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Abstract 

 

This thesis investigates the neurocognitive (especially, attentional) mechanisms 

underlying “motor imagery” (MI), a cognitive ability that involves consciously 

performing an action in the mind without physically executing associated movements. 

Research shows that the systematic use of MI (or “mental practice”; MP) can 

enhance the functioning of motor systems and improve skilled behaviour (e.g., in 

sport, medicine, music and neurorehabilitation). The most popular explanation for this 

MI/MP effect on skill learning/performance stems from motor simulation theory (MST; 

Jeannerod, 1994, 2001, 2006a). Briefly, MST claims that MI and physical movement 

are “functionally equivalent” because they purportedly share motor representations, 

activate similar neuroanatomical structures, and rely on the same functional 

mechanisms. Unfortunately, despite their seminal nature, the tenets of MST have 

received surprisingly little critical scrutiny. Therefore, the cognitive mechanisms 

alleged to underlie MI remain unclear. The three papers reported in this thesis sought 

to fill this gap in research on MI. The first paper critically reviews evidence cited for 

MST and evaluates the extent to which it accounts for the cognitive mechanisms 

underlying MI. The second paper investigates the role of attentional/mental effort (as 

measured by pupil dilation) in expert pianists’ ability to maintain vivid and accurate MI 

of movements of differing complexity. It concludes that imagined movements that are 

both complex and fast may require levels of attention that are not sufficiently 

allocated during MI for accurate performance. The third paper investigates the effect 

of movement inhibition on attentional processes (as measured by pupil dilation) 

during MI. It suggests that the inhibitory mechanisms underlying MI may be 

implemented by multiple routes. Following a critical discussion of these findings, 
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methodological limitations are acknowledged and potentially fruitful new directions for 

research on MI are identified. 
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Chapter 1 – General Introduction 

 

1.1 Overview of Chapter 

The research presented in this thesis is concerned with the intriguing cognitive ability 

of motor imagery (MI), a construct which denotes the conscious performance of an 

action in the mind without physical execution of the movements involved (Moran, 

Guillot, MacIntyre, & Collet, 2012; Jeannerod, 2001). Historically, imagery of 

action/movement has been studied under a variety of different terms. For example, it 

has been referred to as ‘motor’ imagery (Decety, 1996), ‘kinaesthetic’ imagery 

(Callow, Jiang, Roberts, & Edwards, 2017) and ‘movement’ imagery (McCormick, 

Causer, & Holmes, 2012). Of these terms, ‘motor imagery’ will be used throughout 

this thesis because it is currently the most commonly used term in the relevant 

imagery literature and has become associated (and synonymous) with 

kinaesthetically ‘feeling’ oneself perform movement. To illustrate its frequency of 

usage, a search of titles of peer-reviewed papers in the PsycINFO database on 

August 15, 2017 revealed 488 articles for “motor imagery”, 32 for “movement 

imagery” and only 4 for “kinaesthetic imagery”. Despite its popularity, however, the 

term motor imagery should be used cautiously because it is potentially misleading. 

Specifically, as Kosslyn, Ganis and Thompson (2010) point out, “participants do not 

activate the motor commands alone, but also [purportedly] activate representations of 

kinaesthetic feedback” (p.9). Bearing this caution in mind, the objectives of the 

present chapter are to: (i) provide an overview of mental imagery - the broader 

construct which subsumes MI; (ii) provide a more detailed account of the nature and 

characteristics of MI; (iii) outline theoretical accounts for how MI works; (iv) briefly 

summarise the efficacy of motor simulation theory (MST) in explaining MI; (v) and 
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finally, highlight the current unresolved issues in relation to MI and MST that inspired 

the present research. 

 

1.2 Overview of Mental and Motor Imagery 

Mental imagery is a multisensory cognitive process where perceptual information is 

simulated and experienced in our minds in the absence of external sensory input 

(Lacey & Lawson, 2013; Pearson, Naselaris, Holmes, & Kosslyn, 2015; Moran et al., 

2012). Mental imagery is not a unitary function (Kosslyn et al., 2010), but a multi-

faceted construct whereby images can be formed in any sense modality - such as, 

visual, auditory, motor, and olfactory, for multiple purposes (e.g., Keogh & Pearson, 

2014; 2017). For example, it may be used either voluntarily and consciously 

(explicitly) or unconsciously (i.e., involuntarily or implicitly) to enhance skilled 

performance (i.e., by using mental practice - MP - the systematic cognitive rehearsal 

of an action in the absence of overt physical movement; Driskell, Copper, & Moran, 

1994; Di Rienzo et al., 2016), recall episodic memories (D’Angiulli et al., 2013; 

Laeng, Bloem, D'Ascenzo, & Tommasi, 2014), solve problems and assist creativity 

(Campitelli, & Gobet, 2005; Palmiero, Nori, Aloisi, Ferrara, & Piccardi, 2015; Parsons, 

1994; Johnson, 2000).  

Images are generated by exploiting the internal representations underlying 

like-modality perception or action (Moulton & Kosslyn, 2009; Pearson et al., 2015; 

Kosslyn et al., 2010). Activation of similar representations to those involved during 

actual perception or action may explain why mental imagery is often characterised by 

specific phenomenological sensations that may, but not always (e.g., as in the case 

of spatial mental imagery), accompanying it, for example, in visual mental imagery 

we may “see” images in our mind’s eye or in auditory mental imagery we may “hear” 

sounds with our mind’s ear (Kosslyn et al., 2010). Furthermore, mental images 
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typically preserve the properties, functional rules and bio-mechanical constraints of 

actual perception or movement, for example, adhering to laws that govern physical 

movement, such as the Fitts’ speed-for-accuracy trade-off (Cerritelli, Maruff, Wilson, 

& Currie, 2000; Decety & Jeannerod, 1996), requiring more time to scan images that 

extend further in the distance (Kosslyn, Ball, & Reiser, 1978), adjusting posture to 

facilitate reaching movements (Boulton & Mitra, 2015), and requiring more time to 

judge the orientation of more difficult hand positions (Parsons, 1994; Johnson, 2000). 

Given these characteristics, mental imagery is recognised as a hugely powerful 

cognitive process that has the capacity to activate stored information to such an 

extent that physiological and behavioural responses are triggered (e.g., perceptual, 

sensory, visceral, autonomic and motor; Ji, Heyes, MacLeod, & Holmes, 2016). 

Some of these responses are beneficial (e.g., improving skilled movement 

performance; see Di Rienzo et al., 2016) while others are maladaptive (e.g., leading 

to psychopathological outcomes, e.g., post-traumatic stress disorder; Ji et al., 2016; 

Pearson et al., 2015). 

Mental imagery is one of the oldest constructs in psychology – its scientific 

study dating back to the nineteenth century (see MacKisack et al., 2016). Given the 

maturity of the construct and its multi-disciplinary value (as outlined above), it is not 

surprising that it has received a great deal of scientific interest – notwithstanding that 

psychologists have also repudiated its very existence (e.g., behaviourists in the early 

20th century, whose interests lay in observable responses, doubted the existence of 

this covert and seemingly intractable process; Watson, 1913). Over the past century, 

research interest in mental imagery has steadily increased (Kosslyn et al., 2010), and 

in the past decade the specific modality of motor imagery (the study of which really 

only began in the 1980s), has dramatically intensified (see Figure 1.1). 
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Figure 1.1. Number of articles over the past century with “Mental imagery”, “Visual 

imagery”, “Motor imagery” and “Mental practice” in the title of a peer-reviewed article 

in a PsycINFO database search. Search completed on August 2nd, 2017. 

 

As stated above, MI is a cognitive ability whereby actions are consciously performed 

in the mind without engaging in the related physical movements (Moran et al., 2012). 

The remarkable recent increase in research interest in MI may relate to the 

opportunity that its study offers for contributing to understanding the related 

processes of action planning, motor control, embodied cognition, or un/conscious 

elements of action (Moran et al., 2012; Verbruggen, McLaren, & Chambers, 2014; de 
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Lange, Roelofs, & Toni, 2008; Gottwald, Achermann, Marciszko, Lindskog, & 

Gredebäck, 2016). Dynamic images of action are assumed to be generated in 

working memory through the selection and assembly of action elements from long-

term memory (LTM; a memory system whereby information that cannot be held in 

immediate, working memory is stored and exists apart from immediate cognitive 

processing; Jeneson & Squire, 2012; Munzert, Lorey, & Zentgraf, 2009; Jeannerod, 

2006a; Malouin, Belleville, Richards, Desrosiers, & Doyon, 2004). Although MI 

purportedly arises from top-down, knowledge driven processes (Holmes & Calmels, 

2008), like other mental imagery sense modalities, there is typically a 

phenomenological quality to its performance, and during MI we often kinaesthetically 

“feel” our body perform the movement (Moran et al., 2012). This kinaesthetic feeling 

of movement is one of at least three modality-specific perspectives in motor imagery 

(Williams, Guillot, Di Rienzo, & Cumming, 2015), and is the modality of interest in the 

present thesis. The other most common perspectives include external visual (motor) 

imagery, where a third person perspective is adopted and the individual watches 

themselves perform the action, and internal visual (motor) imagery, which requires 

the individual to look out through their own eyes while they perform the action in their 

mind (Williams et al., 2015; Roberts, Callow, Hardy, Markland, & Bringer, 2008). All 

modalities/perspectives trigger a common set of neural pathways in the brain, but 

each also generates distinct activation (Jiang, Edwards, Mullins, & Callow, 2015).  

It should be noted that the characteristics outlined above in relation to mental 

imagery also apply to MI. To reiterate, the use of MI can be explicit (as in MP; 

Driskell et al., 1994) or implicit (as in mental rotation; Osuagwu & Vuckovic, 2014; 

Parsons, 1994). Further, motor images typically preserve the functional rules and bio-

mechanical constraints of actual movement (Macuga, Papailiou, & Frey, 2012; 

Cerritelli et al., 2000; Decety & Jeannerod, 1996). Finally, motor images are 
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purportedly generated by exploiting the internal representations underlying action 

(these characteristics are further discussed in Section 1.3; Jeannerod 1994, 2001, 

2006a). Further, although mental imagery is considered to permeate cognitive 

functioning (Pearson et al., 2015), there are individual differences in imagery ability 

(see Debarnot, Sperduti, Di Rienzo, & Guillot, 2014; Hoyek, Champely, Collet, 

Fargier, & Guillot, 2009; Borst & Kosslyn, 2010). This is an important consideration 

because individuals with greater imagery ability typically benefit more from imagery 

interventions (e.g., Lawrence, Callow, & Roberts, 2013; Williams, Cooley, & 

Cumming, 2013). Neurophysiological studies demonstrate that the neural pathways 

recruited by “good” imagers (i.e., where MI ability is determined using, e.g., 

psychometric measures and chronometric methods; see Collet, Guillot, Lebon, 

MacIntyre, & Moran, 2011; Williams et al., 2015), are not identical to those recruited 

by “poor” imagers (i.e., individuals who rate themselves as poor imagers as 

measured by self-report procedures, and/or, display temporal incongruence between 

executed and imagined movement performance; Collet et al., 2011; Guillot et al., 

2008). The former tend to display more intense neural activation (Seiler, Newman-

Norlund, & Monsma, 2017; van der Meulen, Allali, Rieger, Assal, & Vuilleumier, 

2014), which is more muscle-specific and more similar to that during motor execution 

(ME; Lebon, Byblow, Collet, Guillot, & Stinear, 2012) than do poor imagers. It is also 

worth noting that experts or elite performers typically display the highest level of 

imagery ability (Lotze, 2013; Williams & Cumming, 2011). 

The study of MI has seen a convergence of interdisciplinary domains over the 

last two decades, including the fields of cognitive neuroscience/psychology, sport 

psychology, rehabilitation science, medicine, and brain-computer interface (e.g., Cao 

et al., 2017; Sobierajewicz, Przekoracka-Krawczyk, Jaśkowski, Verwey, & Lubbe, 

2017; Caligiore, Mustile, Spalletta, & Baldassarre, 2017; Ridderinkhof & Brass, 2015; 
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Oostra, van Bladel, Vanhoonacker, & Vingerhoets, 2016; Malouin, Jackson, & 

Richards, 2013; Moran et al., 2012; Schuster et al., 2011; Lotze, 2013). The thriving 

interest in MI, at both theoretical and applied levels, has largely arisen from the 

extensive evidence demonstrating the positive effects of MI, or MP (Driskell et al., 

1994), in improving physical movement performance (for review, see Di Rienzo et al., 

2016). The systematic use of MI/MP has been associated with enhanced skilled 

movement in sport (Weinberg, 2008), medicine (Arora et al., 2011), music (Bernardi, 

De Buglio, Trimarchi, Chielli, & Bricolo, 2013), dance (Girón, McIsaac, Nilsen, 2012), 

and rehabilitation (Caligiore et al., 2017; Malouin et al., 2013). In addition to 

improvements at behavioural levels, studies have also demonstrated changes in 

brain activity and functional connectivity following MI/MP (Baeck et al., 2012; Bajaj, 

Butler, Drake, & Dhamala, 2015; Pascual-Leone et al., 1995; Lafleur et al., 2002). 

Furthermore, it is also increasingly being recognised that imagery dysfunction can 

lead to psychopathological functioning (e.g., social anxiety disorder or delusions of 

control; Moran, Bramham, Collet, Guillot, & MacIntyre, 2015; Pearson et al., 2015; 

Pearson, Deeprose, Wallace-Hadrill, Heyes, & Holmes, 2013; Jeannerod, 2001). 

Theoretical explanations for movement enhancement and modified neural systems 

following the systematic use of MI are outlined in the next section.   

 

1.3 Theoretical Accounts of Motor Imagery 

Various informal and formal theories of MI have been advanced over the years to 

explain the efficacy of MI/MP in improving skilled movement (see, e.g., Moran & 

Toner, 2017; Driskell et al., 1994). Early theoretical frameworks form two broad 

categories: psychoneuromuscular and symbolic accounts (Driskell et al., 1994). 

Psychoneuromuscular explanations suggest that movement improvements may 

result from bottom-up mechanisms, such as low-level muscle innervation during MI. 
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Such accounts are based in the historical ideomotor framework where an action, and 

its associated muscular feeling, is automatically (incipiently) initiated by anticipating 

or imagining the sensory effect of the action (see Greenwald, 1970; Shin, Proctor, & 

Capaldi, 2010; Ridderinkhof & Brass, 2015; Ridderinkhof, van den Wildenberg, & 

Brass, 2014). Thus, purportedly during MI, the sensory effects of an action are 

anticipated and this (theoretically) induces a weak or incipient action, which ultimately 

strengthens the motor program associated with the skilled movement (Ridderinkhof & 

Brass, 2015; Driskell et al., 1994). In support of this explanation, studies employing 

techniques that measure peripheral physiology (e.g., skin resistance, cardiovascular 

rates, eye-blink activity, & electromyographic activity) demonstrate that the 

physiological activity involved in imagined movement parallels that observed during 

actual execution (Collet et al., 2011; Guillot et al., 2007; Papadelis, Kourtidou-

Papadeli, Bamidis, & Albani, 2007). Notwithstanding this, it cannot be discounted that 

such activation during MI is the result of incomplete inhibition of central motor 

commands (Jeannerod, 2001, 2006a). Furthermore, because evidence exists that 

MI/MP assists action learning (Kraeutner, Keeler, & Boe, 2016; Gentili, Han, 

Schweighofer, & Papaxanthis, 2010; Pascual-Leone et al., 1995), a 

psychoneuromuscular account, which predicts that MI enhances physical movement 

via bottom-up weak muscle innervation induced through action (sensory) effect 

prediction, cannot easily account for why learning arises from MI/MP when there is 

no experience of the action and its effects (unfamiliarity with action effects would 

prohibit automatic, incipient motor activation; Ridderinkhof & Brass, 2015). 

In contrast to psychoneuromuscular frameworks, a second early theoretical 

approach in explaining MI/MP effects, relates to the view that MI operates at a central 

level (i.e., representational, rather than peripheral) to consolidate and elaborate the 

structure of internal representations of movement by strengthening the coding and 
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binding of action elements in LTM (i.e., symbolic/cognitive frameworks; Driskell et al., 

1994; Schack 2004). In support of this explanation of the positive effects of MI, 

studies have demonstrated that MI/MP results in more structured and elaborate 

mental representations than physical practice alone (Frank, Land, & Schack, 2016; 

Frank, Land, Popp, & Schack, 2014). Furthermore, evidence demonstrates that MI 

displays similar cognitive bimanual-coordination constraints (i.e., shorter durations 

when moving to symbolically similar target locations than when moving to 

symbolically different target locations; Dahm & Rieger, 2016) to ME, suggesting that 

MI and ME rely on similar central cognitive processes. However, if MI is a cognitive 

adaptation process that operates at the representational / schema level, it is difficult 

to account for evidence of increases in movement strength following MI/MP (Reiser, 

Büsch, & Munzert, 2011; Guillot et al., 2007; Ranganathan, Siemionow, Liu, Sahgal, 

& Yue, 2004), or for the aforementioned physiological effects observed during MI 

(Collet et al., 2011; Guillot et al., 2007; Papadelis et al., 2007). 

Given the shortfalls of historic accounts of MI, it is unsurprising that the most 

popular current theoretical explanation for the efficacy of MI in improving skilled 

movement is Jeannerod’s seminal motor simulation theory (MST; 1994, 2001, 2004, 

2006a). The central tenet of MST is that action execution and MI activate similar 

motor systems in the brain and, as stated earlier in relation to mental imagery, share 

a representational system in the mind (Jeannerod, 1994, 2001). Further, the 

representational system, that putatively contains most aspects of the action (i.e., 

action goal, plan, program, and its anticipated consequences; Jeannerod, 1994, 

2004, 2006a), is presumed to operate off-line (i.e., cognitively) via a simulation 

mechanism (Jeannerod, 2001, 2006a). Finally, imagined actions are assumed to rely 

on the same functional mechanisms as executed action (Jeannerod, 2004, 2006a). 

Given the theoretical overlap between executed and imagined actions, Jeannerod 
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claimed that ME and MI are “functionally equivalent” (i.e., they both have a causal 

role in generating movement; Jeannerod, 1994, 2001, 2006a). This term/concept in 

MST is not new, as it was previously used by Finke (1979) and Johnson (1982) to 

describe the relationship between executed and imagined movements following 

observed visuo-motor changes and similar biases in motor learning, respectively, 

subsequent to imagery use. It should be noted that although MST’s claim of 

functional equivalence between ME and MI is currently the most invoked explanation 

of how MI works, it is not without challenge. For example, other frameworks, such as 

emulation (i.e., simulation of sensory as well as motor systems; Grush, 2004) and, 

more recently, motor-cognitive (i.e., MI’s greater reliance on central executive 

functions than ME; Glover & Baran, 2017) models have been proposed to 

(purportedly more adequately) account for the typically experienced subjective 

feelings of kinesthesis during MI and observed differences (e.g., longer times during 

MI than ME for performance of complex movements) between ME and MI, 

respectively. The next section will briefly evaluate the claims of MST and the 

functional equivalence hypothesis (see Chapter 3 for a more detailed appraisal of 

MST). 

 

1.4 Investigating the Efficacy of MST in explaining MI 

The efficacy of MST in explaining how MI works has largely been explored through 

investigations of the functional equivalence between ME and MI (Guillot, Hoyek, 

Louis, & Collet, 2012a; Moran et al., 2012). Specifically, psychophysiological studies, 

which have dramatically increased in number over the past decade (see Di Rienzo et 

al., 2016), have explored the extent of similarity between the neural substrates of 

executed and imagined actions (for meta-analysis, see Hétu et al., 2013). Using 

advanced technologies such as functional magnetic resonance imaging (fMRI), 



 11 

positron emission topography (PET), magnetoencephalography (MEG), transcranial 

magnetic stimulation (TMS), and functional near-infrared spectroscopy (fNIRS; e.g., 

Batula, Mark, Kim, & Ayaz, 2017; Obayashi, Uemura, & Hoshiyama, 2017; Hétu et 

al., 2013; Munzert et al., 2009; Kuhtz-Buschbeck et al., 2003), and sophisticated data 

analytical processes such as functional connectivity methods (see Westlake & 

Nagarajan, 2011), these investigations demonstrate considerable neuroanatomical 

overlap between ME and MI (see Chapter 3 for specific regional commonalities). 

Activation of common brain regions during executed and imagined actions supports 

the claims of MST that ME and MI activate similar neural motor systems and that 

these can operate off-line. Notwithstanding this, subtle differences in the neural 

motor pathways underlying ME and MI have been identified (see Section 3.5 and 

Table 3.2, Chapter 3; Vry et al., 2012; Hétu et al., 2013; Gerardin et al., 2000). Thus, 

it is difficult to conclude with certainty that regional activation during ME and MI truly 

reflects similar excitation rather than distinct patterns of excitation, inhibition and/or 

neuromodulatory activity (i.e., where certain processes and their associated 

neuromodulatory systems, such as attention and norepinephrine, induce mass neural 

activation that may not reflect motor processes per se; see Logothetis, 2008). Subtle 

distinctions in the neural networks underlying ME and MI may relate to processes 

that are specific to each movement type. Further, it is not clear whether activated 

regions during MI reflect action execution or movement planning (Bach, Allami, 

Tucker, & Ellis, 2014). These latter points emphasise the importance of 

understanding MI at different levels of analysis.  

Functional equivalence between ME and MI has been investigated at 

behavioural levels primarily using chronometric paradigms (for discussion, see 

Section 2.2, Chapter 2; Guillot et al., 2012a; Guillot & Collet, 2005a). These 

paradigms assume that information-processing occurs over time and therefore, 
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cognitive processing manifests through the time-course of behaviour (Meyer, Osman, 

Irwin, & Yantis, 1988; Posner, 1978). Thus, if ME and MI rely on similar motor 

representations and processes, then the durations for movement performance for 

both movement types should be similar (Munzert et al., 2009). A close temporal 

congruence between executed and imagined movement has been demonstrated in 

numerous empirical studies using a variety of movements, for example, walking, 

rowing, pointing and typing (see Guillot et al., 2012a; Munzert, Blischke, & Krüger, 

2015; Rieger, 2012; Bakker, Lange, Stevens, Toni, & Bloem, 2007; Cerritelli et al., 

2000; Papaxanthis, Pozzo, Skoura, & Schieppati, 2002; Munzert, 2002). 

Corresponding temporal characteristics between ME and MI suggest that the general 

information processing occurring during both movement types is similar (Moran et al., 

2012). However, temporal congruence between ME and MI is not consistent and 

various factors (e.g., duration of task/movement, added mass, imagery instructions, 

and time constraints), disrupt the correspondence between the durations of ME and 

MI (Guillot et al., 2012a; Guillot & Collet, 2005a; Grealy & Shearer, 2008; Cerritelli et 

al., 2000; Calmels & Fournier, 2001; Guillot, Collet, & Dittmar, 2004). Of particular 

significance, due to the increasing use of MI/MP across disciplines to enhance 

movement performance in all expertise levels (Cumming & Williams, 2013), is the 

finding that movement complexity (e.g., Kalicinski, Kempe, & Bock, 2015; Calmels, 

Holmes, Lopez, & Naman, 2006; O’Shea & Moran, 2016) and the level of expertise of 

the performer (Reed, 2002; Orliaguet & Coello, 1998) also modulate temporal 

congruence between ME and MI. Experts typically achieve greater temporal 

correspondence between ME and MI than non-experts (Reed, 2002), but equally, 

movement complexity generally disrupts congruence, even among experts (Calmels 

et al., 2006; O’Shea & Moran, 2016). However, as yet, little is known about the 

precise mechanisms underlying such effects. Temporal incongruence between ME 
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and MI may signify differences at a representational level (i.e., different content; 

Frank et al., 2014), processing level (i.e., consciously controlled or automatic; see 

Debarnot et al., 2014; Kahneman 2011) or neural level (i.e., neural efficiency – 

experts show less activation in fewer neuroanatomical structures than novices which 

may reduce behavioural performance duration; Debarnot et al., 2014; Chang et al., 

2011). To date, the information-processing demands and specifics of imagined 

complex movements remain unknown.  

Overall, MST offers a mechanism (i.e., simulation) to account for MI 

functioning, that is, cognitive simulation of the mechanisms involved in overt 

movement that drive the content of action representations and prime the motor 

system (Jeannerod, 2001, 2006a). In this way, MST’s simulation is somewhat 

comparable to the forward predictive modelling mechanism in computational motor 

control theories (see Wolpert, Ghahramani, & Jordan, 1995; Wolpert & Flanagan, 

2001; Wolpert & Ghahramani, 2000). Here, the motor to sensory transformation runs 

ahead of motor command discharge so that action consequences can be predicted 

and temporal delays (due to sensory feedback) avoided during the formulation of 

motor sequences. Thus, theoretically, the forward model might be a causal 

mechanism for MI because it allows off-line functioning of the motor system and 

prediction of action consequences and thus, MI may utilise the forward model 

mechanism to generate a series of movements in the mind (Jeannerod, 2006a). 

Notwithstanding this, there are many unresolved issues in relation to how MI works 

and those of particular interest to the present research aims are outlined in the 

following section. 
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1.5 Unresolved Issues and Overview of the Present Research 

MST claims that imagined actions are actions only they are inhibited (Jeannerod, 

2001), but at the same time, appears to offer little by way of delineating the 

processing specifics of the simulation mechanism purportedly driving MI or indeed 

preventing overt movement (for detailed discussion, see Chapter 3). To date, 

because there has been little or no research examining MST or MI at a cognitive 

level, it is unknown as to whether simulation fully explains how MI works. For 

example, given that MI is purportedly largely a conscious process, is simulation also 

conscious? If so, does MI weight more heavily on information-processing and 

attentional resources than ME? If not, to what extent then does MI require 

(conscious) attentional allocation? Further, given that ME and MI purportedly share 

mental representations and functional mechanisms, how is overt movement inhibited 

during MI? Overall, the present research sought to address a significant gap in motor 

imagery literature in relation to understanding the neurocognitive mechanisms 

underlying MI. MST postulates that cognitive motor states such as MI are mentally 

represented actions that can function off-line by exploiting the same mechanisms as 

those operating during ME (Jeannerod, 1994, 2001, 2006a). However, no research 

has yet evaluated the efficacy of MST in understanding the functional cognitive 

mechanisms underlying MI, and as yet, such psychological processes remain poorly 

understood.  

So, firstly, Paper 1 (Chapter 3) sought to review and specify the precise 

postulates of MST, as these have not previously been clarified in a single paper. The 

key postulates of the theory were then subjected to in-depth critical analysis, and the 

evidence cited in support of them was evaluated. Furthermore, the implications of 

MST for understanding the cognitive mechanisms underlying MI were assessed. 

Finally, a cognitive-level analysis facilitated an interrogative examination of the 
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simulation process (i.e., the hypothetical mechanism tasked with the rehearsal of 

motor systems during MI). Although there have been previous reviews of simulation-

related topics (Ridderinkhof & Brass, 2015; Munzert et al., 2009), none have sought 

to identify the neurocognitive mechanisms underlying MI. Therefore, the present 

review importantly fills a gap in this area of MI literature. Chapter 3 reports Paper 1 

which addressed the research question: does MST provide an adequate theoretical 

account of the cognitive mechanisms underlying MI (particularly in relation to 

attentional and inhibitory mechanisms)? In answering this question, the terminology 

of MST, particularly in relation to the hypothetical simulation mechanism, was 

clarified, its key postulates summarised, and a cognitive-level analysis was 

undertaken. 

Secondly, in view that the functional cognitive mechanisms underlying MI are 

poorly understood, Paper 2 (Chapter 4) sought to examine whether attentional 

mechanisms (i.e., attentional allocation or mental effort) mediate MI processes. 

Given that MI is a consciously controlled process (Munzert et al., 2009), attention 

seems an essential mechanism (Kahneman, 2011). Note that attention is a 

multifaceted construct that facilitates conscious awareness, voluntary control and 

regulated behaviour, through active processing of relevant information while 

suppressing distractor information (Posner & Rothbart, 2007; Kok 1999; Tipper, 

1985). According to MST, during MI attentional processes may serve as a 

supervisory control mechanism for selecting and assembly discrete elements of 

action from LTM (Jeannerod, 2006a, 1997). However, no study has yet directly 

investigated the possibility that attentional mechanisms mediate MI processes. To 

date, research has only indirectly investigated the possible involvement of attentional 

processes during MI (e.g., chronometric comparisons of MI with ME during aroused 

and relaxed states; see Chapter 3; Louis, Collet, & Guillot, 2011; Gueugneau, 
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Mauvieux, & Papaxanthis, 2009) and it remains unclear as to the extent of attentional 

allocation (i.e., mental effort) required to maintain vivid and accurate MI of 

movements of varying degrees of complexity. This is particularly important given the 

movement complexity effects (i.e., complex movements disrupt temporal congruence 

between ME and MI; Guillot et al., 2012a) typically observed in chronometric 

paradigms. To address this gap, two pupillometric studies used pupil dilation as an 

objective measure of attentional allocation (see Chapter 2; Alnæs et al., 2014; Beatty 

& Lucero-Wagoner, 2000), to investigate attentional effort during expert pianists’ 

executed and imagined piano playing. Two research questions were addressed. 

Firstly, does the complexity and speed of movement exert similar effects on expert 

pianists’ attentional allocation (or mental effort; as measured by pupil size; 

Kahneman, 1973, 2011) during executed and imagined piano playing? Secondly, 

does the presence of a secondary concurrent motor task exert similar effects on 

expert pianists’ attentional allocation (as measured by pupil size) during executed 

and imagined piano playing? The overall aim of these studies was to elucidate the 

underspecified attentional mechanisms underlying MI. Study 1 investigated the 

effects of movement complexity and speed on expert pianists’ attentional effort as 

they executed and imagined playing four music phrases of varying degrees of 

difficulty on the piano. Study 2 used a dual-task paradigm (i.e., where the 

performance of two concurrent behavioural tasks negatively impacts performance of 

one or both tasks; Logie, Della Sala, MacPherson, & Cooper, 2007) to examine 

whether the presence of a secondary (concurrent) motor task – thereby increasing 

the movement complexity of Study 1 – exerts similar effects on attentional allocation 

during executed and imagined piano playing. The combination of expert performers 

(who typically display greater temporal congruence between ME and MI task 

performance than novice/intermediates; Guillot et al., 2012a; Reed, 2002) and an 
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ecologically valid task (piano playing) – involving movements of unparalleled 

complexity – facilitated a precise assessment of movement complexity and 

movement speed on attentional effort (i.e., pupil size) during MI. It was hypothesised 

that because movement complexity modulates temporal congruence between ME 

and MI, pupil size during executed and imagined piano playing will be more similar 

during easy movements than during complex movements or dual-task conditions. 

Further, it was predicted that pupil size during ME and MI will be affected by 

movement speed, with a fast tempo having the greatest effect and result in larger 

pupil size than that during a slow speed. As no research has yet directly investigated 

the effects of movement speed on the congruence between ME and MI (although for 

an examination of the effects of MI speed on subsequent execution performance 

times, see Louis, Guillot, Maton, & Collet, 2008, and Debarnot, Louis, Collet, & 

Guillot, 2011), this prediction was based on the understanding that fast speeds 

demand the most effortful information processing (Kahneman, 2011). 

Finally, Paper 3 (Chapter 5) sought to empirically assess the effect of 

movement inhibition (i.e., the withholding or suppression of an inappropriate or pre-

potent motor response; Verbruggen et al., 2014) on attentional processes during ME 

and MI. During imagined action, (overt) movement must be completely inhibited. This 

crucial difference between ME and MI raises an important theoretical question which 

as yet, has not been empirically addressed – if ME and MI operate according to 

similar motor representations, how and when is inhibition implemented during MI? To 

date, the majority of research has focused on comparing the neural substrates of 

inhibition during MI (Batula et al., 2017; Guillot, Di Rienzo, MacIntyre, Moran, & 

Collet, 2012b). Thus, little progress has been made in characterising the inhibitory 

processes involved during MI at a cognitive level or in elucidating how inhibition 

might be implemented. Therefore, the objective of this study was to address this gap 
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in the MI literature by assessing the effect of inhibition on attentional processes 

during MI (and ME). Specifically, it sought to elucidate whether inhibition in MI 

requires active attentional effort for implementation or whether inhibition is a function 

of the MI process and thus, anticipated and implemented via early-operating global 

suppression mechanisms (i.e., suppression of all motor output at an action intention 

stage, without the need for active attentional processing; Guillot et al., 2012b; 

Ridderinkhof, Forstmann, Wylie, Burle, & Wildenberg, 2011). This study used the 

novel combination of pupillometry, an inhibitory control Go/NoGo task (see Vidal, 

Burle, Grapperon, & Hasbroucq, 2011), and the logic of a task-switching paradigm 

(i.e., processing in a new trial is influenced by enduring activation or inhibition in the 

previous trial; Anguera, Lyman, Zanto, Bollinger, & Gazzaley, 2013) to evaluate the 

degree of attentional effort (as objectively measured by pupil dilation) in motor 

response inhibition during ME and MI. Chapter 5 reports Paper 3 which addressed 

the research question: does action withholding during ME and MI require similar 

attentional effort (as measured by pupil size)? The Go/NoGo task facilitated an 

examination of whether the action withholding (inhibition) that is integral to MI 

operates similar inhibitory mechanisms to those implemented during the withholding 

of physical movement. Further, a mode-switching element (responses could be 

executed or imagined within the same trial sequence; this applied a task-switching 

paradigm logic, where activation or inhibition in the immediately preceding trial exerts 

an influence on performance of the new trial; Kiesel et al., 2010; see Section 2.5, 

Chapter 2) was included to explore whether activation (Go or ME) or inhibition (NoGo 

or MI) in the preceding trial exert similar effects on attentional effort during executed 

and imagined responses. Notwithstanding that there is limited research on the 

inhibitory mechanisms underlying MI, MST posits that ME and MI operate according 

to similar mechanisms and therefore, it was hypothesised that pupil size (and thus, 
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attentional allocation) during imagined Go and NoGo responses will be similar to that 

during executed NoGo responses, because all involve action withholding. 

