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Abstract 

The aim of this study was to identify brain regions involved in motor imagery and 

differentiate two alternative strategies in its implementation: imagining a motor act using 

kinesthetic or visual imagery. Fourteen adults were precisely instructed and trained on how to 

imagine themselves or others perform a movement sequence, with the aim of promoting 

kinesthetic and visual imagery, respectively, in the context of an fMRI experiment using 

block design. We found that neither modality of motor imagery elicits activation of the 

primary motor cortex and that each of the two modalities involves activation of the premotor 

area which is also activated during action execution and action observation conditions, as 

well as of the supplementary motor area. Interestingly, the visual and the posterior cingulate 

cortices show reduced BOLD signal during both imagery conditions. Our results indicate that 

the networks of regions activated in kinesthetic and visual imagery of motor sequences show 

a substantial, while not complete overlap, and that the two forms of motor imagery lead to a 

differential suppression of visual areas. 
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1. Introduction 

In the context of theories of embodied cognition, motor imagery (MI) is said to 

involve fundamentally the same neuronal circuit as the execution of complex voluntary acts 

(e.g. Decety, 1996; Jeannerod, 1995; Jeannerod and Decety, 1995; Jeannerod and Frak, 

1999). In the case of hand movements like finger tapping, this circuit involves, among other 

brain structures, the region corresponding to the arm and hand representation in the primary 

motor (M1) and somatosensory (S1) cortex of the contralateral hemisphere, the premotor 

cortex (Witt et al., 2008) and, in the case of self-initiated actions, the supplementary motor 

area (SMA) (Nachev et al., 2008). The suggestion that imagined actions are likely to involve 

the same circuit as actually executed (and observed) ones is based on the notion that a motor 

image is the conscious representation of a non-executed action (Jeannerod, 1994; Jeannerod, 

1995).  

There is ample evidence that imagined actions bear the same temporal regularities and 

the same responsiveness to physical laws as their overt counterparts (Anquetil and Jeannerod, 

2007; Decety et al., 1989; Sirigu et al., 1995) and that real and imagined hand movements 

share partially overlapping neuronal networks (Ehrsson et al., 2003; Gerardin et al., 2000; 

Lotze et al., 1999; Nair et al., 2003; Porro et al., 2000; Roth et al., 1996; Sharma et al., 2008). 

However, despite the general consensus regarding regional overlap between imagery and 

sensory processing, there is disagreement concerning the set of areas that support the 

generation of mental motor representations and, more so, when subjects have to form these 

representations adopting different perspectives (Hetu et al., 2013). An important area whose 

involvement in motor imagery has been repeatedly debated is the primary motor cortex (M1) 

(Dechent et al., 2004; Guillot et al., 2012; Hetu et al., 2013).  

There are several factors that can account for the discrepancies concerning the set of 

areas activated during motor imagery and the activation of M1 in particular (Dechent et al., 
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2004; Hetu et al., 2013; Lotze and Halsband, 2006). It has been suggested that the lack of 

agreement among studies could be due to the inadequate sensitivity of the neuroimaging 

methods to capture small or transient activations (e.g. Dechent et al., 2004; Hetu et al., 2013). 

Specifically, that the whole brain analysis that is used in many studies, may be inadequate to 

capture such activations and a regions of interest (ROI) approach may be a more sensitive 

method (Hetu et al., 2013); or, as it has been suggested that the usually employed general 

linear model has limitations which may be surpassed using multivariate models (e.g. Norman 

et al., 2006; Peelen and Downing, 2007; Sauvage et al., 2011). A second reason for the 

diversity of the results could be the type of action that subjects are imagining. For example, 

imagery of simple movements may or may not recruit different neuronal populations than 

imagery of complex motor acts (e.g. Gerardin et al., 2000) as could imagining novel versus 

skilled, overlearned movements (e.g. Lacourse et al., 2005). 

Another, quite plausible reason for the discrepancies in the literature, may be the 

strategy employed during performance of the task. Imagining an action can involve visual, 

kinesthetic or both imagery strategies (e.g. Guillot et al., 2009; Madan and Singhal, 2012). 

