 

representation of action. In this thesis, we propose that this process may have evolved over time, with 

learners internalizing the capacity to use language to guide autonomously, thereby facilitating their 

own learning process. Today, individuals may use inner speech to fulfill this process. This 

hypothesized mechanism closely resembles the ontogenetic process described by Vygotsky when 

talking about private speech and inner speech. In the introduction of a paper related to the role of 
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inner speech in action learning published in the proceedings of the 47th Annual Conference of the 

Cognitive Science Society, I reported that according to Vygotsky, the final step of language 

development is characterized by a transition from private to inner speech. He described private 

speech as a cognitive tool used for self-regulation, helping children control their behavior and 

emotions by verbalizing thoughts and actions - more generally, supporting executive functions. Inner 

speech, on the other hand, represented the final stage of the developmental process, when this 

cognitive tool becomes internalized (Vygotsky, 1934/1987).  

 

 

Inner speech and its role in cognition 

 

Inner speech has been commonly defined as ñthe little voice inside our headò: a subjective 

experience consisting of covert linguistic articulation in various forms. Although it is often used 

unconsciously, it is a pervasive subjective experience of our everyday cognitive activity. This happens 

because inner speech is not merely the verbal expression of thoughts, but also a powerful cognitive 

tool. Through inner speech, cognition can be modulated by guiding executive functions and 

attentional processes. This role is supported by a large body of empirical evidence. Studies 

investigating the executive functions showed that participantsô performance improved when inner 

speech was employed during task execution (Fernyhough & Borghi, 2023; Nedergaard et al., 2023; 

Perrone-Bertolotti et al., 2014). Our interest in linking inner speech to action acquisition arises from 

two main considerations: (1) the recognized role of inner speech in cognition has expanded 

considerably, with increasing evidence showing its involvement in tasks that are progressively closer 

to action; (2) the role of language and instructions in relation with action is rarely investigated in 

laboratory settings. This link has been investigated mostly in the context of sport psychology (see 

discussion), where the focus is not limited to inner instructions, but is more broadly related to self-

talk (including also overt self-talk).  
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Fernyhough and Borghi collected extensive evidence supporting the view of inner speech as 

a cognitive control tool (Fernyhough & Borghi, 2023). Findings showing that using inner speech 

when performing a boring task enhances attention and process efficiency shed light on its role in 

actively driving cognition in the ongoing task. Consistent with these results, multiple studiesðand 

reviews, including that by Nedergaard and colleagues (2023)ðdemonstrate that inner speech 

enhances performance not only in verbal tasks, but also in non-verbal ones. Overall, inner speech 

appears to function for human cognition much like a director does for an orchestra, coordinating and 

regulating multiple cognitive processes. However, it has to be investigated more directly whether the 

modulation of inner speech on cognition depends on the modulation of executive functions first, and 

as a second step, also extending to other cognitive functions. At the same time, it has to be addressed 

whether this role of inner speech is generalizable to all individuals, or it depends on the preferred 

cognitive strategies that individuals usually employ. 

 

 

A methodological overview of the investigation of inner speech 

 

Although there are individuals reporting low levels of inner speech or no use of inner speech 

at allïa condition known as anendophasia (Nedergaard & Lupyan, 2024)ïinner speech is one of the 

most used cognitive strategies in daily life. Nevertheless, individuals often find it difficult to 

accurately assess and report their own use of inner speech. This difficulty was evident even in my 

own case, when encountering for the first time the questions of the Varieties of Inner Speech 

Questionnaire-Revised (Alderson Day et al., 2018). Studying the IS, then, presents significant 

methodological challenges for cognitive scientists and neuroscientists. The most widely used methods 

to investigate inner speech include Descriptive Experience Sampling (DES; Hurlburt et al., 2017), 

self-report questionnaires, and linguistic interference tasks (Fernyhough & Borghi, 2023). In DES, 

participants are intermittently signaled during their daily activities or while performing a task and 
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asked to describe their ongoing experience at the precise moment of the signal. These reports are 

subsequently explored in detailed interviews aimed at clarifying and refining the description of the 

experience. In the case of self-report questionnaires, participants are required to answer questions 

related to their habitual cognitive strategies in their everyday life. In this way, it is possible to assess 

preferences for verbal versus non-verbal strategies, and, in the case of verbal strategies, the specific 

form of inner speech employed. In the experiments reported in this thesis, participantsô use of IS was 

assessed by using two validated questionnaires commonly employed in the field:  

1. The Internal Representation Questionnaire, aiming to investigate which cognitive strategies 

the participants use to solve everyday tasks (Roebuck & Lupyan, 2020). This questionnaire is 

composed by four subscales:  

a. internal verbalization: consisting in talking in the mind through an inner voice (e.g., 

ñI think about problems in my mind in the form of a conversation with myselfò); 

b. visual imagery: consisting in generating images in the mind (e.g., ñI can close my eyes 

and easily picture a scene that I have experiencedò); 

c. representational manipulation: consisting of mentally manipulating sensory 

information (e.g., ñI can easily imagine the sound of a trumpet getting louderò); 

d. orthographic imagery: consisting in visualizing words in a written form when talking 

or hearing someone else talking (e.g., ñI see words in my ñmindôs eyeò when I thinkò). 

2. The Variety of Inner Speech Questionnaire ï Revised, aiming to investigate which type of IS 

participantsô predominantly use (Alderson-Day et al., 2018). This questionnaire is composed 

by five subscales: 

a. dialogic: an IS that feels like a back-and-forth conversation or a debate with oneself 

(e.g., ñI ask myself a question and then answer it in my headò). 

b. condensed: abbreviated IS, characterized by cue words rather than a full sentence form 

(e.g., ñThinking 'keys' instead of 'I need to find my keys.'ò). 
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c. other people: experiencing the voice of others (e.g., ñHearing your motherôs voice in 

your mind when you make a mistakeò). 

d. evaluative/critical: IS used to express thoughts about someone elseôs behavior (e.g., 

ñThat was a stupid thing to say; I should have done betterò). 

e. positive/regulatory: IS based on self-support (e.g., ñYou can do this; just keep going 

and stay focusedò). 

In this revised version of the questionnaire, the authors introduced the positive/regulatory subscale to 

provide information also on positive aspects of the self-guidance and motivation, compared to the 

previous version that focused more strictly on evaluative/critical aspects intended in a more negative 

acceptation. This revised version improved the linkability between the scores reported in this 

questionnaire and clinical aspects. 

The second major methodological approach involves linguistic interference tasks, most 

commonly the articulatory suppression task. In the minireview reported below, we provide an 

overview of methodological choices adopted in studies employing articulatory suppression paradigms 

(De Livio et al., 2026). Our work emphasizes that, on the one hand, the methodological picture is 

highly heterogenous, complicating the replicability across studies; on the other hand, there is a need 

for further investigation of the neurocognitive consequences of using different types of articulatory 

suppression stimuli (e.g., meaningless monosyllables versus multidigit numbers). 
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Toward Understanding the Role of Inner Speech in Novel Action 

Learning 

 

As reported in the previous sections, inner speech has been extensively studied employing the 

articulatory suppression paradigm as secondary task. Interestingly, articulatory suppression is 

employed also in studying in which the primary task is not a language task, but in which it is 

hypothesized that language plays an important role. Inner speech, indeed, is a cognitive tool with 

cross-domain properties, useful not only to modulate verbal cognition, but also non-verbal cognition 

(Nedergaard et al., 2023). According to the Bootstrapping Hypothesis, for example, individuals may 

use language to attach labels to sensorimotor information, facilitating its processing and encoding. 

This hypothesis has been empirically supported by a study published by Banks and Connell (2024), 

in which the authors examined very closely the link between inner speech and action learning across 

three behavioral experiments. In the first experiment, which employed a between-subjects design, 

participants were asked to reconstruct a wooden birdhouse after watching an instructional video. The 

role of inner speech in learning how to construct the birdhouse was investigated by requiring 

participants to perform articulatory suppressionïrepeating the syllable ñtheòïeither during encoding 

(while watching the video), during recall (while building the birdhouse) or during both phases. The 

results showed an impaired performance when participants were prevented from using IS at any point 

of the task, compared to when IS was available. Notably, articulatory suppression applied exclusively 

during recall did not significantly affect performance. In the second experiment, employing a within-

subjects design, participants were asked to construct a series of physical models with construction 

bricks, with a variable number of steps needed for the construction. This modification had several 

purposes: to increase the difficulty of the memory demand, with the hypothesis that the higher the 

number of construction steps, the higher the language benefit; to provide construction sequences that 

were more easily labelable; to reduce the possibility that participants could solve the task just using 
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logical inference rather than linguistic labels. Here, participants were asked to watch instructional 

videos showing how to construct a boat (4 steps), a bridge (5 steps), a fish (7 steps), a bird (9 steps), 

an alien (11 steps), and a temple (13 steps). Articulatory suppression was employed both at encoding 

and recall. Consistent with the first experiment, disrupting inner speech during encoding impaired 

memory performance, whereas disruption at recall did not. Interestingly, the authors didnôt find a 

significant interaction between the number of steps and the linguistic interference, suggesting that 

inner speech supports encoding independently of the working memory load required by the task. 

Moreover, no significant result was observed on task completion time. In a third experiment, the 

authors investigated whether the effect observed in the previous experiment could be attributed to 

differences in terms of general cognitive load mismatch between groups and conditions rather than 

to inner speech disruption per se. To address this possibility, they introduced a dual-task condition, 

an auditory monitoring control task, to match the cognitive demand of the articulatory suppression 

condition. The results confirmed that the effect observed was specifically due to the inner speech 

disruption. Individuals use inner speech to anchor sensorimotor information in working memory, 

thereby facilitating encoding. This is evident when the task requires high memory resources but also 

in relatively smaller memory events. Moreover, the role of inner speech seems crucial during the 

encoding processïwhen information is consolidatedïrather than during recall. It is quite clear from 

this study that inner speech is a helpful and efficient strategy even in cross-domain tasks in which 

language is not strictly required. Connell and Lynott suggested that inner language is routinely used 

to help us remember and reproduce events even without linguistic input (i.e., when the events are 

completely nonverbal). One reason individuals may rely on this strategy, according to the authors, is 

that a linguistic label can replace a portion of the sensorimotor representation to free up resources. 

In this way, a word or phrase can act as a cognitively efficient placeholder in memory for its 

sensorimotor referent because linguistic labels take up less representational ñspaceò and cognitive 

resources than their sensorimotor counterparts (Dymarska et al., 2022; see also Barsalou et al., 

2008; Connell, 2019; Louwerse, 2011).  
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The cognitive process that takes place in this case, is the same cognitive process, well known in 

psychology, taking place when trying to learn a phone number: chunking. Chunking is a common 

cognitive strategy useful to compensate for the working memory limit (Cowan, 2015; Miller, 1956). 

Considering this limit, individuals manipulate the information in order to be able to memorize a set 

of information that would cross the working memory limit. When reading a written phone number, 

for example, we attach a verbal label to every digit. Considering that phone numbers are usually 

composed of 10 digits, 10 exceeds the working memory span (7 digits circa, 9 maximum). Applying 

a chunking process means reorganizing the single digits into chunks composed of more digits (e.g. 

123-45-67-8910 rather than 1-2-3-4-5-6-7-8-9-10). In this way, the ten digits are organized in 4 

chunks comprising 2/3 digits each and the number is now memorable. Similarly, as a phone number 

is composed of several digits, an action is a set of motor information and sequences. As well as they 

do for numbers, individuals may chunk the information and attach a label to each chunk, facilitating 

the working memory work and, in general, the encoding. Individuals may apply this strategy: when 

actions do not have names; when actions are meaningless, not directly related to everyday tasks or 

particular meanings in our life; when actions are very chunky, so that each motor sequence is clearly 

segmented. Not being able to relate our actions to daily life actions, individuals may focus on the 

single sequence composing the actions. It is in this context that individuals may associate the 

sensorimotor information with the linguistic one, the labelïlikely capturing the functional meaning 

of the sequence. In this way, the action might be cognitively represented as a set of continuous labels, 

each associated with a motor sequence. Another perfectly suitable example, mostly for Italians, in 

this framework is learning the steps necessary to prepare coffee with a moka. When observing an 

Italian person preparing a coffee, the learner may support the learning process by anchoring each step 

to a linguistic label. In this way, ñopen the mokaò, ñfill the bottom chamber with waterò, ñadd coffee 

to the filterò, ñinsert the filterò, ñgently tap the moka to compact the coffeeò (a precious suggestion a 

man from Napoli shared with me once), ñclose the mokaò and ñplace the moka on the burnerò is 

cognitively simpler than retaining the full visuomotor detail of the observed actions.  
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Neural bases of inner speech 

 

One of the ways to isolate inner speech activations and highlight brain areas involved in its 

use, is to ask participants to perform covert and overt speech tasks and compare the activations in 

these two tasks. For example, participants may be asked to perform silent reading or read aloud. 

Behind this methodological choice there is evidence that, when silently reading, 97% of individuals 

experience hearing or imaging their own voice or the voice of the speaker involved in the dialogue 

(Alderson-Day et al., 2017). There is vast agreement in the literature that the perceptual system is 

engaged both in auditory perception as well as in covert speech perception (Perrone-Bertolotti et al., 

2014; Zatorre et al., 2009). Tian and Poeppel (2010) reported the involvement of the auditory cortex, 

superior temporal gyrus (STG), for inner speech perception. The authors suggested that this activation 

could represent the somatosensory prediction of an articulatory motor command. More specifically, 

Pernet and colleagues (2015) reported that the temporal areas involved are those specifically related 

to human language processing (Belin et al., 2000; Yao et al., 2011). On the other hand, there is vast 

agreement also about the involvement of the left inferior frontal gyrus (lIFG) for inner speech 

production. However, the difference in the lIFG activation for covert and overt speech is more 

controversial. For example, Bookheimer and colleagues showed a greater activation of the lIFG for 

silent reading compared to reading aloud (1995). However, authors were not able to state whether 

this greater activation was due to an inhibition of the motor response or to phonological processes. 

Huang and colleagues (2002) showed an involvement of the lIFG as well, but its level of activation 

for covert and overt speech depended on the task: it was more activated for covert speech in a task 

consisting of covertly generating animal names, but it was more activated for overt speech in a letter 

naming task. The results of this study are in line with those of previous studies comparing brain 

activations for covert and overt speech, showing a greater activation of the left inferior frontal gyrus 

(lIFG) for covert speech. In a study conducted by Shergill et al. (2001), in which participants were 

asked to silently complete sentences, the authors showed that activations were not limited to the lIFG 
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but also extended to Wernicke's area (BA 22), supplementary motor area (BA 6), insula, superior 

parietal lobe (BA 7) and right posterior cerebellar cortex. Similar activations were found in a previous 

fMRI study conducted by Bullmore et al. (2000). In this experiment, participants were asked to judge 

whether the word presented was a living or non-living object. An important difference between covert 

and overt speech is reported by Stephane and colleagues (2021). After reporting similar activation in 

Wernickeôs area and Brocaôs area for perceptual and execution processes in silent and aloud reading, 

the authors showed that reading silently leads to a greater activation of the ñwhereò auditory pattern. 

Specifically, the activations were located in the inferior parietal lobule and the middle temporal gyrus, 

areas typically involved in localizing external sound. In this line, also other studies suggested that 

inner speech is not merely as overt speech but without sound (Stephane et al., 2021). Shevchenko and 

colleagues (2022) showed specific activations for inner speech compared to overt speech. In this 

experiment, participants completed three types of tasks: passive listening, listening followed by 

internal pronunciation, and listening followed by aloud pronunciation. Temporal areas (fusiform 

gyrus and temporal pole), occipital areas and bilateral cerebellar regions were more active for inner 

speech, suggesting a role in lexicalïsyntactic processing, sensory imagery, and motor emulation in 

the absence of overt articulation. In contrast, external speech was characterized by increased 

activation of the ventral anterior cingulate cortex (BA24) and motor-related frontal areas, likely 

reflecting motor planning, execution, and the social aspects of spoken language. When taking into 

account neuropsychological studies (Geva et al., 2011), aphasic patients showed an impaired 

performance in inner speech tasks when the lesion was situated in the pars opercularis of the inferior 

frontal gyrus (BA 44) but also in the supramarginal gyrus (BA 40). To resume what it has been said 

above, we may take into account the work published by PerroneïBertolotti and colleagues (2014). In 

their work, the authors suggested not only that inner and overt speech share several mechanisms and 

that inner speech is a form of truncated overt speech. They also described more in depth the 

differences between covert and overt speech by reporting that the neural areas mostly associated with 

overt speech reflect motor execution and sensory feedback processes, less present in covert speech. 
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Besides that, they reported that inner speech involves more neural areas related to monitoring and 

internal processes in addition to the inhibition of articulation activations. 