Furthermore, because activation/inhibition in the immediately preceding trial affects 

processing in the new trial, it was predicted that pupil size during responses in the 

executed and imagined Go/NoGo task will be larger when the immediately preceding 

response is performed in the other movement mode than in the same movement 

mode. Finally, if inhibitory mechanisms in MI actively maintain subthreshold motor 

command output (i.e., activation that is too weak for motoneuron excitability or 

muscle innervation; Jeannerod, 2006a), pupil size (and thus, attentional effort) will be 

largest during Go congruent – mixed block conditions (e.g., executed Go response to 

imagined Go response). 
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Chapter 2 – Methodology 

 

2.1 Overview of Chapter 

As previously explained in Chapter 1 (Sections 1.1 and 1.2), the term motor imagery 

(MI) refers to the conscious performance of an action in the mind without overt 

execution of the related physical movements (Munzert et al., 2009; Jeannerod, 

2001). The objectives of the present methodological chapter are to: (i) provide an 

overview of conventional methods used in research on MI; (ii) provide an overview of 

pupillometry – the primary method used in investigating the neurocognitive 

mechanisms underlying MI in the present empirical research; (iii) outline two further 

methodological components of the present research – dual-task and task-switching 

paradigms; (iv) describe the experimental questionnaires used in the empirical 

research herein; (v) and to outline the pilot studies undertaken in relation to the three 

empirical studies, and the experimental controls employed throughout to limit the 

impact of possible confounding variables. 

 

2.2 Overview of Methods used in Research on Motor Imagery 

Research on MI is an interdisciplinary investigative area (see Section 1.2, Chapter 1). 

Important factors relating to MI research are firstly, the necessary inclusion of 

individuals with good to high imagery ability, and secondly, accurate measurement of 

the imagery process during the investigation to ensure the specific experimental 

variables of interest can be accurately tested. In relation to the first factor, because, 

as previously stated, individuals vary in their imagery ability (see Section 1.2, 

Chapter 1; Debarnot et al., 2014; Hoyek et al., 2009), individuals’ MI ability must be 

evaluated prior to their participation in MI research. To date, at least three papers 

across disciplines have reviewed the various measurement tools used to assess MI 
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ability (in cognitive psychology – McAvinue & Robertson, 2008; cognitive sport 

psychology – Collet et al., 2011; clinical psychology – Pearson et al., 2013). 

Typically, the measurement tools include self-report psychometric questionnaires, 

mental chronometry paradigms and psychophysiological measures (e.g., Collet et al., 

2011; Guillot & Collet, 2005b; Decety, Jeannerod, Germain, & Pastene, 1991). 

Specifically, good imagery ability may be demonstrated by a specified cumulative 

score on a self-report questionnaire, or by similar durations for physical movement 

and imagined movement (i.e., chronometric paradigms), or by similar, for example, 

cardiovascular/respiratory activity during physical movement and MI (e.g., McAvinue 

& Robertson, 2008; Guillot et al., 2012a; Papadelis et al., 2007). However, it has 

been suggested that these measures of MI ability index different components of MI 

(given its multidimensional nature; e.g., Guillot & Collet, 2008; Lacey & Lawson, 

2013; see Section 1.2, Chapter 1). For example, questionnaires may indicate the 

extent of vividness of a motor image, while chronometry may index the ability to 

maintain, control and transform motor images (e.g., Williams et al., 2015; Saimpont, 

Malouin, Tousignant, & Jackson, 2015). Consequently, the combined use of multiple 

measures of MI ability has been advocated (Collet et al., 2011), perhaps further 

augmented with the use of subjective interviews to assess imagery process and 

preferred imagery perspective (Guillot & Collet, 2005b). 

Secondly, the methods employed for measurement of the imagery process 

during empirical investigation have largely been informed by the functional 

equivalence hypothesis (i.e., that ME and MI share a representational system in the 

mind and activate similar motor systems in the brain; see Section 1.3, Chapter 1). 

Thus, these methods primarily involve mental chronometry paradigms and 

neuroscientific technologies (see Chapters 1 & 3; Guillot, et al., 2012a; Hétu et al., 

2013; Guillot & Collet, 2005a). Mental chronometry has probably been the most 
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utilised (and arguably the most effective) method in the study of MI (e.g., Moran et 

al., 2012; Guillot et al., 2012a; Guillot & Collet, 2005a). Chronometric paradigms 

assume that cognitive processes may be inferred from the analysis of behavioural 

measures (Posner, 1978; Sternberg, 1969). So, because information-processing 

occurs over time, measuring the durations for movement performance allows 

inferences to be made regarding the underlying cognitive mechanisms (Meyer et al., 

1988; Posner, 1978). However, although cognitive processes take time, chronometric 

measures do not indicate the amount of effort expended during cognitive task 

execution. Therefore, with regard to MI, these measures are limited in the information 

that they provide regarding the specifics of cognitive processing. In relation to 

neuroscientific technologies, such as fMRI, PET, MEG, TMS, fNIRS, 

electroencephalography (EEG), and diffusion tensor imaging (DTI), these have 

contributed greatly to understanding the extent of neural overlap between ME and MI 

(see, e.g., Hétu et al., 2013; Batula, et al., 2017; Vry et al., 2012; Guillot et al., 2007; 

Gerardin et al., 2000). However, as mentioned in Chapter 1 (Section 1.4), these 

technologies do not, as yet, clearly distinguish between patterns of excitation, 

inhibition or neuromodulatory activity associated with/elicited by MI (Logothetis, 

2008). This specificity of neural activity is important because, for example, weaker 

activity is typically observed during MI than during ME – a fact which may reflect 

inhibitory processes (e.g., Sharma & Baron, 2013; Avanzino et al., 2015; Jeannerod, 

2001). Overall, neuroscientific methods facilitate an understanding of the extent of 

neuroanatomical overlap between ME and MI. However, like chronometric measures, 

indices of neural activity fall short of accounting for the specifics of the processing or 

activity in the underlying neural networks during MI. Given the limits inherent in each 

method for accurate measurement of the MI process, and the multidimensional 

nature of MI (Guillot & Collet, 2008; Lacey & Lawson, 2013), it seems important to 
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use diverse methodologies for the elaboration of the cognitive mechanisms and 

processes underlying MI. In this regard, the empirical studies reported in Chapters 4 

and 5 used a novel method in MI investigation – namely, pupillometry (or the 

measurement of changes in pupil diameter as a function of cognitive processing; 

Kahneman, 1973; Beatty & Lucero-Wagoner, 2000) – to examine the intensity aspect 

of information processing during MI. 

 

2.3 Overview of Pupillometry Methodology 

The pupil of the eye responds to light by dilating (increasing in size) in dimly lit 

conditions and constricting (decreasing in size) during brightness (Mathôt & van der 

Stigchel, 2015). This is a well-studied physiological phenomenon (e.g., see 

Loewenfeld, 1958). More recently, however, the idea that the pupillary response can 

reflect and elucidate psychological processes has been realised (see Eckstein, 

Guerra-Carrillo, Miller Singley, & Bunge, 2017; Laeng, Sirois, & Gredebäck, 2012; 

Sirois & Brisson, 2014; Kahneman, 1973, 2011). Thus, pupil dilation not only reflects 

a low-level light response reflex but studies also reliably demonstrate that pupil 

dilation is influenced by high-level cognitive factors, such as attention (Kahneman, 

1973), perception (Laeng & Endestad, 2012), memory (Johnson, Singley, Peckham, 

Johnson, & Bunge, 2014), and decision making (Lempert, Chen, & Fleming, 2015). 

Not surprisingly, pupillometry is an increasingly popular and fertile topic in cognitive 

neuroscience (Mathôt, Grainger, & Strijkers, 2017; Mathôt & van der Stigchel, 2015). 

Neuroscientific research suggests that the pupillary response is endogenously 

driven, primarily in association with psychophysiological activity in the locus 

coeruleus noradrenergic (LC-NA) neuromodulatory system (Alnæs et al., 2014; 

Murphy, O’Connell, O’Sullivan, Robertson, & Balsters, 2014). Located in the 

brainstem, activity in the LC can be described as tonic or phasic, with the former 
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reflecting baseline activity and more sustained information processing, while the 

latter, is task/processing specific and reflects more intensified neuronal activity which 

facilitates performance optimisation (Sirois & Brisson, 2014; Laeng et al., 2012). The 

research presented in this thesis measured task-specific pupil dilation and thus, is 

associated with phasic activity in LC-NA system. The LC has been implicated in 

attentional resource allocation (Murphy, Robertson, Balsters, & O’Connell, 2011; 

Nieuwenhuis, van Nieuwpoort, Veltman, & Drent, 2007) and the enhancement of 

executive function through its release and transmission of norepinephrine to multiple 

sites in the brain (Greene, Bellgrove, Gill, & Robertson, 2009). Across a number of 

studies, therefore, there is an emerging consensus that pupil dilation is a reliable 

proxy measure of activity in the LC system (Murphy et al., 2014). In this regard, 

evidence has recently emerged to show that greater demands on information 

processing resources typically lead to increases in pupil size (Alnæs et al., 2014; 

Laeng et al., 2012). 

Since the work of Kahneman (1973), it has been known that pupil dilation 

serves as an index of the allocation of attention or “mental effort” invested in 

cognitive tasks (Alnæs et al., 2014; Kahneman, 2011). More precisely, the amount of 

mental effort demanded by a task is related to the level of complexity of that task and 

the associated load that it imposes on an individual’s presumably limited capacity 

cognitive system (Kahneman, 1973; Beatty 1982; Just, Carpenter, & Miyake, 2003). 

A complex task requires intense mental effort and if the level of effort necessitated is 

not supplied, due to insufficient cognitive resources, then information processing will 

either slow down or cease. As one might expect, studies have demonstrated an 

association between pupil dilation, mental effort expenditure and executive or 

working memory load using a variety of tasks, for example, mathematical calculations 

(Lee, Ojha, Kang, & Lee, 2015; Ahern & Beatty, 1979), digit recall (Kahneman & 
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Beatty, 1966; Peavler, 1974), geometric analogies (van der Meer et al., 2010), 

change detection (Unsworth & Robison, 2015), choice-reaction (Poock, 1973), and 

linguistic tasks (Zekveld & Kramer, 2014; Just & Carpenter, 1993). Furthermore, 

pupillometry has been used in applied settings to investigate the effects of mental 

workload on human-machine interaction (Schwalm, Keinath, & Zimmer, 2008) and in 

clinical settings (see Graur & Siegle, 2013; Chapman & Hallowell, 2015), for 

example, during communication with locked-in syndrome patients (Mathôt, Melmi, 

van der Linden, & van der Stigchel, 2016). 

 

2.3.1 Pupil dilation data processing 

A Tobii T60 eye-tracking system (Tobii Technology, Sweden) was used to capture 

pupil-size measurements in the three pupillometric studies presented in this thesis. 

This system has a sampling rate (temporal resolution) of 60Hz (i.e., it captures an 

image of the eye every 16.6ms) and a spatial resolution of 0.2 degrees. It accurately 

records pupil dilation without the need for a chin rest (Jackson & Sirois, 2009; 

Klingner, Kumar, & Hanrahan, 2008). Pupil dilation is continuously recorded from 

both eyes over time, and thus, given the high sampling rate (i.e., 60 samples per 

second), leads to a large amount of raw data. Furthermore, this raw pupil data 

typically includes frequent gaps due to blinking and/or off-screen fixation (Alnæs et 

al., 2014; Sirois & Brisson, 2014). There are also inter-individual differences in pupil 

size at baseline and during task performance and this must be considered when 

combining individual data sets (Lemercier et al., 2014; Sirois & Brisson, 2014). Given 

these methodological issues, data pre-processing is essential before any statistical 

analyses are performed. In accordance with methodological conventions in the field 

(Jackson & Sirois, 2009; Sirois & Brisson, 2014; Eckstein et al., 2017), pre-

processing typically involves: (i) averaging data from both eyes; (ii) linear 
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interpolation for missing data (e.g., averaging the three pupil samples before and 

after a gap and using this figure to replace missing values that form <20% of the 

total; Jackson & Sirois, 2009; Hochmann & Papeo, 2014); (iii) correcting for inter-

individual differences (e.g., by using baseline corrected values rather than absolute 

pupil diameters, that is, calculating the average pupil size from the final 200-500ms of 

a pre-trial/stimulus display and subtracting this baseline figure from each relevant 

data point in the subsequent trial; Sirois & Brisson, 2014); (iv) and controlling for 

habituation, drift, or decline in pupil size over time, by calculating baseline corrected 

pupil samples in each trial (or if trials are short, every few trials; Lemercier et al., 

2014).  

Following pre-processing of the pupillometric data, consideration must be 

given to the optimal method of analysing the data – this will be informed by the 

experimental design and hypotheses. Several options are available (see Sirois & 

Brisson, 2014; Beatty & Lucero-Wagoner, 2000). Firstly, the data can be summarised 

by calculating one mean pupil-size value for each trial of interest, and performing 

statistical analyses using these means, such as ANOVA or pair-wise comparisons 

(Sirois & Brisson, 2014). However, if trials vary substantially in length, this may not 

be the most suitable method because length of time on the task, fatigue, and lapses 

in attention, can result in a decline in pupil size which may artificially influence some 

of the means (van der Brink, Murphy, & Nieuwenhuis, 2016; Sirois & Brisson, 2014; 

Eckstein et al., 2017). An alternative method for analysing the data, that is especially 

useful for trials varying in length, is to use the peak pupil dilation in each trial or the 

latency to this peak, and compare these across trials (using ANOVA or pair-wise 

comparisons; Beatty & Lucero-Wagoner, 2000). However, because the peak pupil 

size is a single measure, this method leaves data analysis and output susceptible to 

random variation (Beatty & Lucero-Wagoner, 2000). Finally, the data can be 
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analysed using functional data analysis (Sirois & Brisson, 2014), a data analytic 

technique that transforms (all of) the pupillometric data into a waveform (or function) 

over time. The waveforms are then subjected to comparisons (e.g., using t-tests; 

Sirois & Brisson, 2014; Jackson & Sirois, 2009) as a function of time and thus, the 

results are also a function of time. This is a valuable method of analysis for tracking 

changes in attentional effort over time, for example, when solving easy or difficult 

mathematical problems. In the present research, the pupil data for each trial was 

always summarised to generate a single mean value per trial, and these means were 

subsequently subjected to ANOVAs. The preference for this analytic technique was 

informed by the particular hypotheses and experimental designs in Studies 1, 2 

(Paper 2) and 3 (Paper 3). Specifically, the movements used in each condition in 

Studies 1 and 2 involved a movement pattern that lasted approximately one second 

and was repeated sequentially. Therefore, in this instance, because the aim was to 

capture an average measure of attentional effort during each discrete movement type 

(e.g., slow easy), in order to make comparisons across movement types, functional 

data analysis for example, which tracks changes over time, was not appropriate. 

Furthermore, in Study 3 (Paper 3), trials were short and therefore, calculation and 

analysis of mean values was the most suitable method.  

 

2.3.2 Interpretation of pupillometric data 

It has long been known that pupil diameter changes over time in response to 

cognitive events, and thus, is a continuous variable (Kahneman, 1973, 2011; Beatty 

& Lucero-Wagoner, 2000). Pupil diameter that spans approximately 2mm to 7mm is 

considered to be valid (Alnæs et al., 2014). Values outside of this range are 

considered physiologically unlikely (perhaps reflecting non-direct viewing of the eye-

tracker’s computer screen), and are generally excluded from experimental analyses 
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(Alnæs et al., 2014). Typically, the cognitively driven pupillary response occurs within 

the range of 0.5mm (pupil size) and with a latency of approximately 200ms from 

stimulus onset (Beatty & Lucero-Wagoner, 2000). A larger pupil size indicates 

greater resource allocation and intensity of processing (Kahneman, 1973, 2011; 

Beatty 1982). Furthermore, when changes in pupil size are tracked over time, greater 

processing resource investment usually shows longer durations of larger pupil size 

(Unsworth & Robison, 2015; Sirois & Brisson, 2014). However, when processing 

capacity has been reached pupil size tends to reach a plateau (Beatty 1982; Peavler, 

1974; Cabestrero, Crespo, & Quiros, 2009; Unsworth & Robison, 2015). 

Furthermore, when capacity has been exceeded pupil size tends to constrict 

(Granholm, Asarnow, Sarkin, & Dykes, 1996; Poock, 1973). It should also be noted 

that pupil dilation is vulnerable to the length of time on the task, fatigue, and lapses in 

attention, which typically result in a decline in pupil size (van der Brink et al., 2016; 

Sirois & Brisson, 2014; Eckstein et al., 2017).  

 

 2.3.3 Strengths and limitations of pupillometry 

In an experimental context, pupillometry offers many advantages to the investigator. 

For example, it is an objective and accurate proxy measure of the intensity of 

attentional allocation during a task/movement and can be measured precisely within 

specified temporal parameters (Kahneman, 1973, 211; Alnæs et al., 2014; Murphy et 

al., 2014; Just et al., 2003). Furthermore, as individuals cannot voluntarily suppress 

their pupillary responses, pupil dilation is a rich source of cognitive processing data 

(Laeng et al., 2012; Sirois & Brisson, 2014). Pupillometry can also be used with 

special populations, such as pre/non-verbal, locked-in patients, and those on the 

autistic spectrum (see, Mathôt et al., 2016; Eckstein et al., 2017; Sirois & Brisson, 

2014). Notwithstanding all of these advantages and applications, a significant 
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problem in cognitive pupillometry is that pupil dilation can be affected by a number of 

non-cognitive events, such as, light, emotion, autonomic arousal, the presence of 

psychopharmacological substance (e.g., caffeine), and neurological disorder, which if 

not carefully controlled can confound pupillometric data (Eckstein et al., 2017; Mathôt 

& van der Stigchel, 2015; Sirois & Brisson, 2014; Beatty & Lucero-Wagoner, 2000). 

Further, when pupil dilation is measured by remote eye-tracking systems, off-screen 

fixations and excessive blinking frequently result in large numbers of data loss 

episodes which reduce the quality and reliability of the data (Johnson et al., 2014; 

Sirois & Brisson, 2014). Although off-screen fixations can be mitigated by using a 

chin rest when appropriate (although this limits the type of task used), excessive 

blinking remains a cause for concern among researchers in this field. Specifically, 

because excessive blinking requires either a large amount of linear interpolation in 

the raw data (i.e., gap substitution with a mean value) or exclusion of several 

experimental trials – both of which reduce the quality (and quantity) of the data. 

Overall, however, given the ease and non-intrusiveness (and frequently 

inexpensiveness) of pupillometric methodology, particularly in relation to other 

techniques, such as fMRI and PET, it is ideal for gaining insight into hidden 

processes such as MI, and allows inferences to be made regarding the underlying 

attentional mechanisms of this construct. Having explained some of the key 

assumptions and applications of pupillometry research, let us now consider briefly 

our use of dual-task methodology (i.e., where the simultaneous performance of two 

behavioural tasks negatively impacts performance of one or both tasks: Logie et al., 

2007; Eysenck & Keane, 2010). 
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2.4 Dual Task Methodology 

Study 2 in Paper 2 (Chapter 4) employed dual-task methodology to explore possible 

constraints of limited-capacity attentional systems on MI. The premise of dual-task 

methodology is that individuals are limited in their ability to perform simultaneous 

tasks or movements (Pashler, 1994). Specifically, proponents of this approach 

assume that the resource allocation demands arising from the performance of 

concurrent tasks/movements can excessively burden information-processing 

resources. In particular, such burdens result in task/movement performance 

decrements (e.g., longer response times or reduced accuracy in the task/movement; 

Heuer & Hallowell, 2015). So, dual-tasks are typically used to highlight capacity 

limitations (Cowan & Morey, 2007). The dual-task paradigm has been used in 

numerous diverse contexts, for example, the study of attentional allocation in 

individuals with aphasia (Heuer & Hallowell, 2015), musical expertise (Cocchini, 

Filardi, Crhonkova, & Halpern, 2017), task-generated cognitive demands and load 

(Révész, Michel, & Gilabert, 2016; Haji, Khan, Regehr, Drake, de Ribaupierre, & 

Dubrowski, 2015), and working memory (Cowan & Morey, 2007; Logie, 2011). There 

is some debate about whether dual tasks highlight the limitations of a central 

attentional resource capacity (Kahneman, 1973) or processing conflicts between 

separate pools of resources (i.e., domain-specific capacities; Navon & Gopher, 1979; 

Logie, 2011). This theoretical debate was not a concern in the present use of the 

dual-task, however, because both the primary and secondary tasks used in Study 2 

(Paper 2, Chapter 4) were in the motor domain. Accordingly, their concurrent 

performance places demands on limited-capacity resources, whether these have a 

single central basis or a domain-specific basis. Thus, in the instance of Study 2, dual-

task methodology was used to investigate whether ME and MI are similarly affected 

by a concurrent secondary motor task. Next, let us explain another of our methods – 
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the task-switching paradigm (i.e., where switching between at least two different 

consecutive tasks requires a reconfiguration process that places greater demands on 

information-processing resources than when the same task is repeated; Monsell, 

2003). 

 

2.5 Task Switching Paradigm 

Study 3 (Paper 3; Chapter 5) used the logic of the task-switching paradigm (for 

historical account, see Rogers & Monsell, 1995; Wylie & Allport, 2000) to explore the 

sequential effects (i.e., switch benefits/costs) of changing movement mode (executed 

and imagined) between consecutive trials. The task-switching paradigm typically 

involves comparing behavioural performance (e.g., response times, RTs; error rate) 

or brain activation when switching between at least two tasks on consecutive trials 

with that observed when repeating a single task on consecutive trials (Kiesel, et al., 

2010; Anguera et al., 2013; Gajewski, Kleinsorge, & Falkenstein, 2010; Monsell, 

2003; Rogers & Monsell, 1995; Wylie & Allport, 2000). The logic underpinning this 

paradigm is that hypothetical internal representations of a task (which comprise 

integrated stimulus features, response modality/type, etc., i.e., task-set; see Phillip & 

Koch, 2010; Monsell, 2003) must be reconfigured between different tasks and this 

reconfiguration process requires more information-processing resources and time 

than when the same task is repeated (i.e., switch costs and switch benefits, 

respectively; see Monsell, 2003). Of particular relevance to the research 

methodology in Study 3 (Paper 3, Chapter 5) is the observation that switch cost 

effects occur as a function of enduring activation or inhibition in the immediately 

preceding trial/task/movement, rather than reflecting the demands of switching to the 

upcoming trial/task/movement (Anguera et al., 2013; Wylie & Allport, 2000). Thus, for 

the first time in the relevant literature, this study used switch cost effects to elucidate 
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the inhibitory processes underlying MI, specifically, by exploring the effect of 

switching from activation (i.e., ME or a Go response in the Go/NoGo task) or 

inhibition (i.e., MI or a NoGo response in the Go/NoGo task) to inhibition or 

activation, respectively, or vice versa, on attentional effort (as measured by pupil 

dilation).  

 

2.6 A Note on Experimental Questionnaires 

A number of psychometric tools were used in the studies presented in this thesis. 

These comprised the self-report measures of (i) Vividness of Movement Imagery 

Questionnaire - 2 (VMIQ-2; Roberts et al., 2008; Appendix B); (ii) Borg Rating of 

Perceived Exertion Scale – CR10 (BRPES; Borg, 1982; Appendix C); and (iii) 

bespoke post-experiment imagery process questionnaires (Appendices D & E). What 

are these measures and how reliable and valid are they?  

The VMIQ-2 is a psychometric measure of imagery ability. Its use in the 

present research was favoured for three reasons. Firstly, it has been used widely in 

applied settings (e.g., Williams, Pearce, Loporto, Morris, & Holmes, 2012a). 

Secondly, it contains multiple movement items spanning a range of different actions 

(unlike, e.g., Movement Imagery Questionnaire-3 that involves only four movements; 

see Williams et al., 2012b). Thirdly, the VMIQ-2 contains separate subscales 

comprising different modalities and perspectives (which have been validated at a 

neural level, i.e., distinct brain areas have been associated with each 

modality/perspective; Jiang et al., 2015), and because the present research sought to 

focus exclusively on kinaesthetic MI it was ideally suited. In completing the VMIQ-2, 

individuals must rate 12 movement items (e.g., jumping sideways, walking, etc.) for 

vividness using a Likert scale of 1 to 5, indicating a perfectly clear and vivid feeling of 

movement to no image of the movement at all, respectively. For example, a score of 
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36 signifies the ability to form moderately clear and vivid images (scores range from 

12 to 60, with lower scores indicating greater imagery ability), while scores of less 

than 21 indicate high imagery ability (Jiang et al., 2015). The VMIQ-2 focuses on 

vividness of imagery rather than on other dimensions, such as ease or controllability 

of imagery, which might be considered a limiting factor of this psychometric 

instrument. However, because experts (who typically have high imagery ability; 

Williams et al., 2015; Paper 2) and a short movement response (Paper 3) were used 

in the present research, level of controllability was not a concern in this instance. 

The BRPES was chosen for use in the studies in Paper 2 because it is a well-

established subjective measure of perceived effort during a task/movement 

(Kanthack, et al., 2016) and is widely used across disciplines (see, van Leer & van 

Mersbergen, 2017). It is a category scale that ranges from 0 (no effort at all) to 10 

(very, very strong effort) with a number of verbal anchor points (e.g., very weak, 

somewhat strong, etc.). Individuals categorise the intensity of their perceived effort by 

indicating a number on the 10-point scale. In comparison to other unidimensional 

scales (i.e., measuring only mental effort), such as the Rating Scale Mental Effort 

(Zijlstra & van Doorn, 1985) which has an extended range of 150 with only 9 verbal 

descriptive anchor points, the BRPES is user-friendly. Further, it is quick to complete 

(a few seconds) unlike other multidimensional scales of effort (e.g., NASA-Task Load 

Index; Hart & Staveland, 1988; Subjective Workload Assessment Techniques; Reid & 

Nygren, 1988) which can take from 10 to 45 minutes to complete. Exertion or effort 

as rated using the BRPES-CR10 may reflect physiological (skin, cardiovascular, or 

muscular) or psychological factors (Borg & Kaijser, 2006). 

Two bespoke post-experiment imagery process questionnaires were 

constructed. These measures were almost identical, differing only in their adaptation 

to particular tasks in Paper 1 and Paper 2 (see Appendices D and E). These 
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questionnaires comprised 6 Likert-type questions and either one or two open 

questions (to facilitate further feedback). The questionnaires were refined over three 

pilot studies. Specifically, they assessed ease of imagery, emotional stability, and the 

possible use of strategies, such as counting rather than imagining. 

 

2.7 Pilot Studies 

The pilot studies for Studies 1 and 2 (Paper 2, Chapter 4) sought to verify: (i) the 

appropriateness of the experimental stimuli (i.e., the music phrases devised 

specifically for the research); (ii) the slow and fast speeds at which the piano-playing 

movements were to be performed; (iii) the number of trials; (iv) the experimental 

instructions and debrief; (v) the post-experiment questionnaire; and (vi) the 

technology. It was also anticipated that any potential confounds would be identified. 

Two expert pianists (with an average of 22,000 hours of physical piano playing 

experience) participated in the pilot studies. In relation to (i) and (ii), the expert 

pianists firstly rated six music phrases and two tempi for complexity of movement and 

speed, respectively. The intended levels of complexity were confirmed, in that, the 

easy and complex music phrases were indeed rated as such in relation to the 

complexity of movements involved. However, following consultation with the pianists, 

the work load involved in learning six music phrases was considered to be overly 

taxing, and therefore, the amount of music was reduced to four music phrases – two 

easy and two complex (see Appendix F for music phrases). Regarding the tempi of 

the music/movements, the speeds were reduced to 40 and 54 crotchets beats per 

minute, for slow and fast speeds, respectively, from the initial 50 and 76 crotchets 

beats per minute. These speeds were deemed more realistic. Following the pilot 

studies, the number of trials included in the procedure was reduced from 24 trials for 

ME (i.e., six trials for each of the four conditions) and the same 24 for MI, to 16 trials 
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for ME (i.e., four trials for each of the four conditions) and the same 16 for MI. This 

was an important modification because an arduous extended procedure may result in 

fatigue and ultimately influence pupil size measurements (see Eckstein et al., 2017). 

Following the pilot studies, minor adjustments were made to the post-experiment 

questionnaire to ensure clarity (see Appendix D for post-experiment questionnaire). 

All other instructions and debrief procedures were considered clear. All of the 

technology used throughout was appropriate and posed no particular problems or 

concerns. In particular, the sensitivity of the EMG armband (Myo, Thalamic Labs, 

Canada) and appropriateness of the diagnostic application was confirmed. Finally, in 

order to ensure that pupil dilation during MI was legitimate and did not instead merely 

reflect the reading of the music notation (which was displayed on the eye-tracking 

computer screen), the pianists also completed the experimental procedure without 

moving and simply followed the music score. As pupil size during reading was 

significantly different to that during MI, the written notation procedure was retained 

(and there was no need for memorisation of the music). 

Similar to the pilot studies completed in relation to Paper 2, piloting for the 

study in Paper 3 (Chapter 5) sought to verify: (i) the appropriateness of the 

experimental stimuli (i.e., the Go and NoGo symbols); (ii) the speed and length of trial 

presentation; (iii) the number of trials; (iv) the viability of mixed blocks; (v) the 

experimental instructions and debrief; (vi) the post-experiment questionnaire; and 

(vii) the technology. Three individuals participated in the pilot study. In relation to the 

experimental stimuli, the size, orientation and colour were confirmed to be 

appropriate. Further, comparisons between reading, that is, verbally responding to 

the Go/NoGo stimuli, and executing and imagining the Go/NoGo responses revealed 

a significant difference between pupil size during averaged Go/NoGo reading and 

averaged Go/NoGo ME/MI responses. Thus, it was concluded that changes in pupil 
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size related to imagery use rather than the processing of action-related concepts. 

Following the pilot study, pupil data analysis confirmed that the speed and length of 

trial presentation was appropriate (and satisfactorily accounted for the latency and 

peak of the task-evoked pupillary response), because accurate pupil data was 

generated. The number of trials was appropriate and the viability of mixing ME and 

MI responses was confirmed. All instructions, post-experiment questionnaires (see 

Appendix E for post-experiment questionnaire) and debrief procedures were 

considered clear. Finally, the technology used presented no difficulties. 

 

2.8 Experimental Controls – Limiting Possible Confounding Variables 

In the pupillometric studies presented in this thesis, the potential impact of 

confounding variables arising from either the pupillometric methodology, individual 

differences, or contextual circumstances were limited by the inclusion of a number of 

experimental controls. To explain, in Studies 1 and 2 (Paper 2, Chapter 4), (i) a 

repeated measures design allowed participants to act as their own controls, and thus 

any effects of participant variables were significantly reduced; (ii) effects of poor MI 

ability were avoided by using an expert population who frequently engage in MI/MP 

and by imposing an upper limit on scores achieved on a standardised MI 

questionnaire – the VMIQ-2 (see Appendix B; all participants were required to 

achieve scores of <36, indicating an ability to form reasonably clear and vivid images; 

Roberts et al., 2008); (iii) a number of precautions were taken to ensure that the pupil 

data generated during the studies reflected cognitive events and not pupillary 

response to psychopharmacological substances, light, stress/anxiety, or emotional 

instability – participants were prohibited from consuming caffeine for at least four 

hours prior to participation, consistent luminance conditions were maintained 

throughout (e.g., room and stimuli on computer screen), participants were provided 
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with ample time to become familiar with the procedure and surroundings to limit any 

stress associated with the study, and a post-experiment questionnaire (see Appendix 

D) assessed emotional stability throughout the procedure; (iv) order effects in 

performing ME and MI were avoided by counterbalancing the order of movement 

performance across participants; (v) the music phrases used to manipulate 

movement complexity were specifically chosen because they were technical in 

nature and equal in length (4 bars; Appendix F) and thus, avoided confounds of 

emotion or temporal discrepancies. Differences in movement complexity were 

achieved by altering the texture of music (a single line of music or two lines played 

simultaneously, for easy and complex, respectively), the number of fingers involved 

in any one movement (one or two, for easy and complex, respectively), and the hand 

patterns involved (vertical or vertical and lateral, for easy and complex, respectively); 

(vi) effects of handedness were avoided by including two piano playing 

movements/music phrases for the right hand and two (identical) movements for the 

left hand; (vii) a pre-stimulus display was included to establish the performance 

speed for the upcoming piano-playing movement and thus, limited the potential 

impact of deviations in speed (this display also avoided luminance changes at 

stimulus onset); (viii) the provision of musical scores to participants four weeks prior 

to the study procedure limited the impact of unfamiliarity with the movements 

involved (i.e., reducing the potential requirement for increased attentional/mental 

effort during performance); (ix) the music notation was displayed on the computer 

screen throughout to limit working memory load and to ensure that participants’ eyes 

were constantly looking towards the eye-tracking system (thus avoiding data loss due 

to off-screen fixation); (x) the experimental set-up closely resembled normal piano-

playing conditions for pianists so that additional processing demands were avoided, 

for example, the necessary foot button (to change stimuli) was placed in the position 
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of the sustaining pedal on a typical piano; (xi) participants maintained the same 

seating and hand positions during their imagined performances as those during their 

executed performances (only no overt movement occurred) to ensure conditions 

were stable and ecologically valid across movement types; (xii) participants wore an 

eight surface-electrode electromyographical (EMG) armband (Myo, Thalmic Labs, 

Canada) and their hands were visually recorded so that the impact of possible overt 

movement during MI was controlled; (xiii) a post-experiment Likert-type questionnaire 

(see Appendix D) was given to participants as a manipulation check, in that, the 

specifics of their imagery process were examined through self-report, for example, 

participants reported the ease at which they could imagine the movement and the 

stability of their emotional state throughout the procedure. 