One may engage predominantly in "external visual imagery" meaning that one imagines 

someone else performing the imagined action (Callow and Hardy, 2004; Fourkas et al., 2006; 

Lorey et al., 2009; Moran, 2009; Ramsey et al., 2010) which coincides with what others call 

imagery from the third person perspective (e.g. Jackson et al., 2006; Holmes and Calmels, 

2008; Guillot et al., 2009). Alternatively one may engage instead in "internal visual imagery" 

involving imagining oneself performing the action. However, as many investigators have 

commented (e.g. Ruby and Decety, 2001; Callow and Hardy, 2004; Lorey et al., 2009; Jiang 

et al., 2015), this form of strategy may confound visual and kinesthetic imagery. More 

explicitly, when people resort to such a strategy they may imagine the sensation one 

experiences during performance of an act (kinesthetic imagery) or visualize themselves 



5 
 

performing this act as being the spectators of their own actions (visual imagery). 

Consequently, instructions to the subjects to either visualize themselves performing the act or 

to use kinesthetic imagery and imagine themselves moving in the appropriate way (e.g. Jiang 

et al., 2015) are essential to avoid complicating interpretation of the neuroimaging data.  

Reviewing the relevant literature one can find many examples that demonstrate how 

different strategies applied by subjects may introduce ambiguity in the interpretation of the 

results. For example, Leonardo et al. (1995) used a simple finger-to-thumb opposition 

movement and asked their participants to imagine themselves performing this action. This 

study does not clarify the strategy the participants used and the general statement (i.e. 

"…imagine themselves performing…") does not allow us to appraise their finding of 

activation of the contralateral sensorimotor cortex. Similarly, Lotze et al. (1999) found M1 

activation when they asked their participants to imagine forming a fist without explicitly 

reporting the imagery strategy that was used. Later studies too, in which the motor imagery 

modality was not specified, also replicated the finding of M1 activation (e.g. Diers et al., 

2010). On the other hand, other studies where it was also not specified whether the 

participants adopted the kinesthetic or visual strategy during the internal imagery, did not 

report activation of M1 in the imagery condition. In one such study, the researchers used 

simple and complex flexion/extension finger movements and asked the participants to 

imagine performing these movements (Gerardin et al., 2000).  

  Equally puzzling results are also observed in studies where the modality of imagery 

is specified. For example, Porro et al. (1996) reported increased activation in M1 during 

mental representation of sequential finger movements, when the instructions for motor 

imagery were "to imagine using the right hand to perform movements and feeling the 

sensations associated with finger-tapping", therefore urging the participants to employ both 

visual and kinesthetic imagery. Furthermore, studies in which participants used only 
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kinesthetic imagery (e.g. Guillot et al., 2008; Zhang et al., 2011) do find activation of M1, 

perhaps pointing to the direction that kinesthetic rather than visual imagery is essential for 

recruiting M1. However, the same data indicate that M1 recruitment may depend on the 

different imagery capabilities of the participants and not on the specific type of imagery 

(Guillot et al., 2008). On the other hand, there is accumulated evidence that M1 is not 

recruited either in the visual or in the kinesthetic imagery (e.g. Stephan et al., 1995; 

Hanakawa et al., 2008; Guillot et al., 2009; Fleming et al., 2010; Chang et al., 2011; 

Szameitat et al., 2012). Moreover, whether kinesthetic or visual imagery is adopted depends 

on how well subjects may have already developed their internal motor representations (e.g. 

Olsson et al., 2008). 

Therefore, a major challenge in imaging the circuits that mediate imagining motor 

acts is the choice of the appropriate experimental design as well as the specification of the 

kind of mental imagery subjects are to engage in during scanning, given the many and varied 

imagination strategies people are able to adopt.  

The aforementioned studies are few examples in the vast literature on motor imagery 

which indicate that we have yet to reach a solid conclusion regarding the network that is 

consistently activated during motor imagery, and whether this network involves M1, in 

particular. In fact, a recent metanalysis of 122 motor imagery experiments (from 75 papers) 

reports that only 22 of them mention activation of M1 and 100 do not (Hetu et al., 2013).  