However, there are other factors enriching and complexifying the picture. On the one hand, 

we may intentionally employ inner speech or we may unwilfully use it (e.g. when mind wandering; 

Grandchamp et al., 2019); on the other hand, there are different types of inner speech. Grandchamp 

and colleagues (2019) showed an involvement of the rightïhemisphere homologues of language areas 

as well as of the precuneus and parietal lobules when simulating a conversation with someone else, 

suggesting perspective switching. In other studies, imaging someone elseôs speech led to activations 

in the lateral precentral gyrus (left premotor cortex), medial superior prefrontal gyrus (supplementary 

motor area) and superior temporal gyrus (left temporal cortex) (McGuire et al., 1996; Shergill et al., 

2001). Alderson-Day and colleagues (Alderson-Day et al., 2016) developed an experimental 

paradigm to investigate dialogical IS. They showed that, compared to the monologic condition, the 

dialogical IS engages the superior temporal gyrus bilaterally, the left inferior and medial frontal gyri, 

and several posterior midline structures, with a significant overlap with the neural network involved 

in the Theory of Mind tasks1. Considering that one limitation of explicitly elicited IS paradigms is 

evoking a non-spontaneous form of inner speech, some authors attempted to overcome this limit by 

designing paradigms evoking inner speech more naturally. For instance, Hurlburt and colleagues 

(2016) reported greater activations in transverse temporal gyrus (Heschlôs gyrus) and no significant 

activations in the lIFG compared to a prompted inner speech condition, although this pattern was not 

replicated by Grandchamp and colleagues (2019). Besides differences between elicited and 

spontaneous inner speech, Grandchamp and colleagues (2019), in their ConDialInt model, also 

reported differences between intentional (i.e., conscious use of inner speech) and unintentional (i.e., 

verbal mind-wandering episodes) inner speech. The authors reported recruitment of executiveï

control networks in intentional inner speech and increased bilateral inferior frontal activation as well 

 
1ШThe Theory of Mind refers to the cognitive capacity to represent and infer the mental states of othersðsuch as their 

beliefs, intentions, and desiresðto predict and explain their behavior (Premack & Woodruff, 1978; Frith & Frith, 2005). 
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as decreased activation in left temporal auditory regions, reflecting a less perceptually vivid 

experience. The authors also examined two more contrasts in inner speech: monologic vs. dialogic 

and expanded vs. condensed inner speech. Regarding the former, dialogic inner speech recruited 

regions supporting self-other distinction and perspective switching, such as the precuneus, posterior 

cingulate cortex, and inferior parietal lobule. Monologic inner speech, instead, activated more 

strongly the core speech-production circuitry, including the left inferior frontal gyrus. Regarding the 

latter, expanded inner speech involved stronger activity in speech-production and sensory prediction 

regions, including the left inferior frontal gyrus, supplementary motor area, superior temporal cortex, 

and inferior parietal regions. On the other hand, condensed inner speech showed reduced activation 

in temporal auditory areas, consistent with weaker auditory simulation and suggesting a higherïlevel 

and more abstract conceptual representation. 
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CHAPTER V 

Hypotheses and General Methodology 
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Introducing our hypotheses and methodology 

 

To summarize the evidence reviewed so far, a growing body of research supports the 

perspective of language as deeply integrated with the sensorimotor system and closely linked to 

action. Since these two cognitive domains share common neural bases, language and action can 

mutually influence one another. Recent findings indicate that language is not amodal (abstract and 

separated from sensory modalities) and shares neurocognitive resources with the sensorimotor 

system, but also that it can actively modulate cognition. This thesis adopts this modern perspective. 

By reviewing existing evidence and presenting original findings, we support the idea that language 

can shape cognitive processes, even the so-called low-level ones. Focusing specifically on the 

relationship between action and language, we argue that, because language co-evolved with action, it 

did more than merely providing a means to communicate motor skills related to tool manufacture and 

useðit introduced a new dimension to cognition. In other words, language and action do not simply 

influence each other because they share common neural resources; rather, language may fulfill a 

higher hierarchical role in cognition, acting as a top-down cognitive tool. 

Integrating the information presented in the previous chapters led us realize that learning a 

new action may not be solely a matter of visuomotor strategies. Language is so deeply embedded in 

everyday human activity that neglecting its role in a task such as action learning would mean omitting 

the role of one of the most central cognitive tools in the human brain. Given that humans tend to 

associate names with almost everything, we began to speculate about the role of the association of a 

verbal label with a novel action. On the one hand, investigating the association between a new word 

and a novel action extends empirical evidence on the role of labels in cognition and sensorimotor 

processing. Crucially, we aimed to explore how such an action-word association affects action 

encoding itself and, consequently, motor performance. Taking into account again the example of 

chunking discussed in the introduction on inner speech, we hypothesized that a similar cognitive 

process might occur when an entire action is associated with a novel label. We considered two 
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possible encoding mechanisms. First, the label associated with the action may create a cognitive space 

which is filled with action-related sensorimotor information, encoded as a single unit. Second, the 

label presented just before the action, may create a cognitive space which is filled with additional 

linguistic information, possibly consisting of labels associated with each individual chunk. These 

strategies may vary depending on the cognitive strategy predominantly used by each individual 

(visuomotor vs verbal). In both cases, we predict that the label triggers a unitary cognitive 

representation of the action, such that, besides the encoding of the single chunks, it is also encoded 

as a whole within a higher-level hierarchical convergence zone. In a control condition, in which the 

action is not associated with a label, we speculate that the action is coded only as a set of single 

chunks. In this case, based on the evidence reviewed in previous chapters, even in the absence of 

explicitly provided linguistic strategies, participants may still rely on implicit linguistic processes. To 

test these hypotheses, we conducted a first behavioral experiment (Experiment 1) to investigate 

whether: 

1. The action-label association facilitates action recall through automatic label reactivation, 

leading to faster reaction times for the labelled actions compared to the non labelled actions. 

2. If the action is encoded as a unit rather than as the sum of its parts, this unitary representation 

should be also observable in the action execution, so that: 

a. Action execution time are shorter for labelled actions compared to non-labelled ones; 

b. The motor unfolding is smoother, with reduced motor segmentation between chunks. 

3. Label-induced categorization leads to more distinct cognitive representations of the actions. 

To address this hypothesis, we designed a paradigm in which each action was associated with 

a side of execution, predicting that categorization resulted in more lateralized movements for 

labelled actions compared to non-labelled actions (e.g., the chunk involving moving the 

cylinder to the right in Action1 is executed further to the right, and same for Action2 on the 

left; the same chunks are performed closer to the center of the table when actions are not 

labelled).  
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4. In the control condition (i.e., no action-label association), participants rely more on inner 

speech to provide themselves with implicit linguistic instructions that facilitate action 

encoding. 

To test the hypothesis 2b and 3, we also included kinematic measures using a markerless video-based 

motion analysis software. Additionally, we investigated whether individual differences in cognitive 

strategies could affect action encoding and reproduction. Participants also completed questionnaires 

assessing their preferred cognitive (IRQ) and types of inner speech (VISQ-R) in everyday life. We 

also collected information on participantsô sport-related motor competencies to examine their 

potential role in action encoding and reproduction. Finally, to directly assess the use of inner speech 

during the task, participants were asked to rate their inner speech use during action learning and 

execution. 

Besides Experiment 1, where we explicitly provided participants with linguistic strategy, we 

were also interested in participants' use of implicit linguistic strategies to help their action encoding. 

We hypothesized that participants spontaneously rely on inner speech to direct their attention on 

specific sensorimotor information (e.g., implicit labeling of single chunks, rhythm, and cue words on 

fine-grained motor aspects etc.). Considering that inner speech is commonly investigated using 

linguistic interference paradigms such as articulatory suppression, we carried out a second behavioral 

experiment to address this hypothesis. In particular, we tested whether preventing participants from 

using inner speech during encoding could impair their action acquisition. We hypothesized that: 

1. Participants in the articulatory suppression condition were more disrupted  in the use of IS, 

leading to poorer action acquisition, less accurate action execution and slower recall and 

execution compared to a control condition. 

2. Participants in the control condition reported more IS use compared to the experimental 

condition and higher IS use was associated with better action acquisition and execution. 

3. Participants in the articulatory suppression condition predominantly relying on verbal 

strategies in everyday life could be more affected by IS disruption, resulting in greater action 
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impairment. The opposite pattern was expected for participants in the control condition for 

individuals with higher use of visual strategies. 

As in Experiment 1, we controlled for participantsô motor competencies and their habitual use of 

verbal/visual strategies. 

Lastly, to extend the evidence on the involvement of inner speech in action learning, we will 

conduct an fMRI study aiming to isolate specific inner linguistic activations during action encoding 

and recall. We hypothesize that:  

- In participants who predominantly rely on inner linguistic strategies in everyday life, specific 

linguistic activations could be detectable during action encoding and recall, particularly in the 

left inferior frontal gyrus (lIFG). As reported in previous literature on fMRI evidence of inner 

speech use, the left inferior frontal gyrus is involved in covert speech, encoding phonological 

rehearsal, semantic retrieval and integration (Alderson-Day & Fernyhough, 2015; Baddeley, 

2003; Vigneau et al., 2006). Those activations may reflect covert verbal labeling of motor 

chunks, phonological rehearsal of cue words, but also linguistic structuring of motor 

sequences (Fazio et al., 2009; Pulverm¿ller, 2005). Then, we also expect activations in the left 

temporal lobe, such as in the middle temporal gyrus (involved in semantic access and possible 

semantic mapping of motor chunks, Lambon Ralph et al., 2017), in the inferior parietal lobule 

(angular gyrus)ïfor phonological working memory and sensorimotor integration with verbal 

labeling (Seghier, 2013). Depending on the cognitive strategies employed during action 

encoding (visuomotor vs verbal, or a combination of both), we should be able to clearly detect 

action-encoding related activations also in a task in which participants are asked to mentally 

recall (asking them to employ the cognitive strategy that feels most natural to them) the actions 

rather than effectively executing them. 

Given that the three experiments were designed to be closely related and conceptually interconnected, 

we developed a common experimental paradigm with minor differences across experiments. All of 

them employed between-subject designs. Had we used a within-subject design, participants in the 
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control condition (i.e., actions not associated with labels) might have autonomously generated labels 

for the novel actions, taking inspiration from the explicit actionïlabel associations introduced in the 

experimental condition. In this case, a clear distinction between conditions (actionïlabel vs. no 

actionïlabel association) would not have been possible. Furthermore, considering that the only 

existing study we are aware of the association between new labels and new actions used sequences 

of movement without explicit goals, we adopted a similar choice. In this way we avoid introducing 

additional complexity by using actions with clear, abstract or meaningful goals that could modulate 

the interpretation of the labels. Thus, we chose to start from scratch and to employ clearly segmented 

actions. In addition, our actions didnôt have abstract or meaningfulïrelated to everyday life tasksï

goals. The only specific goal was to ñexecute the motor sequences as shown in the videoò. 
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CHAPTER VI 

Behavioral Experiment 1 
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Methods 

 

The protocol and hypotheses of this experiment were preregistered on OSF 

(https://osf.io/k3f6p/overview), except for the hypotheses on kinematics. 

 

Participants 

A total of 104 participants (68 females; Mage=23.46Ñ3.59 years) took part in the study. All 

participants were 18ï35 years old, right-handed (assessed via the Edinburgh Handedness Inventory; 

Oldfield, 1971), native Italian speakers, with no precocious bilingualism, and with no history of 

neurological conditions. We balanced sex distribution across groups, with each group comprising 34 

females and 18 males. The target sample size was established through an a priori power analysis 

conducted in G*Power (Faul et al., 2007), assuming a between-group design with group as the only 

predictor. Specifically, the analysis was based on an independent-samples t-test, with power set at 

80% to detect a medium effect size (Cohenôs d = 0.5) at a significance level of Ŭ = 0.05.  This yielded 

a minimum required sample of 102 participants, which was increased to 104 (52 per group) to 

maintain equal group sizes. We recruited a total of 112 participants, of whom 8 were excluded due to 

failure to meet inclusion criteria or technical problems. Additionally, at the moment of data analysis, 

2 participants could not be analyzed for technical reasons, leading to a final sample size of 102 

(divided in two groups, see below for details). In a subset of 40 participants (20 per group) within the 

full sample we also recorded videos of the action execution in order to measure kinematics. We set 

this subset to 40 participants based on the sample of previous studies reporting significant effects of 

words on action through kinematics, employing within-subject designs (N between 16 and 25; 

Boulenger et al., 2008; Boulenger et al., 2022; Gentilucci, 2003). The experiment was approved by 

the Ethics Committee of the Department of Dynamic and Clinical Psychology, and Health Studies. 

All participants provided written and verbal consent. 

 

https://osf.io/k3f6p/overview
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Materials, design, and procedure 

The experiment was carried out in a quiet room at the Department of Dynamic and Clinical 

Psychology, and Health Studies of Sapienza University of Rome. Participants were seated on a chair 

positioned at the short side of a rectangular table measuring 60 Ĭ 120 cm. On the table, directly in 

front of the participant, were a 19-inch monitor (Acer AL1917AS) connected to an MSI Cyborg 15 

A12VF laptop and placed at a fixed distance of 80 cm from the table edge, a horizontal yellow line 

marked with tape along the short side of the table, a yellow paper square (75 Ĭ 75 mm) indicating the 

starting position of the object, a wooden cylinder (12 cm in height, 5 cm in diameter) placed on the 

square, and a computer keyboard with the down-arrow key highlighted using yellow tape (Figure 6). 

 

Figure 6. The experimental setting. 

 

Task 1, Motor task. The motor task consisted of two actions that participants were required to learn 

through video observation during an encoding phase and successively perform in a test phase. The 

action videos were recorded using an iPhone 15 Pro at 1080p and 60 fps, edited with CapCut, and 

compressed to 720p at 30 fps into a single video file. To increase identification with the stimuli, male 

participants viewed videos featuring a male hand, whereas female participants viewed videos showing 

a female hand performing the actions. Both actions were composed of four motor chunks involving 

the manipulation of a cylinder. Action 1 consisted of the following sequence: (1) moving the cylinder 
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from the starting position (yellow square) to the right side of the yellow line, depending on the 

balancing condition; (2) flipping the cylinder on the yellow line; (3) lifting the cylinder and placing 

it back in the same position; and (4) returning the cylinder from the yellow line to the starting position. 

Action 2 consisted of: (1) flipping the cylinder at the starting position; (2) moving the cylinder from 

the starting position to the right or left side of the yellow line, depending on the balancing condition; 

(3) lifting and replacing the cylinder in the same location; and (4) placing the cylinder back on the 

starting square. 

After the encoding phase, participants completed a practice phase consisting of four trials (two 

per action) to familiarize themselves with the procedure. As this represented the first opportunity for 

participants to execute the actions, these trials were considered an Initial Action Learning 

Assessment. No feedback regarding performance accuracy was provided. After the practice phase, 

participants completed the test phase, which consisted of 50 trials (25 per action) presented in a 

randomized order for each participant. 

Encoding phase. In one group, Label Group, the actions were associated with new verbal labels, while 

in the Control Group no label was presented. When the actions were associated with verbal labels, 

the labels were presented (written in black at the center of a blank screen) for 2 seconds just before 

the presentation of the corresponding action and disappeared at the onset of the video (similarly to 

New et al., 2004; Xu, 2002). The labels, Gonto and Nersi, consisted of five-letter pseudowords, 

adapted for an Italian sample, specifically created for the task using the online software Lexique 

(http://www.lexique.org/). When the actions were not associated with the labels, an empty blank 

screen appeared before the presentation of each action. Crucially, to avoid a different cognitive load 

between the two groups, participants in the Label Group were informed that it was not necessary to 

memorize the labels. 
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Figure 7. The sequence of the encoding phase in the Label Group. The video of each action is presented 5 

times in total. Each action video is preceded by the respective verbal label. 

 

 

Figure 8. The sequence of the encoding phase in the Control Group. The video of each action is presented 5 

times in total. Each action video is preceded by a blank screen. 

 

During the encoding phase, each action was presented five times. The side of execution of each action 

was counterbalanced across participants so that 52 participants executed Action1 on the right, and the 

other 52 on the left, and vice versa for Action2. Moreover, for 52 participants the sequence was 

Action1 (x4), Action2 (x4), Action1 (x1), Action2 (x1), for the other 52, Action2 was the first action 

shown. Considering the actions-labels association, we counterbalanced the conditions across 

participants of the Label Group so that for 26 of them Action1 was associated with NERSI and Action2 

with GONTO and vice versa with the other 26 participants. Additionally, for 26 participants NERSI 

was associated with the action executed on the right and GONTO with the one on the left and vice 

versa for the resting 26 participants. To reduce potential linguistic influences during the practice and 

test phases, visual go signals were used instead of verbal cues. Two static images were presented, 

each corresponding to the initial posture of one actionôs first motor chunk. The image associated with 
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Action 1 depicted a hand grasping the top of the cylinder before moving toward the yellow line, 

whereas the image for Action 2 showed a hand grasping the cylinder from the left side before flipping 

it. All actions were performed using the right hand. 

 

Execution phase. Each trial began with a white screen. Participants initiated the trial by pressing and 

holding the down-arrow key using the index, middle finger, and thumb together. While the key was 

held down, a fixation cross was displayed for 500 ms, followed for 2000 ms by the presentation of 

the label (or the blank screen, depending on the group) and by the go-signal image, indicating which 

action was to be executed in that trial. Participants were instructed to carefully identify the action 

before releasing the key and initiating the movement. This procedure was similar for both the Initial 

Action Learning Assessment (practice phase) and the test phase. The only difference was that in the 

practice phase, participants performed 4 trials just to familiarize themselves with the procedure, while 

in the test phase they performed 50 trials. 

 

 

Figure 9. In Panel A, the go signal images of each action, consisting in a frame representing the early 

phase of the first motor chunk of each action; in Panel B, the outline of the motor task. 

 

Dependent variable measured. In the Motor Task, we measured as dependent variable: 

¶ Reaction Time (RT): measured in milliseconds, defined as the interval between cue onset and 

starting position key release and taken as an index of action recall and initiation.  
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¶ Action Execution Time (AET): measured in milliseconds, defined as the interval between the 

starting position key release and starting position key press once the action was completed. AET 

provided an index of movement execution speed. 

¶ Action Accuracy: it provided a measure of the overall correctness of the actions.   

¶ Action Performance Score: it provided a qualitative score related to the action execution.  