For the study in Paper 3 (Chapter 5), the experimental controls of (i), (ii) - in 

relation to the VMIQ-2 use (expert pianists were not used), (iii), (xi), (xii), and (xiii) as 

stated in relation to Paper 2 above were also applied in this study. Further, (1) 

possible order effects in performing pure trial and mixed trial blocks were avoided by 

counterbalancing the order of presentation of block (pure / mixed) across 

participants; (2) order effects of movement type performance (ME and MI) within 

blocks were limited using randomisation procedures; (3) effects of handedness were 

avoided by requiring participants to use their dominant hand for the button press; (4) 

a bespoke computer program, that took into account the latency of task-evoked 

pupillary response (e.g., a fixation-cross display was included), was created to 

ensure accurate pupil data generation; (5) Go and NoGo stimuli were matched for 

colour and size in ME and in MI; (6) trial length was set at 1000ms which controlled 

for potential reduction or eradication of switch costs with increased preparation time; 

(7) there were equal numbers of ME and MI trials in each run in mixed blocks to 

ensure no movement-type bias; (8) and finally, pre-potent response tendency was 
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controlled for with a protocol of 75% Go trials versus 25% NoGo trials, a ratio which 

typically facilitates the development of pre-potent behavioural tendencies (e.g., Ames 

et al., 2014; Uzefovsky, Allison, Smith, & Baron-Cohen, 2016). 
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Chapter 3 – Does Motor Simulation Theory Explain the Cognitive Mechanisms 

Underlying Motor Imagery 

 

3.1 Abstract 

Motor simulation theory (MST; Jeannerod, 2001) purports to explain how various 

action-related cognitive states relate to actual motor execution. Specifically, it 

proposes that motor imagery (MI; imagining an action without executing the 

movements involved) shares certain mental representations and mechanisms with 

action execution, and hence, activates similar neural pathways to those elicited 

during the latter process. Furthermore, MST postulates that MI works by rehearsing 

neural motor systems off-line via a hypothetical simulation process. In this chapter, 

we review evidence cited in support of MST and evaluate its efficacy in 

understanding the cognitive mechanisms underlying MI. In doing so, we delineate the 

precise postulates of simulation theory and clarify relevant terminology. Based on our 

cognitive-level analysis, we argue firstly that the psychological mechanisms 

underlying MI are poorly understood and require additional conceptual and empirical 

analysis. In addition, we identify a number of potentially fruitful lines of inquiry for 

future investigators of MST and MI. 

 

3.2 Introduction 

Motor simulation theory (MST; hereafter, simulation theory; Jeannerod, 2001, 2006a, 

1994) offers a seminal explanation for how various action-related cognitive states 

such as MI, action intention (the translation of a desired movement into behaviour; 

Haggard, 2005) and observation, are related to actual motor execution states. The 

cornerstone of MST is the idea that cognitive motor states activate motor systems in 

the brain that are similar to those triggered during actual action (Jeannerod, 2001, 
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2004, 2006a). Further, these motor systems can be rehearsed off-line via a putative 

simulation mechanism which allows the mind to anticipate action viability and 

potential action outcomes (Jeannerod, 2001). Similar neural activation during motor 

cognition and motor execution (ME) is assumed to occur because both states share 

motor representations in the mind – the idea that actions are internally (or mentally) 

generated according to a specific goal and in the absence of external environmental 

cues (i.e., the theory of action representation, see Jeannerod, 2004, 1994, 2006b; 

Pearson & Kosslyn, 2015). Specifically, MI and ME “are both assigned to the same 

motor representation vehicle” (Jeannerod, 1994, p.190) with the representation being 

the “covert counterpart of any goal-directed action, executed or not” (Jeannerod, 

2006a, p.165). This correspondence between simulated and executed action led to 

the functional equivalence hypothesis (Jeannerod, 1994, 2001, 2006a), which 

maintains that “motor imagery … should involve, in the subject’s motor brain, neural 

mechanisms similar to those operating during the real action” (Jeannerod, 2001, 

pp.S103-S104). 

At first glance, MST proposes a fertile hypothetical mechanism (simulation) 

that offers intriguing insights into motor cognition (e.g., see Gentsch, Weber, 

Synofzik, Vosgerau, & Schutz-Bosbach, 2016; Grush, 2004) and the 

neurocomputational parallels between imagination and action (e.g., Case, Pineda, & 

Ramachandran, 2015; Conson, Sarà, Pistoia, & Trojano, 2009). On closer inspection, 

however, MST is hampered by problems arising from the inadequate specification of 

key postulates. For example, Jeannerod claimed that “represented actions should 

involve a simulation of the mechanisms that normally participate in the various stages 

of action generation, including motor execution” (2006a, p.130). However, these 

potential mechanisms are rarely delineated and when they are (e.g., see the 
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schematic diagrams of action representations and associated texts, Jeannerod, 

2004, 2006a), their precise operational details are rather vague.  

In view of this problem of unclear mechanisms, the purpose of the present 

paper is twofold. Firstly, we aim to specify the main postulates of MST and to 

evaluate the evidence available to support them. Secondly, and more specifically, we 

wish to examine the adequacy of MST in explaining the cognitive mechanisms that 

underlie motor imagery. In order to achieve these two objectives, the paper is 

organised as follows. To begin with, we shall explore Jeannerod’s understanding of 

simulation. This task requires analysis of different usages of the term simulation and 

a brief evaluation of alternative theories of MI. Following this, we present key 

postulates of MST and evaluate the evidence that supports them – although space 

restrictions preclude an in-depth analysis of the substantial research literature in 

question here. The next section will focus on the implications of simulation theory for 

understanding the cognitive mechanisms underlying MI. Here we will consider the 

extent to which simulation theory is sufficient for explaining MI, and, if not, whether 

we should turn to other relevant conceptual approaches, such as emulation and 

grounded theories. We shall end by briefly sketching some aspects of MST that 

require further research. Although our paper builds on previous reviews of simulation-

related topics (e.g., see Ridderinkhof & Brass, 2015; Pezzulo, Candidi, Dindo, & 

Barca, 2013; Munzert et al., 2009), it differs from them in its critical evaluation of key 

postulates of MST and also in its consideration of possible cognitive mechanisms 

underlying MI.  

 

3.3 Simulation, Emulation and Embodied Theories of MI 

The term simulation has many referents in social and motor cognition domains. As 

the former have been discussed elsewhere (e.g., Shanton & Goldman, 2010; 
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Gallagher, 2015), they fall outside the scope of our review. However, within the motor 

cognition domain, simulation was postulated by Jeannerod (2006a) to mean “the 

offline rehearsal of neural networks” (p.129), and “activation of the motor system is a 

prerequisite for the simulation theory” (Jeannerod, 2001, p.S104). Other researchers, 

however, use the term with different emphasis. For example, simulation as 

conceptualised by grounded theories, is multimodal (not just motoric) and operates to 

achieve particular conceptual knowledge. Specifically, it is the re-enactment of 

previously experienced modal states (i.e., perceptual, motor, introspective and 

proprioceptive states), which are held in memory as a multimodal representation 

(e.g., arising from stroking a dog; Barsalou, 2008), by using multiple concurrent 

modal simulations to acquire specific conceptual knowledge (e.g., concept of dog; 

Barsalou, 2008, 1999; Decety & Grèzes, 2006). Alternatively, the term simulation is 

used in terms of anticipatory-associative mechanisms rather than internal models or 

representations, and denote the idea that when an action is simulated it activates the 

same neural motor systems as it would during actual action, which then activate 

associative mechanisms facilitating sensory simulation (Hesslow, 2002, 2012). 

Anticipatory mechanisms are key to the simulation process, in that, the anticipated 

sensory consequences that arise from the preparatory stages of movement 

(including global goal stages) are associated with action simulation that prompts the 

next action … and so on (Hesslow, 2002). Thus, anticipatory and association 

processes ensure that continuous simulation occurs. Although both grounded (e.g., 

Barsalou, 2008) and association (Hesslow, 2002, 2012) simulation theories have not 

as yet been directly related to MI processes, each can broadly account for MI 

experience. Specifically, grounded and association simulation accounts contend that 

motor simulation can occur in the absence of external input, relying on the re-

enactment of previously experienced events which are stored in multi-modal 
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representational format (grounded theories) or previously reinforced associations 

(association simulation). 

Let us now move from the meaning of simulation to the attempt to explain MI. 

Early theories of MI focused on explaining it in terms of the action-enhancement 

phenomenon of MP (Driskell et al., 1994; Di Rienzo et al., 2016). They posited that 

MI results in a faint innervation of key muscles involved in action execution which 

improves their strength, velocity or control (psychoneuromuscular accounts; see 

Driskell et al., 1994; Guillot et al., 2007); or in the strengthening of motor 

representations through the cognitive organisation of movement-element coding and 

binding (symbolic accounts; Driskell et al., 1994; Schack, 2004). Modern 

explanations of how MI works are more mechanistic, however, and largely centre on 

the theoretical concept of forward modelling in motor control theory (see, e.g., 

Wolpert et al.,1995; Wolpert & Flanagan, 2001) or embodied/grounded cognition 

(e.g., Wilson, 2002; Barsalou, 2008; Borghi & Cimatti, 2010). Regarding the latter, 

evidence exists that the body is (subliminally) involved during off-line motor cognitive 

states such as MI, thereby giving simulation an embodied dimension (e.g., through 

physiological activity, see, e.g., Collet & Guillot, 2010; Stinear, 2010). However, while 

motor images have sometimes been referred to as embodied mental states 

(Jeannerod, 2006a), there are more formal ideas of what embodiment is (see Wilson, 

2002; Borghi & Cimatti, 2010). Typically, embodiment theories maintain that cognition 

does not exclusively rely on internal representations (or, at the extreme end, 

considers whether they even exist), as they place at their core the body’s interaction 

with the world and how this shapes the mind (Wilson, 2002). Thus, these theories 

claim that cognition, knowledge, and sensorimotor experience and information are 

tightly interconnected (Holt & Beilock, 2006). MST conceptualises MI as a simulation 

of the covert or representational stage of the same executed action, and in this 
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regard, appears incompatible with embodied cognition. To our knowledge, 

embodiment theories have yet to conceptualise MI within the framework. 

Regarding the forward modelling of motor control theories, during action 

execution, temporal delays in sensory feedback interfere with the motor system’s 

ability to accurately control movement trajectory and kinematics (Wolpert & 

Ghahramani, 2000). To compensate for such delays, the consequences of an action 

are believed to be predicted, using an internal forward model of the motor-to-sensory 

transformation (i.e., efference copy of the motor command), which facilitates the 

formulation of sequential motor commands in the absence of actual sensory 

feedback (e.g., Wolpert & Ghahramani, 2000). Drawing on the concept of predictive 

forward modelling, emulation theory posits a specific type of simulation - a predictive 

process operating during MI that goes beyond MST’s simulation of efferent motor 

centres (motor-to-sensory transformation; Grush, 2004; Moulton & Kosslyn, 2009). 

Simulation according to MST rehearses the motor system and is guided exclusively 

by internal motor representations, whereas in emulation theory, motor and sensory 

systems are emulated in parallel (Grush, 2004). According to emulation theory, 

during MI, the efference copy of the motor command (forward model) drives 

body/environment emulators (i.e., motor and sensory representations) in order to 

simulate movement, proprioception and kinesthesis. Accordingly, processes that are 

assumed to beneficially operate as adaptive motor control mechanisms during action 

execution are exploited in action imagination (Grush, 2004). Emulation theory posits 

that action execution (via efferent motor centres, albeit inhibited) and predicted action 

consequences are not sufficient for MI to arise. Instead, as MI is considered to 

involve a motor plan and proprioceptive and kinaesthetic feelings, emulation specifies 

the need to also simulate the afferent sensory systems (thereby predicting sensory 

feedback). We will further discuss emulation theory after we discuss the postulates 
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of, and evidence for, MST. It is important to note that all of the aforementioned 

accounts of simulation and current theories of MI highlight the interconnectedness 

between cognition and sensorimotor experience and information. 

 

3.4 Postulates of Motor Simulation Theory 

Surprisingly, for such a widely-cited theory, the key postulates of MST have not been 

summarised in one single publication to date. To fill this gap, the three central tenets 

of simulation theory are summarised below along with the evidence available to 

support them. As research employing a simulation theoretical framework is 

extensive, however, we will not engage in an in-depth analysis of this literature. 

Instead, we merely highlight salient findings that contribute to the discussion. Further, 

as a specific focus of the review is to understand a MST account of MI, this section 

will draw on literature referring specifically to this particular cognitive motor state 

(rather than to those of related states such as action observation; see Eaves, 

Behmer, & Vogt, 2016; Eaves, Riach, Holmes, & Wright, 2016). 

A fundamental assumption of simulation theory is that action is preceded by 

the activation of a mental representation which contains most aspects of the future 

action. Thus, the mental representation of the motor action and that of the actual 

action form a continuum whereby the represented movement unfolds over time 

before culminating in eventual execution (Jeannerod, 1994, 2001, 2004; see Table 

3.1 for postulates). Accordingly, MST proposes that action information is represented 

and processed centrally and includes most of the content of an executed action, that 

is, its goal, plan, motor program and consequences. MST further claims that 

represented actions (i.e., all covert actions, e.g., MI) can function off-line by using the 

same mechanisms as actual action – except that execution is inhibited. This is 

possible as the motor system is part of cognitive network (Jeannerod, 1994, 1997, 
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2001, 2006a). Such a claim implies, firstly, that the motor system in the brain is 

involved during motor cognition, secondly, that neural activity observed during 

executed action is similar to that observed during represented action, thirdly, a 

functional equivalence between cognitive motor states, such as MI, and actual 

actions (i.e., both have a causal role in generating action), and finally, that inhibitory 

mechanisms operate to prevent overt movement during action representation. 

 

Table 3.1. Key postulates of simulation theory    
 

1. Real action comprises a covert (representational) – overt (execution) 

continuum, where the covert/representational stage contains most aspects 

of the future action, that is, the goal, motor plan/program, and its 

consequences (Jeannerod, 1994, 2001, 1999, 2004, 2006a). 
2. Action representations can operate off-line, via a simulation mechanism, as 

the motor system is part of a cognitive network (Jeannerod, 2001, 2006a). 
3. Represented (i.e., covert) actions rely on the same set of mechanisms as 

the real action they simulate, except that execution is inhibited (Jeannerod, 

2004, 2006a). 

 

 

3.5 Evidence Relating to the Claims of Motor Simulation Theory 

Several lines of investigation have been employed to explore the claims of simulation 

theory. These empirical strands include neurophysiological studies mapping brain 

activity during cognitive motor states and ME, neuropsychological and physiological 

studies exploring correlations between the different motor states, the effects of MI on 

subsequent motor performance, and empirical studies (largely employing mental 

chronometry paradigms). Compelling evidence that action representations exist as 

purely mental states that reside in and activate neural motor systems offline comes 
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from neurophysiological and physiological investigations of the correspondences 

between actual and imagined actions (see, e.g., Hètu et al., 2013; Collet et al., 2011). 

Firstly, peripheral physiological measures, such as skin resistance, cardiovascular 

and respiratory rates, eye blinking activity and EMG activity have been found to 

correlate between actual and imagined movements (e.g., Collet et al., 2011; 

Papadelis et al., 2007; Guillot & Collet, 2005b; Boschker, 2001; Guillot et al., 2007). 

For example, during MI, cardiovascular and respiratory rates have been shown to 

increase proportionately with escalations in running speed on a treadmill (Decety et 

al., 1991). As physiological measures reflect autonomic activation which is largely 

outside voluntary control, their presence during MI indicates that they have a central 

origin (i.e., representational), and their similarity between ME and MI suggests that 

both movement types have comparable representational content (Jeannerod, 

2006a). 

Recent neuroimaging and analytical (e.g., functional connectivity methods; for 

review, see Westlake & Nagarajan, 2011) advances facilitate neural-level 

investigation that produces nuanced and sophisticated data regarding the neural 

organisation underlying actual and imagined (i.e., represented) actions. Table 3.2 

summarises the key anatomical structures typically involved during MI, in relation to 

those involved during ME (for overview of neuroanatomical regions generally 

associated with action execution, see, e.g., Gallivan & Culham, 2015; Tanji & Hoshi, 

2008). As indicated in the table, research demonstrates that MI and ME share brain 

regions, namely, the PFC (including anterior cingulate cortex), pre-motor cortex 

(PMC), SMA, posterior parietal cortex (PPC), primary motor cortex (M1; although not 

consistently, see e.g., Munzert et al., 2009; Lotze & Halsband, 2006), cerebellum and 

the basal ganglia (see Hètu, et al., 2013; Ridderinkhof & Brass, 2015; Jiang et al., 

2015; Zhang, et al., 2016; Munzert et al., 2009; Grèzes & Decety, 2001; Jeannerod, 
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2001; Jeannerod, 1995; Lotze et al., 1999; Lotze, 2013). Further, studies exploring 

the characteristics of the motor system during brain resting state (RS), MI and ME 

reveal a functional connectivity between PMC, SMA and M1 during RS and ME in 

healthy participants (Bajaj, Drake, Butler, & Dhamala, 2014) and during MI, ME and 

RS in stroke patients (Bajaj et al., 2015). Interestingly, higher functional connectivity 

between prefrontal-parietal regions at RS results in greater activation in those areas 

during an imagined motor task (Saiote et al., 2016). Common active brain regions 

provide support for the claim that the motor system is part of a cognitive network, it is 

involved during MI, and that this involvement closely reflects that of ME. However, it 

should be noted that while evidence of common active brain regions during MI and 

ME supports the claims of MST, it also provides support for alternative theoretical 

explanations of MI, such as emulation or grounded simulations (Grush, 2004; 

Barsalou, 2008). The latter two similarly conceptualise simulation as being contingent 

on activity in the motor system – for the emulation or re-enactment (grounded) of 

motor states. 
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Table 3.2. Key anatomical brain regions associated with MI and Motor Execution (ME) 
Anatomical region     MI      ME      Selected references 

dlPFC  Active Active Hétu et al., 2013; 
Kuhtz-Buschbeck 
et al., 2003; 
Gerardin et al., 
2000; Hanakawa et 
al., 2003 

SMA Greater activity in 
rostral SMA 
Active pre-SMA 

Active SMA 
No activity in pre-
SMA  

Vry et al., 2012; 
Kuhtz-Buschbeck 
et al., 2003; 
Stephan et al., 
1995; Gerardin et 
al., 2000 

PMC 
 

Active  
 

Active Munzert et al., 
2009; Gerardin et 
al., 2000; 
Hanakawa et al., 
2003 

Par Greater activity in 
PPC & 
IPL 

Greater activity in S1 
 

Gerardin et al., 
2000; 
Hétu et al., 2013; 
Saiote et al., 2016; 
Hanakawa et al., 
2003 

M1 Weak activation Active Sharma & Baron, 
2013; Bajaj et al., 
2015; Saiote et al., 
2016; Munzert et 
al., 2009 

Cerebellum Greater activity 
caudally 

Greater activity 
rostrally 

Hanakawa et al., 
2003; Ridderinkhof 
& Brass, 2015 

Basal Ganglia Active rostral caudate 
nucleus  

Active caudal 
putamen 

Gerardin et al., 
2000; Hétu et al., 
2013 

        
Note. Par = parietal cortex, IPL = inferior parietal lobule, PPC = posterior parietal cortex, 

dlPFC = dorsolateral prefrontal cortex, PMC = premotor cortex, SMA = supplementary motor 

cortex, S1 = primary somatosensory cortex, M1 = primary motor cortex, d = dorsal, l = lateral 

 

Studies examining the distributed nature of the neural networks involved during ME 

and MI have identified subtle differences in their underlying motor pathways. A shift 

in neural activity has been demonstrated in the parietal cortex from higher volumes at 

anterior loci (primary sensory area; S1) during actual action, to higher volumes at 

more posterior loci during MI (particularly IPL; Gerardin et al., 2000; Hétu et al., 2013; 
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see Table 3.2). Increased activation in the PPC during MI, in relation to ME, reflects 

its pure representational quality, as this region, particularly the left IPL, is associated 

with the generation and storage of motor representations (Gallivan & Culham, 2015; 

Creem-Regehr, 2009; Andersen & Buneo, 2002). Further, regarding the SMA, activity 

during MI is greatest in the pre-SMA (rostral) whereas during ME, activity is more 

confined to the SMA proper (more caudal; e.g., Gerardin, 2000; Kuhtz-Buschbeck et 

al., 2003; Stephan et al., 1995; Wang, Chen, Gong, Shen, & Gao, 2010). The pre-

SMA projects to the dlPFC and is associated with higher-order cognitive motor 

processes, such as conscious action intention, motor control, selection, sequencing, 

and preparation (Lehéricy et al., 2004; Nachev, Kennard, & Husain, 2008; 

Cunnington, Bradshaw, & Iansek, 1996; Moore, Ruge, Wenke, Rothwell, & Haggard, 

2010; Lau, Rogers, & Passingham, 2006). The fact that the dlPFC (Hétu et al., 2013; 

Kuhtz-Buschbeck et al., 2003; Gerardin 2000; Stephan et al., 1995; Hanakawa et al., 

2003) and the inferior frontal gyrus (IFG; see Jeannerod, 2006a) typically display 

greater activity during MI than during ME, highlights a distinction between the two 

action states, and challenges the claim that represented actions rely on the same 

mechanisms as the real action they simulate. Further, research demonstrates that 

while MI and ME activate dorsal networks connecting frontal-parietal regions, MI 

further activates ventral networks linking prefrontal-parietal regions (Vry et al., 2012). 

Distinct activity may reflect a greater requirement during MI for attentive awareness 

for maintaining information in mind (dlPFC) and inhibition of overt movement (IFG; 

Pochon et al., 2001; Aron, Fletcher, Bullmore, Sahakian, & Robbins, 2003; Frith & 

Dolan, 1996). 

It is also worth noting that a trend of weaker neural activity during MI than 

during ME is generally reported in neuroimaging and effective connectivity studies 

(e.g., Sharma & Baron, 2013; Solodkin, Hlustik, Chen, & Small, 2004; Avanzino et 
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al., 2015; Gao, Duan, & Chen, 2011; Dechent, Merboldt, & Frahm, 2004; Stippich, 

Ochmann, & Sartor, 2002; Jeannerod, 2001; Lotze, et al., 1999). This trend may 

reflect concurrent inhibitory processes which prevent action execution during MI, 

which would be consistent with the postulate of MST that ME and MI share common 

representations and activate similar neural motor systems, only movement execution 

is inhibited during MI (Jeannerod, 2001, 2006a). 

If represented actions rely on the same mechanisms as ME then it is expected 

that damage to part of the motor system would similarly impair or prevent both action 

states (Jeannerod, 2001). Neuropsychological evidence demonstrates that the 

fronto-parietal network must be intact to perform accurate and effective MI (e.g., 

McInnes, Friesen, & Boe, 2016; Oostra et al., 2016; Schwoebel, Boronat, & Branch 

Coslett, 2002), and ME (e.g., Nachev et al., 2008; Sirigu, et al., 2004). Further, 

interruption to the IPL (via transcranial magnetic stimulation, TMS, or injury) 

significantly reduces or destroys the ability to generate accurate motor images 

(Saiote et al., 2016; Gerardin et al., 2000; McInnes et al., 2016; Buch et al., 2012; 

Guillot et al., 2008; Sirigu et al., 1996; Lebon, Lotze, Stinear, & Byblow 2012), 

acquire MI-based skill (Kraeutner et al., 2016), modify ineffective actual actions 

(Sirigu et al., 2004), or coordinate actual movements (see McInnes et al., 2016). It 

seems therefore, that the PPC is crucial for effective MI and ME, with both 

behaviours relying on the region’s functional properties, most likely for action 

intention processes (Tunik, Rice, Hamilton, & Grafton, 2007; Sirigu et al., 2004) and 

the generation of motor representations (Rushworth, Johansen-Berg, Göbel, & 

Devlin, 2003). 

From the analysis above, it is apparent that a vast quantity of neural-level 

research within the simulation theoretical framework has contributed to identification 

of key neural circuitry underlying MI. Interpreting this evidence in general terms, we 
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cautiously conclude that although MI and ME processes share certain brain regions 

relating to the motor system, the specific motor networks underlying these motor 

behaviours are not identical. Subtle but important differences exist, and these 

differences may relate to processes that are necessary and specific to each 

movement type/behaviour. However, as the precise cognitive processes supporting 

MI have not, as yet, been delineated, any region - process/function associations in 

the context of MI are tentative. 

Additional insight into the validity of the claims of MST may be gained from 

behavioural-level research, and in particular that employing mental chronometry 

paradigms (for reviews, see e.g., Guillot & Collet, 2005a; Guillot et al., 2012a; Moran 

& Toner, 2017). These paradigms assume that temporal indices (i.e., the time-course 

of information-processing behaviour) can elucidate the underlying cognitive 

representations and mechanisms of behaviour (Posner, 1978). Studies employing 

the mental chronometry paradigm demonstrate similar performance durations for 

actual and imagined actions during automatic (Decety & Michel, 1989; Maruff & 

Velakoulis, 2000; Papaxanthis et al., 2002) and cyclical (e.g., pedalo rowing, 

Munzert, 2002) movements, and during movements governed by physical laws such 

as Fitts’ law (i.e., speed-accuracy trade off, Decety & Jeannerod, 1996; Cerritelli et 

al., 2000). Congruence between the timing of actual and imagined movements 

suggests that the representational content, including motor rules (e.g., Fitts’ Law), 

and information-processing mechanisms underpinning actual action and motor 

representational states are similar. 

In passing, a note of caution about mental chronometry paradigms in MI 

research is warranted. Specifically, they provide data only on the similarity of 

information processing occurring overall during ME and MI, and do not offer insight 

into the processing specifics involved. For example, mental chronometry methods 
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offer information about the timing of mental processing but no information regarding 

the accuracy of MI processes (e.g., Guillot & Collet, 2005b). Currently, other than 

duration, we do not know exactly what mental chronometry actually measures during 

MI. This matter is significant considering that temporal inconsistencies between ME 

and MI have also been demonstrated in several contexts (see Guillot & Collet, 

2005a; Guillot et al., 2012a), specifically, during complex tasks (O’Shea & Moran, 

2016; Calmels et al., 2006; Decety et al., 1989), bimanual tasks (Dahm & Rieger, 

2016), and tasks that involve added mass (Cerritelli et al., 2000; Decety et al., 1989). 

Further, expertise appears to be a factor in observations of temporal congruence, 

with experts achieving greater correspondence between actual and imagined 

movement performance times than novices (Reed, 2002). However, expert 

performers in music have also been found to exhibit temporal incongruence when a 

complex, bimanual task is involved (O’Shea & Moran, 2016). Thus, differences in 

actual and imagined performance durations may reflect distinctions in how the 

content of the action representation is processed (e.g., automatic vs controlled), the 

amount of processing required (Dahm & Rieger, 2016), or differences in 

representational content (Frank et al., 2014; Schack, Essig, Frank, & Koester, 2014). 

It is likely that experienced actions are represented more sparsely (i.e., the strong 

activation of a small neural population; Desimone, 1996) which may contribute to 

reduced performance times (due to neural efficiency), or reduced levels of necessary 

attentional control (due to increased automaticity of processes; see, Debarnot et al., 

2014). This is an area that requires further empirical investigation to decipher the 

precise mechanisms contributing to or underlying experience effects in MI. 
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3.6 Concluding Comments on Support for Simulation Theory 

The preceding neural, neuropsychological and behavioural findings converge to 

suggest that executed actions and cognitive motor states such as MI have a close 

correspondence. Specifically, both movement types appear to rely on similar mental 

representations that are embedded in neural motor systems, and both seem to have 

a causal role in generating actions through their activation of the motor system. MST 

offers a mechanism (i.e., simulation) for the functioning of action representations 

(e.g., MI), thereby relating cognitive motor states, such as MI, to actual action. MI has 

oftentimes been viewed as empirically intractable due its covert nature. However, 

neural-level investigation has brought imagery research into the realm of tangible, 

observable knowledge (e.g., see MacKisack et al., 2016). Further, such 

investigations have markedly increased over the past 15 years (see Di Rienzo et al., 

2016). However, we propose that without understanding the cognitive organisation 

and precise operational mechanisms of MI, any attempt to map its functional 

subcomponents in the brain is likely to be premature (but see Poldrack & Yarkoni, 

2016, for some interesting new ideas about how informatics-based approaches can 

facilitate the delineation of brain-cognition mappings). Mapping is most meaningful if 

those subcomponents have been empirically associated with MI processes (and are 

not merely epiphenomenal; for further discussion on the contribution of neural-level 

analysis for the advancement of cognitive theory see Coltheart, 2013; Mather, 

Cacioppo, & Kanwisher, 2013). Further, as stated earlier, the discovery of common 

active brain regions during MI and ME does not arbitrate empirically between the 

explanations of MI offered by MST, emulation theory and grounded theory (Grush, 

2004; Barsalou, 2008). We propose that in order to fully understand MI, and its 

underlying mechanisms, we must understand the cognition that supports it (which 
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incidentally may also shed light on the precise mechanisms involved in actual motor 

control; see de Lange et al., 2008; Verbruggen et al., 2014). 

 

3.7 Does MST Provide an Adequate Understanding of the Cognitive 

Mechanisms Underlying MI? 

The simulation mechanism alleged to operate during MI (which is charged with the 

task of rehearsing the neural motor system) has been linked to positive behavioural-

level effects, such as enhanced action performance (for review, see Di Rienzo et al., 

2016) in athletes (e.g., for reviews, see Weinberg, 2008; Driskell et al., 1994), 

medicine and rehabilitation (e.g., for review, see Schuster et al., 2011; Arora et al., 

2011; Malouin & Richards, 2010; Page, 2000; but also see Braun et al., 2013), 

musicians (e.g., Bernardi et al., 2013; Ross, 1985; Theiler & Lippman, 1995) and 

dancers (Girón et al., 2012; Bolles & Chatfield, 2009), and modifications of functional 

connectivity in the motor system (Zhang et al., 2014; Pascual-Leone et al., 1995; 

Lafleur et al., 2002; Jackson, Lafleur, Malouin, Richards, & Doyon, 2003). 

Additionally, impairments in the mechanism may underlie imagery-related 

psychopathology (e.g., delusions of control, see e.g., Jeannerod, 2001; PTSD & 

social anxiety disorder, see e.g., Moran et al., 2015). MST claims that MI, via 

simulation of action representations, “shapes the motor system in anticipation to 

execution” and this facilitates the subsequent actual action (Jeannerod, 2001, 

p.S103). Such facilitation is proposed as an explanation for improved movement 

performance following MI/MP. However, in this section, we question the extent to 

which MST is adequate for the task of explaining exactly how MI works. 

Earlier in the paper, we explained MST’s proposition that imagined actions are 

actions, except that they are not executed. Expanding this idea, Jeannerod claimed 

that “everything that is involved in an overt action [i.e., the action goal, plan, motor 
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program, and action consequences], except for the muscular contractions” 

(Jeannerod, 2004, p.379) and their associated generated reafferent signals is also 

contained in the motor representations/images of MI (Jeannerod, 2001, 2004, 

2006a). By implication, imagining an action is assumed to rely on the same 

mechanisms as those involved in actually executing it – except that overt movement 

is inhibited (Jeannerod, 2004, 2006a). If this proposition is valid, then firstly, the 

cognitive systems supporting ME should also be largely involved during MI, and 

secondly, any effects observed during voluntary movement should be observed 

during MI. Further, and perhaps the greatest implication of the claim of similar 

representations between ME and MI in MST, is that in order to maintain its covert 

status, MI must employ inhibitory mechanisms. 

From the preceding analysis, it seems that MST relies on a rather ill-defined 

mechanism – simulation – that is held to operate during MI to plan, program, monitor, 

control and inhibit action, without explaining precisely how it does so, other than 

operating the neural motor system. Unfortunately, researchers applying the MST 

framework often seek to support the simulation hypothesis without questioning the 

nature of the mechanism itself or the processes that support it. In order to rectify this 

problem, we need to investigate how simulation functions, and whether or not it fully 

accounts for how MI works. We also need to identify the set of mechanisms 

purportedly simulated. In addressing these issues from Jeannerod’s theoretical 

perspective, we propose that the simulation process during MI serves at least three 

functions: (i) the selection and assembly of action elements stored in LTM 

(Jeannerod, 1994, 1997, 2006a); (ii) the monitoring of action simulation activity 

towards the goal (Jeannerod, 1994, 1997, 2006a); and (iii) the inhibition of overt 

movement (Jeannerod, 2001, 2004, 2006a). 
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Regarding the selection and assembly of action elements, according to MST, 

simulation does not merely signify the reactivation of previously executed actions 

(held in LTM), but instead is purported to activate mechanisms that select and 

assemble “unspecific elements” of action or schemata during action planning 

(Jeannerod, 2006a, p.134). Jeannerod (2006a; 1997) suggested that a potential 

mechanism may be somewhat like Norman and Shallice’s (1986) “supervisory 

attentional system” (SAS) – a control mechanism for biasing selection processes. 

Attention is a multifaceted process that incorporates both inhibitory and facilitatory 

mechanisms during information processing, for actively supressing distractor 

information and enhancing relevant information, respectively (Kok 1999; Tipper, 

1985). The construct is central to cognitive neuroscience because it explores the 

mechanisms by which “voluntary control and subjective experience arise from and 

regulate our behaviour” (Posner & Rothbart, 2007, p. 1). However, in MST, potential 

attentional mechanisms (i.e., SAS) are insufficiently examined in relation to action 

representation (see Jeannerod, 2004, 1997, 2006a), and nowhere can we find it 

directly related to MI. Therefore, the precise role of attentional mechanisms in MI and 

the issue of how they relate to simulation are curiously unclear in MST. It may be that 

as simulation is considered to “rehearse the short-term, fast and automatic unfolding 

of movement” (Jeannerod, 2006a, p.140) that the SAS operates in accordance with 

the action goal, to actively bias the activation and inhibition of competing elements 

and thus control appropriate action selection. However, it remains unclear as to 

whether such an attentional mechanism is solely responsible during MI for directing 

attention to action planning operations or is responsible for other processes – such 

as action initiation, direction, monitoring, adjusting, completion, completion 

verification, or even for the conscious awareness of (imagined) kinaesthetic 

sensations typically experienced during MI. It can be noted at this stage that, 
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according to MST, imagined actions are assembled from unspecific movement 

elements, and therefore although this should facilitate novel action learning using MI, 

evidence exists to the contrary – learning does not occur without prior physical 

movement experience (Mulder, Hochstenbach, Zijlstra, & Zijlstra, 2004; Olsson & 

Nyberg, 2010).  