To minimize such confounds and maximize the use of either kinesthetic imagery 

while subjects imagined themselves performing an act or visual imagery when asked to 

imagine someone else performing the act, we trained our subjects in these two strategies 

using concrete examples of an act they had first to actually perform and actually observe 

during an execution and observation condition. Specifically, to reduce the uncertainty 

associated with the strategy used during motor imagery tasks, it was necessary to provide 
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individuals with concrete examples of precisely what is to be imagined. Accordingly, we 

trained a group of participants to perform finger tapping movements and then to imagine 

performing the same movements (kinesthetic imagery). Moreover, we instructed them to 

observe the same videotaped action performed by someone else and immediately afterwards 

to imagine what they had just observed (visual imagery). This way, by specifying the 

strategies that individuals adopt in performing tasks, one could probably identify the cortical 

regions that are differentially activated in the two modalities, and the possible contribution of 

the primary motor cortex in each case.  

 

2. Results  

As detailed in Table 1 and in Figure 2a, for the condition of action execution, the 

entire sensory-motor circuit, including the contralateral premotor, motor, somatosensory and 

parietal cortices, was significantly activated as expected (Witt et al., 2008). In particular, 

activations were observed in the primary motor and somatosensory cortices (BA 4 and BA 

2/3) at the level of representation of the upper limb, the dorsal and ventral parts of the 

premotor cortex (BA 6), the inferior parietal area BA 39, the prefrontal areas BA 8 and BA 9, 

as well as in frontal areas BA 46 and BA 47. Visual areas BA 17 and BA 18 were 

significantly activated bilaterally, since the execution task was carried out with the eyes open 

whereas the control condition with the eyes closed. Finally, action execution induced 

activations in the cerebellum ipsilateral to the moving hand as well as in the contralateral 

putamen of the basal ganglia.  

(Insert Table 1 and Figure 2 about here) 

For the condition of action observation (see Table 2, Fig. 2b), significant activations 

were found in the primary visual cortex (BA 17) as well as in the middle and inferior 

occipital gyri (BA 18 and BA 19), as expected from the visual stimulation due to the 
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presentation of the video clip in this condition. More importantly, regions comprising the 

sensory-motor circuit were also activated. These areas included the dorsal and the ventral part 

of premotor cortex BA 6 (BA 6d and BA 6v respectively) in the hemisphere contralateral to 

the observed hand, the inferior parietal lobules BA 39/40 bilaterally and the superior parietal 

lobule BA 7 in the hemisphere ipsilateral to the observed hand. At this point we should 

mention that while assigning the coordinates of the local maxima to Brodmann areas using 

the Multi-image Analysis GUI, a point located in the fringe of the cluster encompassing 

premotor cortex BA 6, was attributed to BA 4. This local maximum lies only marginally in 

the border of the cluster corresponding to M1 activated during the execution task, and its 

coordinates do not correspond to the hand representation during motor imagery found in 

previous fMRI studies (Ehrsson et al., 2003; Hlustik et al., 2001). We believe that this point 

belongs to area BA 6 and the assignment is due to a slight mis-localization evident at the 

borderline of the two areas. Thus, we marked this triad of coordinates as BA 6/4 to denote 

this fact. Additionally, as in the case of action execution, increased activity was also found in 

BA 8 bilaterally. Also area BA 10 was significantly activated in the left hemisphere of the 

observer, i.e. contralateral to the presented (right) moving arm. Finally, bilaterally activated 

was BA 37, which includes the extrastriate body area (EBA) (Astafiev et al., 2004; Downing 

et al., 2001).  

 (Insert Table 2 about here) 

The two imagery conditions yielded distinct activation profiles as compared to the rest 

condition. For the condition of kinesthetic motor imagery, significant clusters of activation 

were found in the premotor area (BA 6) centring on its dorsal (BA 6d), ventral (BA 6v) and 

medial (SMA) parts, as well as in the cingulate gyrus (BA 24), mostly contralateral to the 

imagined hand. In addition, the inferior parietal area BA 40 was activated bilaterally whereas 

the superior parietal cortex (BA 7) was activated contralateral to the imagined hand (see Fig. 
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2c). The coordinates of the local maxima of the activated clusters are detailed in Table 3. As 

in the case of action observation, one local maximum belonging to the cluster spanning BA 6 

was attributed to area BA 4, because it was located at the fringe of the cluster bordering area 

BA 4. We marked this point as BA 6/4. Nonetheless, the area corresponding to the hand 

representation in BA 4 was not activated during kinesthetic imagery. 