 

Action Accuracy and Action Performance Score were analyzed through an action coding process 

in which the following criteria were used:  

1. Action Accuracy (binomial variable: 1 = correct action, 0 = wrong action). The following score 

are assigned: 

a. 1, when the action was correctly executed: all four chunks have been executed in the right 

order, independently of the cylinder grip. We focused on the effective execution of the 4 chunks 

and their order of execution, not the quality of the execution. Even if the participants grasped 

the cylinder in a different way compared to the model (e.g., from the side rather than the top), 

it was not relevant in this measure. Consequently, the accuracy score could be 1 even if the 

performance score was not 5 (the maximum). The accuracy score was 1 also if the participants 

merged two chunks in a single chunk, we didnôt consider this process as an error but as an 

effect and example of spontaneous semantic categorization.  

b. 0, when the action was not correctly executed: the participants didnôt perform all four chunks 

(more chunks or less chunks), they performed them in a different order, or they performed the 

action on the wrong side. When the Action Accuracy was 0, the performance score could never 

be 5 (the maximum).  

c. NA, when the trial was not executed or something happened during the trial: we couldnôt 

collect data on that trial, and we didnôt consider that trial in the analyses. Examples of NAs: 

the participants made a trial procedure mistake (they released the starting position button 

before the go signal image appeared on the screen), or they talked during the trial. 
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2. Action Performance Score, ranging from -x (depending on the number of errors) to 5 (the 

maximum score). This score is the sum of all the chunks executed by the participant in that trial. 

р Entire action score (particular cases in which the action score is not the exact sum of the single 

chunks): 

Á 5: when the action was correctly executed. All four chunks were executed in the right order, 

and the cylinder has been grasped correctly in each chunk (as showed in the model). A 4+1 

score has been assigned as reward for the overall correctness of the execution. 

Á 0: when the action was executed on the wrong side (right instead of left or vice versa). 

Independently of the chunks executed, the score is always 0. 

р Chunks:  

Á Each chunk correctly executed, correct movement and correct cylinder grip (as showed in 

the model), was assigned +1, independently of the correct order of execution of that chunk.  

Á Each chunk correctly executed, when the movement was correct (chunk goal), was assigned 

+0.5 if the participant used a different cylinder grip compared to the model (e.g. when 

moving the cylinder from the starting position to the yellow line, it was grasped from the 

side rather than top). 

Á If participants executed a chunk in a wrong way, they invented a new chunk or repeated a 

chunk more times than expected, a score of -1 was assigned to that chunk. In the case of a 

chunk repetition, the error was considered from the second repetition. 

Á When participants unified two chunks into a single movement (e.g. instead of flipping and 

then moving the cylinder, the participant flipped the cylinder while moving it), a score of 

+1 was assigned to both chunks (+0.5 per chunk). This was considered as a particular case, 

not as an error. 

 

Kinematics. To analyze the kinematics, we employed a video motion analysis software with the aim 

of measuring kinematics without the use of markers on the handïa more ecological set-up compared 
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to kinematic systems employing markers on the hand and cables. To do so, we used three FLIR 

BlackflyS 1280x1024,1/2", CMOS, 1.3MP, Color cameras with FIFO 4 mm C Mount lenses, 

recording at a 1280 x 1024 resolution and sampled at 60Hz. The three cameras were installed on 

tripods and fixed on the tables to avoid movements. They were all connected to an Arduino Uno Rev3 

and a Swift Ultra PC implanted with a 12th Gen Intel Core i5-12400 x 12 processor and a NVIDIA 

GeForce RTX 4070 graphic card. All the steps of the images acquisition, keypoints annotation and 

model training were performed using JARVIS Mocap (https://jarvis-mocap.github.io/jarvis-docs/). 

We created a keypoint schema with a total of 12 keypoints: two on the wrist (radius and ulna), one on 

the thumb, one on the index finger, and eight on the cylinder. To facilitate the modelôs ability to 

distinguish between the two sides of the cylinder (upper and lower), which were visually similar, we 

marked both parts with the same colors (red, brown, full black, and empty black), differentiating them 

by using larger markers on one of them. 

 

 

Figure 10. Our kinematic set-up. 
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Task 2, Visuospatial 2-back working memory task 

After completing the motor task, participants performed a visuospatial 2-back task to control 

for potential differences in working memory between groups. The task consisted of a single block of 

50 trials, including 10 target trials and 40 distractors. Stimuli consisted of 3 Ĭ 3 grids in which a black 

square appeared in different positions on each trial. To ensure stimulus randomization, four different 

stimulus lists were generated using a Python script. Participants were subdivided into four subgroups 

within each experimental condition, with each subgroup assigned to one of the lists. The visuospatial 

2-back task, as well as the motor task, was programmed using PsychoPy. 

Each trial began with a fixation cross displayed for 2350 ms, followed by presentation of the 

stimulus image for 650 ms. Participants were instructed to press the down-arrow key when the 

position of the black square matched the position presented two trials earlier. Before the test phase, 

participants completed 10 practice trials to familiarize themselves with the task. 

 

 

Figure 11. An example of target stimulus in the visuospatial working memory 2-back task. 

 

Subjective measures 

Following completion of the working memory task, participants verbally rated their use of 

inner speech during the motor task. They were asked how much they relied on inner linguistic 

instructions during both the video observation (encoding) and action reproduction (execution) phases 

2350ms
2350ms

2350ms

650ms
650ms

650ms
TARGET



 

 ΥΤ 

of the motor task. Specifically, we asked participants that, by saying ñinner linguistic instructionsò, 

we meant labeling each motor sequence composing the action (e.g., ñraiseò, ñflipò etc.). 

Participants also completed the Internal Representation Questionnaire (IRQ), the Varieties of Inner 

Speech QuestionnaireïRevised (VISQ-R), which were back-translated by the first author and 

collaborators, and a questionnaire assessing sport-related habits. 

 

 

Data analysis 

 

All statistical analyses and data visualizations were conducted using R (version 4.5.1; R Core 

Team, 2024) through the RStudio environment (version 2025.05.0+496; Posit Team, 2025). For all 

statistical models including repeated observations, Participant was specified as a random effect. Prior 

to inferential analyses, model assumptions were systematically evaluated by inspecting residual 

distributions, assessing normality and homoscedasticity, and identifying influential data points using 

the performance package in R (L¿decke et al., 2021), to ensure model robustness and reliability. 

 

Working memory task 

Visuospatial working memory performance was quantified using d-prime (dǋ), following the 

approach adopted by G·mez et al. (2024). For each participant, dǋ was computed as the difference 

between the standardized hit rate and the standardized false-alarm rate (dǋ = ZHits ī ZFalseAlarms; 

Stanislaw & Todorov, 1999). This index served as the dependent variable in a linear model with Group 

as the sole predictor (d_prime ~ Group). 
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Reliability analysis 

Inter-rater reliability will be evaluated on a randomly selected subset comprising 20% of the 

sample (n = 21). Agreement between the primary coder and two independent blind coders will be 

assessed using Cohenôs ə for both Action Accuracy and Action Performance Score (APS). 

 

Motor task 

Motor learning (Action Accuracy, Action Performance Score, Reaction Times and Action 

Execution Times) was examined by comparing group differences. Specifically, while in the test phase 

we compared the motor performance by analyzing all the four motor measures, in the Initial Action 

Learning Assessment (IALA) we only compared motor performance in terms of Action Accuracy and 

Action Performance Score. We avoided analyzing the times considering that, in this phase, 

participants could have not clearly managed yet the procedure for the action start, leading to non-

representative Reaction Times or Action Execution Times. In the Initial Action Learning Assessment, 

we included all participants in the analyses, considering that it was the very first moment in which 

the participants tried to reproduce the actions, providing us more hints about the action learning 

overall. 

Initial Action Learning Assessment. In the Initial Action Learning Assessment, Action Accuracy 

(coded as 1 = correct, 0 = incorrect) was analyzed using a binomial logistic mixed-effects model, with 

Group entered as a fixed effect and Participant as a random intercept (Accuracy ~ Group + (1 | 

Participant)), implemented via the glmer() function from the lme4 package (Bates et al., 2015). Action 

Performance Score (APS) was analyzed using a linear mixed-effects model with the same fixed and 

random effects structure (Score ~ Group + (1 | Participant)), estimated using the lmer() function.  

Test phase. The same analytical strategy was applied to data from the test phase, with the exception 

that participants classified as outliers were excluded to prevent artificially inflated estimates of 

performance. We considered outliers all those participants who failed to correctly execute at least one 

action in both the Initial Action Learning Assessment and the test phase. Besides Action Accuracy 
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and Action Performance Score, in this phase, also Reaction Time (RT) and Action Execution Time 

(AET) were analyzed. They were log-transformed to account for skewed distributions and analyzed 

using linear mixed-effects models with Group as a fixed factor and Participant as a random intercept 

(logRT ~ Group + (1 | Participant); logAET ~ Group + (1 | Participant)), again using the lmer() 

function from lme4 (Bates et al., 2015). Also, data points exceeding +/- 2.5 SD from the average will 

be discarded and not included in the analysis of RTs and AETs. 

 

 

Inner speech ratings 

Ratings of inner speech (IS) use were analyzed to examine their relationship with experimental 

Group (Label vs. Control) and Task Phase (encoding vs. execution). IS ratings were collected using 

an 11-point Likert scale ranging from 0 (ñneverò) to 10 (ñall the timeò). 

Different from the preregistered plan, which proposed separate pairwise comparisons across 

groups and phases, to improve our statistical analysis, IS ratings were analyzed using a cumulative 

link mixed model. Specifically, the model was estimated using the ordinal package in R (Christensen, 

2023), with Group, Phase, and their interaction (Group Ĭ Phase) entered as fixed effects and 

Participant specified as a random intercept (Rating ~ Group * Phase + (1 | Participant)). Consistent 

with the preregistration, Tukey-adjusted post hoc comparisons were conducted. 

 

 

Correlation analyses 

Within each experimental group (Label vs Control), Spearmanôs rank-order correlations were 

computed to examine the relationships between motor performance measuresðnamely Accuracy 

(total number of correctly executed actions) and APSðand a set of cognitive and individual-

difference variables. 



 

 ΦΜ 

These included: IS ratings; the subscales of the Internal Representation Questionnaire (IRQ: 

Internal Verbalization, Visual Imagery, Orthographic Imagery, Manipulation Representation); the 

subscales of the Varieties of Inner Speech QuestionnaireïRevised (VISQ-R: Condensed, Dialogic, 

EvaluativeïCritical, Other People, PositiveïRegulatory); and a composite score derived from the 

Sport Questionnaire. 

 

The sport-related score was computed as an index combining total years of practice and age 

of starting practice, weighted as follows: 0ï6 years = 20 points; 7ï12 years = 15 points; 12ï19 years 

= 10 points; over 20 years = 5 points, resulting in a self-assessment range from 0 to 45. The IRQ was 

used to assess participantsô preferred cognitive strategies in everyday contexts (e.g., reliance on verbal 

versus visual representations), whereas the VISQ-R captured qualitative dimensions of inner speech 

experience. 

 

Results 

 

Working memory task 

The visuospatial working memory abilities between the two groups were comparable 

(p=.792). Residuals were approximately normally distributed (ShapiroïWilk test: W = 0.98, p = .058). 

Thereby, any significant difference in the motor performance between the two groups is not due to 

working memory abilities differences. 
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Figure 12. Distribution of participantsô dprime scores in the working memory task per each group.  

 

Reliability Analysis 

At the moment of the writing, two second coders are carrying out the action coding. 

 

Motor task 

Initial Action Learning Assessment. In the Initial Action Learning Assessment (IALA), the analyses 

on Action Accuracy didnôt reveal significant differences between groups (p = .396). The sanity check 

performed on the model showed no overdispersion (dispersion ratio = 1.03, p = .70). 

 

 

Figure 13. On panel A, percentage of correct and wrong actions performed by each group; on panel B, the 

distribution of Action Performance Score across the two groups (single trial dots), their means (black 
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diamonds), and medians (horizontal thick bars in the boxplots). Both plots refer to the Initial Action Learning 

Assessment. 

 

Test phase In the test phase as well, the analyses on Action Accuracy (p = .998) did not show 

significant differences. The sanity check on the model showed no evidence of overdispersion 

(dispersion ratio = 1.01, p = .93). Also in the case of Action Performance Score, no significant 

differences were detected between groups (p = .398). However, the sanity check on the Action 

Performance Score revealed substantial deviations from normality and homoscedasticity. Therefore, 

group differences were analyzed using robust linear mixed-effects models, which down-weight the 

influence of outliers while accounting for the repeated-measures structure of the data. Results were 

consistent across standard and robust mixed-effects models, implemented using the ñrobustlmmò Rôs 

package (Koller, 2016), confirming no significant effect of Group on Score (robust mixed-effects 

model). 

 

 

Figure 14. On panel A, percentage of correct and wrong actions performed by each group; on panel B, the 

distribution of Action Performance Score across the two groups (single trial dots), their means (black 

diamonds), and medians (horizontal thick bars in the boxplots). Both plots refer to the test phase. 

 

Crucially, the analyses on log transformed Reaction Times showed that the Label Group was 

significantly faster compared to the Control Group (b = ï0.26, SE = 0.09, t = ï2.72, p = .007). The 
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Label Group was significantly faster also in terms of log transformed Action Execution Time (b = ï

0.13, SE = 0.05, t = ï2.46, p = .016). To assess the robustness of the RT e AET results to deviations 

from normality, a robust linear mixed-effects model was fitted using the ñrobustlmmò Rôs package 

(Koller, 2016). The main effect of Group was confirmed, with comparable effect size and direction, 

indicating that the observed group difference was not driven by outliers or influential observations.  

 

 

Figure 15. On panel A, distribution of data point of Reaction Times per each group; on panel B, distribution 

of data point of Action Execution Times per each group. Both plots refer to the test phase. 

 

Inner speech ratings 

IS ratings did not differ significantly between groups for either the encoding (Bonferroni-

adjusted p = 1.000) or the execution phase (Bonferroni-adjusted p = 1.000). However, a significant 

difference emerged between the two phases in the Label Group (b = ï1.04, SE = 0.36, z = ï2.89, 

Bonferroni-adjusted p = .012), while no such difference was observed in the Control Group 

(Bonferroni-adjusted p = .724). Participants in the Label Group reported significantly lower use of IS 

during action execution (M = 4.53, SD = 2.96) compared to action encoding (M = 6.16, SD = 3.03) 

(Figure 16). Ordinal ratings were analyzed using cumulative link models with a logit link. The 

proportional odds assumption was tested using nominal effects tests and was met in all models. 
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Figure 16. Distribution of inner speech ratings across the two groups and phases (individual dots), their means 

(black squares), and medians (bars in the boxplots). 

 

Correlation analyses 

 

Correlation analyses on the Label Group indicated a positive relationship between the 

Orthographic Imagery subscale of the IRQ and the Action Performance Score (rs = 0.290, p = .041) 

and a negative relationship between the Other People subscale of the VISQ-R and the Reaction Times 

(rs = ï0.287, p = .043).  

 

йй 
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Figure 17. Spearman correlation matrix for the Label group showing associations between motor performance 

indices (Accuracy, Score, RT, AET) and individual difference measures. Correlations were computed using 

pairwise deletion. Cells display Spearmanôs ɟ coefficients; color scaling ranges from ī1 (blue) to +1 (red). 

Asterisks denote uncorrected p-values (p < .05, *p < .01, **p < .001). 

 

Concerning the correlations of the Control Group, a significant correlation emerged for the 

Manipulation Representation subscale of the IRQ and three motor performance variables: Action 

Accuracy (rs = 0.294, p = .042), Reaction Times (rs = ï0.321, p = .026) and the Action Execution Time 

(rs = ï0.398, p = .005). A positive significant correlation emerged also for the Evaluative Critical 

subscale of the VISQ-R and the Reaction Times (rs = 0.347, p = .016). Finally, the Sport Competence 

Index significantly correlated with the Action Execution Time (rs = ï0.393, p = .006). 
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Figure 18. Spearman correlation matrix for the Control group showing associations between motor 

performance indices (Accuracy, Score, RT, AET) and individual difference measures. Correlations were 

computed using pairwise deletion. Cells display Spearmanôs ɟ coefficients; color scaling ranges from ī1 (blue) 

to +1 (red). Asterisks denote uncorrected p-values (p < .05, *p < .01, **p < .001). 
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Interim discussion 

 

In this experiment, we investigated whether presenting a new verbal label before observing 

action (performed by a model in a video) could modulate their sensorimotor encoding in participants 

assigned to the Label Group. Participants belonging to the Control Group, by contrast, were presented 

with a blank screen before each action video. First, the results on visuospatial working memory 

abilities revealed no significant differences between groups. Therefore, the differences in motor 

performance between the two groups can be specifically attributed to the actionïlabel association 

rather than to baseline cognitive differences in handling working memory load. Although Action 

Accuracy and Action Performance Score did not differ significantly between groupsðeither during 

the Initial Action Learning Assessment or during the test phaseðsignificant differences emerged in 

the test phase for Reaction Times and Action Execution Times. Specifically, compared to the Control 

Group, participants in the Label Group were faster both in recalling and initiating the action when 

presented with the go signal (a cue image representing the beginning of the first chunk of one of the 

two actions). Providing participants with verbal labels prior to action observation may have led to the 

formation of two distinct ñsemantic containersò, one for each action (Lupyan, 2012). These semantic 

containers may have been filled with the corresponding sensorimotor information (i.e., the single 

motor chunks composing the actions). Thereby, participants encoded the two actions as clearly 

distinct entities. Although the actions involved the same four motor chunks, their order differed 

between the two actions. When participants were presented with the cue image indicating the action 

to execute in that trial, a mechanism similar to that described by Hauk and colleagues (2004) may 

have occurred. The cue imageïalso considered a semantic stimulusïmay have automatically triggered 

the activation of the associated label, which in turn may have led to the automatic activation of the 

corresponding sensorimotor information, as proposed by Barsalou (2008) within the framework of 

grounded simulation theory. Thus, the two semantic containers (i.e., the labels) may have helped 

participants maintain the correct action structureïfor example, remembering that in GONTO, they 
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first had to move the cylinder to the right, whereas in NERSI they first had to flip the cylinder. Without 

associating actions with labels and considering that the two actions were highly similar (composed 

of the same motor chunks arranged in a different order), encoding and recalling them may have been 

more challenging. Participants may have become confused, struggling more to correctly organize the 

order of motor sequences, resulting in higher recall time and execution time for reaching a comparable 

accuracy to that of the Label Group. These interpretations are supported by the ratings on inner speech 

use. While participants in the Control Group reported to rely on comparable levels of inner speech 

during encoding and test phases, participants in the Label Group reported significantly lower use of 

inner speech during the execution phase compared to the encoding phase. This result suggests thatШШШШШ 

participants in the Label Group didnôt need to recall the action chunk by chunk during the execution. 