According to MST, motor representations/images are formed prior to 

execution (recall the representation-execution continuum), and they include the 

action goal and anticipated action effects – anticipated through simulation 

(Jeannerod, 2006a). Research demonstrates that during actual action attention 

modulates (Jones, Hughes, & Waszak, 2013) or enhances the precision of action-

effect prediction and intensifies sensory information (Kok et al., 2012). Further, 

attention itself can act as an anticipatory mechanism (e.g., see, Jones et al., 2013). 

Therefore, it is possible that during MI, simulation relies on attentional mechanisms 

for predictive processing. To test this possibility, empirical studies exploring 

interactions between attention and MI would be valuable, and would also help to 

clarify the role of attention in simulation processes. This line of investigation could be 

particularly fruitful given that a typical effect of voluntary (actual) action is sensory 

attenuation (i.e., where sensory signals are usually attenuated during predicted 

actions; see, e.g., Roussel, Hughes, & Waszak, 2013; Blakemore, Wolpert, & Frith, 

1998) rather than intensified sensory information (which can arise from attention to 

action-effect prediction; Kok et al., 2012). So, an examination of whether or not the 

effects observed during voluntary actual action (e.g., sensory attenuation) are 

present in MI might help to elucidate the neurocognitive mechanisms underlying MI. 

If, for example, sensory attenuation effects are also present in MI, this would 

strengthen the functional equivalence hypothesis of simulation theory. Demonstrating 

similar effects in both ME and MI would support the idea of shared representations 
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and mechanisms, but might suggest that sensory information is also simulated. 

Consequently, the current MST framework would need to be extended to account for 

this possibility, perhaps borrowing from emulation theory which promotes the idea 

that both motor and sensory systems are simulated (Grush, 2004). 

Interestingly, research has raised the possibility that “attentional effort” (or the 

motivated allocation of attentional resources to satisfy cognitively challenging 

demands; Kahneman, 1973), and its associated physiological component of arousal, 

may mediate MI processes. For example, studies have demonstrated that temporal 

congruence between actual and imagined movement performance durations is 

closest when participants are in an aroused rather than relaxed state (Louis et al., 

2011), and that the greatest disparities are found when tasks are performed early or 

late in the day (Gueugneau et al., 2009) – times when levels of circadian arousal are 

lowest (van der Heijden, de Sonneville, & Althaus, 2010). As yet, however, the extent 

of attentional effort involved during MI in comparison to ME has not been 

investigated. In the absence of studies on this latter issue, we cannot discount the 

possibility that the demonstrated temporal incongruence between MI and ME at times 

of low arousal levels are due to altered recall, rather than due to attentional 

processes. In this regard, the neurochemical norepinephrine associated with arousal 

levels can mediate memory retrieval processes (see, e.g., Murchison et al., 2004). 

This might provide support for a grounded theoretical conceptualisation of simulation, 

whereby simulation involves the re-enactment of multi-modal representations from 

memory. In this case, modulated memory processes might mediate MI ability. 

As previously mentioned, the second proposed function of the simulation 

process during MI is to monitor the action simulation activity towards the goal. In the 

context of MST and ME, motor representations are considered to operate in a similar 

manner to the forward models of computational motor-control theory (e.g., Wolpert et 
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al., 1995), in that, motor-signal copies (efferent copies) are used to predict the new 

sensory state (i.e., the action outcome) without actually performing the action 

(Jeannerod, 1997, 1994). This anticipated new state is encoded in the action goal 

representation and its persistent activation at the neural level provides an internal 

mechanism (i.e., without need for external sensory input) for comparing the unfolding 

action with the desired action (Jeannerod, 1997). The goal representation remains 

active until the desired new state is achieved. In relation to MI, MST posits that the 

role of simulation is “to ‘evaluate’ the feasibility of the action, its potential 

consequences and its adequacy with respect to the anticipated goal” (Jeannerod, 

2006a, p.165). However, MST does not specifically address the issue of whether or 

not a comparator mechanism operates during MI or simulation, for these evaluation 

processes – for assessing the adequacy of the action for achieving the desired goal. 

If during MI, as MST claims, the “goal is not reached even though all the conditions 

for potentially reaching it are fulfilled” (Jeannerod, 2004, p.376), and thereby 

presumably remains activated, the question arises as to how imagined actions are 

terminated and the simulation mechanism thereby disengaged. This process may be 

the result of either comparator or attentional mechanisms (or both). Additionally, 

during MI each step of, for example, a sequential complex action is subjectively 

performed, and experienced as being completed, in relation to the desired action 

goal. Although MST claims that action consequences are predicted via simulation 

processes, and evidence suggests that awareness of the kinaesthetic feeling of 

imagined movement comes from action-effect prediction (Tian & Poeppel, 2010), it is 

unclear as to whether subjective awareness is an adequate mechanism for 

simulation/imagined action termination. Emulation theory (Grush, 2004) offers a 

possible solution to this problem because it proposes that sensory feedback is also 

simulated. In this case, simulated sensory feedback would allow progress monitoring 
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and control of the imagined action through comparison between simulated action and 

its simulated feedback in relation to the anticipatory representation of desired action 

effects (see e.g., Pezzulo & Castelfranchi, 2009). Further, simulated feedback would 

also facilitate termination of the imagined action. Overall, empirical investigation is 

required to explore the degree to which MI requires comparator mechanisms for 

accurate functioning. If instead, MI employs anticipatory-associative simulations, as 

discussed earlier (Hesslow, 2002; 2012), comparison mechanisms may not be 

necessary as the simulation process would be fuelled by previously experienced and 

learned associations. However, even in this case, the problem arises as to how 

exactly the simulation process (i.e., MI) is terminated. Alternatively, if, as grounded 

theories suggest, imagined action performance re-enacts a previously learned action 

that is stored in memory, then, attentional processes that select and inhibit the 

appropriate motor aspect of the multimodal representation could oversee the initial 

re-enactment process. Then, once underway, the simulated action would 

automatically terminate according to the memory held. Unfortunately, the 

mechanisms that might explain how the simulation process is terminated have not 

been adequately addressed by empirical studies to date. Accordingly, research is 

urgently required to investigate this important question. 

Inhibition of overt movement during MI is considered to be a function of the 

simulation process (as delineated earlier in the paper; Jeannerod, 2001, 2004, 

2006a). During MI, inhibition is a key mechanism that differentiates imagery from 

actual execution, as it involves the complete suppression of overt movement 

behaviour (Ridderinkhof et al., 2011). For cognitive researchers, inhibition may be 

defined as “the stopping or overriding of a mental process, in whole or in part, with or 

without intention” (MacLeod, 2007, p.5). In this sense, and in relation to MST, 

inhibition during MI concerns the withholding of some degree of mental processing so 



 63 

that the probability of movement execution is reduced. The majority of studies 

investigating the inhibitory mechanisms operating during MI have focused on neural 

or neurocomputational substrates (see Guillot et al., 2012b; Ridderinkhof et al., 

2011). Literature in this domain has sought to decipher whether inhibitory processes 

are, firstly, integrated into MI processes so that active inhibition is not required (i.e., 

motor commands remain at a subthreshold level), or secondly, actively implemented 

during MI to either inhibit all movement (global inhibition), action-specific movement, 

or effector-specific movement (see Guillot et al., 2012b; Jeannerod, 2001; Rieger et 

al., 2017). Tentative conclusions from this literature suggest that inhibitory processes 

may be tightly coupled with MI processes to sustain a subthreshold level of motor 

command throughout imagined movement (e.g., Guillot et al., 2012b; Stinear, 2010; 

Jeannerod, 2001). At a cognitive level, this might imply that during MI, inhibitory 

processes are built in to the motor intention (see, Ridderinkhof et al., 2014), and have 

a role in guiding motor processes and preventing execution of the motor program. If 

inhibitory mechanisms operate at earlier intentional stages of MI it would be expected 

that a limb involved in an imagined movement would be unavailable for actual 

movement. Interestingly, Bach and colleagues (2014) discovered that participants 

found it more difficult to respond with a body-part (hand or foot) when that body-part 

was concurrently engaged in MI, and instead typically responded with another body 

part. The authors link this to motor-planning processes, involving goal and action 

response binding, that reduce the availability of the body-part for unrelated 

responses. These findings also support the idea that inhibitory processes are closely 

associated with intentional processes and further suggest that such inhibition is 

effector-specific (see also, Rieger et al., 2017). However, it should be noted that 

these findings might also be explained by appealing to attentional mechanisms. 

Specifically, it is possible that attentional resources were invested in the MI task, and 
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that the structural interference arising from resource competition (i.e., competition for 

similar motor systems) prevented participants from successfully using the same 

effector for execution. Recall that MST claims that MI relies on the same 

mechanisms as ME – except that overt movement is inhibited (Jeannerod, 2001, 

2004, 2006a). In summary, despite increased research interest in this topic, little 

progress has been made in clarifying precisely when and how (e.g., through 

intentional or attentional mechanisms) inhibition is implemented during MI.  

Given this impasse, we propose that some insight into inhibitory mechanisms 

might be gained from the study of gestures during speech. According to Hostetter 

and Alibali (2008), gestures arise from a combination of language processing and MI. 

Specifically, within these researchers’ “gestures as simulated action” framework, 

when speakers talk about actions, they simultaneously engage in simulation or MI of 

those actions. Gestures arise if the motor simulations are not inhibited. Failure to 

inhibit MI processes is thought to result from strong neural activation of the motor 

representations which arises from action experience (Hostetter, 2014; Sassenberg & 

van der Meer, 2010). Further, gestures are more likely to be produced when 

speaking a word that has strong action characteristics (Hostetter, 2014). This finding 

is consistent with literature that demonstrates the involvement of the motor system 

during action-related language (Andres, Finocchiaro, Buiatti, & Piazza, 2015; 

Pulvermüller, Hauk, Nikulin, & Ilmoniemi, 2005; Holt & Beilock, 2006; Hauk, Shtyrov, 

& Pulvermüller, 2008). Interestingly, gesture research is also compatible with the 

claims of grounded theories that an action word may trigger its multi-modal 

representation which is simulated to extract meaning. Gestures would result from a 

failure to inhibit motor simulation of the representation. By contrast, MST cannot 

easily account for this semantic-pragmatic interaction during speech gestures of 

action words as it claims that simulations during MI are in a pragmatic format (a how 
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to do format; Jeannerod, 2006a). Within the MST perspective, the word would 

activate motor systems after its meaning has been extracted which would elicit a 

motor image (Jeannerod, 2006a). Overall, the nature of inhibition in MI is an under-

investigated area and further research is needed to investigate precisely when and 

how inhibitory processes are engaged and controlled during MI. 

 

3.8 New directions for MI research 

Throughout this paper we have argued that although MI is a psychological process, 

its psychological bases remain surprisingly unclear. Given the existing imprecise 

determination of mechanisms of MST, and indeed of other accounts of simulation, 

and the poorly understood psychological mechanisms underlying MI, it seems timely 

to re-evaluate approaches to investigating how and under what conditions MI 

operates. Recent ideas relating to grounded theoretical approaches to the intertwined 

development of higher cognitive and executive functions and motor control (Gottwald 

et al., 2016; Pezzulo & Castelfranchi, 2009) provide promising directions for MI 

research. 

Before we conclude this section, it may be fruitful to consider a topic which 

may enable us to arbitrate empirically between contrasting predictions from grounded 

theory and MST. One such topic is the learning and performance of novel actions. 

Grounded theory predicts that performance of novel actions through MI would not be 

possible as simulation is regarded as a mechanism that re-enacts multimodal 

representations held in memory (Barsalou, 2008). Consequently, if an appropriate 

representation does not exist in memory for a desired movement, it cannot be 

simulated, or by association, imagined. Conversely, regarding MST, learning novel 

movements through MI appears quite tenable, as it is claimed that simulation 

mechanisms allow imagined action performance by assembling motor 
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representational elements anew, rather than utilising complete action representations 

that are stored in memory (Jeannerod, 2006a). Some evidence exists that MI 

positively affects motor skill learning, for example, after only a brief period of physical 

practice – necessary for familiarisation and pretesting – (Gentili, et al., 2010; Gentili, 

Papaxanthis, & Pozzo, 2006), and even without prior physical practice (Kraeutner et 

al., 2016; Pascual-Leone et al., 1995). However, there is also contradictory evidence 

that motor learning does not occur via MI unless there is prior movement experience 

(Mulder et al., 2004; Olsson & Nyberg, 2010). Predictive processing views of MI 

maintain that motor acquisition through MI is linked to the extent of experience an 

individual has with the particular action (see Ridderinkhof & Brass, 2015). However, it 

should be noted that studies have found changes in brain activity and functional 

connectivity following MI/MP (see Debarnot et al., 2014; Zhang et al, 2014; Pascual-

Leone et al., 1995; Lafleur et al., 2002; Jackson et al., 2003). Changes in brain 

activity following MI might reflect the benefit of simulation processes in shaping the 

motor system (action anticipation) to facilitate subsequent action execution (MST), or 

in refining the representational re-enactment process, whereby simulations are only 

performed for those components of the representation that are essentially required 

for action (grounded theory). 

 

3.9 Concluding comments 

Over the past 15 to 20 years, MST has been consistently invoked in an effort to 

explain how MI works (e.g., Gentsch, et al., 2016; Munzert et al., 2015; Erlacher & 

Schredi, 2008; Holmes & Collins, 2001; Munzert et al., 2009). But does this 

theoretical approach provide an adequate theoretical account of the cognitive 

mechanisms underlying MI? In an effort to answer this question, the present article 

had two objectives. Firstly, it attempted to clarify the terminology of MST, summarise 
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its key postulates and to evaluate available evidence cited in support of them. In 

addition, it sought to evaluate the degree to which MST provides a sufficient 

explanation of the cognitive mechanisms underlying MI. To this end, key anatomical 

brain regions associated with actual and imagined movement were highlighted, and 

in support of simulation theory, considerable regional overlap was identified. 

However, subtle differences in the neural-networks underlying MI and ME were 

evident and emphasise the importance of understanding MI at different levels of 

analysis. Overall, we have argued that MST relies on an underspecified mechanism 

– simulation – as the operational characteristics of the mechanism itself are unclear. 

Thus, empirical inquiry and cognitive-level process models that explain precisely how 

the simulation mechanism operates during MI are required to explain, for example, 

how simulation is initiated, continuously generated, and terminated, or if it is under 

constant conscious control. Further, while MST claims that ME and MI rely on the 

same set of mechanisms, few of these are precisely delineated. Based on 

Jeannerod’s work, we have suggested that the simulation process during MI may 

operate at least three further mechanisms, namely, attentional mechanisms for the 

selection and assembly of motor elements, comparator mechanisms for the 

monitoring of imagined action towards a goal, and inhibitory mechanisms for 

preventing overt execution during MI. It is apparent from the research discussed that 

the psychological architecture of MI remains poorly understood. Without fully 

understanding the cognition underlying MI, other theories emphasising the reliance of 

cognition on sensorimotor activity, such as grounded theory, or emphasising 

simulated sensory feedback, as in emulation theory, cannot be discounted as more 

adequate explanations for how MI works. In this regard, we suggest that an 

integration of cognitive, neural and behavioural level research will likely be most 

productive in providing comprehensive knowledge of exactly how MI functions. 
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Chapter 4 – Are Fast Complex Movements Unimaginable? Pupillometric 

Studies of Motor Imagery in Expert Piano Playing 

 

4.1 Abstract 

Motor imagery (MI; or, the mental rehearsal of actions without engaging in the 

movements involved) shares certain mental representations and processes with 

executed movement (ME). This neurocognitive overlap between MI and ME may 

explain why the systematic use of MI (known as MP) improves skilled performance in 

numerous domains. Unfortunately, the attentional mechanisms underlying MI remain 

unresolved. Therefore, the present studies investigated the role of attentional effort 

(as measured by pupil dilation) in MI. Specifically, we evaluated the effects of 

movement complexity and speed on expert pianists’ pupil dilation as they executed 

and imagined easy/complex and slow/fast music phrases. Results revealed that easy 

movements, regardless of movement speed, required similar levels of attentional 

effort during MI and ME. However, during complex movements performed at a fast 

speed, the neurocognitive congruence between executed and imagined movement 

was disrupted. The theoretical and practical implications of our results are discussed. 

 

4.2 Introduction 

MI is an intriguing cognitive ability whereby actions are consciously imagined (by 

kinaesthetically feeling an action in the mind) without executing the movements 

involved (Moran et al., 2012). MI – or MP (Driskell et al., 1994) – is a valuable adjunct 

to physical practice for improving skilled movement (for review, see Di Rienzo et al., 

2016; Lotze, 2013). Indeed, the systematic use of MI has been linked to enhanced 

action performance in numerous domains, for example, sport (Weinberg, 2008), 

medicine (Arora et al., 2011), music (Bernardi et al., 2013), dance (Girón et al., 
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2012), motor-related rehabilitation (Malouin et al., 2013) and in driving brain 

computer interfaces (Zhang et al., 2016). 

The most popular theoretical explanation for the efficacy of MI in improving 

movement skill is motor simulation theory (MST; Jeannerod, 1994, 2001, 2006a; see 

Chapter 3). According to MST, actual and imagined movements are regarded as 

functionally equivalent because they share motor representations at both neural and 

cognitive levels. Accordingly, both movement types purportedly activate similar brain 

regions and motor systems, which can operate off-line (i.e., during motor 

cognition/MI) via an hypothetical simulation mechanism. Imagined (hence, inhibited) 

actions are thought to involve most components (goal/plan/program) and functional 

(neural/cognitive) mechanisms of executed action (Jeannerod, 2006a). So, MI/MP is 

assumed to improve skilled movement by covertly priming the motor system and 

rehearsing the action process – from goal formation to motor program simulation and 

action outcome anticipation (Jeannerod, 2006a). In support of a MST explanation of 

MI, there is considerable evidence of neuroanatomical overlap between the 

substrates of executed and imagined actions, indicating that the motor system is 

involved during movement simulation (e.g., Hétu et al., 2013; Munzert et al., 2009). 

Furthermore, behavioural studies employing mental chronometry paradigms – which 

assume that the time-course of information-processing behaviour should be similar if 

executed and imagined movements share representations (Moran et al., 2012) - 

demonstrate temporal congruence between MI and ME (Guillot et al., 2012a). 

Temporal equivalence between MI and ME indicates that the overall information-

processing occurring during the two movement types is comparable. 

Although similar neuroanatomical structures and performance durations are 

observed during MI and ME, these measures are only informative of broad 

similarities. Specifically, the neural networks involved during MI and ME are not the 
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same (e.g., Hétu et al., 2013; Vry et al., 2012). Not surprisingly, MI activates brain 

regions associated with higher-order cognitive processes to a greater extent than 

does ME, such as those involved in cognitive control (i.e., intentional information 

processing; Posner & Presti, 1987) and working memory (WM; e.g., the fronto-

parietal attention network; see, e.g., Zhang et al., 2016). Another finding is that the 

temporal congruence between executed and imagined actions is not consistent. For 

example, the complexity of movements (Kalicinski et al., 2015; Calmels et al., 2006) 

and the skill level of performers (Reed, 2002; Orliaguet & Coello, 1998) modulate 

temporal congruence. Of course, a failure to control for individual differences in 

imagery ability might also account for temporal discrepancies between MI and ME, 

particularly in relation to novices (Isaac, 1992; Guillot et al., 2008). However, as 

experts – who typically have good imagery ability (Guillot et al., 2008; Madan & 

Singhal, 2012) – can also take longer to imagine performing complex movements 

than to execute them (O’Shea & Moran, 2016; Reed, 2002), perhaps other factors 

(e.g., attentional processes) are involved. For example, because MI relies on limited-

capacity WM systems to hold action information in mind (Munzert et al., 2009), the 

levels of attentional control required for conscious maintenance and processing of 

complex movements may burden information-processing resources to a greater 

extent than does easier movements (Cowan, 2001; Unsworth & Robison, 2015). 

Consequently, movement accuracy may be prioritised, and thus, longer performance 

durations observed (Guillot et al., 2004). A further complication is that mental 

chronometry is not a direct measure of the processes mediating MI performance 

(Meyer et al., 1988). Comparisons of the durations of executed and imagined actions 

do not elucidate either the nature (e.g., automatic versus controlled) or intensity of 

processing necessary for accurate MI functioning. Accordingly, systematic empirical 

investigation using diverse methodologies is required to explore why complex 
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movements take longer to imagine performing than to execute, even among experts. 

Further anomalies in the relationship between MI and ME are evident in 

applied settings, when MI/MP is used to improve motor performance. For example, 

prolonged training sessions or increased movement repetitions with MP hamper its 

effectiveness – typically, reducing improvement gains and/or performance/temporal 

accuracy (Driskell et al., 1994; Malouin et al., 2013). Consistent with this observation, 

research demonstrates that MP training involving a combination of MP and physical 

practice (PP), produces better outcomes than does PP or MP alone (Page, Dunning, 

Hermann, Leonard, & Levine, 2011; Avanzino et al., 2009). One explanation for 

these effects is that excessive MP leads to mental fatigue, just as excessive PP can 

result in muscular fatigue (Malouin et al., 2013). Mental fatigue relates to the 

subjective feeling experienced during/after long periods of cognitive activity that 

require continuous attentional effort (Boksem & Tops, 2008; Lorist, Boksem, & 

Ridderinkhof, 2005). Mental fatigue is typically associated with sub-optimal 

behavioural performance (Rozand, Lebon, Papaxanthis, & Lepers, 2015) as it affects 

higher-level cognitive control mechanisms (Lorist et al, 2005). As MI is a conscious, 

controlled process (Munzert et al., 2009; Jeannerod, 2001), attentional processes 

(e.g., attentional/mental effort) appear fundamental to its functioning (Kahneman, 

2011). Interestingly, although mental fatigue results in increased imagined movement 

durations (Rozand et al., 2015), its adverse effects can be cushioned when MP is 

combined with PP (Rozand, Lebon, Stapley, Papaxanthis, & Lepers, 2016). More 

generally, evidence has emerged to indicate the involvement of attentional systems 

in MI processes. For example, temporal congruence between MI and ME is greater 

when people are aroused (and hence, exerting more attentional effort; Kahneman, 

2011) than when relaxed during MI (Louis et al., 2011; Gueugneau et al., 2009). 

Unfortunately, few studies have investigated the role of attentional processes in MI 
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functioning (see Chapter 3). 

 

4.3 The Present Studies 

The present studies investigated the effects of movement complexity and speed on 

expert pianists’ attentional effort (measured by pupil dilation) as they executed and 

imagined playing the piano. To our knowledge, these studies represent the first 

empirical attempts to investigate the attentional demands of executing and imagining 

real-world actions that vary in complexity and speed. A feature of the studies is that 

they are based theoretically on a strength-based approach (see MacIntyre, Moran, 

Collet, & Guillot, 2013) whereby MI is investigated using an expert sample and an 

ecologically valid task (piano playing). Piano playing was chosen because it involves 

un-paralleled complexity of movements. Pianists’ pupil size was measured while they 

played the piano. Pupil dilation is widely acknowledged as an objective index of 

attentional allocation or mental effort (Alnæs et al., 2014; Beatty & Lucero-Wagoner, 

2000; Kahneman, 1973, 2011). Pupillary response is endogenously driven, primarily 

in association with psychophysiological activity in the locus coeruleus noradrenergic 

(LC-NA) neuromodulatory system (e.g., Murphy et al., 2014). This system has been 

implicated in the regulation of cognitive control states (e.g., attentional resource 

allocation) and the enhancement of executive function (Greene et al., 2009). 

Typically, increased demands on information-processing resources lead to increases 

in pupil size (Laeng et al., 2012). 

 

4.4 Research Aims and Hypotheses 

The aim of the present pupillometric studies was to examine attentional allocation 

(i.e., mental effort) during expert pianists’ executed/imagined piano playing. Study 1 

investigated the effects of complexity and speed on participants’ attentional effort 
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while they performed four music phrases of varying degrees of difficulty. Study 2 

used a dual-task paradigm to explore whether increasing movement complexity 

through the presence of a secondary motor task (performed simultaneously) exerts 

similar effects on actual and imagined piano playing. Overall, we hypothesised that 

because movement complexity modulates temporal congruence between ME and MI, 

pupil size during executed and imagined piano playing will be more similar during 

easy movements than during complex movements or dual-task conditions. Further, 

as fast speeds demand the most effortful information-processing (Kahneman, 2011), 

pupil-size during ME and MI will be affected by movement speed, with a fast tempo 

having the greatest effect and result in larger pupil size than that during a slow 

speed. 

 

4.5 Study 1  

4.5.1 Method 

Participants 

Eighteen expert pianists participated in the study (all had a minimum of 10 years 

piano-playing experience; M = 31.2, SD = 14). Three participants were excluded from 

analyses as they produced insufficient pupillometric data, due to excessive off-screen 

fixation (e.g., viewing the piano keyboard) or blinking. The final sample of 15 

participants (8 males; M = 38.8 years, SD = 14.51 years) was in accordance with 

typical sample sizes found in pupillometric studies (which tend to range from sizes of 

10/12 participants to 20/22 participants, Daniels, Nichols, Seifert, & Hock, 2012; 

Mathôt et al., 2016; Bayer, Sommer, & Schacht, 2011; Katidioti, Borst, & Taatgen, 

2014). Participants were given no information about the experimental hypotheses, 

and all had normal or corrected to normal vision and provided written informed 
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consent. Experimental procedures were reviewed and approved by the University 

College Dublin ethics committee (see Appendix G). 

 

Design 

A repeated measures 2 x 2 x 2 factorial design was employed. The three 

independent variables were “mode” (executed and imagined), “complexity” (easy and 

difficult) and “speed” (slow and fast) of piano playing. The dependent variable was 

mean pupil diameter in millimetres. Participants completed 8 conditions: execution of 

slow-easy, fast-easy, slow-complex, and fast-complex four-bar music phrases, and 

imagined performance of the same using MI. Two experimental programs were 

created and used. In the first (A), the order of movement type was ME followed by 

MI, whereas in the second (B), MI preceded ME. The order of presentation was 

counterbalanced across participants, with eight participants performing (A) and seven 

performing (B). There were no significant differences between order Group A (ME-

MI) and order Group B (MI-ME) in the executed easy/complex, slow/fast conditions, 

or between order Group A and order Group B in the imagined easy/complex, 

slow/fast conditions. 

 

Apparatus and materials 

A Tobii T60 eye-tracking system (Tobii Technology, Sweden) running Tobii Studio 

was used for pupil-size measurement. This remote-camera set-up records pupil size 

without the need for a chin-rest and has high sample-to-sample change detection 

accuracy within participants (Jackson & Sirois, 2009). The system has a sampling 

rate (temporal resolution) of 60Hz (i.e., capturing an image of the eye every 16.6ms) 

and a spatial resolution of 0.2 degrees. Two identical computer-programs were 

designed for the present study – differing only in movement presentation order (i.e., 
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ME-MI and MI-ME). The program included a series of images displaying the notation 

of four-bar musical phrases (music scores; see Appendix F). Four music scores were 

included in the program – two easy (one for right-hand and one for left-hand) and two 

complex (one for right-hand and one for left-hand) – and comprised extracts from 

Exercise 47 from Hanon’s The Virtuoso Pianist (Easy; Schirmer, Vol. 925) and 

Exercise 34a from Brahms’ 51 Exercises for piano (Complex; Schirmer, Vol. 1600). 

Movement complexity was operationally defined by the texture of the music (single 

line of music or two lines played simultaneously for easy or complex, respectively), 

the number of effectors involved (one or two effectors for easy or complex 

movement, respectively), and the hand-movement patterns (vertical movement only 

or vertical and lateral for easy or complex, respectively). Movement speed was 

defined by the number of crotchet beats per minute (40 and 54 crotchet beats per 

minute for slow and fast movements, respectively). The music was displayed in black 

with a white background on a 17-inch (43cm) computer screen. Music size and 

luminance was constant throughout. Each music score was presented four times for 

execution and four times for imagined performance (totalling 32 trials). The order in 

which the 16 executed trials were presented was randomised. This order was 

identical for imagined trials. Each of the 32 trials in the program consisted of a pre-

stimulus display of the music to be performed during the trial (Figure 4.1). The pre-

stimulus display (i) avoided luminance changes (which could result in artificial pupil 

dilation/constriction) at stimulus onset/tracking period of interest; (ii) established the 

speed of the upcoming music/movement (see procedure); (iii) and provided data (the 

final 500ms/30 pupil-samples) for baseline pupil diameter calculation (in line with 

convention; e.g., Alnæs et al., 2014). Participants played on a digital piano (Casio 

CDP-130 BK), and pressed a button on the floor with their foot to move to a new 

music score (Figure 4.1). Participants received the music score printed in black on a 
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white A4 page together with performance instructions (i.e., to be performed 

technically, with no subjective interpretation) prior to the experimental session (so 

that they could be well-learned). To control for movement during MI, an eight surface-

electrode EMG armband (Myo, Thalmic Labs, Canada) was used. It connected via 

Bluetooth to a MacBook Pro (Apple), running a real-time diagnostic application (Myo 

Diagnostics) which recorded muscle activity (through raw EMG data feed). An iPad 3 

(model ME860B/A) was used to visually record participants’ hands. A metronome 

provided slow/fast tempi during the practice period. The VMIQ-2 (see Section 2.6, 

Chapter 2; Appendix B) assessed MI ability. The BRPES (see Section 2.6, Chapter 

2; Appendix C) served as a subjective measure of exertion during movement. A post-

experiment Likert-style questionnaire served as a manipulation check for imagery 

use (Appendix D). 

 

Procedure  

 

 

Figure 4.1. Schematic of the experimental protocol for Study 1 (& Study 2). The 

practice trial was preceded by experimental instructions. 

 

Initially, participants completed the VMIQ-2. Those who achieved a score of <36 

(scores range from 12 to 60) for kinaesthetic imagery (indicating an ability to form 
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reasonably clear and vivid images; M = 23.08, SD = 6.06) were given the music 

score to develop playing proficiency before the experimental session. Participants 

were prohibited from consuming caffeine for at least 4 hours prior to taking part in the 

study. This methodological precaution limited potential confounding effects of 

caffeine, which can affect norepinephrine functioning and attention (Smith, Brice, 

Nash, Rich, & Nutt, 2003). Participants were tested individually and given unlimited 

time to warm-up on the piano and practise using the foot button. They sat on a chair 

in front of the piano and 65cm from the eye-tracking computer screen which was 

placed on a table in front of the piano (Figure 4.2).  
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Figure 4.2. Experimental set-up for Study 2 – executed playing. Imagined piano 

playing had an identical set-up except that the ‘playing hand’ rested on the piano. 

Study 1 had the same set-up except that there was no button-press task (i.e., no 

Cedrus response pad or side table). The non-playing hand was placed on the 

participant’s lap. 

 

After calibration of the eye-tracking system, participants received instructions 

informing them of the experimental protocol. Such instructions included (i) the order 
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in which to execute and imagine the music, (ii) when breaks would occur, (iii) 

countdown/speed procedure, (iv) the importance of looking at the computer screen 

throughout, following the music score as they performed, (v) the EMG procedure (vi) 

a request to press the foot button once they had completed a trial. Then, participants 

performed a practice trial. Program (A) began with executed experimental trials. Each 

one included a pre-stimulus display of the music to be performed (Figure 4.1). Above 

the music score in this display, written numbers counted down from “5” to “1” at the 

tempo in which the upcoming music/movement should be performed, thereby acting 

as a metronome (i.e., a speed of 1.5s/number or 1.1s/number for slow or fast 

movements, respectively). Participants began playing the music on zero. When 

finished, they pressed the foot button to initiate the next countdown screen and music 

phrase. After 16 executed trials, participants were fitted with EMG during a break. 

Then, they proceeded with imagined performance of 16 trials (like ME trials). During 

MI, participants’ performance-hand was placed palm down on the piano. Participants 

presented with Program (B) followed a similar protocol – beginning with MI and 

proceeding to ME. During MI, participants were reminded to feel themselves playing 

the piano. After executed and imagined piano playing, participants rated their 

perceived exertion level during the trials using the BRPRS (execution, M = 3.83 SD = 

1.7 – ‘Moderate’; imagery M = 4.34 SD = 2.49 – ‘Somewhat strong’). At the end, 

participants completed an imagery process questionnaire as a manipulation check. 

 

Data processing  

All pupil data were pre-processed to limit the impact of artefacts (e.g., eye-blinks) on 

statistical analyses. Pupil diameter was continuously recorded throughout the 

experiment. In line with convention, measurements from both eyes for each pupil 

sample for every participant were averaged to reduce data noise (Jackson & Sirois, 
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2009). 240 valid pupil samples spanning four seconds were required from each trial. 

Overall, 11% of trials did not meet this criterion and were excluded from subsequent 

analyses. For each included trial, the 240 pupil samples (over four seconds) were 

used to calculate the average pupil size measurement for that trial. It is important to 

note that each movement condition comprised a single movement pattern 

approximately one second in duration that was sequentially repeated over the course 

of a trial. Therefore, in the present study, because the same movement-pattern was 

merely repeated, it was appropriate to use mean baseline-corrected pupil-size 

measures for analysis. Because there were four trials for every condition (i.e., easy 

slow, easy fast, complex slow, complex fast for both executed and imagined 

movements), mean values across trials in a condition were averaged to generate one 

mean value for every condition for each participant for statistical analyses. Pupil 

samples within the time period 0 to 1 second were not included in analyses in order 

to limit possible (and unwanted) effects of other cognitive events, for example, the 

after-effects of increased information-processing during speed acquisition during the 

pre-stimulus ‘countdown screen’. Such after-effects may occur due to the latency of 

the pupillary response (which is approximately 200ms), or because the pupillary 

response typically peaks around one second post event (Beatty & Lucero-Wagoner, 

2000; Sirois & Brisson, 2014; Eckstein et al., 2017; Daniels et al., 2012). 