Visual imagery of movement as compared to the resting state activated only the dorsal 

(BA 6d) and the medial (SMA) parts of the premotor cortex whereas its ventral part (BA 6v) 

remained unaffected. The activation of BA 6d was bilateral as opposed to the kinesthetic 

imagery condition in which this area was activated only in the hemisphere contralateral to the 

imagined moving hand. Yet, as in the case of kinesthetic imagery, the inferior parietal cortex 

(BA 40) was activated bilaterally (Fig. 2d, Table 4). 

 (Insert Tables 3 and 4 about here) 

An interesting feature of the brain activity pattern during imagining movement using 

either kinesthetic or visual imagery was the deactivation of the visual cortex and the posterior 

cingulate which was revealed by comparing the rest condition with each one of them (rest 

versus kinesthetic imagery and rest versus visual imagery). 

(Insert Tables 5 and 6 about here) 

Specifically, activity in the visual areas BA 17, BA 18 and BA 19 was decreased 

bilaterally during kinesthetic imagery as compared to the rest condition although the eyes of 

the participants were closed during both the imagery and the rest conditions. Moreover, parts 

of the retrosplenial and posterior cingulate cortex as well as of the subgenual anterior 

cingulate cortex (BA 30, 31, 32, 25) were also less activated along with BA 11 and regions in 

the left thalamus and in the right cerebellum (see Table 5, Fig. 3). Similarly, visual areas BA 

17, BA 18 and BA 19, BA 37, were also found to be de-activated bilaterally during visual 

imagery as compared to the rest condition; as were parts of the right cerebellum and thalamus 
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(Table 6, Fig.4). Finally, clusters that were de-activated during visual imagery as compared to 

the rest condition were evident in BA 11 in the hemisphere ipsilateral to the imagined moving 

hand, and in posterior and anterior cingulate areas BA 31/32/25 and in parahippocampal area 

BA 27 mostly in the contralateral hemisphere (Table 6, Fig. 4).  

(Insert Figures 3 and 4 about here) 

To address the question as to how the brain activation patterns of the two imagery 

conditions differed, we directly compared kinesthetic imagery with visual imagery. 

(Insert Table 7 and Figure 5 about here) 

The only statistically significant difference in the two activation patterns (Table 7, 

Fig. 5) was the higher suppression of activity in the visual cortices (BA 17, 18, 19, and 37) in 

the condition where the participants imagined someone else executing the action, in contrast 

to the kinesthetic imagery. The opposite comparison (visual imagery minus kinesthetic 

imagery) did not yield any statistical significant differences. 

 

3. Discussion 

The aim of the present study was to identify the profiles of brain activation associated 

with two imagery modalities, i.e. kinesthetic and visual imagery, during a finger tapping task 

and also to examine the involvement of the primary motor cortex in either one or both of 

these two conditions. 

The use of the execution and observation tasks as prototypes for the kinesthetic and 

visual imagery allowed us to verify that the activation profiles we obtained of these two 

conditions accord with those reported in the literature. The agreement of our results with 

those published in most relevant neuroimaging studies (see e.g. Witt et al., 2008) reassured us 

of the soundness of our fMRI results. Specifically, as shown in Table 1 and in Figure 2a, for 

the condition of action execution, the entire sensory-motor circuit, including activation of the 
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cerebellum ipsilateral to the moving hand was significantly activated as did the visual cortex 

since the task was carried out with the eyes open.  