Rather, the action-label association may have reduced the need for this process. Importantly ñinner 

speech useò specifically referred to implicitly rehearsing labels associated with individual motor 

chunks (e.g., ñraiseò, ñflipò). Participants in the Label Group reported limited use of this strategy 

during the execution phase. Although they may have used chunk level verbal rehearsal during 

encoding to fill the semantic space defined by the labels, such rehearsal was not necessary during the 

execution phase. We speculate that the single motor chunks were automatically reactivated through 

the action-label association. The lack of a segmented recall may indicate that the action was recalled 

as a unified representation, thereby performed fasterïas supported by results on Action Execution 

Timeï and performed as a single motor unit (to be addressed with kinematics data). Smoother 

trajectories are expected for the Label Group, while more segmented trajectoriesïparticularly at the 

chunk transitionsïare expected in the Control Group. A possible kinematic indicator of a more 

compact cognitive representation of labeled actions could be greater overlap between chunkШШШШШ 

executions, rather than rigid chunk-by-chunk segmentation (Roy et al., 2013). Regarding the 

correlations between motor performance variables and the individual differences in cognitive 

strategies, inner speech use, and sport competence, a negative correlation emerged in the Label Group 

between the Other People subscale of the VISQ-R and Reaction Times. Since the Other People 
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subscale reflects the experience of hearing other peopleôs voices internally, we speculate that 

participants with higher scores may have simulated hearing someone else's voice rehearsing the action 

label when presented with the go signal, thereby facilitating sensorimotor retrieval. However, further 

analyses of the data regarding label rehearsal during the task (overall during encoding and execution 

phases) are necessary to support this interpretation. We indeed asked participants whether they 

repeated the labels during the task (across both encoding and execution phases), and these data are 

currently under analysis. Additionally, within the Label Group, a positive correlation emerged 

between the Manipulation Representation scale of the IRQ and the Action Performance Score. Since 

this subscale refers to the ability to manipulate sensory information, we speculate that participants 

who habitually rely on this strategy may have recruited it when presented with the go signal image. 

On the one hand, the action-label association facilitated the Reaction Times and Action Execution 

Times, promoting a more compact cognitive representation. On the other hand, participants with 

stronger sensory manipulation abilities may have been more able to reconstruct the fine-grained 

sensorimotor details involved in the cylinder manipulation, based on the hand posture depicted in the 

cue image go signal. In the Control Group, significant correlations also emerged between motor 

performance indices (Reaction Times, Action Execution Times, and Action Accuracy) and the 

Manipulation Representation scale. However, in this case, the strategy does not appear to enhance 

fine-grained motor execution in the same way as in the Label Group. Whereas in the Label Group 

sensory manipulation abilities further improved motor executionðadding fine-grained precision to 

an already fast response facilitated by the labelðin the Control Group, where no label was provided, 

better performance was associated with a greater reliance on visuomotor abilities. This interpretation 

is supported by a significant negative correlation between the Action Execution Time and the Sport 

Index. Taken together, these findings suggest that when participants were provided with labels, they 

employed their usual cognitive strategies either to reinforce the role of the label or to enhance motor 

precision, beyond the facilitation afforded by the label itself. Conversely, in the Control Groupïwhere 

no explicit or implicit linguistic strategies were engaged (as suggested by the lack of significant 
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correlations between the motor performance and the inner speech use) the performance appeared to 

be more sensitive to individual visuomotor abilities. Although this experiment has been pre-

registered, clearly distinguishing both directional hypotheses and explorative analyses, we 

acknowledge that testing separately may inflate the risk for familywise type I error. This aspect also 

applies to Experiment 2 and it will be kept into account for future analyses. 

Future analyses and future studies will be crucial to assess more directly how labels modulate 

the sensorimotor organization and the kinematics of the movement. Although not significant, 

qualitative analyses on the Action Performance Score showed slightly higher scores for the Control 

Group compared to the Label Group. One possibility is that, by organizing all the sensorimotor 

information into a single semantic box, the label may overlook the fine-grained motor aspects of 

action execution, instead providing a sort of unified summary of the entire action. From a kinematic 

perspective, this will be investigated by examining the extent to which the average motor execution 

of the groups differs from the model observed during action encoding. Participants belonging to the 

Control Group may show distinct motor chunk patterns but higher precision grip (more stereotyped) 

when manipulating the cylinder. Conversely, the Label Group could show smoother trajectories 

(fewer acceleration peaks and more constant speed) and possible chunk overlap at chunk transitions, 

but more variable precision grip during cylinder manipulation. Furthermore, through kinematics 

analyses we will investigate whether participants in the Label Group performed the actions going 

more towards the sides of the tableïbecause of the categorization of the actions that led to more 

distinct cognitive representationsïcompared to participants in the Control Group. Those participants, 

without any action-label association, may have categorized less or not categorized at all the actions, 

thereby not representing them as ШШШШШdistinct fromШШШШШ each other. As a consequence, in the chunks going 

to the right, or the left, they may have pointed less towards the table borders, andШШШШШ more towards the 

center of the table. We expect a clear difference between the groups in terms of the lateralization of 

the two actions. These hypotheses are grounded in Lupyanôs (2012) proposal, according to which 

language produces transient modulation of ongoing perceptual (and higher-level) processing. In the 
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case of color, this means that after learning that certain colors are called ñgreen,ò the perceptual 

representations activated by a green-colored object become warped by top-down feedback as the 

verbal label ñgreenò is co-activated. This results in a temporary warping of the perceptual space 

with greens pushed closer together and/or greens being dragged further from non- greens. Viewing a 

green object becomes a hybrid visuo-linguistic experience. This is possible considering that the brain 

works through interactive methods, by combining top-down and bottom-up information through feed-

forward and feedback communicative loops between different regions. In this thesis, we extend this 

hypothesis to action production.  

 

In this experiment, we investigated both the induced (main experimental manipulation) and 

spontaneous (subjective reports of inner speech use) role of the action-label association. However, 

the information on the implicit labeling and inner speech use within this paradigm was limited to 

chunk-level implicit labeling. Participants may also rely on inner speech to implement other linguistic 

strategies such as counting motor chunks, focusing verbally on fine-grained sensorimotor information 

about the cylinderôs grip or internally scanning the rhythm of the motor chunks during the action 

observation. At the same time, we aimed to investigate more directly to what extent inner speech is 

involved in action learning. For this reason, we conducted a second behavioral experiment with a 

similar design, in which we examined whether and to what extent disrupting participantsô inner speech 

could impact action learning (label Ą facilitation through prompted linguistic traces; AS Ą 

interference with spontaneous linguistic traces). Furthermore, we aimed to explore how much this 

disruption depended on individual cognitive strategies.  

The second behavioral experiment will be described in the next chapter, where I will illustrate 

the manuscript under review in Cognition. 
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Abstract 

 

Many people use inner speech (IS), the internal language, for self-guidance, planning, and simulating 

conversations. Research suggests it serves as a cognitive tool, primarily in executive functions, but 

its role may extend to other cognitive domains. This study investigates whether IS contributes to 

action learning and, therefore, execution. We examined whether observing novel, sequential, and non-

meaningful actions would engage IS to support their encoding. To test this, participants observed 

actions to be learned while continuously repeating a syllable (articulatory suppression, AS) during 

the encoding phase, to prevent them from using IS and maintain verbal information. A control group 

performed a finger-tapping task at the same frequency as the AS to control for the cognitive demand 

of a dual task. Participants in the AS condition demonstrated lower accuracy and poorer execution 

quality in subsequent action recall and reproductionïïexecution phaseïïwith a significantly higher 

number of non-learnersðindividuals unable to reproduce the actions. Furthermore, participantsô self-

reported IS use was significantly lower during the encoding (AS present) than during the execution 

phase (AS absent), confirming the disruptive effect of AS. These findings suggest that IS plays a 

crucial role in action learning by facilitating the encoding and retrieval of novel movements. Beyond 

its well-established role in executive functions, IS appears to contribute to broader cognitive 

processes, including motor learning. By highlighting its impact on action acquisition, this study 
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expands our understanding of IS as a versatile cognitive tool, providing new insights into its function 

in learning and execution across domains. 

 

1. Introduction 

 

The link between action and language seems to have a long evolutionary history. According 

to the Cognitive Coupling (COCO) Hypothesis (Kolodny & Edelman, 2018), language may have 

emerged as a tool to facilitate instructing others in producing and using utensils, closely linking it 

with action from the very early stage. Language likely enabled instructors to direct the learners' 

attentional processes toward key sensorimotor aspects of tool construction and use. 

Beyond being a communication device, language strongly impacts human cognition (Borghi 

et al., 2024). Recent research has increasingly focused on an often overlooked yet crucial form of 

language: inner speech (IS). More than just an internal voice, IS functions as a cognitive tool capable 

of driving attentional resources during task execution (for reviews, see Fernyhough & Borghi, 2023; 

Langland-Hassan & Vicente, 2018). IS has primarily been studied in executive functions (Nedergaard 

et al., 2023), with limited focus on its role in acquiring and executing novel actions. Yet, overtly 

expressed words impact simple actions, such as grasping movements (Boulenger et al., 2006; Nazir 

et al., 2008), and explicit verbal instructions enhance action learning compared to observation (De 

Stefani et al., 2020). Recently, Banks and Connell (2024) showed that disrupting IS impairs memory 

for events, suggesting a role of IS in non-linguistic tasks. These results are consistent with the 

Bootstrapping hypothesis (Connell & Lynott, 2014), according to which individuals spontaneously 

attach labels to bundles of sensorimotor information to enhance memory encoding. 

Here, we aim to test whether IS enables the internalization of language as a motor instructor 

by investigating its role in action learning. Unlike Banks and Connellôs work (2024), we used a set of 

motor sequences executed over an object, devoid of specific meaning in everyday life and with the 
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sole goal of reproducing them as shown, much like learning to dance in real life. To address our 

hypothesis, we conducted a behavioral experiment based on the prediction that disrupting IS impairs 

participantsô ability to acquire novel actions. We asked two groups of participants to first observe and 

learn actions (encoding phase) and then to attempt to reproduce them (execution phase). In the 

experimental group, to disrupt the participantsô IS during the encoding phase, we asked them to 

perform an articulatory suppression task (Jaroslawska, Gathercole & Holmes, 2018; Banks & 

Connell, 2024). In cognitive sciences, articulatory suppression is a commonly used secondary task 

performed simultaneously with the primary task, in which a role of language is hypothesized. It 

consists of repeating loudly a verbal content, in this case a syllable, to overload the phonological loop, 

a short-term storage system of working memory responsible for temporarily maintaining verbal 

information (Logie, 2011; Baddeley & Hitch, 2019). To account for the cognitive demand of a dual 

task during the encoding phase (Emerson and Miyake, 2003), in the control group (similarly to 

Nalborczyk et al., 2022), we asked participants to continuously tap on a marked area on the table with 

the middle finger of the right hand. Then, we asked participants of both groups to reproduce the same 

actions in a randomized order during the execution phase. We expected impaired motor performance 

for the articulatory suppression group regarding overall accuracy and fine motor execution quality. 

This impairment would be attributed to the disruption of inner speech during encoding, preventing an 

effective internalization of the motor sequences. Besides that, we wanted to explore whether the IS 

impact on the participantsô ability to acquire the actions depends on the variety of IS and the cognitive 

strategies they rely on in everyday life. The former was investigated through the VISQ-R 

questionnaire; the latter through the IRQ. We hypothesized that articulatory suppression would impact 

the ability to acquire new actions more in participants who rely more on internal verbalization 

strategies than on visual strategies. The latter could use them to compensate for their inability to use 

IS. Lastly, we hypothesized that the more participants in the control group used IS, the better their 

motor performance. 

 



 

 ΝΜΣ 

2. Methods 

 

The protocol and hypotheses of this study were preregistered on OSF 

(https://osf.io/k3f6p/?view_only=28a5c40441d94c768618b3675c5abc7c), and methods and analyses 

are in line with the preregistration, except for the model on IS ratings (see below). All the materials, 

data, and codes are available on OSF 

(https://osf.io/5dupa/?view_only=c9e208b28d9c482da0a7e7765546db68). 

 

2.1. Participants 

 

A total of 104 participants (58 females; M age=23.41Ñ3.21 years) took part in the study. All 

were 18ï35 years old, right-handed (assessed via the Edinburgh Handedness Inventory; Oldfield, 

1971), native Italian speakers, and of no other language, with no history of neurological conditions. 

We balanced sex distribution across groups (29 females and 23 males per group). Sample size was 

determined using a power analysis in G*Power (Faul et al., 2007) for a between-group design with 

group as the sole predictor. The analysis simulated a t-test for two independent means with 80% 

power to detect a medium effect size (d=0.5) at Ŭ=0.05. The required sample size was 102, increased 

to 104 (n=52 per group) to ensure equal group distribution. To reach this target, we recruited 112 

participants (8 excluded for unmet criteria or technical issues).  

The experiment was approved by the Ethics Committee of the Department of 

[MASKED_FOR_REVIEW] University (Prot.n. [MASKED_FOR_REVIEW]). All participants 

provided written and verbal consent.  

 

2.2. Materials 
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The experiment was conducted at the Department of [MASKED_FOR_REVIEW] University. 

Participants sat at the short end of a 60x120cm table. In front of them were a 19-inch monitor 

(connected to an MSI Cyborg 15 A12VF laptop) at a fixed distance of 80cm from the table edge 

where the participant sat, a horizontal yellow line (50mm wide) taped along the short side of the table, 

a yellow square (75x75mm), on which a wooden cylinder (12cm in height, 5cm in diameter) was 

placed, and a keyboard with the "down" key marked in yellow (see Fig. 1). 

 

 

Fig. 1. The experimental setting. 

 

2.2.1. Task 1, motor task 

The motor task consisted of two actions that participants were required to learn through video 

observation during an encoding phase and successively perform in a test phase. Both actions involved 

manipulating a cylinder in four motor chunks, excluding approach and return movements of the hand. 

Since those movements did not require specific memorization, we considered only the four chunks 

involving the cylinder manipulation. The two actions shared the same motor chunks but with different 

sequential arrangements and execution side (balanced across participants: 52 participants executed 

Action 1 on the right, the other 52 on the left, and vice versa for the Action 2). Action1: 1. moving 

the cylinder from the starting position (yellow square) to the right side of the yellow line; 2. raising 
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and replacing the cylinder in the same position; 3. flipping the cylinder on the yellow line; 4. placing 

the cylinder back from the yellow line to the starting position. Action2: 1. flipping the cylinder at the 

starting position; 2. moving the cylinder from the starting position to the left side of the yellow line; 

3. raising and replacing the cylinder in the same position; 4. placing the cylinder back into the starting 

position. During the encoding phase, each action was shown five times. For 52 participants, the 

sequence was Action1 (x4), Action2 (x4), Action1 (x1), Action2 (x1); Action2 was the first action 

shown for the remaining 52 participants. Videos (iPhone 15Pro, 1080p/60fps, edited with CapCut, 

compressed to 720p/30fps into a single video containing all actions) displayed a male or female hand 

to match participantsô sex. To minimize linguistic influence, we used two images as go signal during 

the practice and test phases, representing the beginning of each actionôs first chunk. Action1 image: 

a hand grasping the top of the cylinder; Action2 image: a hand grasping the cylinder from the left side 

(Fig. 2, panel A). 

 

2.2.2. Task 2, visuospatial 2-back 

After the motor task, participants carried out a visuospatial 2-back task to control for working 

memory differences between groups. This task consisted of a block of 50 stimuli, 10 target stimuli 

and 40 distractors. To ensure stimulus randomization between participants, we generated four lists of 

stimuli using a Python script. Each group was then subdivided into four subgroups, each of which 

was assigned to one different list. Similarly to Dores and colleagues (2017), the stimuli consisted of 

9-square grids, with each trial displaying a black square in a different grid position. This task and the 

motor task were programmed using PsychoPy (Peirce et al., 2019). 

 

2.3. Design and procedure 

 

Participants were included in a single experimental session lasting approximately 45 minutes 

and randomly assigned to the Articulatory Suppression Group (ASG) or the Dual-task Control Group 
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(DTCG). All participants were asked to read the instructions, which indicated to carefully observe the 

videos and learn the two actions. ASG participants performed the articulatory suppression (AS) task, 

repeating the syllable ñSAò (ñknowsò in Italian) twice per second during video observation. This 

syllable was chosen for its phonetic similarity to the syllable ñTAò used in a previous study with an 

articulatory suppression task (Fini et al., 2022) and to align with recent research using meaningful 

monosyllables (Banks & Connell, 2024). It also did not contain any spatial or motor information. We 

chose a frequency of two syllables per second after a pilot study in which a frequency of one syllable 

per second was not interfering enough. We asked participants belonging to the DTCG to perform the 

finger tapping with the same effector (the right hand) involved in the action videos, and in the 

execution, at the same frequency as for the ASG.  

A metronome was set to 120bpm before the video, to help participants establish the rhythm, 

and stopped when participants were aligned, to avoid additional sensory information. To be sure that 

participants allocated attentional resources mostly to the motor task, we provided them with the 

following instruction: ñAlthough you should try to keep the same rhythm throughout all the videos, 

your main task is to observe the action and try to memorize themò. Since in Banks and Connellôs 

(2024) work AS was effective only in the encoding phase, no dual task was required during the 

execution. After the videos, participants performed two practice trials per action to familiarize 

themselves with the procedure. Crucially, we considered these trials as an Initial Action Learning 

Assessment (IALA). No feedback about the actionôs execution was provided. All actions had to be 

performed with the right hand, and the outline (Fig. 2 panel B) was the same for all the trials, for the 

practice and test phase. At the start of each trial, participants pressed and held the down-arrow key. 