To minimise the effects of inter-individual differences in pupil size, and to 

control for habituation and decline of pupil size, all raw pupil data were baseline 

corrected on a trial-by-trial basis. Standard baseline correction methods were applied 

(Alnæs et al., 2014). In each trial, the average pupil diameter of the final 30 samples 

(spanning 500ms) of the pre-stimulus display served as a baseline measure for the 

trial. This measure was then subtracted from all relevant pupil-sample values to 

determine baseline-corrected values. All analyses used baseline-corrected values. 
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On a methodological note, cognitive processing during the pre-stimulus display (e.g., 

for speed acquisition) resulted in a non-absolute baseline measure (i.e., a baseline 

that involved no processing), which frequently produced negative baseline corrected 

pupil-size values (for further discussion, see general discussion below). However, 

because the baseline correction procedure was systematic throughout all trials, 

baseline corrected measures are deemed to reflect systematic and specific 

task/movement-evoked pupillary responses (e.g., pupillary responses in relation to 

easy or complex movements, or, executed or imagined movements). 

Missing samples were linearly interpolated (based on Jackson & Sirois, 2009). 

Such linear interpolation was restricted to data loss episodes of less than 12 pupil 

samples for each 60 sample group (spanning one second; e.g., Hochmann & Papeo, 

2014). Trials with more than 20% of missing data were omitted from analysis (hence, 

11% of trials were omitted). 

To eliminate extreme outliers, pupil data with z-scores greater than or less 

than 3 or -3 were excluded (hence, 16 data points out of a total of 960 data points 

over the two studies were excluded). Participants’ mean pupil diameters (in 

millimetres; baseline corrected to minimise individual differences) during executed 

and imagined slow and fast easy/complex piano playing were analysed. To minimise 

experiment-generated error, the alpha value for post-hoc paired sample t-tests was 

Bonferroni corrected. All measures, conditions and data exclusions have been 

reported, and all assumptions for the use of parametric statistics were met. 

 

4.5.2 Results 

Analysis of mean pupil diameters revealed that those during executed and imagined 

performances of slow easy (M = -.06, SD = .07; M = -.05, SD = .11, respectively), fast 

easy (M = -.06, SD = .08; M = -.08, SD = .12, respectively), and slow complex (M = -
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.02, SD = .08; M = -.04, SD = .10, respectively) movements were similar. However, 

the mean pupil diameter during executed fast complex movements (M = .04, SD = 

.11) was larger than that during imagined performance of the same (M = -.12, SD = 

.13). The means and standard deviations are provided in Table 4.1.    

 

Table 4.1. Mean pupil diameter in millimetres (baseline corrected) for movement type, 

complexity and speed conditions in Study 1     

 

Executed   Imagined   

Complexity Speed M (SD) 95% CI  M (SD) 95% CI 

Easy Slow -.06 (.07) [-0.095, -0.025] -.05 (.11) [-0.106, 0.006 ] 

Easy Fast -.06 (.08) [-0.1, -0.02 ] -.08 (.12) [-0.141, -0.019] 

Complex Slow -.02 (.08) [-0.06, 0.02 ] -.04 (.10) [-0.091, 0.011 ] 

Complex Fast .04 (.11) [-0.016, 0.096] -.12 (.13) [-0.186, -0.054]  

Note. CI = confidence interval, SD = standard deviation. 

 

To investigate the effects of performance mode (executed & imagined), movement 

complexity (easy & complex) and movement speed (slow & fast) on participants’ 

pupil diameter, a repeated measures analysis of variance (ANOVA) was conducted. 

A 2 (mode: executed & imagined) x 2 (complexity: easy & complex) x 2 (speed: slow 

& fast) ANOVA revealed no significant main effects of mode, F(1,14) = 4.281, p = 

.058, hp
2 = .234, complexity, F(1,14) = 3.267, p = .092, hp

2 = .189, or speed, F(1,14) 

= .960, p = .344, hp
2 = .064, on pupil diameter size. There were significant 

interactions between mode and complexity, F(1,14) = 7.666, p = .015, hp
2 = .354, 

mode and speed, F(1,14) = 13.788, p = .002, hp
2 = .496, and mode, complexity and 

speed, F(1,14) = 4.952, p = .043, hp
2 = .261. There was no significant interaction 

between complexity and speed, F(1,14) = .002, p = .962, hp
2 = .000. To identify 

precisely where the significant differences lay, a series of post-hoc paired samples t-
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tests was performed. As previous analyses of descriptive statistics indicated little 

difference across or within performance mode for easy movements, post-hoc 

analyses focused on complex movements across mode and speed (Bonferroni 

corrected alpha was .017). They revealed that, on average, participants’ pupil size 

was significantly larger during executed fast complex movements (M = .04, SD = .11) 

than during imagined fast complex movements (M = -.12, SD = .13), t(14) = 3.976, p 

= .001. Furthermore, participants’ pupil size was significantly larger during imagined 

slow complex movements (M = -.04, SD = .10) than during imagined fast complex 

movements (M = -.12, SD = .13), t(14) = 3.918, p = .002. No significant difference 

was found between pupil size during executed slow complex (M = -.02, SD = .08) 

and fast complex movements (M = .04, SD = .11), t(14) = -2.393, p = .031. These 

results showed that experts pianists’ mean pupil diameters during slow easy and 

complex movements, and fast easy movements are similar during execution and 

imagination, but that during fast complex movements pupil size is larger during 

executed than during imagined performance. 
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Figure 4.3. Mean pupil diameters and standard errors for executed and imagined 

slow & fast easy movements, and slow & fast complex movements in Study 1. 

 

4.5.3 Discussion 

The present pupillometric study investigated the intensity of attentional allocation 

(Kahneman, 1973) during ME and MI. We predicted that participants’ pupil-size 

measurements would be more similar during easy movements than during complex 

movements. Consistent with this prediction, there was a close correspondence 

between the pupil sizes during execution and imagery of slow and fast easy 

movements. Thus, easy piano-playing movements, regardless of the speed at which 

they were performed, required comparable levels of attentional effort during ME and 

MI. These findings suggest that executed and imagined actions share certain 

functional mechanisms and representations of movement (Jeannerod, 2001; Lotze & 
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Halsband, 2006). However, although we had predicted that movement complexity 

would disrupt congruence between ME and MI, results showed that pupil size during 

the two movement types corresponded similarly during slow complex movements 

(Figure 4.3) – suggesting that attentional processing was broadly similar in both 

instances. Subsequent analysis showed that when these complex movements were 

performed at a fast speed, pupil-size measurements during execution and imagery 

were incongruent. During fast complex piano-playing movements pupil size 

increased during ME – indicating further investment of attentional resources to meet 

demands, but substantially decreased during MI – implying reduced mental effort 

(Beatty & Lucero-Wagoner, 2000). Further, the observed decrease in pupil size 

during imagined performance of fast complex movements contracted to such a level 

that it was smaller than that observed during easy imagined movements (Figure 4.3). 

Pupil constriction in response to tasks that are assumed to exceed an individual’s 

cognitive capabilities (i.e., during excessive mental workload) has been 

demonstrated by a number of studies (Granholm et al., 1996; Poock, 1973). 

Therefore, our results suggest that MI of fast complex movements seem to exceed 

performers’ attentional capacity. This account is somewhat supported by the fact that 

participants’ perceived level of effort (on the BRPES) was higher for MI than for ME 

(imagery M = 4.27 SD = 2.35; execution, M = 3.83 SD = 1.7) – indicating that 

participants perceived imagined movement to involve greater attentional effort than 

executed movement. In summary, the present study is the first study to demonstrate 

that movement complexity may not disrupt neurocognitive congruence between 

executed and imagined movement. Instead, complexity may interact with movement 

speed to modulate attentional processing during MI. 
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4.6 Study 2 

The purpose of Study 2 was to investigate whether escalating movement complexity, 

by employing a dual-task paradigm (Cowan & Morey, 2007), exerts similar effects on 

executed and imagined piano playing. The dual-task paradigm assumes that the 

atypical demands arising from simultaneous performance of two different tasks 

highlight resource allocation limitations, typically through performance decrements 

(e.g., longer response times; Heuer & Hallowell, 2015). Here, a secondary, 

sequential button-press task was performed concurrently with each of the Study 1 

easy/complex, slow/fast piano-playing movements. The aim was to explore possible 

constraints imposed by limited-capacity attentional systems on MI. If ME and MI 

similarly exploit attentional processes, then they should suffer comparable 

interference/load effects from the secondary task during piano-playing performance 

(Kahneman, 1973). We expected pupil-size measurements to increase with task 

complexity for executed and imagined movements (reflecting increases in attentional 

effort). However, because movement complexity modulates temporal congruence 

between ME and MI (Guillot et al., 2012a), we expected that pupil-size congruence 

between ME and MI would be affected by the complexity of dual-task conditions. 

 

4.6.1 Method 

Participants 

The same 15 participants from Study 1 participated in Study 2. They were given no 

information about the experimental hypotheses but provided written informed 

consent. Experimental procedures were approved by the University College Dublin 

ethics committee (Appendix G). 
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Design 

A repeated measures 2 x 2 x 2 factorial design similar to that in Study 1 was 

employed. The three independent variables were “mode” (executed and imagined), 

“complexity” (easy and difficult) and “speed” (slow and fast) of piano playing. The 

dependent variable was mean pupil diameter in millimetres. The eye-tracking 

programs, randomisation procedures and counterbalancing techniques were the 

same as in Study 1. 

 

Apparatus and materials 

The apparatus and materials from Study 1 were used in Study 2. Additionally, a 

Cedrus Response Pad (Model RB830), resting on a small table (at the same height 

as the piano; see Figure 4.2) and connected to a computer (Apple Mac) running 

SuperLab Software, was used to record responses during the secondary motor task. 

 

Procedure 

Following Study 1, participants were given a break (up to 30 minutes) before 

beginning Study 2. The procedure for Study 2 was identical to that of Study 1. The 

only addition was the inclusion of a secondary motor task which participants 

performed concurrently with the same piano-playing movements as in Study 1. 

Participants were given five minutes to practise performing the combination of 

primary and secondary movements before the experiment began. The secondary 

task involved physically pressing a sequence of 4 buttons on a Cedrus response pad 

(model RB830) with their thumb (1st), 5th, 2nd and 3rd fingers. Participants were 

requested to complete the sequence as many times as possible while performing the 

music (i.e., pressing the buttons as fast as possible). They were also informed that 

the music performance was the primary task and should be performed to the highest 
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standard possible (during both actual and imagined trials). Participants began the 

secondary task at the start of each music performance and stopped at the end of 

each music performance. 

 

Data processing 

All pupil data were pre-processed according to the procedures outlined in Study 1. 

Participants’ mean pupil diameters (in millimetres; baseline corrected) during 

executed and imagined slow/fast, easy and complex piano playing were analysed. 

 

4.6.2 Results 

Analysis of mean pupil diameters revealed that those during executed performances 

of slow easy (M = .17, SD = .13), fast easy (M = .11, SD = .15), slow complex (M = 

.19, SD = .15), and fast complex (M = .23, SD = .14) movements were larger than 

those for slow easy (M = .04, SD = .12), easy fast (M = .02, SD = .09), slow complex 

(M = .01, SD = .08), and fast complex (M = .02, SD = .09) imagined movements. The 

means and standard deviations are provided in Table 4.2.    

 

Table 4.2. Mean pupil diameter in millimetres (baseline corrected) for movement type, 

complexity and speed conditions in Study 2     

 

Executed   Imagined   

Complexity Speed M (SD) 95% CI  M (SD) 95% CI 

Easy Slow .17 (.13) [0.104, 0.236] .04 (.12) [-0.021, 0.101] 

Easy Fast .11 (.15) [0.034, 0.186] .02 (.09) [-0.026, 0.066] 

Complex Slow .19 (.15) [0.114, 0.266] .01 (.08) [-0.03, 0.05] 

Complex Fast .23 (.14) [0.159, 0.301] .02 (.09) [-0.026, 0.066] 

Note. CI = confidence interval, SD = standard deviation. 
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To investigate the effects of performance mode (executed & imagined), movement 

complexity (easy & complex) and movement speed (slow & fast) on participants’ 

pupil diameter, a repeated measures ANOVA was conducted. A 2 (mode: executed & 

imagined) x 2 (complexity: easy & complex) x 2 (speed: slow & fast) ANOVA 

revealed a significant main effect of mode, F(1,14) = 28.201, p = .001, hp
2 = .668, on 

pupil-diameter size. There were no significant main effects of complexity, F(1,14) = 

2.048, p = .174, hp
2 = .128 or speed, F(1,14) = .114, p = .741, hp

2 = .008. There was 

a significant interaction between mode and complexity, F(1,14) = 6.136, p = .027, hp
2 

= .305. There were no significant interactions between mode and speed, F(1,14) = 

.034, p = .856, hp
2 = .002, complexity and speed, F(1,14) = 3.669, p = .076, hp

2 = 

.208, or between mode, complexity and speed, F(1,14) = 1.768, p = .205, hp
2 = .112. 

Post-hoc paired-samples t-tests revealed that, on average, participants’ pupil 

size was significantly larger during executed slow easy movements (M = .17, SD = 

.13), than during imagined slow easy movements (M = .04, SD = .12), t(14) = 4.175, 

p = .001, during executed slow complex movements (M = .19, SD = .15), than during 

imagined slow complex movements (M = .01, SD = .08), t(14) = 4.397, p = .001, and 

during executed fast complex movements (M = .23, SD = .14), than during imagined 

fast complex movements (M = .02, SD = .09), t(14) = 5.418, p < .001 (Bonferroni 

corrected alpha was .013). There was no significant difference between executed 

fast easy movements (M = .11, SD = .15) and imagined fast easy movements (M = 

.02, SD = .09), t(14) = 2.026, p = .062. The results showed that expert pianists’ mean 

pupil diameters were similar for executed and imagined fast easy movements, but 

larger during executed slow easy movements and slow and fast complex movements 

than those during imagination of the same. 
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Figure 4.4. Mean pupil diameters and standard errors for executed and imagined 

slow & fast easy movements, and slow & fast complex movements in Study 2. 

 

4.6.3 Discussion 

Study 2 investigated the effects of escalating movement complexity on the allocation 

of attention during executed and imagined movements. Specifically, it sought to 

explore how interference from a concurrent secondary task, and its associated 

cognitive load, modulates attentional processing during ME and MI. As predicted, 

increased movement complexity through dual-task (piano playing & sequential button 

pressing) performance disrupted congruence between ME and MI in all conditions 

except for fast-easy movements, which unexpectedly, had similar pupil sizes. 

Furthermore, although pupil size typically increased during executed movements in 

accordance with increasing movement complexity – reaching its largest size during 
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fast complex movements – there was little difference in pupil size between imagined 

movements (Figure 4.4). Thus, contrary to our predictions, pupil diameters during all 

MI movements were larger than those observed in Study 1, but remained fairly 

constant throughout all conditions (Figure 4.4). Movement complexity and speed did 

not alter the level of attentional effort invested during imagined movements. A 

plateau effect in pupil diameter occurs when cognitive resource capacity has been 

reached (Unsworth & Robison, 2015; Cabestrero et al., 2009). Therefore, it appears 

as though dual-task conditions prevented further attentional allocation during MI for 

accurate image generation and maintenance, as the intensity of attentional 

processing changed little across the different movements. Finally, regarding the 

finding of similar pupil-size measurements for fast-easy movements during MI and 

ME, perhaps because participants were instructed to perform the secondary (button-

press) movements as fast as possible, they found it easier to perform fast secondary 

movements with execution of fast-easy primary (piano playing) movements than with 

execution of slow-easy primary movements. Thus, executed fast-easy piano playing 

resulted in a smaller average pupil size, reflecting the reduced mental effort invested 

and also having the effect of narrowing the difference between pupil-size 

measurements during MI and ME – ultimately, resulting in seemingly similar 

attentional processing for those executed and imagined movements. Overall, our 

results suggest that MI may be constrained by the limited-capacity of attentional 

resources, which influences the degree of mental effort that can be invested in 

imagined movement. 

 

4.7 General Discussion 

The present pupillometric studies investigated attentional effort in MI. Specifically, we 

explored the attentional processes occurring during expert pianists’ executed and 
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imagined slow/fast, easy/complex performances. To our knowledge, these are the 

first studies to combine and evaluate the effects of speed and movement complexity 

on attentional processes during MI and ME. 

The findings of Study 1 revealed that expert performers’ execution and 

imagination of easy piano-playing movements (whether performed at a slow or fast 

pace) and of slow complex movements involve similar attentional effort (as measured 

by pupil dilation). Furthermore, whereas fast complex movements induced the largest 

pupil size during ME, they elicited the smallest during MI. Therefore, we conclude 

that fast complex movements appear to differentially modulate attentional allocation 

processes during executed and imagined movements. Also, the pupil constriction 

observed during imagination of fast complex movements and participants’ perceived 

increase in required mental effort during MI (as rated on the BRPES) suggests that 

when complex movements are performed at a fast speed, an appropriate level of 

attentional allocation and control cannot be achieved and thus, accurate imagery 

cannot be maintained. Study 2 used a different methodology to explore the effects of 

movement complexity on the congruence between ME and MI. Participants 

physically performed a secondary sequential button-press task concurrently with the 

easy/complex, slow/fast piano-playing of the first study. As predicted, the results 

demonstrated that pupil-size congruence between ME and MI was generally 

disrupted under the more complex dual-task conditions. Particularly, pupil-size 

measurements during executed slow easy, and slow and fast complex movements 

were considerably larger than those during imagined performance of the same. 

Notably, pupil diameter remained similar in size throughout all levels of speed and 

complexity during imagery (Figure 4.4). This plateau effect in pupil diameter indicates 

that attentional capacity limits have been reached (e.g., Unsworth & Robison, 2015), 

and that, regardless of changes in movement speed or complexity, further mental 



 93 

effort could not be invested in movement performance. Taken together, the present 

findings suggest that imagined movements that are both complex and fast may 

require levels of attention that are not, or perhaps cannot be, sufficiently allocated 

during MI for accurate performance. 

The present findings are consistent with studies proposing that arousal levels 

influence MI functioning and temporal congruence between ME and MI (Louis et al., 

2011; Gueugneau et al., 2009). We found that pupillary diameter – an endogenously 

driven response relating to activity in the LC-NA arousal system (Alnæs et al., 2014) 

– typically increased during MI (Study 1) and ME (Studies 1&2) according to 

movement complexity. Thus, greater arousal or alertness of attentional systems 

(Posner & Rothbart, 2007) facilitated execution and imagery of movements of 

increasing complexity. The requirement for alert attentional systems during MI might 

explain why the best outcomes from MI/MP result from a combination of MP and PP 

(Page et al., 2011; Jackson, Doyon, Richards, & Malouin, 2004), as interspersed PP 

might heighten arousal levels and offset adverse effects of mental fatigue (and thus, 

low arousal levels; Rozand et al., 2016; Lambourne & Tomporowski, 2010). 

Typically, MP interventions (e.g., see Holmes & Collins, 2001) rely on the 

assumption that positive MP outcomes arise from the offline simulation of a shared 

motor representational system for executed and imagined movements (Jeannerod, 

2001). Our findings extend current theoretical understanding of how MP improves 

skilled movement by offering insight into factors that either support or constrain 

MI/MP. Specifically, we demonstrate that, while MI and ME share attentional 

mechanisms, MI is ultimately constrained by limited-capacity attentional systems 

(Keogh & Pearson, 2017). Since MI utilises higher-order cognitive control processes 

and WM to a greater extent than ME (e.g., Zhang et al., 2016), any factors that 

lessen the burden on these systems will likely benefit information-processing during 
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MI. So, for example, the recommendations of PETTLEP (guiding principles for 

accurate MI; see Holmes & Collins, 2001) to use environmental cues or to maintain a 

physically aroused state, likely act through attentional mechanisms (and not merely 

through behavioural matching mechanisms, see Wakefield, Smith, Moran, & Holmes, 

2013), in that, the amount of information that must be held in mind during MI is 

reduced (environmental cues), and the regulation of cognitive control facilitated 

(physical state).  

Another important finding from the present experiments concerns the 

appropriate application of MI. Specifically, our data suggest that movement 

complexity interacts with movement speed to modulate attentional processing during 

MI but not during ME. Thus, fast complex movements appeared to be unimaginable 

during MI. On a practical level, given that complexity by itself may not disrupt 

accurate image generation or congruency between MI and ME, MP interventions 

concerning fast complex movements might consider slowing down the movement so 

that sufficient attention can be allocated to the MI process (Collin & Carson, 2017). 

This might facilitate control and accuracy over image generation and maintenance. 

However, caution should attach to this proposal, because while some studies 

indicate that slow-motion imagery can produce improved movement outcomes (O & 

Munroe-Chandler, 2008), others indicate that a slow/fast speed during MI results in 

slower/faster speeds in subsequent ME (Louis et al., 2008; Boschker, Bakker, & 

Rietberg, 2000), which may negatively impact technical aspects of the action (Guillot 

& Collet, 2008; Beilock & Gonso, 2008). Overall, an absolute requirement to achieve 

temporal congruence between ME and MI during MP interventions may need to be 

reconsidered (e.g., Guillot & Collet, 2008; Holmes & Collins, 2001). 

It is important to acknowledge that the present studies have certain 

methodological limitations. Firstly, we assumed that all participants used kinaesthetic 
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MI during imagined movement conditions. Unfortunately, we cannot be certain that 

this assumption is warranted. However, to mitigate possible non-compliance in 

imagery use, a post experiment questionnaire was used to assess participants’ 

imagery process throughout the experimental session. Further, trials indicating a 

possible lack of attention to imagery (i.e., unlikely task-evoked pupillary response, 

e.g., severely reduced or invariable pupil size) were omitted from analyses. 

Secondly, we acknowledge that the baseline pupil-size measure was not an absolute 

baseline measure (i.e., one reflecting no cognitive processing whatsoever) as it is 

likely that it reflected mental processing (e.g., of speed) during the pre-stimulus 

baseline period. Therefore, because in this instance, baseline pupil-size measures 

were relatively high (possibly reflecting cognitive processing of speed) in comparison 

to movement pupil-size measures (where pupil size can be relatively small because 

well-learned movements require little conscious control and processing, and demand 

few attentional resources; Kahneman, 2011; Norman & Shallice, 1986), subtraction 

of the baseline measure from trial pupil samples frequently resulted in negative 

baseline-corrected values. However, it should be noted that there is little guarantee in 

any baseline correction procedure that the baseline period reflects no processing. 

Further, because the baseline correction procedure in this instance was systematic 

throughout the studies, we are confident that baseline corrected measures reflect 

task/movement-evoked pupillary responses and mitigate inter-individual differences. 

Finally, although test conditions were kept stable across execution and imagery, it is 

possible that the pupil-size measurements obtained for each movement type reflect 

to some degree the reading of the music (as the music score was displayed on 

screen). Thus, individual differences in reading or processing of the written score 

may have influenced pupil size during one movement type more than the other. 

However, we consider that as the participants were given the musical score in 
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advance of the experimental session to proficiently learn it, it is unlikely that reading 

contributed to the observed complexity-speed effects. Further, a pilot study revealed 

a significant difference between pupil sizes during MI (M = 2.94, SD = .02) and 

reading alone (M = 2.85, SD = .02). 

Before concluding, it is noteworthy that during Study 2 (which involved the 

most complex movements), most participants occasionally leaked overt movement 

during MI. Thus, attentional mechanisms may also operate to actively inhibit 

movement during imagined performance (see Guillot et al., 2012b; Rieger et al., 

2017; Jeannerod, 2001). The constricted pupil size observed during complex 

conditions suggests that attentional resources were overburdened which led to 

reduced attentional control and ultimately to failures in inhibitory processes. Few 

studies have explored inhibitory mechanisms in MI and therefore, it would be 

valuable for future research to explore the effect of inhibition during MI on attentional 

processes, and whether its necessary involvement contributes to mental effort. 

In conclusion, the present studies provide support for the prediction of MST 

(Jeannerod, 2001) that MI and ME rely on similar mechanisms, as imagined and 

executed piano playing required similar attentional effort investment during easy 

movements (slow & fast) and slow complex movements. However, as the attentional 

mechanisms supporting MI constrain its functioning, fast complex movements may 

be unimaginable. 
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Chapter 5 - To Go or Not to Go? Pupillometry Elucidates Inhibitory 

Mechanisms in Motor Imagery 

 

5.1 Abstract 

Motor imagery (MI) involves consciously performing an action in our minds without 

engaging in overt physical movement. Although inhibition is crucial to MI, few studies 

have explored the nature of inhibitory mechanisms underlying this construct. 

Therefore, little progress has been made in elucidating how or when inhibition is 

implemented during MI. The present study addressed this unresolved issue by 

measuring participants’ pupil dilation (an index of attentional effort) as they performed 

an inhibitory control (Go/NoGo) procedure in a modified task-switching paradigm. 

This method facilitated measurement of motor response inhibition during action 

execution and MI. Results showed that the inhibitory mechanisms underlying MI 

appear to be implemented by multiple routes and require different amounts of 

attentional effort. When MI is combined with physical execution, inhibitory 

mechanisms require more attentional effort than when MI is the only movement 

mode involved. 

 

5.2 Introduction 

The cognitive process of MI involves consciously performing an action in the mind 

without physically executing the related movements (Moran et al., 2012). This motor 

cognitive state is purportedly related to actual motor execution based on a shared 

motor representational system in the mind, a reliance on similar neuroanatomical 

structures, activation of similar motor systems in the brain, and dependence on the 

same functional mechanisms (see motor simulation theory; Jeannerod, 1994, 2001). 

Accordingly, Jeannerod (1994, 2001, 2004, 2006a) claimed that MI and action 
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execution are functionally equivalent. In support of this hypothesis, there is 

considerable neurophysiological, neuropsychological and behavioural evidence 

supporting a correspondence between motor execution (ME) and MI (for reviews, 

see O’Shea & Moran, 2017; Di Rienzo et al., 2016; Hétu et al., 2013; Lotze 2013; 

Guillot et al., 2012a; Munzert et al., 2009). For example, ME and MI activate 

overlapping brain regions (pre-frontal cortex - PFC, pre-motor cortex - PMC, 

supplementary area - SMA, posterior parietal cortex - PPC, primary motor cortex - 

M1, cerebellum, and basal ganglia; Hétu et al., 2013; Ridderinkhof & Brass, 2015; 

Zhang et al., 2016), the durations to perform actual and imagined movements 

typically correspond - indicating similar overall information processing (see, Guillot et 

al., 2012a), and the systematic use of MI (or MP) is known to enhance skilled 

movement performance (e.g., Arora et al., 2011; Bernardi et al., 2013; Weinberg, 

2008; Driskell et al., 1994). Motor simulation theory posits that imagined actions are 

actions except that they are inhibited (Jeannerod, 2001, 2004, 2006a). This 

proposition implies that similar cognitive processes are engaged during ME and MI, 

and more significantly, that in order to remain covert, MI must employ inhibitory 

processes. However, as yet, little progress has been made in identifying and 

characterising the component processes of MI (for a detailed discussion, see 

Chapter 3). 

One key difference between ME and MI is the complete inhibition of 

movement in the case of the latter. But what exactly is inhibition? In this paper, we 

define inhibition as the withholding, suppression or overriding of an inappropriate, 

pre-potent, or unwanted motor response (Verbruggen et al., 2014; Sebastian et al., 

2013; Albert, López-Martín, Hinojosa, & Carretié, 2013; Miyake et al., 2000). 

Theoretically, ME and MI share motor representations (i.e., mentally generated 

movements in the absence of external cues; Pearson & Kosslyn, 2015), which 
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contain action goals, plans and motor programs, and unfold over time (Jeannerod, 

2001, 2004, 2006a). However, if ME and MI exploit a similar representation, a 

theoretical problem arises concerning how to account for when and how inhibition is 

implemented during MI. Neural-level research has identified putative neural circuitry 

involved in inhibitory control (e.g., during Go/NoGo and stop-signal tasks), 

particularly, the pre-SMA and inferior frontal cortex/gyrus (IFC/G; e.g., Ficarella & 

Battelli, 2017; Aron, Robbins, & Poldrack, 2014; O’Connor, Upton, Moore, & Hester, 

2015; Albert et al., 2013; Sebastian et al., 2013; Nachev et al., 2008). Furthermore, 

evidence suggests that similar neural circuitry is also involved during (inhibited) 

imagined movements (Obayashi et al., 2017; Angelini et al., 2015; Di Rienzo et al., 

2014; Macuga & Frey, 2012). Interestingly, these regions typically display greater 

activity during MI than during ME (e.g., Hétu et al., 2013; Jeannerod, 2006a; 

Gerardin et al., 2000; Kuhtz-Buchbeck et al., 2003). Similar activity in inhibitory 

networks during ME and MI supports the functional equivalence hypothesis but offers 

little with regard to understanding how inhibition is implemented during MI (at a 

cognitive level), or the extent of cognitive resource consumption or demands 

required. 

As previous studies (e.g., Batula et al., 2017; MacDonald, McMorland, Stinear, 

Coxon, & Byblow, 2017) have typically focused on comparing the 

neurocomputational substrates of inhibition during ME and MI, a consensus has not 

yet been reached regarding the precise implementation of inhibition during MI itself 

(Guillot et al., 2012b; Ridderinkhof et al., 2011). However, researchers have 

postulated at least three potential inhibitory mechanisms that may operate during MI 

(Ridderinkhof et al., 2014; Guillot et al., 2012b; Stinear, 2010; Jeannerod, 2001, 

2006a). Firstly, inhibition may be a function of the MI process (Angelini et al., 2015), 

and as such, it is (anticipated and) integrated into the action intention and all motor 
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activation is globally inhibited. Secondly, inhibitory processes may be triggered in 

conjunction with motor commands (Ridderinkhof et al., 2011; Jeannerod, 2006a) so 

that such commands remain subthreshold, that is, insufficient for motoneuron 

excitability or muscle innervation. Finally, inhibition may operate (or be ‘inserted’) 

downstream of the motor cortex (Jeannerod, 2001; Lotze et al., 1999), perhaps at the 

brainstem level, and block descending motor volleys. Evidence of physiological 

similarities between executed and imagined actions (e.g., corticospinal excitability, 

electromyographic activity, respiratory rate, eye blinking, and cardiovascular rate; 

Grosprêtre, Ruffino, & Lebon, 2015; Collet et al., 2011; Papadelis et al., 2007; Guillot 

et al., 2007; Stinear 2010) suggest that motor commands are indeed produced during 

MI but that inhibitory processes maintain these at a subthreshold level, in that, they 

are sufficient to allow autonomic activation but insufficient to produce overt 

movement (Guillot et al., 2012b; Stinear, 2010; Jeannerod, 2006a).  

A recent cognitive-level investigation provides some insight into the level (e.g., 

global/subthreshold/effector-specific) at which inhibition is implemented during MI 

(Rieger et al., 2017). In this instance, a task-switching paradigm (i.e., the idea that 

switching from one task to another incurs a cost of decreased performance in the 

new task, due to activation/inhibition modification; for reviews, see Kiesel et al., 2010; 

Koch, Gade, Schuch, & Philipp, 2010; Monsell, 2003), was used to examine the 

sequential effects (i.e., switch costs/benefits) of changing movement mode (ME and 

MI) between trials. As shorter movement times were observed when execution 

preceded MI in comparison to imagination preceding MI, Rieger and colleagues 

(2017) concluded that the switch benefit (in ME-MI) implied that inhibition may be 

implemented via global inhibitory mechanisms. Furthermore, because hand repetition 

costs were observed (i.e., longer movement times for hand repetitions across 

imagery trials than hand alternations), Rieger and colleagues also concluded that 
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effector-specific (or selective) inhibitory mechanisms can also be employed in MI. 

However, if global inhibitory mechanisms underlie MI, then it is reasonable to expect 

that the movement times for MI-ME sequences recorded in this study would be 

longer than those for ME-ME sequences – but no such effect (cost) was found. In a 

similar vein, findings of global inhibition make it difficult to account for why other 

studies demonstrate physiological effects during MI (e.g., Grosprêtre et al., 2015). 

Given the preceding anomalies, it seems important to investigate more deeply how 

inhibition is implemented during MI and also the extent to which this implementation 

process demands cognitive resources. As yet, however, few studies have addressed 

these important issues. 

 

5.3 Research Aims and Hypotheses 

Against this background, the present research sought to assess inhibitory processes 

in MI through an empirical examination of the degree of attentional (or mental) effort 

(as measured by pupil dilation) involved in execution and imagery of an inhibitory 

control task – a Go/NoGo procedure. In the Go/NoGo task (see Vidal et al., 2011; 

Nee et al., 2007; Swick, Ashley, & Turken, 2011) a pre-potent response (i.e., 

automatic) is generated by the frequent display of ‘Go’ stimuli which requires a motor 

response, and infrequent display of ‘NoGo’ stimuli which require the motor response 

to be withheld. This task was selected because it requires a single motor response 

(to be executed or withheld) and therefore, enabled us to study inhibition during MI 

(in relation to ME) without ‘adding, deleting or replacing processes’ (Sternberg, 2001, 

p.153). It also enabled us to compare action withholding in MI (i.e., inhibition to 

maintain covert status) with action withholding in physical movement (i.e., during 

NoGo responses). 
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By using the method of pupillometry (which yields an objective index of 

attentional allocation; see Eckstein et al., 2017; Alnæs et al., 2014; Beatty & Lucero-

Wagoner, 2000), we were able to measure the degree of attentional effort involved in 

inhibitory control (i.e., during Go/NoGo task) during MI. Pupil dilation is associated 

with, and modulated by, activity in the locus coeruleus noradrenergic 

neuromodulatory system (Murphy et al., 2014; Eckstein et al., 2017). This system 

influences and regulates cognitive control states through the release of the 

neuromodulator norepinephrine. Increases in information-processing demands are 

typically reflected in a corresponding increase in pupil size (Alnæs et al., 2014; 

Kahneman, 1973, 2011). Thus, if, for example, inhibition in MI of the Go/NoGo task 

requires active attentional processing to withhold overt movement, we would expect 

larger pupil size in comparison to if inhibition is integrated into the action intention 

and motor activity remains subthreshold. A final component of our complex design, 

which was inspired by Rieger’s work (Rieger et al. 2017), was the application of the 

task switching logic to movement mode (ME and MI). Specifically, the Go/NoGo task 

was initially performed using a single movement mode (either ME or MI) to respond 

(or withhold responding; ‘pure’ blocks). Pure blocks facilitated a comparison of 

inhibition in ME and MI. Subsequently, the task was adapted to include a mode-

switching element whereby ‘mixed’ blocks required a combination of movement 

modes (ME and MI). The aim was to explore the sequential effects (i.e., the switch 

benefits/costs) of changing movement mode (execution and imagery) between 

consecutive trials. The task-switching paradigm (see Rogers & Monsell, 1995; 

Monsell 2003) requires a reconfiguration process (of internal 

representations/processes) when switching between different 

trials/tasks/movements. This reconfiguration is assumed to demand more 

information-processing resources (i.e., switch cost) than during repetition of the same 
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trial/task/movement (i.e., switch benefit; Monsell, 2003). Thus, this study used switch 

cost effects to elucidate the inhibitory processes underlying MI, specifically, by 

exploring the effect of switching from activation (i.e., ME or a Go response) or 

inhibition (i.e., MI or a NoGo response) to inhibition or activation, respectively, on 

attentional effort (as measured by pupil dilation). 