During action observation the visual cortex was also activated, as were regions 

belonging to the sensory-motor circuit such as the dorsal and the ventral part of premotor 

cortex BA 6 contralateral to the observed hand, the inferior parietal lobules bilaterally and the 

superior parietal lobule in the hemisphere ipsilateral to the observed hand. These results 

accord well with a recent meta-analysis which shows that dorsal and ventral premotor areas, 

and the inferior and superior parietal lobules are involved in action observation (Molenberghs 

et al., 2012), as well as with the notion of embodied cognition (Jeannerod, 1995; Jeannerod 

and Decety, 1995; Jeannerod and Frak, 1999; Jeannerod, 2001; Wilson, 2002; Anderson, 

2003; Ziemke, 2003) in the sense that it involves, besides visual areas regions of the brain 

containing the hubs of the circuit participating in the performance of voluntary movements. 

The primary motor and somatosensory cortices did not show significant activation for the 

observation condition. However bilateral activation was observed in BA 37, which includes 

the extrastriate body area (EBA) (Astafiev et al., 2004; Downing et al., 2001; Taylor and 

Dowing, 2011). EBA does not respond only in viewing images of the human body (Urgesi et 

al., 2004; Taylor et al., 2007), but also to limb movements to visual targets, even in the 

absence of visual feedback from the movement (Astafiev et al., 2004). Such results have 

raised the question of whether EBA is influenced differentially by one’s own or another 

person’s movements and whether it may serve as an identification system where the 

discrimination of self/other is achieved. In concert with that notion it has been suggested that 

the right EBA contains separate neuronal sub-populations that are selectively sensitive to 

images of our own or others’ body parts (Myers and Sowden, 2008) and that it processes 

body identity (Urgesi et al., 2007). However, this hypothesis has not been supported 

consistently by the experimental data as it has been shown that although EBA activity is 
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increased significantly for allocentric relative to egocentric views, it is not influenced by 

identity and does not show differential activation for distinctions between familiar or 

unfamiliar bodies or recognition of one's own body (Chan et al., 2004; Hodzic et al., 2009). 

Additionally, using TMS it has been shown that interference with the EBA impairs the 

discrimination of bodily forms, whereas the discrimination of bodily actions is impaired with 

interference in ventral premotor cortex (Urgesi et al., 2007). Therefore, taking a conservative 

perspective on our results we conclude that EBA’s activation during action observation is 

compatible with the notion that is related to allocentric views and that is not specialized to 

attribute actions to the correct agent.  

Distinct activation profiles were found in the two imagery conditions. During 

kinesthetic imagery, activation was found in dorsal premotor (BA 6d) and ventral (BA 6v) 

premotor cortex, in parts of the medial SMA and in the cingulate gyrus, mostly contralateral 

to the imagined hand, the inferior parietal area bilaterally and in the superior parietal cortex 

contralateral to the imagined hand (see Fig. 2c).  

During the condition of visual imagery activations were found in only the dorsal 

premotor area bilaterally (as opposed to the contralateral activation during the kinesthetic 

imagery condition) and in the medial parts of the supplementary motor cortex but not in the 

ventral premotor area and, as in the case of kinesthetic imagery, in the inferior parietal cortex 

(Fig. 2d, Table 4). 

In the well-known study by Ruby and Decety (2001) when the participants imagined 

themselves acting, increased activation was evident in the left inferior parietal lobe, 

precentral gyrus, the SMA, the occipito-temporal junction (MT/V5) and the anterior insula. 

Our results agree with these findings as far as activation of the core areas is concerned 

(inferior parietal lobe, precentral gyrus and SMA). However, the activations we observed 

were not limited to the left hemisphere but were bilateral. Similarly, in the condition where 
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subjects were instructed to imagine the experimenter acting activation was found in the left 

precentral gyrus, pre-SMA, MT/V5 and in the right inferior parietal lobule. Here again we 

found bilateral activation that did not include MT/V5.  

Other studies have supported the idea of a left hemispheric dominance for one’s own 

actions and action simulation (Vogeley and Fink, 2003). Yet whether lateralized or bilateral 

activation is in fact required remains rather unclear since there is evidence that support both 

alternatives. For example, in one study in which right-handed participants practised both 

imagery modalities, the SMA/PMC were bilaterally activated and vPMC was found active 

only in the right hemisphere (Lorey et al., 2009), while evidence has also emerged showing 

that bilateral parietal lesions result in complete unawareness of executing finger movements 

during imagery (Schwoebel et al., 2002). Other studies have also shown that several other 

areas such as the precuneus and the prefrontal cortex were bilaterally activated (e.g. Daselaar 

et al., 2010).  