This triggered the appearance of a fixation cross (500ms), followed by a cue image. Because the order 

of actions to be executed was randomized across participants, the cue image indicated which action 

to perform. Participants were specifically instructed to carefully identify the action shown before 

releasing the key and starting the movement, allowing us to measure Reaction Times (RT, in 

milliseconds), the interval from the cue onset to key release, and Action Execution Time (AET, in 
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milliseconds), the interval from the key release (action onset) to the completion of the action when 

participants returned pressing the down-arrow key (action end). The AET was informative about how 

quickly participants performed each action. The test phase consisted of 25 trials per action displayed 

in a randomized order for each participant. As an estimate of the motor performance, we also 

measured the Action Accuracy and the Action Performance Score (APS). Regarding Action Accuracy 

(1=correct, 0=incorrect), each action was considered as correct if the participant performed all four 

motor chunks in the right order. If the order of the chunks was not correct or they performed more, 

fewer, or different chunks than what was shown, the action was considered incorrect. To calculate the 

APS, aiming to provide fine-grained information about the action execution quality, we assigned a 

score to each chunk executed (ï1=incorrect, 0.5=correct but different cylinder grip, 1=correct). The 

APS was the sum of the score of each chunk, a value ranging from -x to a maximum of 5 (see the 

Supplementary Materials for further details on Action Accuracy and APS coding). 

 

 

Fig. 2. On panel A the go signal images, consisting in a frame representing the early phase of the 

movement for each action; on panel B the outline of the motor task. 

 

At the end of the motor task, participants carried out the visuospatial 2-back task. After the 

instructions, they performed 10 practice trials, to familiarize with the procedure, and then the test 

phase. At the beginning of each trial, a fixation cross (2350ms) was presented, followed by an image 

(stimulus) for 650ms. Participants had to press the down arrow key if the black square was in the 
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same grid quadrant as it was two trials before (see the Supplementary Materials for a target stimulus 

example).  

After the working memory task, participants had to rate, responding verbally to the 

experimenterôs questions, their IS use during the motor task, both during the video observation 

(encoding phase) and the action execution (test phase). For this reason, we asked participants: ñHow 

much did you rely on inner linguistic instructions during the observation/execution of the action 

videos?ò. 

Additionally, we asked them to fill the Internal Representation Questionnaire (IRQ, Roebuck 

& Lupyan, 2020), the Varieties of Inner Speech Questionnaire ï Revised (VISQ-R, Alderson-Day et 

al., 2018), which were back-translated by the first author and collaborators, and a questionnaire 

related to their sport habits. 

 

2.4. Data analysis 

 

We used R (Version 4.5.1; R Core Team, 2024) via the RStudio interface to analyze data and 

create plots (Version 2025.05.0+496; Posit Team, 2025). We included Participant as random factor in 

all the models with at least one observation per participant. Then we performed sanity checks (residual 

plots, normality checks, homoscedasticity, and influential observations) using the ñperformanceò R's 

package (L¿decke et al., 2021) to ensure that the models were robust.  

 

2.4.1. Working memory task 

Similar to G·mez et al. (2024), we used d-prime (dô) as the visuospatial working memory 

score, calculated for each subject with the following formula: dǋ=ZHitsīZFalseAlarms (Stanislaw & 

Todorov, 1999), and as the dependent variable in a linear model, with group as predictor (d_prime ~ 

Group). 
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2.4.2. Reliability analysis 

Inter-rater reliability was assessed on 20% of the participants (n=21) using Cohenôs ə between 

the main experimenter and a blind coder for Action Accuracy and APS.  

 

2.4.3. Motor task 

Action acquisition was analyzed by comparing motor performance measures between the 

groups during the IALA and the test phase. Regarding the IALA, all participants were included in the 

analyses. First, we analyzed Action Accuracy (1=correct, 0=incorrect) as the dependent variable in a 

binomial logistic regression, with Group as fixed factor and Participant as random intercept 

(Accuracy~Group+(1|Participant)), using glmer() function from ñlme4ò Rôs package (Bates et al., 

2015). Next, we analyzed the APS by using it as the dependent variable in a linear mixed-effects 

model, with Group as fixed factor and Participant as random intercept (Score~Group+(1|Participant)), 

using the lmer() function from ñlme4ò Rôs package (Bates et al., 2015). 

We conducted the same analyses, by running the same models, on the test phase after 

excluding Non-learners (i.e, participants who could not perform correctly one single action in the 

IALA and test phase) to control for potentially inflated results.  

We reasoned those participants could provide us with important information, as they are 

completely disabled by the secondary task to learn the actions. Therefore, we coded them as 1=non-

learner, 0=learner, and we modelled the possibility of being a ñNon-learnerò as a function of the 

Group with a binomial logistic regression (Non_learner~Group). 

Analyses of the test phase also included RT and AET as motor performance measures. Both 

were analyzed using linear mixed-effect models on log-transformed RTs and AETs, with Group as 

fixed factor and Participant as random intercept, using lmer() function from ñlme4ò Rôs package 

(logRT~Group+(1|Participant); logAET~Group+(1|Participant)) (Bates et al., 2015). As well as for 

the Action Accuracy and the APS related to the test phase, also in this case, Non-learners were 

removed from the analysis, while they were included in all the other analyses. 
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2.4.4. Inner speech ratings 

Next, we analyzed ratings of IS use (measured with 11-points Likert scale ranging from 

0=never, to 10=all the time) in relation to the Group (ASG vs DTCG) and the Phase (encoding vs 

execution). Differently from the preregistration, rather than running four pairwise analyses divided 

by group and phase, following Reviewersô suggestions, we run a cumulative link mixed model on IS 

ratings. We used the ordinal package in R (Christensen, 2023) with Group, Phase, and their interaction 

(GroupĬPhase) as predictors and Participant as random intercept 

(Rating~Group*Phase+(1|Participant)). As preregistered, we conducted Tukey-corrected post hoc 

comparisons. 

 

2.4.5. Correlation analyses 

For each group (ASG and DTCG) we computed Spearmanôs correlations between motor 

performance, Accuracy (sum of correct actions) and APS, with: IS ratings; each subscale (Likert 

scales) of the Internal Representation Questionnaire (IRQ; Internal Verbalization, Visual Imagery, 

Orthographic Imagery, Manipulation Representation); the Varieties of Inner Speech Questionnaireï

Revised (VISQ-R; Condensed, Dialogic, EvaluativeïCritical, Other People, PositiveïRegulatory); a 

score derived from the Sport Questionnaire (self-assessment: 0-45). This score was calculated as an 

index given by the total number of years of practice + age of starting index (0ï6yo=20; 7ï12yo=15; 

12ï19yo=10; >20yo=5). Specifically, the IRQ explores the cognitive strategies mainly used by 

participants in their everyday life (e.g., verbal rather than visual or vice versa), while the VISQ-R 

explore the types of IS. 

 

3. Results 
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3.1. Working memory task 

 

The two groups had comparable visuospatial working memory scores (b=0.05, SE=0.21, 

t=0.26, p=.792; see the Supplementary Materials for the results figure). 

 

3.2. Reliability Analysis 

 

Reliability analyses indicated strong agreement between the primary experimenter and a 

second coder for both Action Accuracy (ə=0.985, z=31.3, p<.001, N=1011) and APS (ə=0.935, 

z=59.7, p<.001, N=1011). 

 

3.3. Motor task 

 

In the Initial Action Learning Assessment (IALA), the Dual-Task Control Group (DTCG) 

outperformed the Articulatory Suppression Group (ASG) in terms of both Accuracy (b=2.86, 

SE=1.03, z=2.76, p=.006; Fig. 3 panel A) and Action Performance Score (APS, b=0.73, SE=0.35, 

t=2.09, p=.039; Fig. 3 panel B). 

 

 

Fig. 3. On panel A, percentage of correct and wrong actions performed by each group; on panel B, 

the distribution of Action Performance Score across the two groups (single trial dots), their means 
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(black squares), and medians (bars in the boxplots). Both plots refer to the Initial Action Learning 

Assessment. 

 

However, the same analyses carried out on the test phase, without non-learners, did not show 

significant differences in either Accuracy (b=0.85, SE=0.71, z=1.19, p=.234; Fig. 4 panel A) or APS 

(b=0.25, SE=0.33, t=0.76, p=.452; Fig. 4 panel B). Despite the lack of statistically significant results, 

descriptive analyses indicated higher Accuracy in the DTCG (n correct actions=1403, n wrong 

actions=673) compared to the ASG (n correct actions=879, n wrong actions=665) and higher APS 

(DTCG: M=3.57, SD=1.73; ASG: M=3.34, SD=1.90) (see Fig. 4). Although minor deviations at 

specific score ranges are visually detectable in the plots about the APS, in the IALA and test phase 

(Fig. 3 and 4 panel B)), we performed posterior predictive checks on both models, which showed that 

the model adequately captured the overall data distributions. This is further supported by robust linear 

mixed model implemented using the ñrobustlmmò Rôs package (Koller, 2016) which yielded highly 

similar estimates (IALA: b=0.75, SE=0.39, t=1.94; test phase: b=0.27, SE=0.40, t=0.66). 

 

 

Fig. 4. On panel A, percentage of correct and wrong actions performed by each group; on panel B, 

the distribution of Action Performance Score across the two groups (single trial dots), their means 

(black squares), and medians (bars in the boxplots). Both plots refer to the test phase. 
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The analysis on the distribution of Non-learners across the two groups reveals there were 

significantly more non-learners in the ASG compared to the DTCG (b=ï1.09, SE=0.46, z=ï2.36, 

p=.019) (see Fig. 5). 

 

 

Fig. 5. Percentage of Learners and Non-learners for each group based on Non-learners counts. 

 

On the other hand, exploratory analyses did not reveal significant differences on log 

transformed Reaction Time (b=ï0.14, SE=0.10, t=ï1.40, p=.168) and Action Execution Time 

(b=0.01, SE=0.07, t=0.07, p=.942) across the two groups (see the Supplementary Materials for the 

results figure).  

 

3.4. Inner speech ratings 

 

The cumulative link mixed model on the IS use ratings conducted on all participants 

(including Non-learners) revealed a marginal interaction between Group and Phase (z=ï1.96, 

p=.050). Post-hoc Tukey pairwise comparisons revealed that within the ASG, IS use ratings were 

significantly lower during encoding (AS on) than execution (AS off; log-odds difference=ï1.03, 

SE=0.36, z=ï2.84, p=.004). No difference between phases was found in the DTCG (b=ï0.01, 
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SE=0.37, z=ï0.04, p=.968). Between-group comparisons showed no significant differences during 

either encoding (b=0.64, SE=0.44, z=ï1.47, p=.141) or execution (b=0.37, SE=0.44, z=0.84, p=.400). 

 

 

 

Fig. 6. Distribution of inner speech ratings across the two groups and phases (individual dots), their 

means (black squares), and medians (bars in the boxplots). 

 

3.5. Correlation analyses 

 

While no significant correlations were found for the DTCG group (all p<.135), correlation 

analyses on the ASG group indicated a negative relationship between IS rating during the encoding 

phase and both Action Accuracy (rs=-0.336, p=.015) and APS (rs=-0.275, p=.048). Additionally, we 

found a positive correlation between Action Accuracy and the Condensed subscale of the VISQ-R 

(rs=0.273, p=.050).  

 

4. Discussion 

 

йй 
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In this study, we interfered with the participantsô inner speech (IS) by disrupting their 

phonological loop through articulatory suppression (AS) while they observed videos of novel actions. 

Compared to the Dual-Task Control Group (DTCG, finger tapping task performed during action 

videos), the Articulatory Suppression Group (ASG) performed worse in an initial action learning 

assessment, both in terms of Action Accuracy and fine-grained motor execution (Action Performance 

Score, APS). To avoid inflated results we removed the Non-learners (participants unable to perform 

even one action correctly). We obtained two types of information about the role of IS in action 

learning: a fine-grained one, given by the analysis on the test phase without Non-learners; an ñall-or-

nothingò one, given by the analysis on the proportion of Non-learners. Even if the DTCG showed 

slightly better motor performance results, in terms of Action Accuracy and APS, the difference 

compared to the ASG was not statistically significant. Crucially, the specific analysis of the number 

of Non-Learners showed that IS interference led to a significantly higher number of Non-Learners in 

the ASG. These results suggest that for some participants IS might fulfill a critical role (ñall-or-

nothingò rather than fine-grained) in action learning so that, if they are disallowed to help themselves 

with internal linguistic instructions, they are unable to learn the actions. Our results are quite new in 

the field. The role of language in action has mostly been investigated in studies in which actions had 

to be acquired via verbal instructions (Jaroslawska et al., 2018; De Stefani et al., 2020) or focusing 

on the motivational role of IS in action and sport (Nedergaard et al., 2023). In the only similar study 

we are aware of, Banks and Connell (2024) showed a cross-domain role of IS as well, interfering with 

IS on memory for events (such as building a wooden birdhouse). More in general, these results are in 

line with studies showing that IS supports cognition, in verbal and non-verbal tasks (Nedergaard et 

al. 2022; Fernyhough & Borghi, 2023). We also investigated more in the detail the participantsô self-

reported use of IS both in the task and in their life, thereby enriching the picture. The causal disruptive 

effect of AS on the ability to use IS was supported by ratings on IS use during the task: participants 

in the ASG reported lower IS use during encoding compared to execution, where no AS was applied. 

The more participants in the ASG tried to rely on IS while repeating the syllable, the lower the motor 
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performance was. This provided proof of the competition for the cognitive resources in the 

phonological loop during the AS, leading to an ineffective IS. However, participants in the DTCG did 

not report higher IS use during action encoding compared to those in the ASG. This lack of difference 

might be due to the fact that repeating the syllable may have increased the awareness of language use 

in the ASG, probably overestimating it. In the DTCG, where explicit language use was completely 

avoided, participants might have underestimated its use. This might be considered as a potential 

limitation of the study, reflecting a more general methodological issue when studying IS: participants 

may encounter difficulties in properly rating their IS use, since most of them might have never paid 

attention to that in their lives. 

When analyzing correlations between types of IS and motor performance, participants in the 

ASG who frequently use condensed IS (an abbreviated form of internal verbal thinking characterized 

by cue words) in their everyday life showed higher motor performance. This suggests that AS may 

have different effects depending on the type of IS used. Cue words might be more resistant to AS than 

structured IS, helping participants encode the action better and ultimately not hampering their 

performance. However, future studies need to investigate more in detail the kind of linguistic 

information participants provided themselves with through inner speech. Some participants might 

rely more on sequence labeling, some on semantic anchors related to a distinguished aspect of the 

action, and others might set the rhythm by associating each motor sequence with the respective 

number in the order of execution. Participants might have provided themselves with verbal labels 

referring to each motor sequence of the actions, such as ñraiseò, ñflipò, thus enhancing memory 

retention of visuomotor information. So, future research might further explore the role that memory 

plays in these kinds of tasks. Is the impact of linguistic interference directly linked with sensorimotor 

aspects or rather with memory processes, resulting in a consequent motor impairment? At the same 

time, in the future, it would be interesting to investigate the learning process without dual-task 

conditions. This would allow us to investigate in a ñclean conditionò the individual strategies 
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employed when trying to learn the actions and to compare this condition with dual-task ones, 

expecting better actions compared to the DTCG and mostly to the ASG. 

Notably, we show that language, particularly IS, influences tasks even beyond those explicitly 

requiring linguistic processing. Here, we observed a cross-domain effect: for some participants (i.e., 

ñnon-learnersò), articulatory suppression impaired the use of IS during action encoding through 

model observation, producing an effect when recall was assessed through motor performance. Our 

results bring evidence in favor of the view of language as a cognitive tool, used to structure and 

manipulate also nonlinguistic informationðas in the memory and sensorimotor domain (Borghi et 

al., 2019; Brozzoli et al., 2019; Thibault et al., 2021). Hence, our findings highlight one aspect of the 

role that language plays in shaping cognition. 
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fMRI Experiment 
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Introduction to the fMRI experiment and planning 

 

Neuroimaging studies have consistently shown that inner speech recruits a distributed fronto-

temporo-parietal network that partially overlaps with overt speech production (Perrone-Bertolotti et 

al., 2012). A central role is attributed to the left inferior frontal gyrus, with converging 

neuropsychological evidence further supporting its involvement, as lesions affecting the pars 

opercularis and adjacent inferior frontal regions impair inner speech performance (Geva et al., 2011). 