Overall, we hypothesised that because activation or inhibition in the 

immediately preceding trial affects representation/process configuration in the new 

trial (Anguera et al., 2013; Wylie & Allport, 2000), pupil size during responses in the 

executed and imagined Go/NoGo task will be larger when the previous trial response 

is performed in the other mode than in the same mode (e.g., an imagined response 

preceded by an executed response will have larger pupil size than when the 

imagined response is preceded by an imagined response). Furthermore, if inhibitory 

processes in MI actively operate to maintain subthreshold motor command output 

(e.g., Jeannerod, 2006a; second proposed mechanism above), then pupil size will be 

largest during congruent Go trials in mixed blocks (e.g., executed Go - imagined Go), 

reflecting the greatest requirement of attentional effort. Finally, because ME and MI 

are purported to operate according to similar mechanisms, pupil size during imagined 

Go and NoGo responses will be similar in size to those during executed NoGo 

responses, as all involve the withholding of action. 

 

5.4 Method 

5.4.1 Participants 

Twenty-three individuals participated in the study. Two individuals produced 

inadequate pupillometric data (e.g., due to off-screen fixation or excessive blinking – 

two main problems in pupillometry; Sirois & Brisson, 2014) and two produced overt 

movements during MI trials. Thus, 19 participants were included in data analyses (7 
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males, 12 females; M = 40.5, SD = 11). All had normal or corrected to normal vision, 

provided written informed consent and were unaware of the precise experimental 

hypotheses. All procedures performed in this study were in accordance with the 

ethical standards of the University College Dublin research ethics committee (see 

Appendix H) and with the 1964 Helsinki declaration and its later amendments 

comparable ethical standards. 

 

5.4.2 Design 

A repeated measures 2 x 2 x 2 factorial design was employed. The three factors 

were “mode” (executed and imagined), “response” (Go and NoGo) and “response 

congruence” (congruent and incongruent). The variable of interest was mean pupil 

diameter in millimetres. Pupil size measurements were acquired from the second of 

two trials in trial-pairs of interest. Participants completed two experimental blocks – 

pure trials (either executed or imagined) and mixed trials (executed and imagined). 

There were eight conditions (see Table 5.1 & Figure 5.1). The order of presentation 

of block type (pure / mixed) was counterbalanced across participants. The order of 

movement type (ME / MI) within blocks was randomly decided. There was no 

significant difference between the order groups. 
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Table 5.1. The 8 conditions of the 2 x 2 x 2 factorial designs employed in the pure & mixed 

blocks         

       

Pure Block   Movement Mode 

 

  Motor Execution  Motor Imagery   
    Response     

Response Congruence    

Congruent  (Executed Go)–Executed Go (Imagined Go)–Imagined Go 

(Executed NoGo)–Executed NoGo (Imagined NoGo)–Imagined NoGo 

Incongruent (Executed NoGo)–Executed Go (Imagined NoGo)–Imagined Go 

(Executed Go)–Executed NoGo (Imagined Go)–Imagined NoGo 

 

Mixed Block      
Movement Mode 

 

  Motor Execution  Motor Imagery   
  Response     

Response Congruence    

Congruent  (Imagined Go)–Executed Go (Executed Go)–Imagined Go 

(Imagined NoGo)–Executed NoGo (Executed NoGo)–Imagined NoGo 

Incongruent (Imagined NoGo)–Executed Go (Executed NoGo)–Imagined Go 

  (Imagined Go)–Executed NoGo (Executed Go)–Imagined NoGo  

Note. Response in brackets denotes the immediately preceding trial and response without 

brackets represents the trial in which pupil data was acquired for analysis. 
 

5.4.3 Apparatus and materials 

Pupil size measurements were generated using a Tobii T60 eye-tracking system 

(Tobii Technology, Sweden) running Tobii Studio. This remote camera system has a 

temporal resolution of 60Hz (i.e., sampling rate; capturing an image of the eye every 

16.6ms) and a spatial resolution of 0.2 degrees. The system precisely records pupil 

size without the need for a chin rest and accurately detects within participant change 

across pupil samples (Jackson & Sirois, 2009). A customised computer program, 



 106 

running on Tobii Studio, was designed for the present study. The program comprised 

a series of images displaying Go and NoGo symbols with inter-stimulus fixation 

crosses (see Figure 5.1). For execution, the Go symbol was a black fixation cross 

bordered by a solid-lined, green square and the NoGo symbol was a black fixation 

cross bordered by a solid-lined, red square. For imagery, the Go symbol had a black 

fixation cross bordered by a broken-lined, green diamond and the NoGo symbol had 

a black fixation cross bordered by a broken-lined, red diamond (Figure 5.1). The 

symbols were displayed on a white background on a 17-inch (43cm) computer 

screen. The size and luminance of the symbols / fixation crosses were constant 

throughout, as was room luminance (i.e., room lighting was consistent with window 

blinds closed). Each symbol was presented for 500ms and was immediately followed 

by a fixation cross (also displayed for 500ms). The fixation cross provided 

participants with further time to respond (if required/necessary) to the previous 

stimulus. Further, as the cognitive pupillary response has a latency of about 200ms, 

pupil data were acquired during the fixation cross display (500ms-1000ms; Beatty, 

1982; Beatty & Lucero-Wagoner, 2000). A symbol and a fixation cross constituted 

one trial (1000ms duration). Trials proceeded from one to another automatically, that 

is, without the need for participant action. Two blocks of trials were used (pure and 

mixed), and each comprised of an executed section and an imagined section where 

the response trials were either executed or imagined, respectively. Each 

executed/imagined section comprised 160 trials, consisting of eight 20-trial runs. The 

order in which the 160 trials were presented in each block (which was identical for 

ME and MI sections in pure blocks and for ME and MI sections in mixed blocks) was 

‘quasi-randomised’ and fixed to meet experimental parameters. Specifically, (1) each 

run of 20 trials began with at least two Go trials (assisting maintenance of a pre-

potent Go response), (2) there were equal numbers of ME and MI trials in each run in 
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mixed blocks, (3) 25% of trials were NoGo (in line with Go-NoGo test convention; 

e.g., Anguera et al., 2013; Sebastian et al., 2013), (4) eight trial-pairs for each 

condition were required, (5) in mixed runs, the response trial of interest was always 

preceded by at least two trials in the other movement mode (e.g., MI trial–MI trial to 

ME response trial of interest). Once these parameters were met, trials were randomly 

sequenced. Each 160 group of trials began with an additional 10 Go trials to develop 

a pre-potent Go response and thus, add to the difficulty of inhibitory control 

(Verbruggen et al., 2014). These were not included in subsequent data analyses. 

Overall, each participant completed 640 trials (excluding the initial 10 Go trials). 128 

were response trials of interest, 512 of the trials were filler trials. On a methodological 

note, the final fixation cross of each 20-trial run in a section was presented for 4s 

(rather than 500ms) and served as a short break screen and provided baseline data 

(the final 500ms / 30 samples) for the baseline correction procedure for the upcoming 

20s run (for baseline correction approximately every 20s, see Peysakhovich, Causse, 

Scannella, & Dehais, 2015; White & French, 2017; see also ‘data processing’ section 

below). To control for physical movement during MI, participants were fitted with an 

eight surface-electrode EMG armband (Myo, Thalmic Labs, Canada) which recorded 

muscle activity (i.e., raw EMG data feed). The armband was connected via Bluetooth 

to a laptop (MacBook Pro, Apple) running a real-time diagnostic application (Myo 

Diagnostics). An iPad 3 (Apple) visually recorded participant’s hands. EMG and 

visual data were analysed to identify movement during MI trials and determine the 

exclusion of trials on this basis (2% of trials excluded). MI ability was assessed using 

the VMIQ-2 (see Section 2.6, Chapter 2; Appendix B), where scores for kinaesthetic 

MI range from 12 (perfectly vivid feeling of movement) to 60 (no image of 

movement). A post-experiment questionnaire served as a manipulation check for 

imagery use. 
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Figure 5.1. (A) Go/NoGo stimuli and conditions for execution and imagery. (B) 

Example of trial sequence in a ‘mixed’ block (i.e., ME and MI trials; duration of each 

trial being 1000ms). MI = motor imagery, ME = motor execution. Green = Go (i.e., 

press the space bar), Red = NoGo (i.e., do not press the space bar). 

 

5.4.4 Procedure 

Participants firstly completed the VMIQ-2, and those who achieved a score of <36 for 

kinaesthetic MI (ability to form reasonably clear and vivid images; M = 23.8, SD = 

7.5) proceeded with the main study protocol. Participants consumed no caffeine for 

at least four hours prior to participation, to limit potential confounding effects of 

caffeine (associated with the modulation of attentional processing via altered 

norepinephrine functioning; Smith et al., 2003). Participants were tested individually. 

They were fitted with EMG to the arm of their dominant hand, seated 65cm from the 

eye-tracking computer screen and completed the standard calibration procedure. 

Following this, the participants were presented with the study instructions on-screen, 

which informed them of, for example, (i) the Go/NoGo symbols; (ii) the requirement to 

complete two blocks of trials – one pure and one mixed; (iii) that there would be two 



 109 

sections in each block (ME responses only and MI responses only in pure blocks, 

and combined ME and MI responses in the two mixed blocks); (iv) the requirement to 

quickly press (or to imagine quickly pressing) or withhold (or to imagine withholding) 

pressing the space bar when they saw a Go or NoGo symbol, respectively, using 

their dominant hand; (v) the occurrence of breaks; (vi) the requirement to view the 

computer screen throughout and to remain as still as possible; (vii) to rest their hand 

over or on the space bar throughout; (viii) and the importance of kinaesthetically 

“feeling” themselves press the space bar during Go MI. Participants performed a 

practice run of 10 trials followed by a run of 10 Go responses (i.e., development of 

pre-potent response) before each of the two sections in each block, which was 

directly related to the upcoming movement mode (e.g., during pure MI, the practice 

run/Go responses involved imagery only). Following this, they completed 160 trials 

for one movement-response mode in a block, 160 trials in the other movement-

response mode in that block and after a short break, similarly completed the second 

block of trials. On completion of all trials, participants completed an imagery process 

questionnaire as a manipulation check (Appendix E). 

 

5.4.5 Data processing 

Pupil diameter was continuously recorded by the eye-tracking system throughout the 

study. Raw pupillometric data were pre-processed prior to statistical analyses to limit 

the impact of artefacts (e.g., eye-blinks). Accordingly, pupil samples recorded from 

both eyes were averaged to produce one pupil size value at each sample point. 

Further, missing pupil samples that formed less than 20% of the required 30 samples 

in a trial (i.e., <6 samples per 30) were linearly interpolated (see Eckstein et al., 2017; 

Jackson & Sirois, 2009; Hochmann & Papeo, 2014). Trials with more than 20% 

missing data were omitted from analyses (8% of all trials). 
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For each trial, 30 pupil samples spanning 500ms were required to calculate 

the average pupil size measurement for that trial. The required samples were 

obtained from the fixation cross following stimulus presentation (time 500ms-1000ms 

in the trial). If there were insufficient pupil data during this time period, pupil samples 

from the final 200ms of the stimulus display were sometimes used in generating a 

trial average. Given the approximate 200ms latency of the pupillary response, pupil 

samples from the first 300ms of the stimulus presentation were never used in 

calculating a trial average.  

In keeping with the relevant literature, inter-individual differences in pupil size 

were minimised by subjecting all raw data to baseline correction methods (see Alnæs 

et al., 2014 for standard baseline correction methods). Baseline corrected pupil size 

values were calculated by subtracting the mean of the final 30 samples (over 500ms) 

of the last fixation cross in a 20s run from each trial average in the subsequent run 

(i.e., the fixation cross in trial/second 20 of a run provided the baseline data for 

baseline correction in the following run). This 20s pupil diameter baseline correction 

procedure was in accordance with conventions baseline correcting every 10-25s for a 

stream of processing (e.g., Peysakhovich et al., 2015; White & French, 2017; Lee et 

al., 2015). Baseline corrected values also control for habituation of pupil size over 

time (Eckstein et al., 2017; Alnæs al., 2014). 

On a methodological note, inspection of the raw pupil data in a pilot study 

initially established that 1000ms was sufficient to capture event-related pupillary 

response in this fast reaction Go/NoGo task. This is important because the pupillary 

response is often considered to peak at around 1000ms (which, using the present 

experimental design, could lead to a ‘carry-over’ effect of pupil dilation/processing 

between trials) – although this peak time is typically observed during an ongoing task 

or movement rather than during a fast reaction task (Eckstein et al., 2017). Beatty 
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(1982) noted that for task-evoked pupillary responses “short-latency (onset between 

100 and 200 msec), phasic task-evoked dilations appear, which terminate rapidly 

following the completion of processing” (p.276). In the present study, the peak 

pupillary response typically occurred at the beginning-middle of the fixation-cross 

time period in the trial (c.500-750ms; for example, see Figure 5.2) and quickly 

declined thereafter. An example of pupillary-response capture within each 1000ms 

trial duration in the present study is presented in Figure 5.2. This figure illustrates a 

sample of average pupil diameter waveforms for an imagery Go trial (A) and a NoGo 

(B) trial followed by either no trial or another Go trial. The descriptive waveforms 

demonstrate the task-related pupillary response – which typically occurred within the 

data acquisition period for each trial (i.e., 500-1000ms). 

Participants’ mean pupil diameters (in millimetres; baseline corrected to 

minimise individual differences) were analysed within and across the pure (ME or MI 

movement mode) and mixed blocks (ME and MI movement modes). For each of the 

eight conditions there were eight trials of interest in each block (combined with 256 

filler trials). Therefore, the mean pupil size across trials in each condition for ME and 

MI was calculated before the main analyses. Experiment-generated error was 

minimised using Bonferroni correction in all post-hoc analyses, that is, in paired 

sample t-tests, an alpha value of .05 was divided by the number of comparisons 

made. All post-hoc analyses were informed by the hypotheses and descriptive 

statistics. Further, because response errors (i.e., a response that is inconsistent with 

the displayed stimulus, e.g., Go on NoGo) could not be detected during MI, 

consistency was maintained across the data set by retaining response errors in ME. 

Finally, to eliminate extreme outliers, data with z-scores greater than or equal to 3 or 

less than or equal to -3 were excluded from analyses (note, approximately 99% of a 
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distribution falls within these z-score values). Two data samples from one 

participant’s data were excluded. 

 

 

Figure 5.2. Descriptive waveforms of average pupil diameters (baseline corrected) 

for 19 participants for: A - (a) Go (MI) trial (mixed block) at the end of a run (stimulus 

and response; pupil samples 1–60) followed by 1000ms with no stimulus or response 

(pupil samples 60–120), and (b) Go (MI) trial (mixed block; pupil samples 1–60) 

followed by a Go (ME) trial (pupil samples 60–120); and B - (a) NoGo (MI) trial 

(mixed block) at the end of a run (stimulus and response; pupil samples 1–60) 

followed by 1000ms with no stimulus or response (pupil samples 60–120), and (b) 

NoGo (MI) trial (mixed block; pupil samples 1–60) followed by a Go (ME) trial (pupil 

samples 60–120). Dashed grey vertical lines represent 500ms time periods. Each 

trial is 1000ms duration (pupil data acquired from 500-1000ms) 

A 

B 
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5.5 Results 

Analysis of mean pupil diameters in pure blocks revealed that those during all 

executed response conditions were larger than those during imagery of all response 

conditions (see Table 5.2). Conversely, in mixed blocks, the mean pupil diameters 

during all imagined response conditions were typically larger than those during 

execution of the same responses. The means and standard deviations are provided 

in Table 5.2 and Figure 5.3.    

 

Table 5.2. Mean pupil diameter in millimetres (baseline corrected) for response mode, 

response and response congruence conditions in pure and mixed blocks   

       

Pure Block   Response Mode 
 

Executed   Imagined 
 

Response Congruence M  (SD)  95% CI  M  (SD)  95% CI 

Go Congruent  .12 (.08) [0.084, 0.156]  .04 (.07) [0.009, 0.071] 

Go Incongruent .12 (.08) [0.084, 0.156]  .06 (.06) [0.033, 0.087] 

NoGo Congruent  .08 (.07) [0.049, 0.111]  .03 (.06) [0.003, 0.057] 

NoGo Incongruent .1   (.09) [0.06, 0.14]  .05 (.06) [0.023, 0.077] 

 

Mixed Block 
   Response Mode 

 
Executed   Imagined 

 
Response Congruence M  (SD)  95% CI  M  (SD)  95% CI 

Go Congruent  .15 (.05) [0.128, 0.172]  .15 (.09) [0.11, 0.19] 

Go Incongruent .11 (.08) [0.074, 0.146]  .14 (.09) [0.1, 0.18] 

NoGo Congruent  .02 (.06) [-0.007, 0.047] .07 (.07) [0.039, 0.101] 

NoGo Incongruent .06 (.08) [0.024, 0.096]  .1   (.08) [0.064, 0.136] 

 Note. CI = confidence interval, SD = standard deviation. 
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Figure 5.3. Mean pupil diameters and standard errors for executed and imagined Go 

and NoGo pure block (plain orange/grey) and mixed block (dotted orange/grey) 

conditions. 

 

A repeated measures analysis of variance (ANOVA) was completed for pure blocks 

(i.e., single movement modes) to investigate the effects of response mode, response 

and response congruence on participants’ pupil diameter. A 2 (response mode: 

executed & imagined) x 2 (response: Go & NoGo) x 2 (response congruence: 

congruent & incongruent) ANOVA revealed significant main effects of response 

mode, F(1,18) = 10.23, p = .005, hp
2 = .362, response, F(1,18) = 13.49, p = .002, hp

2 

= .428, and response congruence, F(1,18) = 7.38, p = .014, hp
2 = .291, on pupil 

diameter size. There were no significant interactions between any of the factors 

(response mode, response, or response congruence; see Table 5.3). On average, 
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pupil size during the executed Go/NoGo task was larger than that during the 

imagined Go/NoGo task (M = .11, SD = .08 and M = .05, SD = .06, respectively), 

pupil size during the Go response was larger than that during the NoGo response (M 

= .09, SD = .08 and M = .07, SD = .07, respectively), and pupil size during response 

incongruence was larger than that during response congruence (M = .08, SD = .07 

and M = .07, SD = .07, respectively). Given our aims and hypotheses, two additional 

paired-samples t-tests compared pupil size during imagined Go and NoGo 

responses, and during executed NoGo and average imagined Go/NoGo responses, 

to further elucidate the relationship between withholding/inhibition during execution 

(NoGo) and withholding/inhibition during MI. No significant differences were found 

between imagined Go and NoGo responses (M = .05, SD = .07 and M = .04, SD = 

.06, respectively), t(18) = 1.336, p = .198, or between executed NoGo (M = .09, SD = 

.08) and average imagined Go/NoGo responses (M = .05, SD = .06), t(18) = 2.143, p 

= .046 (Bonferroni corrected alpha was .025). 

Repeated measures ANOVAs were also completed across blocks for each 

movement type (i.e., for the imagined and the executed Go/NoGo task across pure 

and mixed blocks) to investigate the effects of response block (pure & mixed), 

response (Go & NoGo) and response congruence (congruent & incongruent) on 

participants’ pupil diameter. For imagery, a 2 (response block: pure & mixed) x 2 

(response: Go & NoGo) x 2 (response congruence: congruent & incongruent) 

ANOVA revealed significant main effects of response block, F(1,18) = 15.78, p = 

.001, hp
2 = .467, response, F(1,18) = 37.52, p = .001, hp

2 = .676, and response 

congruence, F(1,18) = 6.282, p = .022, hp
2 = .259, on pupil size. On average, pupil 

diameter during the imagined mixed-block Go/NoGo task was larger than that during 

the imagined pure-block Go/NoGo task (M = .12, SD = .08 and M = .05, SD = .06, 

respectively), pupil size during the Go response was larger than that during the NoGo 
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response (M = .1, SD = .08 and M = .06, SD = .07, respectively), and pupil size 

during response incongruence was larger than that during response congruence (M 

= .09, SD = .07 and M = .07, SD = .07, respectively). There was a significant 

interaction between response block and response, F(1,18) = 6.602, p = .019, hp
2 = 

.268. There were no significant interactions between response block and response 

congruence, response and response congruence, or between response block, 

response and response congruence (see, Table 5.3). Regarding the response block 

– response interaction, post-hoc analyses (Bonferroni corrected alpha value of .0125) 

revealed significant differences between pupil size during imagery of the pure Go 

congruent response (M = .04, SD = .07) and mixed Go congruent response (M = .15, 

SD = .09), t(18) = -4.273, p < .001, pure Go incongruent response (M = .06, SD = 

.06) and mixed Go incongruent response (M = .14, SD = .09), t(18) = -3.367, p = 

.003, and pure NoGo incongruent response (M = .05, SD = .06) and mixed NoGo 

incongruent response (M = .1, SD = .08), t(18) = -2.778, p = .012. No significant 

difference was found between the imagined pure NoGo congruent response (M = 

.03, SD = .06) and mixed NoGo congruent response (M = .07, SD = .07), t(18) = -

2.303, p = .03. Given the non-significant difference in pupil size between Go and 

NoGo responses in the MI pure block, a paired samples t-test was completed to 

compare these responses in the MI mixed block. There was a significant difference 

between imagined Go and NoGo responses in the mixed block (M = .15, SD = .09 

and M = .09, SD = .08, respectively), t(18) = 4.345, p < .001.  

For execution (across blocks), a 2 (response block: pure & mixed) x 2 

(response: Go & NoGo) x 2 (response congruence: congruent & incongruent) 

ANOVA revealed a significant main effect of response on pupil size across blocks, 

F(1,18) = 91.889, p < .001, hp
2 = .836. There were no significant main effects of 

response block or response congruence on pupil size (see Table 5.3). On average, 
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pupil size during execution of the Go response was larger than that during the NoGo 

response across blocks (M = .13, SD = .07 and M = .07, SD = .08, respectively). 

There were significant interactions between response block and response, F(1,18) = 

17.203, p = .001, hp
2 = .489, and between response and response congruence, 

F(1,18) = 9.7, p = .006, hp
2 = .35. There were no significant interactions between 

response block and response congruence, or between response block, response and 

response congruence (see Table 5.3). Regarding the response block – response 

interaction, comparisons between pupil size in Go in/congruent and NoGo 

in/congruent conditions, across pure and mixed blocks did not survive correction 

procedures in the post-hoc analyses (with an alpha value of .012) and thus, no 

significant differences were observed. Regarding the response – response 

congruence interaction, post-hoc analyses revealed that pupil size was significantly 

larger during (mixed block) executed congruent Go responses (M = .15, SD = .05) 

than during (mixed block) executed incongruent Go responses (M = .11, SD = .08), 

t(18) = 2.885, p = .01. 
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Table 5.3. Results of ANOVAs for the executed and imagined Go/NoGo task, for within the 

pure block and across blocks, on mean pupil diameter       

 
    df         F         p         hp

2 
Within Block 

Pure (across modes: execution and imagery) 

Response mode    1,18   10.23   .005*   .362 

Response     1,18   13.49   .002*   .428 

Response congruence    1,18   7.38     .014*   .291 

Response mode - response   1,18   3.427   .081    .160 

Response mode - response congruence  1,18   0.121   .732    .007 

Response - response congruence   1,18   0.718   .408    .038 

Response mode - response - response congruence 1,18   0.033   .858    .002 

 

Across Block 
Imagined (across blocks: pure and mixed) 

Response block    1,18   15.780 .001*   .467 

Response     1,18   37.520 .001*   .676 

Response congruence    1,18   6.282   .022*   .259 

Response block - response   1,18   6.602   .019*   .268 

Response block - response congruence  1,18   0.450   .511    .024 

Response - response congruence   1,18   2.229   .153    .110 

Response block - response - response congruence 1,18   0.829   .375    .044 

 

Executed (across blocks: pure and mixed) 

Response block    1,18   0.843   .371    .045 

Response     1,18   91.889 .001*   .836 

Response congruence    1,18   0.333   .571    .018 

Response block - response   1,18   17.203 .001*   .489 

Response block - response congruence  1,18   1.021   .326    .054 

Response - response congruence   1,18   9.700   .006*   .350 

Response block - response - response congruence 1,18   3.443   .080    .161  

Note. alpha = .05, * = statistically significant. ANOVA factors were: for within pure block - 

response mode (executed & imagined), response (Go & NoGo) and response congruence 

(congruent & incongruent); for across blocks - response block (executed pure and mixed & 

imagined pure and mixed), response (Go & NoGo) and response congruence (congruent & 

incongruent). 
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5.6 Discussion 

The present study is the first to investigate the inhibitory processes underlying MI 

using a novel combination of pupil-size measurement (an objective index of 

attentional effort) and an inhibitory control task. Specifically, we examined the degree 

of attentional (or mental) effort involved in motor response inhibition, or action 

withholding, during imagery and execution of a Go/NoGo task. Additionally, to further 

elucidate the nature and intensity of inhibition during MI, the Go/NoGo task was 

adapted to include a mode-switching element (Rieger et al., 2017) that followed the 

logic of the established task switching paradigm (Kiesel et al., 2010; Koch et al., 

2010; Monsell, 2003). Particularly, we wanted to use the well-known switch cost 

effects (where processing in the new trial is influenced by enduring activation or 

inhibition in the previous trial; Anguera et al., 2013) to explore whether switching from 

activation (ME or Go) to inhibition (MI or NoGo), and vice versa, would incur a cost of 

increasing attentional demands for effective inhibition (or activation). 

The findings of pure-block analyses (i.e., where a single movement mode was 

used to respond/withhold to Go/NoGo) demonstrated that the attentional effort 

required to maintain inhibitory control during the Go/NoGo task was differentially 

modulated by whether the task was executed or imagined. Overall, pupil size was 

larger during the executed Go/NoGo task than during imagery of the task, and 

therefore, inhibitory control mechanisms during execution appear to demand greater 

attentional allocation than those during imagery. Consistent with our prediction, 

imagination of Go and NoGo responses and execution of NoGo responses involved 

similar attentional effort (as pupil size was comparable). Thus, inhibition during MI 

appears to entail similar processing to that involved in action withholding during a 

physical movement sequence. This finding is in accordance with theoretical 

proposals that executed and imagined actions rely on similar mechanisms 
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(Jeannerod, 2001, 2004, 2006a). However, although this latter proposal informed our 

hypothesis of similar pupil size during MI Go/NoGo and ME NoGo responses, it 

remains puzzling as to why attentional effort during an imagined Go response, which 

is the completion of a motor response (albeit covertly), is similar to that required 

during NoGo responses (executed/imagined), where the action is presumably 

completely inhibited. One explanation might be that because it is known in advance 

that all movement during MI should remain covert, inhibitory processes are pre-

empted and a global inhibitory mechanism is applied. Such global stopping 

mechanisms are considered to be fast and automatic, requiring little conscious effort 

or resources (Ridderinkhof et al., 2014). Thus, a lesser degree of attentional effort 

would be required during the imagined Go/NoGo task than during execution of the 

task. An alternative explanation that should also be considered is the possibility that 

MI exploits an unconscious inhibitory route (e.g., van Gaal, Ridderinkhof, Scholte, & 

Lamme, 2010), which lessens the attentional demands typically associated with 

consciously controlled inhibitory processes (Verbruggen et al., 2014). If inhibition was 

unconsciously implemented, demands on attentional resources would be lower, 

which might account for our findings of smaller pupil size during imagery (whether the 

response was Go or NoGo). An unconscious route might allow inhibitory processes 

to be triggered in association with motor commands (maintaining them at a 

subthreshold level), and thus, might account for findings of physiological/autonomic 

activity during MI (Grosprêtre et al., 2015; Collet et al., 2011; Papadelis et al., 2007). 

Two mixed-mode blocks were used to further explore inhibitory processes in 

MI in relation to attentional demands. In these, participants performed the Go/NoGo 

task using a combination of movement modes, that is, responding in one mode (ME 

or MI) after a trial in the other mode (MI or ME). Given the cost of switching between 

tasks (Koch et al., 2010) and response modes (Rieger et al., 2017), mixed blocks 
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allowed us to further probe inhibition in MI (during Go & NoGo responses) by 

increasing the potency of the preceding Go trial (i.e., executed Go) and thus, the 

switch cost. We also examined the effects of an immediately preceding imagined Go 

trial on an executed response. Overall, pupil size during the mixed (MI response) 

block was larger than that during the pure MI block. Furthermore, unlike the finding of 

little difference in pupil size measurements between Go and NoGo responses in the 

pure MI block, during the mixed (MI response) block, imagined Go responses 

(regardless of whether they were congruent or incongruent with the previous trial) 

elicited larger pupil dilation than imagined NoGo responses. Thus, consistent with our 

predictions, it appears that when the previous trial was an executed Go trial, the 

imagined Go response required greater attentional effort, than when the previous trial 

was an imagined Go or a NoGo. Taken together, these findings suggest that in more 

difficult contexts where physical movement precedes imagery, increased attentional 

effort is required to perform the (inhibited) imagined movement. Activation during the 

preceding ME persists over time and interferes with inhibition during imagery of the 

subsequent movement response (Anguera et al., 2013). Under these circumstances, 

because inhibition cannot be pre-empted and globally instigated, it seems likely that 

other inhibitory mechanisms must be implemented. In this context, the observed 

increases in attentional effort during imagined Go responses may reflect a more 

active inhibitory mechanism that operates concurrently with motor commands to 

maintain subthreshold activation (Guillot et al., 2012b). This mechanism appears to 

draw heavily on information-processing resources (given the large increases in pupil 

size). 

Switch costs were also observed during the mixed (ME response) trial block. 

Although, overall, pupil size during the executed pure block and the mixed (ME 

response) block was similar, within the latter, pupil size was larger during congruent 
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Go responses than during incongruent Go responses. This result contrasts with the 

observation of little difference between congruent and incongruent Go responses 

during the pure ME block. Consistent with our predictions, when an executed Go 

response was immediately preceded by an imagined Go trial, attentional effort 

increased in comparison to when the previous trial was an executed Go or NoGo 

response. Thus, inhibitory processes in MI had a different effect from those in NoGo 

on the executed response. These findings suggest that more active inhibitory 

processes are engaged during MI than during action withholding in NoGo, and the 

after-effects of these demand greater attentional resources for accurate responding. 

Overall, the findings in the present study are consistent with the proposals of 

existing models of inhibition in MI (e.g., Guillot et al., 2012b; Jeannerod 2006a) and 

indeed in ME (e.g., Aron et al., 2014). They indicate that MI exploits multiple 

inhibitory mechanisms - that are possibly context dependent. When actions are only 

imagined, our findings indicate that inhibitory processes can be pre-empted and 

employed in a global manner so that all motor output is inhibited using minimal 

attentional effort (Ridderinkhof et al., 2014). This may account for findings of typically 

lower levels of neurophysiological activation during MI than during ME (Batula et al., 

2017; González-Villar, Bonilla, Carrillo-de-la-Peña, 2016; Avanzino et al., 2015; 

Sharma & Baron, 2013). Although support for a global inhibitory mechanism has 

previously been demonstrated (Rieger et al., 2017), this level of implementation 

prevents all motor output and therefore, does not reconcile with evidence of 

physiological/autonomic activity during MI (e.g., Grosprêtre et al., 2015). Thus, we 

cannot discount the possibility that inhibition is implemented using an unconscious 

inhibitory route (e.g., van Gaal et al., 2010), whereby motor commands are issued 

but maintained below the threshold for execution. Our findings further demonstrate 

that in more difficult contexts, such as where MI is preceded by physical execution, 
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inhibitory processes require a high level of attentional effort. Therefore, in these 

contexts (where global inhibition cannot be pre-prepared) inhibitory processes may 

be actively engaged, operating concurrently with motor commands to sustain 

subthreshold motor output.  

A key matter remaining for cognitive psychology/neuroscience is to clarify 

whether there are multiple inhibitory routes during MI, as our results suggest, and 

then, identify how and when one, or all, of these are implemented. Recent 

neurocomputational research on response inhibition provides insight into how 

competing facilitatory and inhibitory (neural) processes might modulate activation 

thresholds and thus, have an impact on response inhibition (MacDonald et al., 2017). 

The idea that an activation threshold must be reached for motor output accords well 

with our results and with evidence of subthreshold physiological activity during MI 

(Grosprêtre et al., 2015; Collet et al., 2011). Finally, as our study used a 

reactive/automatic inhibitory task (Go/NoGo) and time is likely to influence the type of 

inhibition used (e.g., Ridderinkhof et al., 2014), it would be interesting for future 

studies to explore whether our findings relate only to inhibition when it is employed in 

a short time period, or whether similar results might be observed in MI tasks that 

extend over a longer timescale. 