PerroneïBertolotti and colleagues (2014) also stated that inner speech activates the left inferior frontal 

gyrus similarly to overt speech. In addition, Grandchamp and colleagues (2019) extended the role of 

the left inferior frontal gyrus by suggesting that the pars opercularis, triangularis and orbitalis 

contribute to a hierarchical system of inner speech production. Importantly, inner speech is not merely 

ñovert speech without sound.ò Beyond production-related regions, it engages the perceptual system 

as well. The superior temporal and middle temporal gyri are involved in auditory imagery and in the 

predicted sensory consequences of articulatory motor commands (Grandchamp et al., 2019; Perroneï

Bertolotti et al., 2014; Tian & Poeppel, 2010). The inferior parietal lobule supports supramodal 

integration of auditory and somatosensory representations. However, most of this evidence derives 

from paradigms that explicitly elicit inner speech (such as silent reading). Much less is known about 

whether inner speech is spontaneously recruited in non-linguistic domains such as action learning, 

and whether linguistic activations in such contexts reflect structuring of motor representations. In 

Experiment 2, we found behavioral evidence that participants spontaneously rely on inner speech 

during action learning, and that articulatory suppression disrupts this strategy. These findings suggest 

that inner speech may serve as a structuring scaffold for encoding novel motor sequences. Merging 

the literature on the neural bases of inner speech with the behavioral results of Experiment 2, we 

expect to be able to isolate linguistic traces in participants who rely on inner speech during action 

encoding and recall. Specifically, we expect activations in the left inferior frontal gyrus, reflecting 

covert speech production, linguistic integration, covert labeling of motor chunks, and semantic 
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structuring of motor sequences (Alderson-Day & Fernyhough, 2015; Fazio et al., 2009; Grandchamp 

et al., 2019). We further anticipate involvement of the left inferior parietal lobule, supporting 

phonological working memory and multimodal integration of verbal labels with sensorimotor 

representations (Grandchamp et al., 2019; Seghier, 2013). Recruitment of the supplementary motor 

area is also expected, consistent with its role in motor planning of speech without overt articulation 

(Grandchamp et al., 2019; PerroneïBertolotti et al., 2014; Shergill et al., 2001). Crucially, if linguistic 

traces form part of the encoded representation, similar activation patterns should re-emerge during 

recall, when participants prepare the action execution. To test this hypothesis, we adopt a between-

subject design comparing a Free Learning group, in which participants are allowed to rely on their 

preferred strategies, with an Articulatory Suppression group, in which inner speech is disrupted. This 

manipulation, grounded in the behavioral results of Experiment 2, allows us to isolate neural 

activations associated with spontaneous inner speech use. If inner speech is involved in action 

encoding, we expect stronger and more consistent recruitment of IS-related regions in the Free 

Learning group, as well as shared neural patterns between encoding and recall phases. Moreover, if 

linguistic structuring progressively stabilizes action representations, we expect that these activations 

will become more robust across repeated encoding runs, being more detectable in the last run 

compared to the first. At the same time, activations detected in both groups during encoding are 

expected to reflect the strategies employed by participants, likely mirroring the habitual cognitive 

strategies they rely on in everyday life. Importantly, the literature suggests that individuals may rely 

on different types of inner speech. For example, simulating another personôs voice engages temporal 

and right-hemisphere regions (Grandchamp et al., 2019; McGuire et al., 1996; Shergill et al., 2001), 

and dialogical inner speech recruits bilateral superior temporal gyri and medial frontal regions 

(Alderson-Day et al., 2016). Therefore, we expect more pronounced temporal activations in 

participants reporting forms of inner speech involving the simulation of other voices. Conversely, 

considering the results of Experiment 2, some participants may privilege visuomotor strategies over 

verbal ones. For this reason, we will correlate neural activations during encoding and recall with self-
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reported measures of inner speech and cognitive strategy use. We further hypothesize that these 

individual differences will not be restricted to task-based activations but will also be detectable at 

rest. Specifically, resting-state functional connectivity patterns may reflect stable verbal versus 

visuomotor strategy tendencies. Finally, we expect that such individual differences will also emerge 

in a localizer task in the scanner, in which participants are asked to mentally reproduce the learned 

actions rather than physically execute them. In this condition, we anticipate that participants in the 

Free Learning group who relied on inner speech during encoding will show greater recruitment of 

language-related regions during mental recall, whereas participants favoring visuomotor strategies 

will show stronger engagement of sensorimotor networks. 

To be able to test our hypotheses, some paradigm and methodological changes are necessary 

compared to Experiment 2. To detect inner speech activations through between groups contrast, we 

will introduce a free articulatory suppression condition in the articulatory suppression group. This 

condition will consist in performing articulating suppression while observing a fixation cross (instead 

of the action videos). This will allow us to first highlight those activations merely induced by 

articulatory processes and then remove them through a withinïsubject subtraction method, so as to 

isolate potential semantic inner speech activations during the video observation. In turn, to effectively 

control also for the visual activations related to the video observation, we will  apply a further 

subtraction method between groups: Free Learning Group vs. Articulatory Suppression Group. This 

will leave potential residual inner speech semantic activation or visuomotor activations, or both 

(depending on the cognitive strategy employed). Notably, to balance the conditions between groups, 

participants belonging to the Free Learning Group will be asked to perform the free articulatory 

suppression task as well. 

Furthermore, considering that our primary interest concerns measuring inner speech 

activations during encoding and recall, for methodological reasons related to the fMRI acquisition, 

and to test the contrast between encoding runs within group (last run vs first run), we will increase 

the number of action encoding trials (divided into 3 runs). To test the hypotheses on individual 
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differences, we will use questionnaires about usual cognitive strategies during everyday life and 

subjective ratings related to the task, and a resting state run will be added. Finally, to investigate 

neural activations during mental reproduction of actions, a localizer run will be added. 

Applying all these modifications means deviating considerably from the paradigm used in 

Experiment 2, thereby opening new technical and methodological challenges. For this reason, we 

conducted two pilot studies (an fMRI pilot and a behavioral pilot) to develop a scientifically and 

methodologically robust paradigm. Thereby, we decided to work in parallel, assessing on the one 

handïthrough a technical fMRI single participant pilotïfor potential technical and methodological 

issues (for example, motion artifacts caused by the syllable articulation). A technical fMRI pilot also 

allowed us to verify whether the modeled BOLD regressors were sufficiently robust. On the other 

hand, carrying out a behavioral pilot allowed us to test if articulatory suppression remained effective 

over time (i.e., over the 3 runs). At the time of writing, data from both pilot studies have been collected 

and analyzed, and the continuation of the fMRI study is under planning.  

 

In this chapter, after having presented the aim of our fMRI experiment, I will report the 

methodology and results of the fMRI and behavioral pilots. These methodological and results sections 

will be followed by a results summary and an outline of the planned progression of the study. 
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fMRI pilot experiment 

 

Materials 

For this pilot experiment, we included one participant (male, age 47), right-handed, with no 

precocious bilingualism and with no history for neurological issues. The experiment has been carried 

out at the CERMEP of the Lyon Neuroscience Research Center using a 3 Tesla Siemens magnetic 

resonance. Structural and functional magnetic resonance imaging (MRI) data were acquired using 

standard protocols optimized for high spatial and temporal resolution. High-resolution anatomical 

images were collected using a T1-weighted magnetization-prepared rapid acquisition gradient echo 

(MPRAGE) sequence. Anatomical images were acquired with a voxel resolution of 0.8 mm, 

providing detailed structural information for subsequent spatial normalization and anatomical 

localization. Functional images, instead, were acquired using a T2*-weighted echo-planar imaging 

(EPI) sequence. The repetition time (TR) was set to 1500 ms, and images were acquired with a voxel 

resolution of 2.5 mm. A multi-echo acquisition scheme was employed to improve sensitivity and 

robustness to artifacts, with three echo times (TEs): TE1 = 13.4 ms, TE2 = 34.42 ms, and TE3 = 55.44 

ms. The action videos showed to the participant were acquired in the scanner by the experimenter and 

were recorded with a MRI-compatible camera (MRC System, model 12M-i). The videos have a 

resolution of 1024 x 768. The same camera was also used to show to the participant his hand 

movements in real time while performing the actions. The live images acquired by the camera were 

indeed projected on a screen located outside the scanner and behind the participantôs head and they 

were observable, from the participantôs point of view, thanks to a mirror located in front of his eyes 

and mirroring behind his head. The camera pointed to a board covered with a black rubber surface on 

which were located a response button at the upper right corner, three yellow squares drawn on the 

surface, in whichïin the central oneïa grey 4 cm3 cube was placed and manipulated during the action. 

The cube was made of plastic so as to have enough friction against the rubber surface and not easily 

fall from the tablet. 
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Figure 19. The set-up for the action execution, with the three yellow squares, the cube (in the participantôs 

hand) and the response button. Highlighted in yellow, the camera used to record action videos for the encoding 

phase and showing to the participant their live hand while performing the actions.  

 

Regarding the action videos of the encoding phase, the methodology was similar to the behavioral 

experiments. The action videos were compressed through CapCut in a single video and they were 

presented in the same order of the behavioral experiments. In this case, however, the routine included: 

15 s of baseline (fixation cross) followed by the video sequence in which each action video lasted 7 

seconds, with 5 seconds of interstimulus interval (fixation cross), for a total duration of 130 s. To 

maintain an interexperiment coherence, the actions were similar to those of the behavioral 

experiments. The Action 1 consisted in: moving the cube from the central yellow square to the right 

yellow square, turning it clockwise by 90,̄ raising it on the place and putting it down again, and 

moving the cube back to the starting position (central square). Action 2 consisted in: turning the cube 

clockwise by 90 ̄on the starting position, moving it to the left yellow square, raising it on the place 

and putting it down again, and moving the cube back to the starting position. 
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Procedure 

The participant was included in a unique fMRI session lasting 80 minutes in total. Once 

installed in the scanner, the participant was asked to read the instructions and to start with a practice 

phase. The practice phase aimed to let the participant familiarize with the procedure of the motor task. 

The motor task procedure was similar to those of the behavioral experiments, except for the fact that 

the participant could not start the action once he was sure about which action had to be executed in 

that trial but he had to wait for a go signal to start the movement. The go signal was the moment in 

which the image representing the first movement of one of the two actions disappeared from the 

screen. This procedure was necessary to be able to have enough time to measure the activations during 

the recall. The practice phase was thus necessary to avoid any NA in the motor task due to a 

participantôs procedure error (e.g. releasing the key before the image disappeared, removing in this 

way the possibility to measure recall activations). The practice phase, thus, specifically consisted of 

6 trials in which the participant had to press a key and keep it pressed on a response button. Once the 

key was pressed, a fixation cross appeared at the center of the screen for 0.5 s, followed by an image 

representing a hand in the starting position (this image, Figure 20, was used during the practice phase 

to avoid the use of the action images). This image is a screenshot of the live camera used to show the 

participantôs hand in the scanner. This image was presented for 4 s jitter (3.5 s, 4.0 s, 4.5 s). Once the 

image disappeared, the participant was asked to release the button on the response key to go touch 

the cube placed in the middle square. 
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Figure 20. The neutral image used during the practice phase, showing a hand in the starting position. This 

image is also the point of view of the participant in the scanner when performing the actions. 

 

Once the cube was touched, the participant could go back to the starting position (on the response 

button). After the familiarization, the participant carried out a resting state, observing a fixation cross 

for 15 minutes (600 volumes). Then, the motor task started, following the procedure as for the 

Articulatory Suppression Group (Figure 21).  
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Figure 21. A single motor task run outline. 

 

It consisted, differently from the behavioral experiment, in three identical runs. Each run consisted of 

15 s of baseline (white screen with a black fixation cross), followed by the encoding phase, in which 

the participant had to articulate a syllable at the frequency of 2 syllables per second. To be sure that 

the participant was aware of the articulation rhythm, before playing the action videos, the syllable 

appeared written at the center of the screen with a frequency of 2Hz, indicating the articulation 

rhythm. Then the action videos (10 actions, 5 repetitions per action, 7 s + 5 s break) were presented 

for 130 s while the participant articulated the syllable ñSIò. The participant was asked to stop the 

articulatory suppression at the end of the video. This syllable, a meaningful monosyllable in French, 

has been chosen to be in line with the Experiment 2. However, we chose to modify the vowel to 

reduce articulation movements in the scanner preferring the vowel I instead of A to this aim. Then, 

the participant was asked to carry out the execution phase. To start the execution phase, the participant 

had to press and keep pressed the green button on the response box. Then, the procedure was similar 

to the familiarization phase, except that here an image of the first movement of one of the two actions 

was presented (as in the behavioral experiments). However, differently from the behavioral 

experiments, in which we asked participants to execute the action as soon as they were sure about 

which action had to be executed in that trial, here we instructed the participant to wait until the image 
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disappeared from the screen to initiate the movement. The image was presented on the screen for 4 s 

jitter, as in the familiarization, in order to have enough seconds to measure the BOLD signal related 

to the action recall. Once the image disappeared, the participant had to release the green button and 

perform the action. Differently from the behavioral experiments, the actions were executed 10 times 

in total, 5 x action and in a randomized order (see Figure 22 for an outline of a single trial).  

 

Figure 22. A single trial of action execution outline. 

 

Once the 10 trials had been executed, the participant was presented with the instructions for the free 

articulatory suppression task. Here the participant was provided with the articulation rhythm as in the 

encoding phase and was asked to articulate the syllable, while observing a fixation cross at the center 

of the screen, with the same frequency of the encoding phase and for the same duration of the 

encoding video (130 s). Then, after 15 s of baseline, the first run was concluded. The same procedure 

was followed in Run 2 and Run 3. After the three runs of the motor task, the participant was instructed 

to go through a localizer run. This run only included an action production phase. Crucially, the 
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required production was not motor. After having been presented with the cue image for the action to 

be executed in that trial, the participant was asked to: 

р Phase 1: release the green button and repeat the action in his head in the preferred and more 

natural way. Once finished, the participant had to press the green button to end the trial. The 

total number of trials was the same as the motor task (10 actions in total). 

р Phase 2: release the green button and repeat the actions imaging it in his head. Once finished, 

the participant had to press the green button to end the trial. The total number of trials was 10. 

р Phase 3: release the green button and repeat the action verbally in his head. Once finished, the 

participant had to press the green button to end the trial. The total number of trials was 10. 

To conclude the protocol, the participant underwent the anatomical acquisition, lasting 10 minutes. 

 

Imaging data analysis 

Preprocessing. The preprocessing pipeline used for the results reported in this thesis included the 

use of the following softwares and processes in the following order: fMRIPrep, Tedana, 

normalization, smoothing. 

 

fMRIPrep. Results included in this manuscript come from preprocessing performed using fMRIPrep 

25.2.3 (Esteban et al. (2019); Esteban et al. (2018); RRID:SCR_016216), which is based on Nipype 

1.10.0 (K. Gorgolewski et al. (2011); K. J. Gorgolewski et al. (2018); RRID:SCR_002502). 

Anatomical data preprocessing. A total of 1 T1-weighted (T1w) images were found within the input 

BIDS dataset. The T1w image was corrected for intensity non-uniformity (INU) with 

N4BiasFieldCorrection (Tustison et al. 2010), distributed with ANTs 2.6.2 (Avants et al. 2008, 

RRID:SCR_004757), and used as T1w-reference throughout the workflow. The T1w-reference was 

then skull-stripped with a Nipype implementation of the antsBrainExtraction.sh workflow (from 

ANTs), using OASIS30ANTs as target template. Brain tissue segmentation of cerebrospinal fluid 

(CSF), white-matter (WM) and gray-matter (GM) was performed on the brain-extracted T1w using 
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fast (FSL (version unknown), RRID:SCR_002823, Zhang, Brady, and Smith 2001). Volume-based 

spatial normalization to one standard space (MNI152NLin2009cAsym) was performed through 

nonlinear registration with antsRegistration (ANTs 2.6.2), using brain-extracted versions of both T1w 

reference and the T1w template. The following template was were selected for spatial normalization 

and accessed with TemplateFlow (25.0.4, Ciric et al. 2022): ICBM 152 Nonlinear Asymmetrical 

template version 2009c [Fonov et al. (2009), RRID:SCR_008796; TemplateFlow ID: 

MNI152NLin2009cAsym]. 

Functional data preprocessing. For each of the 5 BOLD runs found per subject (across all tasks and 

sessions), the following preprocessing was performed. First, a reference volume was generated from 

the shortest echo of the BOLD run, using a custom methodology of fMRIPrep, for use in head motion 

correction. Head-motion parameters with respect to the BOLD reference (transformation matrices, 

and six corresponding rotation and translation parameters) are estimated before any spatiotemporal 

filtering using mcflirt (FSL , Jenkinson et al. 2002). The BOLD reference was then co-registered to 

the T1w reference using mri_coreg (FreeSurfer) followed by flirt (FSL , Jenkinson and Smith 2001) 

with the boundary-based registration (Greve and Fischl 2009) cost-function. Co-registration was 

configured with six degrees of freedom. Several confounding time-series were calculated based on 

the preprocessed BOLD: framewise displacement (FD), DVARS and three region-wise global signals. 

FD was computed using two formulations following Power (absolute sum of relative motions, Power 

et al. (2014)) and Jenkinson (relative root mean square displacement between affines, Jenkinson et 

al. (2002)). FD and DVARS are calculated for each functional run, both using their implementations 

in Nipype (following the definitions by Power et al. 2014). The three global signals are extracted 

within the CSF, the WM, and the whole-brain masks. Additionally, a set of physiological regressors 

were extracted to allow for component-based noise correction (CompCor, Behzadi et al. 2007). 

Principal components are estimated after high-pass filtering the preprocessed BOLD time-series 

(using a discrete cosine filter with 128s cut-off) for the two CompCor variants: temporal (tCompCor) 

and anatomical (aCompCor). tCompCor components are then calculated from the top 2% variable 
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voxels within the brain mask. For aCompCor, three probabilistic masks (CSF, WM and combined 

CSF+WM) are generated in anatomical space. The implementation differs from that of Behzadi et al. 

in that instead of eroding the masks by 2 pixels on BOLD space, a mask of pixels that likely contain 

a volume fraction of GM is subtracted from the aCompCor masks. This mask is obtained by 

thresholding the corresponding partial volume map at 0.05, and it ensures components are not 

extracted from voxels containing a minimal fraction of GM. Finally, these masks are resampled into 

BOLD space and binarized by thresholding at 0.99 (as in the original implementation). Components 

are also calculated separately within the WM and CSF masks. For each CompCor decomposition, the 

k components with the largest singular values are retained, such that the retained componentsô time 

series are sufficient to explain 50 percent of variance across the nuisance mask (CSF, WM, combined, 

or temporal). The remaining components are dropped from consideration. The head-motion estimates 

calculated in the correction step were also placed within the corresponding confounds file. The 

confound time series derived from head motion estimates and global signals were expanded with the 

inclusion of temporal derivatives and quadratic terms for each (Satterthwaite et al. 2013). Frames that 

exceeded a threshold of 0.5 mm FD or 1.5 standardized DVARS were annotated as motion outliers. 

Additional nuisance time series are calculated by means of principal components analysis of the 

signal found within a thin band (crown) of voxels around the edge of the brain, as proposed by (Patriat, 

Reynolds, and Birn 2017). All resamplings can be performed with a single interpolation step by 

composing all the pertinent transformations (i.e. head-motion transform matrices, susceptibility 

distortion correction when available, and co-registrations to anatomical and output spaces). Gridded 

(volumetric) resamplings were performed using nitransforms, configured with cubic B-spline 

interpolation. 