The present study is not without methodological limitations. While it was 

assumed that all participants engaged in kinaesthetic MI, we cannot be sure they 

fully complied with imagery instructions – a common problem in imagery studies 

(Cooley, Williams, Burns, & Cumming, 2013). However, close inspection of individual 

pupil data and a post-experiment imagery-process questionnaire allows us to be 

confident that imagery was indeed used. Further, it is possible that although 

consistent testing conditions were maintained throughout, changes in pupil size 

related to the underlying concepts of Go and NoGo rather than to the imagined 
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performance of the actions. Specifically, processing of action-related concepts 

involves motor knowledge which can induce motor activation (e.g., Andres et al., 

2015), and this may have been sufficient to produce the observed effects in mixed 

(ME response) blocks. However, based on our findings from a pilot study, which 

revealed a significant difference between silent reading of the Go/NoGo symbols (no 

movement), and executing and imaging the Go/NoGo task, we concluded that the 

observed effects were related to imagery use. Finally, we cannot discount the 

possibility that the interference effects observed in the mixed blocks of this study may 

have arisen from the fact that ME and MI share motor systems and therefore, the 

effects are due to structural interference, that is, competition for similar motor 

resources (Kahneman, 1973, 2011). However, because different effects were found 

for executed and imagined mixed blocks (see, Table 5.3), this seems unlikely. 

In conclusion, the present study adds to the current motor imagery literature 

by demonstrating that the inhibitory mechanisms that are integral to this process may 

be implemented via a number of routes – some of which require greater attentional 

effort (allocation) than others. Global inhibition, which is fast and automatic, can be 

exploited with minimal attentional effort (as measured by pupil size) when MI is the 

only movement mode used. However, when MI is combined with physical execution, 

more attention demanding, active inhibitory mechanisms must be utilised. 
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Chapter 6 – General Discussion 

 

6.1 Overview of Chapter 

As outlined in the general introduction (Section 1.2, Chapter 1), the term mental 

imagery refers to a construct that incorporates the mental representation, simulation, 

and subjective experience of sensations, perceptions and actions in our minds in the 

absence of the actual sensory information that normally gives rise to them (Lacey & 

Lawson, 2013; Pearson et al., 2015; Moulton & Kosslyn, 2009). Within this construct, 

motor imagery (MI; the imagery modality of interest in the present thesis) is a specific 

form of imagery that involves the conscious performance of actions in the mind 

without physically executing the movements involved (Moran et al., 2012; Munzert et 

al., 2009). Although MI is a cognitive motor state (involving no overt movement), its 

systematic use has been associated with action enhancement and modification of 

neural systems (e.g., Di Rienzo et al., 2016; Weinberg, 2008; Bernardi et al., 2013; 

Bajaj et al., 2015; Pascual-Leone et al., 1995). Currently, the most popular theoretical 

explanation for the efficacy of MI in improving skilled movement is Jeannerod’s motor 

simulation theory (MST; 1994, 2001, 2006). MST postulates that MI activates similar 

motor systems in the brain and exploits the same functional mechanisms that 

operate during motor/action execution (ME; Jeannerod, 1994, 2001, 2006a). In this 

regard, ME and MI are considered to be functionally equivalent, as both theoretically 

have a causal role in generating movement (Jeannerod, 2001, 2004, 2006a). 

Unfortunately, to date, there has been little or no research examining MST at a 

cognitive level. Accordingly, the nature and operating details of the hypothetical 

simulation mechanism invoked by MST – a mechanism that purportedly plans, 

programs, controls and inhibits movement during MI (Jeannerod, 2004) – remain 

underspecified (see Chapter 3 for a comprehensive evaluation of this issue). 
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Furthermore, few studies have sought to investigate or clarify the role of attentional 

mechanisms in the simulation process (i.e., MI), despite the fact that “imagery, unlike 

execution, implies subjective awareness” (Jeannerod, 1997, p.180). Accordingly, 

attention seems a fundamental mechanism (Kahneman, 1973, 2011). Given that MI 

is a cognitive motor state, the present research sought to evaluate whether or not 

MST adequately accounts for the psychological processes underlying MI, and, if not, 

to then empirically investigate key neurocognitive mechanisms underlying MI – 

especially attentional ones. Four research questions were addressed over three 

papers (see Section 1.5, Chapter 1). The objectives of the present chapter are to: (i) 

summarise the research aims and findings; (ii) discuss the theoretical significance of 

the findings; (ii) discuss the practical significance of the findings; (iii) outline some 

strengths and limitations of the methodology employed; (iv) and to outline potentially 

fruitful new directions in this field and the general conclusions of the present 

research. Overall, this chapter provides a critical and theoretical overview of the work 

presented in the papers. 

 

6.2 Summary of Research Aims and Findings 

The first aim in the present research (see Paper 1, Chapter 3) was to evaluate the 

evidence in support of MST in order to assess the extent to which MST provides a 

sufficient theoretical account of the cognitive mechanisms that underlie MI. The 

findings from a comprehensive critical review demonstrated that there is extensive 

empirical support for the functional equivalence between ME and MI. However, our 

critique also established that this support largely arises from neural-level and 

behavioural-level investigations, each of which offer a distinct (and limited) account of 

motor processes. Thus, we argued that cognitive-level analyses are required to 

establish the extent of correspondence between ME and MI – so that a more 
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sophisticated and nuanced understanding of MI can be achieved. The necessity of 

this analysis was further highlighted by findings of subtle differences in the neural 

networks underlying ME and MI. For example, ME and MI share dorsal networks 

connecting fronto-parietal regions, but MI further activates ventral networks (Vry et 

al., 2012). Furthermore, our review revealed evidence of temporal inconsistencies 

between ME and MI, particularly between the durations to execute and imagine 

performing complex movements (i.e., MI required longer durations to perform 

complex movements than ME did; Guillot et al., 2012a). The findings of Paper 1 

(Chapter 3) also demonstrated that MST falls short in accounting for the cognitive 

mechanisms underlying the psychological process of MI. Specifically, the findings 

revealed that although the existence of, for example, attentional and inhibitory 

mechanisms are frequently implied in MST, they are rarely precisely delineated. To 

explain, Jeannerod stated that “a motor image is a conscious motor representation” 

(1997, p.94), and that “represented actions should involve a simulation of the 

mechanisms that normally participate in the various stages of action generation, 

including motor execution” (Jeannerod, 2006a, p.130). One such proposed 

(attentional) mechanism was a higher-level control mechanism similar to the 

supervisory attentional system (SAS) modelled by Norman and Shallice (1986; 

Jeannerod, 1997), whereby “the basic mechanisms of automatic simulation are 

supervened by controlled processes” (Jeannerod, 2006a, p.171). However, MST 

insufficiently explains the processing specifics of any such attentional mechanism. 

Further, according to MST, because “covert actions are in fact actions in their own 

right, except for the fact that they are not executed” (Jeannerod, 2004, p.379), there 

is “a need for a parallel mechanism for inhibiting” overt action (Jeannerod, 2004, 

p.378). However, this key process is also surprisingly underspecified. Taken 

together, these indications of a lack of specificity in MST regarding the functional 
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mechanisms underlying MI introduces doubt about the degree to which MST 

adequately explains how MI works. Such doubts raise the possibility that other 

theories might provide a more satisfactory explanation for the mechanisms 

underlying MI. This theoretical issue will be further discussed in Section 6.2. 

The second aim of the present research (see Paper 2, Chapter 4) was to 

investigate attentional allocation (or mental effort; as measured by pupil dilation) 

during MI, and thus, elucidate the attentional mechanisms underlying this cognitive 

state. Specifically, the effects of movement complexity and speed on the intensity of 

expert pianists’ attentional allocation (i.e., pupil dilation) during execution and 

imagery of slow/fast - easy/complex piano-playing movements were explored over 

the course of two studies. Given that movement complexity typically modulates 

temporal congruence between ME and MI (Guillot et al., 2012a), it was predicted that 

pupil size during executed and imagined piano playing would be more similar during 

easy movements than during complex movements or dual-task conditions. Further, 

as fast speeds demand effortful information-processing (Kahneman, 2011), it was 

predicted that movement speed would affect pupil dilation during ME and MI. More 

precisely, we expected that fast speeds would elicit larger pupil size than would slow 

speeds. Consistent with the first prediction, Study 1 (Paper 2) revealed a close 

correspondence between the pupil sizes during execution and imagery of easy piano 

playing-movements, regardless of whether they were performed at a slow or fast 

speed. Thus, the intensity of attentional allocation during ME and MI for these 

movements was similar. However, contrary to the prediction that movement 

complexity would disrupt the correspondence between ME and MI, the findings 

revealed that pupil size during executed and imagined slow complex movements was 

comparable. This correspondence was only disrupted when the complex movements 

were executed and imagined at fast speeds. In this instance, and consistent with the 
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second prediction, pupil size during executed fast complex movements increased, 

indicating increased attentional effort by participants. However, contrary to the 

second prediction, pupil size during imagined fast complex movements decreased 

(i.e., constricted in relation to those observed during easy imagined movements), 

implying reduced attentional allocation among participants (Unsworth & Robison, 

2015; Beatty 1982). Finally, the prediction that under dual-task conditions (Study 2, 

Paper 2) – i.e., the concurrent performance of a secondary button-press task with 

each of the piano-playing movements of Study 1 – the correspondence between the 

pupil sizes during ME and MI would be disrupted was largely confirmed. The only 

exception was the observation that the correspondence between the pupil sizes 

during executed and imagined fast-easy movements were similar (see Section 4.6.3, 

Chapter 4 for a discussion regarding this outcome). An unexpected finding was the 

observation that during these complex dual-task conditions, pupil size increased 

during ME with escalating movement complexity but remained relatively static during 

MI. This finding suggests that participants’ attentional allocation increased to meet 

cognitive demands during executed dual-task performance but not during MI. The 

theoretical and practical implications of these findings will be further discussed in 

Sections 6.3 and 6.4. 

A final aim of the present research (see Paper 3, Chapter 5) was to examine 

the degree of attentional allocation (mental effort; as measured by pupil dilation) 

involved during the key process of inhibition in MI. Specifically, Study 3 (Paper 3, 

Chapter 5) assessed the effects of motor response inhibition (or action withholding) 

during execution and imagery of an inhibitory control task (i.e., a Go/NoGo 

procedure; Vidal et al., 2011; Swick et al., 2011) on attentional allocation. Given 

Jeannerod’s (2006a) postulate that ME and MI operate via the same functional 

mechanisms, it was predicted that pupil sizes during imagined Go and NoGo 
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responses would be similar to those during executed NoGo responses because all 

involve suppression of overt movement. Furthermore, it was predicted that pupil size 

during executed and imagined responses in the Go/NoGo task would be larger when 

the previous trial response was in the other movement mode than when it was in the 

same movement mode (e.g., larger pupil size during MI to ME than during ME to 

ME). This prediction was based on typical observations that in a sequence of trials, 

switching from activation (e.g., Go or ME) or inhibition (e.g., NoGo or MI) in the 

immediately preceding experimental trial influences processing in the current trial 

(see Section 2.5 - task-switching paradigm, Chapter 2; Monsell, 2003). Finally, 

because it is plausible theoretically that inhibitory mechanisms might be triggered in 

conjunction with motor commands to maintain subthreshold motor activation 

(Jeannerod, 2006a; Ridderinkhof et al., 2011), it was predicted that pupil size would 

be largest during congruent Go trials (i.e., Go to Go) in mixed-trial conditions (e.g., 

executed Go response to imagined Go response). Such putative increases reflect a 

boosting of the intensity of attentional effort (as demanded by persisting activation 

and/or active inhibition). Consistent with the first prediction, the findings in Study 3 

(Paper 3) revealed that pupil sizes during NoGo responses and Go and NoGo 

responses in the executed and imagined Go/NoGo task, respectively, were similar in 

size. Thus, in this instance, motor inhibition during MI and action withholding in 

physical movement involved a similar degree of intensity in attentional allocation. The 

second prediction that pupil size during imagined responses in the Go/NoGo task 

would be larger when the previous trial response was in the other movement mode 

(executed) than when in the same movement mode (imagined) was confirmed. 

However, the second prediction was rejected in the case of ME of the Go/NoGo task 

– because overall, pupil sizes during responses were similar, regardless of whether 

the previous trial response was in the other movement mode (imagined) or in the 
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same movement mode (executed). Finally, consistent with the last prediction, in 

mixed movement-mode conditions, imagined congruent Go responses (i.e., executed 

Go – imagined Go; in comparison to pure movement-mode conditions, imagined Go 

– imagined Go) and executed congruent Go responses (i.e., imagined Go – executed 

Go; in comparison to pure movement-mode conditions, executed NoGo – executed 

Go) elicited the largest pupil dilation. In other words, the greatest intensity of 

attentional allocation occurred during an executed or imagined Go response when 

that response was preceded by a Go response performed in the other movement 

mode. Having summarised the main findings of the studies in this thesis, let us now 

consider their implications (see below). 

 

6.3 Theoretical Significance of the Findings 

In discussing the theoretical significance of the findings emerging from this research, 

each study and associated paper will be discussed in sequence. To begin with, the 

review of MST (Paper 1, Chapter 3) highlighted the extensive level of empirical 

support, at both neural and behavioural levels, for the functional equivalence 

between ME and MI. At first glance, the accumulation of such evidence substantiates 

the value of this popular theoretical explanation for how MI works (Jeannerod, 2001, 

2006a). However, on closer inspection, our review identifies a number of anomalies. 

Firstly, the existence of non-identical neural networks operating during ME and MI, 

and secondly, evidence of temporal incongruence between executed and imagined 

complex movement performance (Hétu et al., 2013; Guillot et al., 2012a). 

Additionally, the vague specification of the simulation mechanism that purportedly 

plans, programs, monitors, and anticipates the consequences of action during MI 

(Jeannerod, 2004, 2006a) raise doubts as to whether MST fully explains the 

construct of MI. At least two questions arise from inadequate theoretical specification 
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and unresolved empirical findings. Firstly, would cognitive-level analyses bolster 

existing evidence to fully account for how MI works within the MST framework (or 

assist in elaborating the framework)? Secondly, would other conceptualisations of 

simulation, such as the multimodal simulation offered by grounded theory (Barsalou, 

2008), or the parallel simulation of motor and sensory systems in emulation theory 

(Grush, 2004), offer a stronger account for how MI works? To answer these latter 

questions, further research is required. The empirical research in the present thesis 

was concerned with examining MST’s functional equivalence hypothesis at a 

cognitive-level. In particular, it sought to investigate the role of attentional processes 

in MI, because without fully understanding the functional mechanisms underlying MI, 

it is difficult to arbitrate between different theoretical accounts of how MI works. 

The findings of Studies 1 and 2 (Paper 2, Chapter, 4) demonstrated that easy 

movements (whether these were slow or fast) required a similar intensity of 

attentional allocation during execution and imagery. These findings are largely 

consistent with findings from chronometric studies demonstrating similar overall 

information processing during ME and MI of easy movements – thus indicating 

temporal congruence between ME and MI (see Guillot, et al., 2012a; Guillot & Collet, 

2005a). One interesting implication of our findings concerns the role of conscious 

awareness in MI. To explain, it appears that although MI is considered a conscious 

process (Munzert et al., 2009; Jeannerod, 2001), our studies show that the 

simulation of easy movements during MI requires no more attentional effort than 

does actual performance of those easy movements. This finding provides tentative 

support for the claim by MST that ME and MI share motor representations and 

functional mechanisms (Jeannerod, 2001, 2006a). Furthermore, similar levels of 

attentional effort during ME and MI of easy movements suggest that the 

representational content is comparably processed during both movement modalities 
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(i.e., automatic and/or controlled processing). Nevertheless, the findings from Study 1 

and Study 2 (Paper 2) also demonstrate that this congruence between ME and MI 

was disrupted by the speed at which complex movements were performed. One 

explanation for this latter finding is that the functional mechanisms underlying ME 

and MI either differ in their degree of use, or alternatively, that they differ qualitatively. 

In Study 1, fast complex movements differentially modulated the intensity of 

attentional allocation during executed and imagined movements. This trend is 

consistent with the findings of studies – employing chronometric paradigms – that 

demonstrate that the overall information processing occurring during complex 

movements is not the same. In such circumstances, there seems to be a temporal 

incongruence between ME and MI (Kalicinski et al., 2015; Calmels et al., 2006; 

O’Shea & Moran, 2016). Specifically, the intensity of attentional effort during ME 

increased to meet escalating demands, which seems compatible with the idea that 

the speed of a movement or task additionally burdens attentional systems 

(Kahneman, 2011). However, no such increase was evident during MI (indicating no 

additional effort investment). We inferred from these findings that MI of fast complex 

movements may have exceeded available attentional resources. This conclusion 

does not support suggestions from previous studies of movement speed in MI that 

performing imagined bimanual movements at a fast speed can lead to more accurate 

and fast ME of those movements (Debarnot et al., 2011). Indeed, Studies 1 and 2 

raise serious questions about the ability – even among expert musicians – to 

accurately imagine performing fast complex (bimanual) movements.  

Overall, the findings from Studies 1 and 2 (Paper 2) can help to elucidate the 

attentional mechanisms underlying MI. In action, attentional processes are 

considered to be primarily involved during action initiation, for example, biasing 

relevant schemata, rather than during action execution (i.e., attention does not have 
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a causal role in action; Verbruggen et al., 2014; Norman & Shallice, 1986). 

Jeannerod (1997) proposed that attentional processes may operate as a supervisory 

control mechanism (closely resembling the SAS; Norman & Shallice, 1986) during 

action representation to bias, select and assemble discrete elements of movements 

from LTM. Given the purported correspondence between action representations and 

MI, such a control mechanism would also be likely to operate during imagined 

movement (activated by the simulation mechanism). By this logic, once the 

appropriate action schemata have been selected, simulation facilitates the “fast and 

automatic unfolding of a movement” (Jeannerod, 2006a; p.140). In Studies 1 and 2 

(Paper 2), expert musicians performed well-learned movements, and the easy 

movements demanded little and similar attentional effort during ME and MI. This is 

consistent with classic theories (e.g., see Norman & Shallice, 1986; Kahneman, 

1973, 2011) that such movements require little deliberate conscious control and 

demand few attentional resources. Thus, MI of easy, well-learned movements seems 

to involve few attentional resources and the unfolding of the action (i.e., the 

simulation processes) appears to proceed automatically. However, the findings also 

suggest that this is not the case for fast complex movements. Exceeded attentional 

allocation resources during fast complex movements suggests that, in these 

circumstances, MI relies on higher-level attentional mechanisms, which are slow and 

costly (e.g., an SAS-type mechanism; Norman & Shallice, 1986). In this instance, 

movement progression may require ongoing supervision and regulation. Such a 

requirement for higher-level control systems may be detrimental to MI of fast-

complex movements because such movements may demand attention that cannot 

be sufficiently allocated for accurate imagined performance. The idea that the 

unfolding (or simulation) of an imagined action is ultimately governed by the capacity 

of higher-level systems is consistent with recent theoretical proposals that executive 
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functions have a greater role in MI than ME (i.e., the “motor-cognitive model”, Glover 

& Baran, 2017). 

The findings of Study 3 (Paper 3, Chapter 5) indicate that movement 

inhibition, or action withholding, during ME and MI (i.e., NoGo responses and Go and 

NoGo responses, respectively), required comparable levels of attentional effort. This 

discovery broadly supports the claim of MST that ME and MI operate according to 

the same mechanisms (Jeannerod, 2004, 2006a). However, the findings also 

demonstrate that the characteristics of the inhibitory mechanisms employed during 

ME and MI are not identical. Specifically, in the executed inhibitory control task (i.e., 

Go/NoGo task), there was little change in the overall degree of attentional effort 

required for the inhibitory processes (i.e., during NoGo response) – whether the 

previous movement mode response was the same (executed) or whether it was 

different (imagined). Conversely, during MI the inhibitory mechanisms employed 

when a physical movement (different) response immediately preceded imagery 

required greater attentional effort than when the MI response was preceded by an 

imagined response (same). The contrasting effects of the previous movement mode 

on the intensity of attentional effort required for inhibitory processes during ME 

(NoGo responses) and MI (Go and NoGo responses) suggest that MI utilises 

different (perhaps qualitatively or perhaps additional) inhibitory mechanisms to those 

employed during ME in this instance. When MI is combined with ME in an inhibitory 

control task (i.e., Go/NoGo), it requires greater attentional effort to maintain its covert 

status than when the task is performed using only MI. Therefore, MI may employ a 

global inhibitory mechanism (Rieger et al., 2017; see Paper 3, Chapter 5) in the latter 

context but use more active inhibitory processes that operate concurrently with motor 

commands (e.g., Guillot et al., 2012b) and require a high level of attentional effort in 

the former. 
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When we combine the findings from the review and the empirical studies, it 

appears, as postulated by MST, that during easy movements (i.e., easy piano-

playing movements in Study 1, Paper 2, and single movement-modality responses in 

Study 3, Paper 3), ME and MI share motor representations which operate via similar 

attentional mechanisms. Specifically, it seems that conscious, controlled processes 

may be necessary only during the initiation of executed and imagined easy, well-

learned movements (perhaps for action goal/plan formation, i.e., to select appropriate 

action elements from LTM, and integrate any necessary inhibitory processes into the 

action intention; Verbruggen et al., 2014; Jeannerod, 2006a). Thereafter, however, 

the (executed or imagined) movement seems to proceed automatically and without 

the need for active/controlled attention (or, in relation to MI, active/controlled 

inhibition). The findings in relation to easy movements accord with Jeannerod’s 

(2006a) proposal that “the functioning of action representations [is] frequently outside 

conscious awareness” (p.171). By contrast, in complex contexts (e.g., fast complex 

piano-playing movements in Studies 1 and 2, Paper 2, and mixed movement-

modality responses in Study 3, Paper 3), it appears that the prediction of MST that 

ME and MI function via the same mechanisms is somewhat challenged. This is so 

because attentional and inhibitory mechanisms seem to have been differentially 

employed during complex executed and imagined movements/responses. 

Specifically, in complex contexts, allocation of attention intensified during ME to meet 

the demands of increased movement/response difficulty. However, contrary to this, 

during MI, the performance of (fast and dual-task) complex movements (Studies 1 

and 2) seemingly exceeded attentional resource capacity, and complex movement 

responses (i.e., mixed response conditions in Study 3) appeared to require more 

active and controlled attentional allocation to withhold overt movement (i.e., rather 

than integrating inhibition into the action intention). Interestingly, Jeannerod (2006a) 
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proposed that the “mechanisms of automatic simulation are supervened by controlled 

processes with a conceptual content” (p.171). Consistent with this proposal, the 

present findings suggest that in complex situations MI depends more on consciously 

controlled mechanisms for the supervision and regulation of movement simulation – 

requiring attentional effort that may or may not be available (possibly depending of 

inter-individual resource capacity). Thus, the present research highlights the 

prominent role of higher-level attentional control mechanisms in MI functioning – 

which is compatible with recent theoretical proposals that the unfolding of imagined 

movement is monitored by executive resources (see Glover & Baran, 2017). Overall, 

ME and MI may function via similar mechanisms but it appears that the precise 

nature and/or operational specifics of these mechanisms differ between the two 

movement types depending on the action context. 

 

6.4 Practical Significance of the Findings  

The present findings have several implications for the practical application of MI in 

various settings. The hypothesis of functional equivalence between ME and MI 

(Jeannerod, 2001, 2006a) is highly significant for the application of MI/MP in 

improving movement skill, and the present findings largely support its theoretical 

underpinnings. However, the context-dependent nature of attentional and inhibitory 

processes in MI – as revealed by the present research (e.g., effortless easy or 

effortful complex movements, effortless global/integrated or effortful active inhibitory 

processes) – have consequences for how MI/MP is applied. Previous research 

demonstrates that prolonged training sessions with MI/MP hinder its effectiveness 

(Driskell et al., 1994; Malouin et al., 2013), possibly due to mental fatigue (Malouin et 

al., 2013; Rozand et al., 2015; see Paper 2, Chapter 4). Furthermore, MI/MP of 

complex movements typically results in temporal incongruence between ME and MI, 
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with MI requiring longer durations to perform the movement (Calmels, et al., 2006; 

O’Shea & Moran, 2016; Guillot et al., 2004; Reed 2002). Given that our studies 

indicate that MI is constrained by limited-capacity attentional resources (e.g., see 

Paper 2, Chapter 4), we conclude that attentional mechanisms play a crucial role in 

MI. To illustrate, attentional effort is required during imagery to maintain alertness 

and/or to consciously control and regulate ongoing (simulated) movement. 

Given these attentional constraints, MI/MP interventions must consider factors 

that help maintain alertness and that reduce the burden on high-level control and 

working memory systems during MI. For example, combining MI/MP with physical 

practice may heighten arousal/attentional levels sufficiently for positive outcomes 

(Page et al., 2011; Rozand et al., 2016; Jackson et al., 2004). Further, the 

recommendations in PETTLEP (see Holmes & Collins, 2001) to use environmental 

cues seem relevant here for reducing the information that must be held in mind. 

However, regarding the latter, because the expert pianists in the present research 

(Paper 2, Chapter 4) also used environmental cues (note that they sat at a piano and 

used the same posture as they would when they physically play), then the specifics 

of the movements involved (such as movement complexity and speed) must also be 

considered. In this regard, the present findings demonstrate that during MI sufficient 

intensity of attention could not be allocated to fast complex movements, and that 

imagery of these movements was only possible when they were performed at a 

slower pace. Thus, MI/MP interventions must consider whether slowing a complex 

movement, which facilitates attentional allocation processes (Collins & Carson, 2017; 

Kahneman 2011), would be beneficial to the imagery process and would improve 

subsequent performance of the skilled movement (but, see Louis et al., 2008; 

Boschker et al., 2000). The current general imagery literature provides some insight 

into the relationship between movement speed and imagery. For example, studies 
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have demonstrated a link between physiological arousal and speed – with a positive 

relationship between (heightened) arousal and the (increased) speed/tempo of 

voluntary and involuntary auditory imagery (Jakubowski, Halpern, Grierson, & 

Stewart, 2015; Jakubowski, Farrugia, Halpern, Sankarpandi, & Stewart, 2015). 

Further, and rather contrary to our findings, other MI research indicates that 

imagining movements at a fast speed increases the accuracy and velocity of 

subsequent physical movement (Debarnot et al., 2011). Overall, however, research 

that specifically elaborates whether slowing imagined fast complex movements is 

viable and/or beneficial is required (see Section 6.6). Regarding the extent of 

information that must be held in mind, current directions towards combining action 

observation and MI offer a plausible means to mitigate the burden on higher level 

information-processing and memory systems (see Caligiore et al., 2017; Eaves et al., 

2016; Wright, McCormick, Birks, Loporto, & Holmes, 2014). 

A further practical implication of the present findings for the successful 

application of MI/MP is dependent on inhibitory processes. In particular, the findings 

(Paper 3, Chapter, 5) demonstrate that in more difficult contexts (e.g., when MI is 

combined with ME), inhibition of overt movement in MI required high levels of 

attentional effort in comparison to less difficult contexts (e.g., MI only). As stated 

above, MI/MP may be combined with physical practice to maintain optimal levels of 

arousal/attention and reduce mental fatigue. However, on the basis of our findings, 

careful consideration should be given to how movement modes (i.e., ME and MI) are 

combined in MI/MP interventions – particularly if the movements involved are brief 

and the switch between movement modes is frequent (i.e., resembling the context of 

the present findings, see Chapter 5). In this instance, an additional attentional burden 

may be imposed by the need for controlled inhibitory processes during MI (arising 

from switching from an immediately preceding executed movement). A possible 
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solution in this context might be to use dynamic imagery – the concurrent 

performance of physical movement with MI (see Guillot, Moschberger, & Collet, 

2013; Kanthack et al., 2016) – which may alleviate any further information-processing 

burden on higher-level control systems. 

Finally, the findings of Study 2 (Paper 2) have some practical relevance for 

current clinical interventions relying on dual-task effects to treat imagery-related 

psychopathology. For example, eye movement desensitisation and reprocessing 

(EMDR) interventions for post-traumatic stress disorder rely on the premise that the 

vividness of traumatic images is significantly reduced when they are recalled 

concurrently with a secondary task of making lateral eye movements (Shapiro, 1996). 

The findings in the present research demonstrate that dual-task conditions prevented 

appropriate attentional allocation during MI for accurate image generation and 

maintenance, and therefore, provide some support for the efficacy of EMDR. Further, 

the present observed interaction between movement speed and complexity is also 

consistent with EMDR research demonstrating that faster, and therefore, more 

cognitively demanding, eye movements during recall led to less vivid images – which 

increased the effectiveness of the intervention (van Veen et al., 2015; van Schie, van 

Veen, Engelhard, Klugkist, & van den Hout, 2016). 

 

6.5 Methodological Strengths and Limitations 

At this stage, it is important to acknowledge the methodological limitations of the 

research presented in this thesis. Such acknowledgement may prevent unwarranted 

extrapolation from our findings. Firstly, regarding our review of MST (Paper 1), we 

acknowledge that it was conducted from a cognitive perspective. Therefore, the 

evaluation of the specificity of MST, or more precisely, the under-specification of 

MST’s simulation mechanism purportedly underlying MI reflects this epistemological 
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stance. So, it could be argued that our cognitive critique of MST was at odds with the 

framework on which MST was initially based – a neuroscientific perspective 

concerning the neural simulation of action (Jeannerod, 2001). In our defence, we 

could argue that because Jeannerod’s (e.g., 2006a) later work specifically places the 

simulation mechanism in the realm of (motor) cognition, a cognitive-level analysis is 

appropriate, and in fact, essential, as multiple levels of analyses are crucial for the 

attestation of any theory. Thus, this cognitive analysis significantly contributes to 

existing MI literature, which heretofore, largely comprised neural and behavioural 

examinations of the broad postulates of MST and the functional equivalence 

hypothesis. 

Secondly, regarding Studies 1 and 2 (Paper 2, Chapter 4) and Study 3 (Paper 

3, Chapter 5), as stated in these papers, it was assumed that all participants used 

(kinaesthetic) MI during the imagined movement/response conditions, however, it 

cannot be concluded with certainty that they did so. Notwithstanding this general 

predicament in MI research (Cooley et al., 2013), certain elements of the design 

mitigate this uncertainty. For example, pre- and post-experiment questionnaires were 

included (i.e., that assessed vividness and general quality of imagery, and possible 

use of strategies, e.g., counting), and the raw pupil data was closely inspected for 

unlikely pupillary responses (e.g., severely reduced or invariable pupil size). 

However, it might be valuable for any replications of these studies to measure 

psychophysiological activity during MI to confirm its use (e.g., skin, cardiovascular or 

respiratory rates), given that MI typically elicits autonomic activation during imagined 

movement (e.g., Papadelis et al., 2007; Boschker, 2001; Decety et al., 1991). 

Alternatively, an overall index of the quality of a participant’s MI ability, using a 

combination of different measures (e.g., psychometric, chronometric, 
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psychophysiological), could be calculated prior to experimental procedures (see, 

Collet et al., 2011).  

A third possible limitation in the research presented here relates to the time on 

task. To explain, pupil dilation is vulnerable in lengthy tasks, in that, fatigue and 

lapses in attention can occur during extended tasks and lead to decreases and 

fluctuations in pupil size (van den Brink, Murphy, & Nieuwenhuis, 2016; Sirois & 

Brisson, 2014; Eckstein et al., 2017). Equally, extremely short tasks expose the task-

evoked pupillary response to possible after-effects of a previous pupillary response, 

since cognitive changes in pupil size have a latency of approximately 200ms (Sirois 

& Brisson, 2014; Eckstein et al., 2017). Given that Studies 1 and 2 (Paper 2) involved 

trials that lasted over 10 seconds, we cannot discount the possibility that the mean 

values calculated per trial reflect some degree of fatigue, perhaps manifested in 

fluctuations in pupil size that are not task-related. Further, Study 3 (Paper 3) involved 

trials that only lasted one second, and thus, pupil-size averages taken from trials of 

interest may have been subjected to the after-effects of the previous trial. However, 

firstly, in relation to Studies 1 and 2, possible task-unrelated effects on pupil size 

were minimised by calculating the mean pupil size for a trial over four seconds at the 

beginning of each trial, thus, increasing the likelihood of capturing accurate 

task/movement-related pupillary responses. Further, in relation to Study 3, previous 

studies have established the appropriateness of using short trials for the acquisition 

of accurate pupil data, particularly in relation to a single response (e.g., Bayer et al., 

2011) – the pilot studies completed in relation to this study, further confirmed this 

suitability of a short trial for a single response task. 

Finally, the baseline pupil-size measures used for baseline correction for inter-

individual differences may be somewhat of a limitation in the present research. 

Specifically, as previously mentioned in Studies 1 and 2 (Paper 2), baseline-
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corrected pupil-size values comprised a baseline measure – an average of the final 

30 pupil samples (spanning 500ms) in the pre-stimulus display – subtracted from 

each relevant pupil sample in the subsequent trial. However, the baseline measure 

was not an absolute baseline, in that, it was not taken from a period of processing 

nothing, because it was calculated during a time period when there was more than 

likely some mental processing occurring – during speed acquisition. Therefore, while 

it was a strength of the studies to baseline correct all pupil-size values, it would have 

been more ideal to use absolute baseline measures for this correction, because any 

change in pupil size due to information processing would then be observed as an 

increase or decrease relative to no processing (rather than some processing). 

Further, in the present instance, subtraction of the baseline measure from trial pupil 

samples frequently resulted in negative baseline-corrected values (e.g., possibly due 

to the subtraction of a higher-level ‘cognitive processing of speed’ pupil-size from a 

lower-level ‘automatic movement processing’ pupil size; Kahneman, 2011) which 

may be confusing for readers to interpret. However, it should be noted that there is 

little guarantee in any baseline correction procedure that a baseline period reflects no 

processing. Thus, overall, it is considered a strength of the present research that the 

baseline acquisition and correction procedures were systematic throughout, and 

therefore, accurately reflect task/movement-evoked pupillary response and mitigate 

inter-individual differences.  

Notwithstanding the possible limitations outlined above, all empirical 

investigations described in the present thesis had a high degree of experimental 

control (see Section 2.8, Chapter 2), which facilitated the rigorous investigation of 

attention and inhibition in MI. This strength in the research enabled some resolution 

of the heretofore unresolved issues of, for example, what the processing specifics of 

the simulation mechanism purportedly driving MI are; why movement complexity 



 144 

disrupts congruence between executed and imagined movement; and how physical 

movement is inhibited during MI (given its purported use of shared mental 

representations and brain systems with ME). 

 

6.6 Suggestions for Future Research 

The work presented in this thesis raises at least five issues that require further 

investigation. Firstly, a theoretical question arising from the review of MST (Paper 1) 

relates to whether or not other conceptualisations of simulation (which extend beyond 

the purely motoric simulation process in MST), such as Barsalou’s (2008) multimodal 

simulation or Grush’s (2004) parallel simulation of motor and sensory systems, would 

better account for how MI works? This question was beyond the scope of the present 

research, and therefore, it would be valuable for future research to empirically 

arbitrate between these conceptualisations in relation to MI – perhaps through the 

study of gestures, as suggested in Paper 1 (Chapter 3, Section 3.7). To elaborate, if 

mental representations function via a multi-modal simulation mechanism, as 

postulated in grounded theory (Barsalou, 2008), it might be expected that any 

gestures arising in association with a spoken word would occur almost 

simultaneously. In contrast, because according to MST, simulation is in a purely 

pragmatic format (i.e., procedural/motoric; Jeannerod, 2006a), gestures arising in 

association with action words would occur after the meaning has been extracted. 

Thus, examination of the temporal specifics of gesture manifestation may assist in 

arbitrating between these differing accounts of simulation. This is particularly 

important as there is some evidence that semantic and motor processes occur in 

tandem – during action verb comprehension (i.e., effector specific verbs – verbs 

associated with the hand/foot – are responded to more quickly when the effector and 

verb are compatible; Andres et al., 2015). 
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A second issue relating to the under-specification of MST and requiring future 

research is the need for theoretical clarification and delineation of the extent to which 

MI relies on higher-level control systems in comparison to ME. The present research 

has empirically elucidated this issue to some degree – highlighting that MI is 

ultimately constrained by attentional systems. However, given recent theoretical 

proposals that MI and motor control are intertwined with higher-level executive 

control functions (Glover & Baran, 2017; Gottwald et al., 2016), it seems crucial to 

further empirically and theoretically elaborate this possibility. This is especially 

important because recent research relating to visual imagery suggests that imagery 

ability/capacity limits relate to constrictions in the amount and type of information that 

can be represented (Keogh & Pearson, 2017), while other recent proposals suggest 

that MI capacity limits relate to the simulation process (rather than representation) – 

which is monitored by limited-capacity executive resources (Glover & Baran, 2017). 

Thus, the question arises for future research as to whether the attentional allocation 

limitations demonstrated in the present research (Paper 2) arose in relation to 

representation formation or the simulation process (or both)? 

Thirdly, it is important for future research to explore and replicate the findings 

of the present empirical research with other skilled populations, specifically in relation 

to Studies 1 and 2 (Paper 2, Chapter, 4) which represented a particular skilled group 

(expert pianists). In particular, it is unclear as to whether the observed effects that 

limited-capacity attentional systems constrain imagery of fast complex movements 

would also be observed in other skilled (e.g., elite athletes, surgeons, etc.) and 

unskilled (e.g., during motor rehabilitation, motor learning) groups, or indeed, with 

other movement types. Thus, systematic investigations of the effects of incremental 

changes in speed on imagined complex movement performance are required – using 

a variety of population samples (and larger sample sizes) and different movement 
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types. Such investigations could employ eye-tracking (e.g., fixation duration and/or 

pupillometry) or EEG techniques (e.g., de/synchronisation patterns in brain waves, 

e.g., alpha/mu/beta rhythms) in the assessment of attentional processes during MI.  

Fourthly, in addition to replication, future research should address the question 

of whether MI of fast complex movements must be fast. To explain, in the present 

instance (Studies 1 & 2, Paper 2), the attentional effort required to imagine 

performing complex movements was similar to that required during execution of 

those movements when the speed was slow. Therefore, it may be that congruence 

between ME and MI for complex movement performance is best achieved when 

those movements are performed at a slow pace. Currently, there are only a few 

studies in the MI literature addressing the effects of movement speed on MI 

processes/ability (e.g., research has explored the speed-for-accuracy trade off of 

Fitts’ law – Decety & Jeannerod, 1996; Cerritelli et al., 2000; the effects of music 

tempo on maintaining the temporal congruence between ME and MI – Debarnot & 

Guillot, 2014; and the effects of modifying movement speed during MI on executed 

movement performance – Louis et al., 2008). Thus, it is important for future research 

to assess the congruence between ME and MI for different complex movements 

performed at both slow and fast speeds (particularly because typical findings 

demonstrate temporal incongruence between ME and MI for complex movements; 

Kalicinski et al., 2015; Calmels et al., 2006; Guillot et al., 2012a). It would also be 

valuable to further explore whether performing fast complex movements at a slower 

pace in MI/MP interventions would be beneficial for improving subsequent skilled 

movement or whether reducing the speed would negatively impact physical 

performance (e.g., by slowing it also; see Louis et al., 2008; Boschker et al., 2000). 

Finally, in relation to the issue of speed, it is also questionable as to whether 

appropriate and sufficient attentional allocation is more important for accurate MI and 



 147 

for optimising its beneficial effects than the speed at which the imagined movement is 

performed (see Collins & Carson, 2017). In this regard, recent research 

demonstrates that the quality (e.g., vividness) of motor images throughout a MI/MP 

intervention (as self-rated on a psychometric imagery questionnaire) is highly 

important for subsequent movement performance improvement, even over initial 

imagery ability (Ruffino, Papaxanthis, & Lebon, 2017). 

A final possible area of future research relates to the findings of Study 3 

(Paper 3). Specifically, it would be valuable for future research to investigate whether 

or not our findings, that MI seems to exploit multiple inhibitory routes (i.e., one pre-

empted, global suppression route and another involving active/controlled inhibition), 

would also be evident in inhibitory control tasks that extend over a longer period of 

time. Study 3 used a brief and reactive inhibitory control task (i.e., Go/NoGo task; 

trials lasting 1000ms). Therefore, future research might aim to design creative 

experiments (e.g., adaptations of a task-cuing paradigm or flanker test where 

response expectations are violated, or not) that assess inhibitory control over a 

longer timeframe. Such investigations would be helpful to confirm (or otherwise) the 

findings of Study 3 (Paper 3) – that inhibition during MI can be employed via global or 

active/control mechanisms. 

 

6.7 General Conclusion 

The construct of motor imagery (MI) is currently an intensely active and fertile inter-

disciplinary research area (see Figure 1.1) – because MI represents a valuable tool 

in improving physical movement performance (Di Rienzo et al., 2016; Sobierajewicz 

et al., 2017), in rehabilitation and interventions for neurological disorders (Caligiore et 

al., 2017; Malouin et al., 2013), and in brain-computer interfaces (Cao et al., 2017; 

Zhang et al., 2016). MI is considered functionally equivalent to motor execution (ME), 
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in that, both movement types are theoretically considered to have a fundamental role 

in generating movement (i.e., motor simulation theory - MST; Jeannerod, 2001, 

2006a). However, because the precise neurocognitive mechanisms underlying MI 

have not as yet been specified, the research presented in this thesis sought to 

elucidate these mechanisms, particularly in relation to attention. The research herein 

is unique in the approach it adopted in investigating MI, in that, it undertook a 

cognitive-level approach to the critical examination of MST and MI, an area 

previously dominated by behavioural and neural level investigations. Further, the 

three empirical studies employed methodologies that are novel in MI research, such 

as pupillometry and task-switching paradigms, and used expert samples and 

movements of un-paralleled complexity (i.e., piano playing). The critical review of 

MST (Jeannerod, 2001, 2006a) highlighted the extensive empirical support for 

functional equivalence between ME and MI. However, contrary to the large amount of 

research interest in MI and MST, a cognitive-level analysis revealed that the 

specification of the neurocognitive processes supporting or constraining the 

simulation mechanism – which is purported to underlie MI – was rarely explicit, and in 

fact generally overlooked. The empirical studies presented in this thesis sought to 

address this disparity. The combined findings from the review and the empirical 

studies suggested that ME and MI may function via the same mechanisms, as 

postulated by MST (Jeannerod, 2004, 2006a). However, they also demonstrated that 

the operational specifics of these mechanisms appear to differ between the two 

movement types depending on the action context (i.e., whether movements are easy 

or complex, slow or fast, combine execution and imagery or are executed or 

imagined only). It was concluded that MI is ultimately constrained by limited-capacity 

attentional mechanisms. The present research augments current understanding of MI 

by explicating some of the neurocognitive mechanisms underlying this psychological 
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process, particularly in relation to attentional allocation. Overall, the work presented 

in this thesis strengthens the claim that MI is a cognitive strategy that can be used (in 

numerous contexts) to enhance the functioning of motor systems and ultimately 

improve movement behaviour. 
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Appendices 

Appendix A – Key Abbreviations 

 

ANOVA  Analysis of Variance 

BRPES  Borg Rating of Perceived Exertion Scale-CR 10 

(dl)PFC  (Dorso-lateral) Pre-Frontal Cortex 

DTI  Diffusion Tensor Imaging 

EEG  Electroencephalography 

EMG  Electromyography 

fMRI  Functional Magnetic Resonance Imaging 

fNIRS  Functional Near-Infrared Spectroscopy 

IFC/G  Inferior Frontal Cortex/Gyrus 

IPC  Inferior Parietal Cortex  

LTM  Long Term Memory 

M  Mean 

ME  Motor Execution 

MEG  Magnetoencephalography 

MI  Motor Imagery 

MP  Mental Practice 

MST  Motor Simulation Theory 

PET  Positron Emission Tomography 

PMC  Pre-motor Cortex 

PPC  Posterior Parietal Cortex 

SAS  Supervisory Attentional System 

SMA  Supplementary Motor Area 

SD  Standard Deviation 

TMS  Transcranial Magnetic Stimulation 

VMIQ  Vividness of Movement Imagery Questionnaire 
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Appendix B – Vividness of Movement Imagery Questionnaire - 2 

 
Movement imagery refers to the ability to imagine a movement. The aim of this questionnaire 

is to determine the vividness of your movement imagery. The items of the questionnaire are 

designed to bring certain images to your mind. You are asked to rate the vividness of each 

item by reference to the 5-point scale. After each item (e.g. walking), circle the appropriate 

number in the boxes provided. The first column is for an image obtained watching yourself 

performing the movement from an external point of view (External Visual Imagery), and the 

second column is for an image obtained from an internal point of view, as if you were looking 

out through your own eyes whilst performing the movement (Internal Visual Imagery). The 
third column is for an image obtained by feeling yourself do the movement 
(Kinaesthetic Imagery). Try to do each item separately, independently of how you may 

have done other items. Complete all the items from an external visual perspective (column 

1), then complete all of the items from an internal visual perspective (column 2), and finally 

complete the items while feeling the movement (column 3). The three ratings for a given item 

may not in all cases be the same. For all items please have your eyes closed. 

        

Think of each of the following acts that appear on the next page, and classify the images 

according to the degree of clearness and vividness as shown on the RATING SCALE. 

 

RATING SCALE.   The image aroused by each item might be: 

Perfectively clear and as vivid (as normal vision or feel of movement)  RATING 1 

Clear and reasonably vivid     RATING 2 

Moderately clear and vivid     RATING 3 

Vague and dim      RATING 4 

No image at all, you only “know” that you are thinking of the skill  RATING 5 
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Appendix C – Borg Rating of Perceived Exertion Scale - CR10 

 

The aim of this questionnaire is to assess your perceived intensity of exertion during 

finger movements. Please rate your perception/experience of exertion during the 

finger movements you have just completed, using a 10-point scale. Circle the 

appropriate number that describes the level of exertion where 10 denotes “very, very 

strong” (e.g., lifting weights or sprinting) and 0 denotes no exertion. 

        

Scale  Description of Exertion 

 

0  Nothing at all 

0.5  Very, very weak  {just noticeable} 

1  Very weak 

2  Weak   {light} 

3  Moderate 

4  Somewhat strong 

5  Strong   {heavy} 

6   

7  Very strong 

8   

9 

10  Very, very strong  {almost max} 
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Appendix D – Post-Experiment Imagery Process Questionnaire (Studies 1 & 2) 

 

Please indicate on the 6-point scale the extent to which you agree with the following 
statements.       

 Extremely 
well 

1 

Very 
well 

2 

Well 
 

3 

A bit 
 

4 

Not 
well 

 
5 

Not at 
all 
 

6 
 

It was easy to imagine 
playing the piano 

      

 
The experience of 

playing the piano in my 
mind was similar to that 

of actually playing it 

      

 
My emotional state did 
not vary significantly 
during the actual and 

imagined performances 

      

 
I felt sensations in my 
muscles as I imagined 

playing the music 

      

 
Instead of ‘feeling’ myself 
playing the music in my 

mind I counted or tried to 
estimate the time during 
the period when I was 

imagining playing 

      

 
My mind wandered off 

the performance when I 
was imagining playing 

the music 

      

 
Did you make any significant mistakes during any of the imagined or actual 
performances? 
        
        
 
Have you any further comments? 
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Appendix E – Post-Experiment Imagery Process Questionnaire (Study 3) 

 

Please indicate on the 6-point scale the extent to which you agree with the following 
statements.       

 Extremely 
well 

 
1 

Very 
well 

 
2 

Well 
 
 

3 

A bit 
 
 

4 

Not 
well 

 
5 

Not at 
all 
 

6 
 

It was easy to imagine 
pressing the button                               

(Go) 

      

 
It was easy to imagine 
withholding the button 

press (NoGo) 

      

 
The experience of 

pressing the button in 
my mind was similar to 
that of actually pressing 

it 

      

 
My emotional state did 
not vary significantly 

throughout 

      

 
I felt sensations in my 
muscles as I imagined 

pressing the button 

      

 
My mind wandered off 

the task at times when I 
was imagining pressing 

the button 

      

 
 
Have you any further comments? 
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Appendix F – Music Phrases (Studies 1 & 2) 

 

Each phrase to be played at crotchet = 40 & crotchet = 54 
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Appendix G – UCD Ethics Approval (Studies 1 & 2) 

 
UCD Office of Research Ethics Roebuck Castle University College Dublin Belfield, Dublin 4, Ireland T +353 1 716 8767 An 
Oifig Eitic Thaighde UCD Caisleán Roebuck An Coláiste Ollscoile, Baile Átha Cliath Belfield, Baile Átha Cliath 4, Éire 
hrec@ucd.ie www.ucd.ie/researchethics  
 
May 5th, 2015  
 
Ms Helen O’Shea  
c/o Professor Aidan Moran  
UCD School of Psychology  
Newman Building  
Belfield  
Dublin 4  
 
Re: HS-15-11-OShea-Moran: Exploring the neurocognitive mechanisms underlying 
motor imagery in expert musicians  
 
Dear Ms O’Shea  
 
Thank you for your response to the Human Research Ethics Committee – Humanities 
(20/04/15). The Decision of the Committee is that approval is granted for this 
application which is subject to the conditions set out below.  
 
Please note that public liability insurance for this study has been confirmed in 
accordance with our guidelines.  
 
Please note that approval is for the work and the time period specified in the above 
protocol and is subject to the following:  

§ Any amendments or requests to extend the original approved study will need to 
be approved by the Committee. Therefore you will need to submit by email the 
Request to Amend/Extend Form (HREC Doc 10);  

§ Any unexpected adverse events that occur during the conduct of your research 
should be notified to the Committee. Therefore you will need to Submit, by email, 
an Unexpected Adverse Events Report (HREC Doc 11);  

§ You or your supervisor (if applicable) are required to submit a signed End of 
Study Report Form (HREC Doc 12) to the Committee upon the completion of your 
study;  

§ This approval is granted on condition that you ensure that, in compliance with the 
Data Protection Acts 1988 and 2003. If applicable, all data will be destroyed in 
accordance with your application and that you will confirm this in your End of 
Study Report (HREC Doc 12), or indicate when this will occur and how this will be 
communicated to the Human Research Ethics Committee;  

§ Please note that further new submissions from you may not be reviewed until any 
End of Study Reports due have been submitted to the Office of Research 
Ethics. That is, any earlier study that you received ethical approval for from the 
UCD HRECs;  

§ You may require copies of submitted documentation relating to this approved 
application and therefore we advise that you retain copies for your own records;  

§ Please note that the granting of this ethical approval is premised on the 
assumption that the research will be carried out within the limits of the law;  

§ Please also note that approved applications and any subsequent amendments 
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are subject to a Research Ethics Compliance Review.  
 
The Committee wishes you well with your research and look forward to receiving your 
End of Study Report. All forms are available on the website www.ucd.ie/researchethics 
please ensure that you submit the latest version of the relevant form. If you have any 
queries regarding the above please contact the Office of Research Ethics and please 
quote your reference in all correspondence.  
 
Yours sincerely, 

  
_____________________________________________  
Dr Joan Tiernan  
Chair Human Research Ethics Committee - Humanities 
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Appendix H – UCD Ethics Approval (Study 3) 

 

 
UCD Office of Research Ethics Roebuck Castle University College Dublin Belfield, Dublin 4, Ireland T +353 1 716 8767 An 
Oifig Eitic Thaighde UCD Caisleán Roebuck An Coláiste Ollscoile, Baile Átha Cliath Belfield, Baile Átha Cliath 4, Éire 
hrec@ucd.ie www.ucd.ie/researchethics  
 
March 23rd, 2017  
 
Ms Helen O’Shea  
c/o Professor Aidan Moran  
UCD School of Psychology  
Newman Building  
Belfield  
Dublin 4  
 
Re: HS-17-12-OShea-Moran: Exploring the neurocognitive mechanisms underlying 
motor imagery  
 
Dear Ms O’Shea  
 
Thank you for your response to the Human Research Ethics Committee – Humanities 
(22/03/17). The Decision of the Committee is that approval is granted for this 
application which is subject to the conditions set out below.  
 
Please note that public liability insurance for this study has been confirmed in 
accordance with our guidelines.  
 
Your request to access UCD students was also reviewed and granted. Please 
ensure that any additional permissions to access participants, whether internal (heads of 
Schools) or external are obtained before the recruitment of the participants is 
commenced.  
 
Please note that approval is for the work and the time period specified in the above 
protocol and is subject to the following:  
 

§ Any amendments or requests to extend the original approved study will need to 
be approved by the Committee. Therefore you will need to submit by email the 
Request to Amend/Extend Form;  

§ Any unexpected adverse events that occur during the conduct of your research 
should be notified to the Committee. Therefore you will need to Submit, by email, 
an Unexpected Adverse Events Report;  

§ You or your supervisor (if applicable) are required to submit a signed End of 
Study Report Form to the Committee upon the completion of your study;  

§ This approval is granted on condition that you ensure that, in compliance with the 
Data Protection Acts 1988 and 2003. If applicable, all data will be managed in 
accordance with your application and that you will confirm this in your End of 
Study Report.  

§ Please note that further new submissions from you may not be reviewed until any 
End of Study Reports due have been submitted to the Office of Research 
Ethics. That is, any earlier study that you received ethical approval for from the 
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UCD HRECs;  
§ You may require copies of submitted documentation relating to this approved 

application and therefore we advise that you retain copies for your own records;  
§ Please note that the granting of this ethical approval is premised on the 

assumption that the research will be carried out within the limits of the law;  
§ Please also note that approved applications and any subsequent amendments 

are subject to a Research Ethics Compliance Review.  
 
The Committee wishes you well with your research and look forward to receiving your 
End of Study Report. All forms are available on the website www.ucd.ie/researchethics 
please ensure that you submit the latest version of the relevant form. If you have any 
queries regarding the above please contact the Office of Research Ethics and please 
quote your reference in all correspondence.  
 
Yours sincerely,  
 

 
_____________________________________________  
Dr Joan Tiernan  
Chair Human Research Ethics Committee – Humanities 
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Appendix I – Information Sheet (Studies 1 & 2) 

 
 

Exploring the Neurocognitive Mechanisms Underlying Motor Imagery in Expert Musicians 
(Researchers: Helen O’Shea & Prof Aidan Moran – UCD School of Psychology) 

Information Booklet 
 

The aim of the research 

One of our most extraordinary skills is mental imagery or the multisensory process by which we 

can simulate sensations, actions and other experiences in our imagination. Kinaesthetic motor 

imagery (MI) is the mental rehearsal of actions without engaging in the physical movements 

involved. During MI we “feel” ourselves performing the movement rather than just seeing the 

effects of this movement on the world around us. Evidence indicates that actual and imagined 

movements share similar brain systems and that MI can improve skilled performance, assist 

motor rehabilitation (e.g., post stroke), and is useful for brain-computer interfaces (e.g., 

controlling robotic limbs/prostheses). Despite these positive MI effects, factors such as movement 

complexity and expertise level have been noted to alter the level of similarity between actual and 

imagined movements. Imagery of complex movements is likely to require a high level of mental 

effort. No research has yet investigated the attentional processes during MI, and therefore little is 

known about how mental effort contributes to MI. The aim of the research is to evaluate the 

relative mental effort involved in actual versus imagined complex piano performance among 

expert pianists.   

 

How will the data be used 

The research data and resultant findings will be submitted by Helen (who is currently a 

postgraduate student under the supervision of Prof Aidan Moran) for assessment purposes as 

part of a PhD degree and for journal publication and public presentation. However, any 

information you provide throughout will be treated confidentially, stored securely, and be 

anonymous. As the circle of professional pianists in Ireland is relatively small, and because one 

participant may suggest others, it is possible that it may be deduced that you have participated in 

the research. However, any data resulting from your participation will be anonymous in all 

reports. You will have the right to withdraw at any stage during the research and up to 4 months 

afterwards (after which time your data will be combined with that of others). Should you withdraw 

your data will be destroyed or, if you prefer, returned to you.   
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Should you wish to volunteer 

If you decide to volunteer and are over the age of 18 years you will be required to participate in 

two studies, both of which will be run on the same day and will take around 1.5 hours. The 

studies will be conducted in the Eye-Tracking Lab at UCD. You will receive a remuneration of €20 

towards your travel costs. Prior to the research session at UCD you will be required to complete a 

questionnaire, which will ascertain your current level of piano performance expertise and your 

imagery abilities, and learn 4 short pieces of music, to be performed using musical notation. Both 

tasks combined will take approximately 1 hour. Specific instructions regarding the performance of 

the music will be included with the musical scores. 

  

 

Study 1 

On the day of the study you will be given ample time to warm up on an digital, touch sensitive 

piano. When you are ready to perform the music your eyes will be calibrated to an eye-tracking 

computer system – this allows the system to learn the characteristics of your eyes and accurately 

calculate pupil dilation. This is a simple, non-invasive procedure, as pupil dilation will be recorded 

as you view the computer screen. The notated music will be displayed on the computer screen 

and you will be required to follow this while actually performing the music. After actually 

performing the music you will be fitted with three electrodes to the forearms. As these electrodes 

are attached to the skin surface, it is a non-invasive and pain free procedure. The electrodes will 

produce an electromyogram (EMG) – a recording of any activity in the muscles during your 

imagined piano performance. After the electrodes have been fitted, you will be required to 

perform the music in your mind (mental rehearsal), feeling as if you were playing it. You will be 

seated at the piano but your hands / fingers will not move. All eye-tracking recordings (which will 

include aural and visual recording of the musical performance), will only be viewed and analysed 

by the researchers, will be anonymous (no name will be attached, only a numerical code) and 

stored securely. 

 

After the mental performance you will be asked to complete a questionnaire. 

 

Study 2 

The second study will follow a similar procedure to that of the first, with a warm-up session, actual 

performance of the music (the same as that used in Study 1), electrode fitting, and mental 

imagery of the music performance. However, in this study, while performing the music with one 

hand you will also be required to perform another different task with the other hand. You will be 

given ample time to practice this second task beforehand. 

 

At the end of this study you will be asked to complete a questionnaire and you will be debriefed 

where you will have an opportunity to ask questions or express any concerns that you may have. 
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What happens after the studies? 

Any information you provide during the studies will be combined with that of 19 other expert 

pianists for analysis.   All information generated in the studies will be anonymous in the final 

report and subsequent publications / presentations. You will be provided with a summary of the 

findings when the studies have been completed. 

 

What are the benefits and risks of taking part in the studies? 

By taking part in the studies you will help to advance our scientific knowledge of MI which may 

have significant impact on ‘real-world’ problems, such as, how skilled movement can be 

improved, how impaired/damaged motor systems in the brain can be rehabilitated, and how 

robotic limbs might be controlled by neurocognitive imagery processes. As the procedures 

employed throughout these studies will closely reflect your everyday piano practice conditions the 

risks of taking part are minimal – some discomforts such as inconvenience and/or fatigue may be 

experienced. 

 

What if you want to comment or have concerns? 

If you have any comments or concerns about any aspect of the way you have been approached 

or treated during the course of the research, you can contact Professor Aidan Moran, UCD 

School of Psychology, Newman Building, UCD, Belfield, Dublin 4. UCD Email – 

Aidan.Moran@ucd.ie, UCD Telephone – 01 7168189. 

 

Who has reviewed the studies? 

The research studies have been reviewed and given approval by the UCD Ethics Committee. 

 

Contact for Further Information 

Helen O’Shea 
UCD School of Psychology 
Newman Building 
University College Dublin 
Belfield, Dublin 4, Ireland 
Telephone: 087 6698695 
 

Thank you for your time in reading this. 
Do keep this information sheet in a safe place in case you need it in the future. 
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Appendix J - Consent Form (Studies 1 & 2) 

 
 

Exploring the Neurocognitive Mechanisms Underlying Motor Imagery in Expert 
Musicians 

 

CONSENT FORM 
 

The aim of the present research is to evaluate the relative mental effort involved in actual versus 
imagined complex piano performance among expert pianists. The research involves participating 
in two studies which will take place on the same day. Participation in the studies requires 
individuals to complete a questionnaire and learn short pieces of relatively complex music. 
Participants will be asked to perform the pieces of music and this performance will be recorded 
(aurally and visually, and pupil dilation) by a Tobii eye-tracking computer system. The auditory 
and visual recordings will not be used in data analysis. Pupil dilation measurements will form the 
bases of all data analyses. All recordings, which will only be accessed by the researchers, will be 
stored securely and destroyed (through deletion) when no longer needed. Both studies will 
require participants to be fitted with skin surface electrodes to the forearms for the purpose of 
electromyographic recording. 
 
Any information provided by the participant during the studies will be combined with that of 19 
other participants for analysis. All information generated in the studies will be anonymous in the 
final report (which will be submitted for assessment purposes as part of a post-graduate degree), 
and in any subsequent publications or presentations. 
 
The research is being conducted by Helen O’Shea under the direction of Professor Aidan Moran, 
School of Psychology, University College Dublin. 
 
 
DECLARATION 
I have read the information sheet and have had time to consider whether to take part in these 
studies. I agree that the data can be used in the publication of higher degrees and scientific 
publications. I consent to participate in the studies under the following conditions: 

• My participation in the studies is voluntary. 
• Any information I provide throughout will be treated confidentially, stored securely, and be 

anonymous.    
• I will have the right to withdraw at any stage during the research and up to four months 

afterwards (after which time my data will be combined with that of 19 other participants). 
Should I withdraw my data will be destroyed or returned to me if requested. 

• I have been briefed to my satisfaction and I understand what is required of me. 
 

Name of participant (in block letters):     

Signature of participant:       

Signature of researcher      Date  
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Appendix K – Information Sheet (Study 3) 

 
 

Exploring the Neurocognitive Mechanisms Underlying Motor Imagery 
(Researchers: Helen O’Shea & Prof Aidan Moran – UCD School of Psychology) 

Information Sheet 
 

The aim of the research 

One of our most extraordinary skills is mental imagery or the multisensory process by which we 

can simulate sensations, actions and other experiences in our imagination. Kinaesthetic motor 

imagery (MI) is the mental rehearsal of actions without engaging in the physical movements 

involved. During MI we “feel” ourselves performing the movement rather than just seeing the 

effects of this movement on the world around us. Evidence indicates that actual and imagined 

movements share similar brain systems and that MI can improve skilled performance, assist 

motor rehabilitation (e.g., post stroke), and is useful for brain-computer interfaces (e.g., 

controlling robotic limbs/prostheses). Despite these positive MI effects, to date little is known 

about the psychological bases of MI. During MI, inhibition is a key mechanism that differentiates 

imagery from motor execution, as MI involves the complete suppression of overt movement 

behaviour. However, few studies have investigated inhibitory processes during MI, and no 

research has done so in relation to attentional mechanisms. So, little is known about how 

inhibition is implemented during MI or whether it relies on attentional processes. The aim of the 

research is to understand the neurocognitive mechanisms underlying MI and specifically, to 

evaluate the relative mental effort involved in inhibition (or action withholding) during MI in relation 

to action execution. 

 

How will the data be used 

The research data and resultant findings will be submitted by Helen (who is currently a 

postgraduate student under the supervision of Prof Aidan Moran) for assessment purposes as 

part of a PhD degree and for journal publication and public presentation. However, any 

information you provide throughout will be treated confidentially, stored securely, and be 

anonymous. Data resulting from your participation will be anonymous in all reports. You will have 

the right to withdraw at any stage during the research and up to 4 months afterwards (after which 

time your data will be combined with that of others). Should you withdraw your data will be 

destroyed or, if you prefer, returned to you.   
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Should you wish to volunteer 

If you decide to volunteer and are over the age of 18 years you will be required to participate in 

one study, which will take around 20 minutes. The study will be conducted in the Eye-Tracking 

Lab at UCD. You will receive a remuneration of €10 for your participation. Prior to the research 

session you will be required to complete a questionnaire, which will ascertain your imagery 

abilities. This task will take approximately 5 minutes. 

 

Study 

On the day of the study you will be given instructions and a practice session of the task you will 

be required to perform. When you are ready to perform the task your eyes will be calibrated to an 

eye-tracking computer system – this allows the system to learn the characteristics of your eyes 

and accurately calculate pupil dilation. This is a simple, non-invasive procedure, as pupil dilation 

will be recorded as you view the computer screen. You will also be fitted with an armband of 8 

electrodes to the forearm of your dominant hand. As these electrodes are attached to the skin 

surface, it is a non-invasive and pain free procedure. The electrodes will produce an 

electromyogram (EMG) – a recording of any activity in the muscles during your imagined 

movements. After the electrodes have been fitted, a task will be displayed on a computer screen 

for you to complete. All eye-tracking recordings (which will include aural and visual recording of 

movements), will only be viewed and analysed by the researchers, will be anonymous (no name 

will be attached, only a numerical code) and stored securely. 

 

At the end of this study you will be asked to complete a questionnaire and you will be debriefed 

where you will have an opportunity to ask questions or express any concerns that you may have. 

 

What happens after the studies? 

Any information you provide during the studies will be combined with that of 19 other participants 

for analysis. All information generated in the studies will be anonymous in the final report and 

subsequent publications / presentations. You will be provided with a summary of the findings 

when the studies have been completed. 

 

What are the benefits and risks of taking part in the studies? 

By taking part in the studies you will help to advance our scientific knowledge of MI which may 

have significant impact on ‘real-world’ problems, such as, how skilled movement can be 

improved, how impaired/damaged motor systems in the brain can be rehabilitated, and how 

robotic limbs might be controlled by neurocognitive imagery processes. Some discomforts such 

as inconvenience and/or fatigue may be experienced. 

 

What if you want to comment or have concerns? 
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If you have any comments or concerns about any aspect of the way you have been approached 

or treated during the course of the research, you can contact Professor Aidan Moran, UCD 

School of Psychology, Newman Building, UCD, Belfield, Dublin 4. UCD Email – 

Aidan.Moran@ucd.ie, UCD Telephone – 01 7168189. 

 

Contact for Further Information 

Helen O’Shea 
UCD School of Psychology 
Newman Building 
University College Dublin 
Belfield, Dublin 4, Ireland 
Telephone: 087 6698695 
 

Thank you for your time in reading this. 
Do keep this information sheet in a safe place in case you need it in the future. 
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Appendix L – Consent Form (Study 3) 
 

 
 

Exploring the Neurocognitive Mechanisms Underlying Motor Imagery 
 

CONSENT FORM 
 
The aim of the present research is to evaluate the relative mental effort involved in actual versus 
imagined completion of an action inhibitory computerised task. The research involves 
participating in one study which will take place on a day of your choosing and will last 
approximately 20 minutes. Participation in the study requires individuals to complete a 
questionnaire and perform a computerised task which will be recorded (aurally and visually, and 
pupil dilation) by a Tobii eye-tracking computer system. The auditory and visual recordings will 
not be used in data analysis. Pupil dilation measurements will form the bases of all data 
analyses. All recordings, which will only be accessed by the researchers, will be stored securely 
and destroyed (through deletion) when no longer needed. The study will require participants to be 
fitted with skin surface electrodes to the forearm of the dominant hand for the purpose of 
electromyographic recording. 
 
Any information provided by the participant during the studies will be combined with that of 19 
other participants for analysis. All information generated in the studies will be anonymous in the 
final report (which will be submitted for assessment purposes as part of a post-graduate degree), 
and in any subsequent publications or presentations. 
 
The research is being conducted by Helen O’Shea under the direction of Professor Aidan Moran, 
School of Psychology, University College Dublin. 
 
DECLARATION 
I have read the information sheet and have had time to consider whether to take part in these 
studies. I agree that the data can be used in the publication of higher degrees and scientific 
publications. I consent to participate in the studies under the following conditions: 

• My participation in the studies is voluntary. 
• Any information I provide throughout will be treated confidentially, stored securely, and be 

anonymous.    
• I will have the right to withdraw at any stage during the research and up to four months 

afterwards (after which time my data will be combined with that of 19 other participants). 
Should I withdraw my data will be destroyed or returned to me if requested. 

• I have been briefed to my satisfaction and I understand what is required of me. 
 

Name of participant (in block letters):     

Signature of participant:       

Signature of researcher      Date  

 

 