 

Many internal operations of fMRIPrep use Nilearn 0.11.1 (Abraham et al. 2014, 

RRID:SCR_001362), mostly within the functional processing workflow. For more details of the 

pipeline, see the section corresponding to workflows in fMRIPrepôs documentation. 
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Copyright Waiver The above boilerplate text was automatically generated by fMRIPrep with the 

express intention that users should copy and paste this text into their manuscripts unchanged. It is 

released under the CC0 license. 

 

Tedana. Multi-echo functional data were denoised using tedana (v25.1.0), implementing multi-echo 

independent component analysis (ME-ICA). Preprocessed echo-wise time series generated by 

fMRIPrep were provided as input (three echoes; TE = 13.4, 34.42, and 55.44 ms). Echoes were 

optimally combined prior to ICA decomposition. Independent components were automatically 

classified as BOLD-like or non-BOLD based on TE-dependence metrics (Kundu et al., 2012; 2013), 

and non-BOLD components were removed from the data. The brain mask generated by fMRIPrep 

was used during denoising. Default parameters were employed. 

 

Normalization. Denoised functional images were spatially normalized to MNI space 

(MNI152NLin2009cAsym) using Advanced Normalization Tools (ANTs, Avants et al., 2011). The 

transformations estimated during fMRIPrep preprocessing were applied to the tedana-denoised time 

series using antsApplyTransforms. Specifically, the BOLD-to-T1w affine transformation and the 

T1w-to-MNI nonlinear warp were concatenated and applied in a single step. Resampling was 

performed using BSpline interpolation. 

 

Smoothing. Spatial smoothing was applied to the normalized functional images using Nilearn 

(v0.11.1) in Python. A Gaussian kernel with a full-width at half-maximum (FWHM) of 5 mm was 

used. 

 

GLM analysis. Task-related activity was estimated using a first-level General Linear Model (GLM) 

implemented in Nilearn. For each run, the GLM was fit to the preprocessed (denoised, normalized, 

and smoothed) BOLD time series using the run-specific design matrix. The model used an 
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autoregressive noise structure (AR(1)), a cosine drift model, and a high-pass filter of 0.01 Hz. No 

additional spatial smoothing was applied at the GLM stage (smoothing had been performed prior to 

model fitting). Parameter estimates were obtained for each regressor of interest and nuisance 

regressors included in the design matrix. While resting state task activations analysis is still ongoing 

at the time of the writing, due to technical reasons, we were not able to analyze the following 

activations: 

р Localizer task. 

р Motor task:  

 Activations related to the execution phase (recall and execution) in all the three runs. 

 Activations related to the free articulatory suppression task in Run 1. 

We measured the BOLD signal during the action videos observation to measure the activations related 

to the encoding processes. Thus, we modeled three regressors of interest: action1 and action2, defined 

by the onset time and duration of each action video, and Free_AS, defined by its onset time and 

duration. Then, to estimate the regressors robustness and to investigate whether residual inner speechï

related activations could still be detected (despite the participant belonging to the Articulatory 

Suppression group), four contrasts were defined and are reported in the Table 1. Since a single 

participant was included, all the reported contrasts are within participant. 
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Table 1. Summary of contrasts used to test the robustness of the regressors. 

Level Contrast Contrast Formula Regressors robustness tested 

Firstïlevel Mean Actions 

(encoding) vs. 

Baseline 

0.5 x action1 + 0.5 x 

action2 ï baseline 

Testing action encoding + articulatory 

suppression regressors robustness 

Firstïlevel Free_AS vs. 

Baseline 

Free_AS ï Baseline Testing articulatory suppression regressors 

robustness 

Firstïlevel Mean Actions vs. 

Free_AS 

0.5 x action1 + 0.5 x 

action2 ï free_AS 

Testing regressors related to sensorimotor 

activations by contrasting encoding with AS vs. 

Free_AS  

Longitudinal Run1 vs. Run3 

(Mean Actions) 

(0.5 x action1 + 0.5 x 

action2)Run1 ï (0.5 x 

action1 + 0.5 x 

action2)Run3 

Testing the robustness of the action encoding 

regressors by contrasting/comparing the first 

and last run of encoding phase 

 

 

This contrast was implemented by assigning positive weights to action1 and action2 in RUN1 and 

negative weights to the corresponding regressors in Run3, yielding a run-difference map. 

Fixed-effects across runs (Run2 + Run3). For contrasts 1ï3 (where applicable), run-wise contrast 

estimates were computed separately for Run2 and Run3, obtaining both effect size and effect variance 

maps. These were subsequently combined across runs using a precision-weighted fixed-effects model 

(inverse-variance weighting) implemented via compute_fixed_effects. This procedure produced a 

single fixed-effects contrast map per subject and contrast. 

Visualisation. Statistical maps were visualized using Nilearn plotting functions. For single-run 

contrasts, maps were displayed on the corresponding runôs BOLD reference image. For run-combined 

(fixed-effects) contrasts, run-wise contrast estimates were first combined across runs using a 

precision-weighted fixed-effects model, and the resulting fixed-effects map was visualized on a 
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representative anatomical background in MNI space (e.g., the participantôs T1w image and an MNI 

template). Thresholds (e.g., z/stat thresholds of 2.5ï4.5) were applied for visualization purposes only. 

 

Exploratory single-subject activation patterns 

Contrast 1 ï Mean Actions vs. Baseline. The contrast comparing mean action encoding conditions 

to baseline revealed extensive activation predominantly in bilateral occipito-cerebellar regions, with 

a peak in the left hemisphere (ī13, ī84, ī15; z = 11.43; cluster size = 38.921 mmį), consistent with 

strong visual processing demands of the task. Additional significant clusters were observed in the 

right premotor cortex / inferior frontal gyrus (59, 18, 29; z = 8.56; 1,250 mmį), left supplementary 

motor area (SMA) (ī23, ī9, 77; z = 7.48; 656 mmį), left intraparietal sulcus and superior parietal 

lobule (IPS) (ī26, ī57, 52; z = 5.47; 765 mmį), right superior parietal cortex (31, ī7, 69; z = 7.39; 

281 mmį) and left dorsal premotor cortex (ī56, 18, 39; z = 7.00; 343 mmį). 

 

 

Figure 23. Statistical map (z-values) is overlaid on the participantôs anatomical image in MNI space. Results 

are displayed at z Ó 4.5 (uncorrected, for visualization purposes only).  
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Contrast 2 ï Mean Free_AS vs. Baseline. The contrast comparing the free articulatory 

suppression condition to baseline (z > 3.5, uncorrected) revealed activation in a predominantly 

fronto-motor network. The largest cluster was observed in the right ventrolateral premotor cortex / 

inferior frontal gyrus (56, 13, 39; z = 6.39; cluster size = 671 mmį), consistent with sustained 

articulatory-motor engagement. Additional significant clusters were observed in the left 

supplementary motor area (SMA) / dorsomedial superior frontal cortex (ī23, ī9, 74; z = 6.12; 437 

mmį); posterior occipital cortex (left hemisphere) (ī21, ī87, ī1; z = 5.96; 687 mmį); cerebellar 

regions extending bilaterally, with a peak at (2, ī57, ī68; z = 5.64; 921 mmį). Smaller clusters were 

additionally observed in parietal (left inferior parietal regions). 

 

 

Figure 24. Statistical map (z-values) is overlaid on the participantôs anatomical image in MNI space. Results 

are displayed at z Ó 3.5 (uncorrected, for visualization purposes only). 

 

Contrast 3 ï Mean Actions vs. Free_AS. The contrast comparing mean action encoding 

conditions to the free articulatory suppression condition (z > 3.5, uncorrected) revealed extensive 

activation predominantly in bilateral occipital cortices. The largest clusters were located in the 

occipital cortex, bilaterally (left: ī46, ī87, 4; z = 7.77; cluster size = 24,484 mmį; right: 41, ī87, 2; 
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z = 6.21; 13,484 mmį), also extending into adjacent posterior regions. Another large cluster was 

observed in the left superior parietal cortex / intraparietal sulcus (IPS) (ī23, ī67, 49; z = 5.85; 875 

mmį). Additional clusters were founded in the left superior parietal lobule (ī33, ī49, 52; z = 4.97; 

671 mmį); right posterior parietal cortex (26, ī64, 34; z = 4.37; 500 mmį); right lateral occipito-

temporal region (64, ī49, 2; z = 5.09; 343 mmį); left posterior inferior temporal / occipito-temporal 

cortex (ī36, ī42, ī20; z = 4.79; 296 mmį).  

 

 

Figure 25. Statistical map (z-values) is overlaid on the participantôs anatomical image in MNI space. Results 

are displayed at z Ó 3.5 (uncorrected, for visualization purposes only).  

 

Contrast 4 ï RUN1 vs. RUN3. Compared to the previous contrasts, in which we only took into 

account positive activations resulting from the contrast, in this case we are interested in both 

positive and negative activations. The comparison between Run 1 and Run 3 (Run1 ī Run3; z > 3.1, 

uncorrected) revealed modest but significant differences, primarily in subcortical and temporo-

parietal regions. Positive cluster were observed in ventromedial frontal / midbrain, thalamic regions 

(2, ī9, ī18; z = 4.92; cluster size = 796 mmį), medial frontal cortex/anterior cingulate (4, 40, ī13; z 

= 4.33; 750 mmį), inferior parietal /supramarginal area (ī11, 25, ī18; z = 4.22; 250 mmį), right 
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lateral parietal / temporo-parietal region (69, ī37, 12; z = 4.20; 265 mmį), posterior cingulate (ï8.5, 

ī54.5, ï8; z = 3.99; 171 mmį). As in the contrast Run1 ï Run3, modest but significant differences 

were revealed in the contrast between Run3 ï Run1 (Run3 ï Run1; z > 3.1, uncorrected), mostly in 

frontal regions. The strongest cluster was located in the right superior frontal cortex (9, 8, 74; z = 

4.27; 93 mmį), extending toward dorsomedial premotor areas. Additional clusters were observed in 

the right inferior frontal gyrus (26, 33, 12; z = 4.02; 109 mmį) and left dorsolateral prefrontal cortex 

(ī23, 43, ī5; z = 3.72; 62 mmį). 

 

 

Figure 26. Statistical map (z-values) is overlaid on the participantôs anatomical image in MNI space. Results 

are displayed at z Ó 3.1 (uncorrected, for visualization purposes only).  
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Behavioral pilot experiment 

 

In Experiment 2 reported in this thesis, we showed that disrupting participantsô inner speech 

through an articulatory suppression task impairs participantsô ability to learn novel actions presented 

through videos. In this experiment, participants underwent a unique learning session consisting of 

observing two actions executed repeatedly five times each. While our aim is to replicate Experiment 

2 in fMRI to isolate inner speech activations, in order to have a methodologically robust fMRI 

paradigm (i.e., enough action encoding trials), and to compare inner speech activations during action 

learning over time, we needed to increase the learning phase duration. One possibility was to increase 

the learning phases, and consequently the execution phases, from one to three. However, this increase 

in the participantsô exposure to the action videos raised the question of whether articulatory 

suppression remained effective for all the three runs or its disruptive effect was effective only with a 

single exposure phase (as in Experiment 2). To investigate this issue, we decided to run a behavioral 

pilot. This experiment has been conducted at the IMPACT Team laboratory of the Lyon Neuroscience 

Research Center. We included the first two groups of six participants each (AS ON Group vs AS OFF 

Group). All participants were French speakers and right-handed. They were asked to undergo an 

experimental paradigm similar to the one used for fMRI. After having read the instructions and having 

familiarized themselves with the key release procedure, they were asked to carry out the motor task 

divided into three runs. In each run, each participant was first asked to try to learn the actions 

presented through videos on the screen. While participants in the AS OFF Group were simply asked 

to try to learn the actions, participants in the AS ON Group were asked to articulate the syllable SI at 

a frequency of 2 syllables per second. Each action was shown five times (ten action videos in total, 

presented in the same order as in the previous experiments). Then, after receiving new instructions, 

participants of both groups were asked to try to reproduce the actions in the execution phase. As in 

the fMRI paradigm, they were asked to execute the two actions ten times in a randomized order. The 

actions were similar to those presented in the fMRI experiment, but the videos and images were not 
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those used in the scanner; instead, they were specifically acquired in the experimental room for this 

pilot experiment. To be in line with the fMRI procedure, even if not necessary for the aim of this 

experiment, participants of both groups were asked to perform a ñfreeò articulatory suppression task 

for the same duration of the encoding phase while observing a fixation cross on the screen. After a 

break between the runs, they were asked to perform the same procedure in Run 2 and Run 3. In this 

experiment, we measured a single motor variable: Action Accuracy (a binomial variable qualitatively 

coded through videos of the participantsô actions by the experimenter, as in Experiment 2).  

 

The qualitative analysis shows that the Action Accuracy of the AS ON Group increases along 

runs, reaching in the third run percentages of Action Accuracy comparable to those of the AS OFF 

Group (AS ON Group accuracy percentage: Run 1 = 23.33%, Run 2 = 63.33%, Run 3 = 98.25%; AS 

OFF Group accuracy percentage: Run 1 = 71.93%, Run 2 = 84.75%, Run 3 = 88.33%). 

 

 

Figure 27. The proportion of correct and wrong actions performed in each run by each group (AS ON vs AS 

OFF). 
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In light of these results, we wondered whether the improvement in Action Accuracy across runs in 

the AS ON was due to a loss of efficacy of articulatory suppression or to a compensation of 

visuomotor strategies. In the first case, the result could be due to an automatization of the articulatory 

suppression task across runs, freeing up cognitive resources that participants could use to rely on 

inner speech and improve action learning. On the other hand, the improvement in Action Accuracy 

could be due to a compensation through visuomotor resources. In particular, we wondered whether 

executing the actions between each encoding phase could form a motor trace that could be 

progressively filled with additional visuomotor information during the following encoding phases. 

To test both these hypotheses, we included two more groups. With the first group, we aimed to test 

whether we could reduce a possible automatization of articulatory suppression by introducing novelty 

in each run. Thus, we asked the new six participants belonging to the AS ON 3 Syllables Group to 

articulate a different syllable in each run. All the syllables were monosyllabic, meaningful French 

syllables: SI, NI, LI (pronunciation of the word lit, ñbedò in English). With the second group (AS ON 

Encoding Pre-Execution), instead, we aimed to test whether articulatory suppression remained 

effective if all the three encoding phases were carried out before the execution phase. In this way, we 

could remove the possible contribution of a visuomotor trace formed while executing the actions 

between each encoding phase. This group was also composed of six participants.  
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Figure 28. The proportion of correct and wrong actions performed in each run by each group (AS ON vs AS 

ON 3 syllables). 

 

The qualitative analysis related to the first hypothesis showed that the Action Accuracy of the AS  ON 

3 Syllables Group followed a similar pattern of the AS ON Group (AS ON Group accuracy 

percentage: Run 1 = 23.33%, Run 2 = 63.33%, Run 3 = 98.25%; AS ON 3 Syllables Group accuracy 

percentage: Run 1 = 36.73%, Run 2 = 52.00%, Run 3 = 89.90%), with the articulatory suppression 

losing efficacy across runs despite the syllable variation.  
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Figure 29. The proportion of correct and wrong actions performed in each run by each group (AS ON vs AS 

ON encoding pre-execution). 

 

The qualitative analysis related to the second hypothesis showed that the Action Accuracy of the AS 

ON Encoding Pre-Execution Group maintained a similar patternïwith high percentages of action 

accuracyïacross runs (AS ON Group accuracy percentage: Run 1 = 23.33%, Run 2 = 63.33%, Run 3 

= 98.25%; AS  ON Encoding Pre-Execution Group accuracy percentage: Run 1 = 76.00%, Run 2 = 

76.00%, Run 3 = 71.43%). These last results showed that participants may rely on their residual 

cognitive resources (i.e., visuomotor resources) to compensate for the inner speech disruption. 

Another possibility is that participants may still rely on residual inner speech resources that, across 

runs, compensate for the presence of articulatory suppression. 
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Results summary and future plans 

 

To provide neurophysiological support to Experiment 2, we decided to carry out an fMRI 

study. Prior to data collection, considering changes in the paradigm compared to Experiment 2, a 

technical fMRI pilot and one behavioral pilot were conducted to offer important preliminary insights 

on the feasibility of the paradigm and the theoretical interpretation of the expected results. In 

particular, the technical fMRI pilot served to test the robustness of regressors and eventual artifacts 

due to excessive head movements during the articulatory suppression task. Conversely, the behavioral 

pilot served to test the efficiency of articulatory suppression across runs. Although, due to technical 

issues, we were not able to explore and report the neural patterns of all the runs and all the tasks in 

the analyzed runs, robust sensorimotor activations were present. The single-subject fMRI pilot 

confirms the technical feasibility of combining overt articulatory suppression with action observation 

and execution in the scanner. To avoid strong motion artifacts, indeed, in studies employing 

articulatory suppression in the scanner, participants are often asked to whisper (Orpella et al., 2022; 

Rogalsky et al., 2008), maintain a vowel sound (Behroozmand et al., 2015) or to articulate without 

producing sound or without mouth overture (Matchin et al., 2014). Crucially, despite the potential 

risk of motion artifacts induced by aloud syllable articulation, the multi-echo acquisition and 

modeling approach yielded robust and interpretable activation patterns (Kundu et al., 2012). The first 

contrast (action encoding vs baseline) showed distributed visuomotor network encompassing bilateral 

visual cortex, parietal regions involved in sensorimotor integration, and frontal motor planning areas 

(left supplementary motor area, bilateral premotor cortex and right inferior frontal gyrus). These 

activations are consistent with the high visual and visuomotor demands of action observation and 

encoding. Specific activations were detected in the ventral regions of the Intraparietal Sulcus, 

involved in visuo-motor integration of hand movements, grasping movements (with on-line control 

for grip adjustment), and manipulation of objects (Brozzoli et al., 2011; 2012). The free articulatory 

suppression condition led to motor activations mostly located in ventrolateral premotor and inferior 
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frontal regions, together with supplementary motor area (SMA) and cerebellar activations. These 

activations are consistent with articulatory-motor control and provide us with interesting hints for 

isolating semantic inner speechïrelated activations in future group analyses (Gruber 2001; Gruber & 

von Cramon, 2003; Emch et al., 2019). Importantly, the contrast between action encoding and free 

articulatory suppression predominantly highlighted occipito-parietal activity, suggesting that even 

after subtraction procedure, as expected considering the presence of articulatory suppression during 

encoding, action-specific visuomotor processes are robust. 

The comparison between Run 1 and Run 3 revealed modest frontal and temporo-parietal 

differences, suggesting different strategies employed across learning blocks. Increased frontal 

involvement in later runs may reflect strategic shifts, or reduced novelty demands. Although no clear 

semantic-linguistic activations emerged in this single subject, this absence should be interpreted 

cautiously. First, the pilot included only one participant. Second, the participant was included in the 

Articulatory Suppression Group. Thus, linguistic activations may have been partially disrupted. The 

critical test will rely on between-group comparisons in the full study, particularly Free Learning 

Group minus Articulatory Suppression Group contrasts, combined with within-subject subtractions 

(free AS ï encoding with AS) to isolate residual semantic activations. Considering the results of the 

behavioral pilot, indeed, a between subjects design will be confirmed. Although, in line with 

Experiment 2, articulatory suppression initially impaired action learning, across three runs, 

participants in the AS ON condition progressively reached performance levels comparable to the AS 

OFF group. In order to try to keep articulatory suppression effective across runs, we added two more 

groups. We hypothesized that the loss of articulatory suppression efficacy could be due to 

compensation through alternative cognitive strategies, particularly visuomotor encodingïmostly 

considering that participants were also asked to perform the action between each encoding session. 

The Articulatory Suppression ON 3-Syllables Group (in which a different syllable was articulated in 

each run) showed a similar improvement pattern despite syllable variation, suggesting that simple 

automatization of a repeated syllable does not fully explain the recovery in performance. On the other 
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hand, the Articulatory Suppression ON Encoding Pre-Execution Groupðwhere all encoding phases 

preceded executionðdid not show the same progressive improvement pattern observed when 

encoding and execution alternated. This finding suggests that motor execution between encoding runs 

may contribute to the formation of a visuomotor trace that progressively strengthens learning despite 

articulatory suppression. However, the possibility of residual inner speech resources cannot be 

excluded. Results from Experiment 2 show that articulatory suppression does not abolish inner speech 

for all participants and entirely. In some cases, it only reduces the availability of inner speech 

resources and participants may still rely on cue words to compensate for the disruption. Over repeated 

exposure, such residual linguistic processing might become sufficient to support learning. In light of 

these results, we will run an fMRI experiment employing a between subjects design with the three 

encoding runs executed all prior to action execution. Although some participants may rely on inner 

speech even under articulatory suppression, group comparisons may allow us to detect specific 

linguistic activations in the Free Learning Group, mostly when integrating ratings on inner speech 

use and questionnaires on cognitive strategies. Furthermore, the localizer task will allow us to 

specifically investigate for inner speech activations when asking the participants to mentally and 

verbally recall the action, by using multivariate pattern analyses across tasks (i.e., localizer trained 

during encoding and recall and tested during verbal recall in the localizer task). The final experimental 

design, incorporating within-subject subtractions, between-group contrasts, questionnaires, resting-

state measures, and a localizer, provides a multidimensional approach capable of addressing our 

hypotheses. 

Also, the data of the behavioral pilot open new interesting scenarios on the different impact 

of articulatory suppression on action encoding depending on the exposition to the action videos. 

Results showed that articulatory suppression loses efficacy along runs, due to the execution of the 

action between each encoding phase. Presumably, as a consequence of the motor execution, a 

visuomotor trace was created, integrating in this way more precise information, combined between 

execution and observation after each new encoding and execution phase. On the other hand, the more 
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participants were exposed to the action videos, even when performing all the encoding prior to the 

execution phase, the less articulatory suppression was able to impact action encoding. Participants 

may have used compensatory (visuomotor) strategies and have integrated them along the exposition 

to the action videos.  

Considering the interesting results that this behavioral pilot provided, we plan to extend it 

carrying out a behavioral experiment. In this way, we will provide new evidence on the different 

impact of articulatory suppression on action encoding depending on the variations of the encoding 

phase (e.g., duration, number of expositions etc.). 

 

In conclusion, the pilot studies provide preliminary validation of the paradigm and reveal 

important dynamics of strategy adaptation over time. They suggest that inner speech disruption does 

not simply eliminate learning but may trigger compensatory mechanisms. The ongoing full fMRI 

study will allow us to determine whether inner speech leaves specific neural traces during action 

encoding and recall, whether such traces strengthen over time, and how they interact with visuomotor 

representations. 
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CHAPTER IX 

General Discussion 
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Discussion, conclusions and future proposals 

 

The present thesis advances a theoretical and empirical framework in which action learning is 

conceptualized as the product of an integrated sensorimotorïlinguistic system, rather than as a purely 

visuomotor process. As Lupyan (2012) argues, it is of course through language that we learn much 

of what we know. Language is not merely a tool for communication; it actively reshapes perceptual 

and conceptual representations online. In a similar vein, Connell (2019) argues that language is not 

peripheral to concepts but is an intrinsic and active part of conceptual processing. The label-feedback 

hypothesis proposes that when a label is learned, its reactivation provides top-down feedback that 

transiently modulates ongoing processing, ñwarpingò similarity spaces so that labeled items become 

more internally coherent and more distinct from alternatives (Lupyan, 2012). This view rejects a strict 

separation between sensorimotor and linguistic systems. In line with this perspective, we argue for a 

hybrid sensorimotor-linguistic architecture in which language dynamically interacts with visuomotor 

representations during action acquisition, highlighting the cross-domain properties of language in 

cognition (Borghi et al., 2023; 2024). While much of the literature investigates action learning 

predominantly taking into account sensorimotor process, this thesis proposes that languageðboth 

explicit and inner speechðconstitutes a functionally relevant component in the acquisition of actions, 

acting as a tool for cognitive structuring and control. Most observational action learning work 

emphasizes sensorimotor mapping mechanisms, often discussed in the context of the human mirror 

neuron system (parieto-frontal circuits active during action observation, imitation, and execution; 

Iacoboni et al., 1999). While these studies established that the mirror system plays an important role 

in observational action learning, the role of language has not received enough attention in this 

framework. This approach can underweight a crucial aspect of human brain and brain functioning: 

people rarely learn complex actions from vision alone; they learn from vision plus instruction, 

including labels, and structured linguistic cues. In neural terms, language is well positioned to act as 

a top-down organizer that biases which action features are extracted, chunked, merged and retained. 
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This integrated view is ontogenetically plausible. From early development, language and 

sensorimotor systems are deeply intertwined. Demonstrative pronouns such as ñthisò and ñthat,ò 

among the earliest (between one and two years of age) and most frequently used words, already 

presuppose spatial and motor grounding (Gervasi et al., 2024). From the first months of life, indeed, 

children learn to recognize the things they see, grouping them into meaningful categories that later 

converge with language (OôDoherty et al., 2026). The categorization begins with the so-called low-

level processing of sensorimotor information, the spokes (e.g., colors, shapes etc.). However, those 

spokes may be shared across multiple referents. For instance, both birds and planes have wings. 

Similarly, in our experimental paradigm, even if the action Gonto and Nersi share the same motor 

chunks, the specific sensorimotor information related to each action may be categorized to form more 

stable entities. The semantic hub integrates distributed motor features, enabling hierarchical 

categorization (e.g., Golden Retriever Ÿ dog Ÿ animal) (Lambon-Ralph et al., 2017). 

 

Figure 30. The hub-and-spoke model proposed by Lambon-Ralph et al., (2017). 

 

We extend this logic to complex actions. During encoding, motor sequences may first be represented 

as distributed motor chunks within parieto-frontal circuits. In our fMRI pilot, the left intraparietal 

sulcusðimplicated in hand approaching an object, grasp encoding and online motor control 

(Binkofski et al., 1999)ðand premotor areas including the inferior frontal gyrus (Fazio et al., 2009) 
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were recruited during action encoding. These regions likely organize the sequential structure of motor 

information. We hypothesize that this process is also integrated (to be assessed through the fMRI 

experiment on inner speech) with implicit labeling of single motor chunksïas suggested by the two 

behavioral experiments. At this point, the action is encoded as a set of motor chunks. This concept is 

well explained by Pulverm¿ller, who referred to this structural organization of motor chunks as 

ñmotor syntaxò (Pulverm¿ller, 2014). Just as linguistic syntax governs word hierarchy, motor syntax 

governs action hierarchy. The author reported the example of brushing teeth to explain what motor 

syntax is and how it is structurally organized. In the same way in which we have to put prior the 

toothpaste on the toothbrush before brushing the teeth, in the same way participants had to move the 

cylinder from the starting position to the yellow line prior to placing back the cylinder from the yellow 

line to the starting position.  

To facilitate the encoding, participants may have performed a chunking process through the 

use of inner speech so that Action1 and Action2 were encoded in a motor syntax structure ñmove 

right, flip, raise, move backò and ñflip, move left, raise, move backò. A possible explanation of the 

use of this strategy is the Bootstrapping Hypothesis and the Linguistic Shortcut Hypothesis (Connell 

& Lynott, 2014; Connell, 2019). According to Connell, linguistic representations are computationally 

cheaper than full sensorimotor simulations. Encoding motor chunks linguistically may therefore 

conserve cognitive resources while preserving task-relevant structure. Behaviorally, this mechanism 

may explain the Reaction Times and Action Execution Times advantage in the Label Group when the 

entire action is associated with the label. The activation of the labels GONTO and NERSI may create 

"semantic containers" that prevent interference between similar motor sequences, enhancing recall 

and execution time. When a verbal label is associated with the entire action, supramodal regionsð

including the ATL and angular gyrusðmay integrate motor chunks into a higher-order conceptual 

representation (Bonner et al., 2013; Lambon-Ralph et al., 2017). We propose that complex actions 

can be treated as structured conceptual units composed of hierarchically organized subcomponents.  
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Figure 31. The hierarchical structure in which the two actions are encoded thank to the action-label association. 

 

This process mirrors the Hub-and-Spoke model, where the concept of the action is decomposed into 

a hierarchy of sub-goals and specific motor nodes. Here, two complementary processes may operate. 

De-structuring: inner speech decomposes the action into manageable motor chunks; re-structuring: 

an external label integrates those chunks into a unified semantic representation. Rather than being 

mutually exclusive, these processes may coexist. When using labels, we may anchor more general 

aspects of the chunks, more abstract ones, rather than precise information about the fine motor 

components (as the cylinder grip). This will be investigated with specific analyses on kinematics, also 

opening questions about the effect of the action-label association in long-term. Would we be able to 

detect differences between the Label Group and Control Group even after days or weeks from the 

moment of the encoding? In that case, what differences? Do the words become more abstract through 

time, partially detaching from the sensorimotor correlates because they enhance their link with social 

aspects? Long-term retention may depend more on linguistic scaffolding than motor fidelity. As the 

engram matures, the representation likely undergoes systems consolidation. Initially, the memory 

might be highly "grounded" in the sensorimotor aspects. Over time, the label might allow the action 

to become more "abstractò in the ATL. This detachment from fine-grained motor details allows us to 

generalize the action "Gonto" to different contexts (e.g., using a different object). This process would 

resemble Dobler and colleaguesô (2024) neural model, according to which the learning of instances 

of abstract concepts yielded much reduced and only short-lived activity. When conceptual instances 
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were learned in the context of wordforms, circuit activations became robust and long-lasting for both 

concrete and abstract meanings. These results indicate that, although the neural correlates of concrete 

conceptual representations can be built from grounding experiences alone, abstract concept formation 

at the neurobiological level is enabled by and requires the correlated presence of linguistic forms. 

This also opens new perspectives on the future directions and applications of this project. Is the effect 

of the label limited to young adults? What about a possible compensatory role of language in elderly 

people, facing a sensorimotor deterioration? Interesting hints in relation to this come from the 

concreteness effect. Humans typically process concrete words (e.g., apple, hammer) faster, more 

accurately, and with better recall than abstract words (e.g., justice, truth) (Taylor et al, 2018). Evidence 

suggests that while older adults still show a concreteness effect, it is significantly reduced compared 

to younger adults, as the sensory "trace" becomes weaker (Roxbury et al., 2016; Vallet et al., 2013). 

Indeed, aging leads to a decline in sensorimotor efficiency, reduced perceptual acuity (vision, hearing, 

proprioception), structural and functional changes in motor and sensory cortices, and reduced white 

matter integrity affecting distributed networks (Costello et al., 2025). Concrete words benefit from 

two representational codes: a verbal/linguistic code, a non-verbal imagery-based code (Paivio 1971, 

1986), activating distributed modality-specific systems (visual, auditory, motor, somatosensory 

cortex). Abstract words rely more heavily on linguistic associations alone. This opens questions about 

the role of labels in an older sample, potentially opening new ways for neuropsychological and 

cognitive therapies and rehabilitation. Since older adults may rely less on visuomotor strategies, using 

implicit and explicit verbal strategies could enhance their encoding. Inner and explicit label effects 

might be stronger in older participants, neurally probably showing a reduced involvement of 

sensorimotor areas but increased ATL/IFG engagement, thereby resulting in possible less motor 

precision compared to younger adults or elder people with a more preserved sensorimotor system. 

Results from this thesis and future studies on different ages, offer and will offer more evidence in 

support of the Intensive Language-Action Therapy (ILAT; Difrancesco & Pulverm¿ller, 2012). The 

ILAT is a rehabilitation paradigm primarily used for patients with aphasia, a language impairment 
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consequence of a brain damage, such as a stroke. It was developed by Friedemann Pulverm¿ller and 

colleagues as a direct application of the theory of Embodied Cognition to clinical practice. ILAT is a 

sort of game consisting in forcing patients to use language to request for playersô (other patients or 

therapist) cards to match those in their hand. Cards usually involve actions and gestures, and the game 

promotes the interactions within players, forcing them to name the cards, because the other 

participants cannot see the requested card but only hear their description. 

Besides the long-term effects of the label and the action-label association on an elder sample, 

we wonder whether similar effects would be observable if associating other semantic, not exactly 

verbal, elements (e.g. a sound) to the actions. Does attaching a sound to an action replicates the labelôs 

effect?  Is the facilitatory effect that we found specific to labels, showing in some way that labels are 

special? Also, does attaching a color (light a colored dot) would engage different semantic processes, 

considering that a color is something already known, compared to verbal labels? Does this association 

involve prior experience leading to confounds? In the same line, what happens if we use the same 

labels already employed for other actions, for two novel actions, instead of novel empty labels? Would 

the effect of the label diminish because of prior associations? 

Our findings may strongly impact also the sport context as well as impacting the scientific 

interest on the contemporary challenges posed by the rapid development of AI. Our research brings 

new evidence on the role of covert instructional self-talk. In the sport context, indeed, researchers 

such as Hatzigeorgiadis and colleagues (2011) focus broadly on the role of self-talk on the 

performance. Self-talk includes also overt production besides covert one. Also, self-talk involves 

motivational aspects besides instructional ones. The type of self-talk used has different effects on the 

motor performance depending on the type of sport/movement. Instructional self-talk is superior for 

tasks requiring precision, technique, and fine motor skills (e.g., a tennis serve). On the other hand, 

motivational self-talk ("you can do it," "push harder") is generally more effective for tasks requiring 

strength, endurance, or high intensity, such as sprinting or weightlifting. In line with those results, the 

type of inner speech that we investigated in our experiments can be considered a covert form of 
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instructional self-talk, showing that it plays an important role in complex motor action. Besides the 

effect of inner speech, also the effect of labels can be applied in the sport context. In the same way in 

which Rabahi and colleagues (2013) showed a performance improvement, through priming effect, in 

a jump performance after either loudly or silently pronouncing, hearing or reading the verb ñjumpò, 

the same priming effect could be triggered when rehearsing the new labels associated to the novel 

actions. 

Regarding the contemporary challenge on AI, recent literature highlights an increasing 

convergence between cognitive theories of language and modern AI architectures: Large Language 

Models and language-conditioned robotic systems use language not merely as a means of 

communication, but as a control system capable of guiding action, improving the efficiency of motor 

learning, generalization, and planning. In this context, artificial analogues of human cognitive 

processesðsuch as inner speechðhave emerged in the form of internally guided reasoning 

mechanisms (e.g., Chain-of-Thought, ReAct, Tree-of-Thoughts; Borghi et al., 2024). Overall, the 

results will allow a more precise characterization of the neural bases underlying the integration of 

language, visuomotor processes, and action, moving beyond models that treat these domains as 

anatomically and functionally separate, and reinforcing the understanding of language as a central 

tool of human cognition. In future, we aim to propose a computational model that integrates 

behavioral data (reported in this thesis) with forthcoming fMRI, neurophysiological, and subjective 

measures, in order to model the interaction between linguistic and visuomotor systems. This approach 

will allow to formulate formal, testable hypotheses, going beyond purely descriptive analyses.  

 

To conclude, our findings support a model in which human action is not merely a product of 

visuomotor computation but is deeply shaped by linguistic scaffolding. Through dynamic interactions 

between sensorimotor aspects and linguistic strategies, more structured, hierarchical, and 

generalizable action representations are formed. This integrated architecture moves beyond 
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perspective that treat language and action as anatomically and functionally separate domains, 

reinforcing the view of language as a central organizing tool of human cognition (Borghi, 2023). 
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Appendix 

 

In next pages is attached the table belonging to the mini review reported in the V chapter, 

ñVariability and Methodological Choices in Articulatory Suppression Tasks: A Reviewò (De Livio, 

Gervasi et al., 2026). 
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