The engagement of the parietal cortex in both imagery conditions is consistent with 

neuroimaging findings indicating that the inferior and superior parietal lobules are activated 

during mental simulation of movements (Binkofski et al., 2000; Decety et al., 1994; Filimon 

et al., 2007; Fleming et al., 2010; Gerardin et al., 2000; Grafton et al., 1996; Grezes and 

Decety, 2001; Stephan et al., 1995). Additionally our finding that the superior and inferior 

parietal areas are involved in motor imagery is consistent with neuropsychological studies 

reporting that parietal lesions affect patient’s ability to form mental images (Heilman et al., 

1982; Sirigu et al., 1995; Sirigu et al., 1996), while a recent meta-analysis, combining the 

data of 54 studies, revealed that the superior and inferior parietal lobules are consistently 

recruited during imagery of upper limb movements (Hetu et al., 2013). Additionally, our 

finding that BA 7 is only activated during kinesthetic imagery is in agreement with evidence 
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that the superior parietal lobe has a key role in sensorimotor integration, by actively 

maintaining an internal representation of one's own body (Wolpert et al., 1998). 

Neither imagery condition in our study induced activation of the EBA. This is 

consistent with the aforementioned meta-analyses which showed that the EBA is not included 

in the activations consistently present during kinesthetic and visual imagery (Hetu et al., 

2013). Moreover the absence of EBA activation during visual imagery of motor actions 

implies that whereas EBA may participate in the discrimination of egocentric and allocentric 

views during action observation, motor imagery may be accomplished by a circuit that does 

not include the EBA but may include the posterior parietal cortex (Burgess, 2008). 

(Insert Tables 3 and 4 about here) 

The effects of motor imagery differ from those of action-execution in several ways 

that are detailed below, mainly in that they do not involve activation of the primary motor 

cortex. As we have already discussed, the recruitment of M1 in motor imagery is still debated 

with the majority of the studies not reporting it (Hetu et al., 2013). Our results agree with 

these studies. Therefore, even when using concrete examples of the imagery tasks and even if 

the instructions for assuming the appropriate perceptual modality are explicitly stated and 

rehearsed, imagination of a common, relatively simple hand action does not elicit activation 

in M1. As other researchers have also thought, our hypothesis, in the context of the theory of 

shared mechanisms between motor action and motor representation, was that the two imagery 

conditions would differ in M1 activation, in the sense that the integration of sensorimotor 

information is more relevant while adapting kinesthetic imagery than in the visual imagery 

condition (Lorey et al., 2009). This conjecture is compatible with studies which indicated that 

kinesthetic imagery might naturally, or even obligatorily, involve motor activation, while 

visual imagery might operate using preferentially non-motor mechanisms (Sirigu and 

Duhamel, 2001). 
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Yet, according to our results it seems that the imagery strategy is not the crucial factor 

for the involvement of M1 in motor imagery of a simple hand action suggesting that other 

factors such as those discussed in the introduction (the personal ability to form and retrieve 

mental representations, the requirements of the action or the expertise of the participants; 

Kuhtz-Buschbeck et al., 2003; Olsson et al., 2008; Lotze and Zentgraf, 2010) may determine 

involvement of M1. For example, it has been suggested that increasing experience in motor 

imagery induces changes to the activation patterns involving less motor areas and more areas 

implicated in abstract representations (Lotze and Halsband, 2006). Moreover, it has been 

shown that M1 is not active in skilled musicians during imagined performance (Langheim et 

al., 2002) also suggesting that the performance of a well-known and familiar hand action may 

recruit efficiently stored mental representations without the explicit need of recruiting the 

sensorimotor cortex.  

Nonetheless, our results are in agreement with previously reported imaging results 

which support the notion that motor cognition is accomplished by activating one's own 

sensorimotor system (Filimon et al., 2007, 2014; Grafton, 2009; Grezes and Decety, 2001) 

and in line with the embodied nature of motor cognition in the sense that several hubs of the 

circuit mediating execution of movements, also subserve motor imagery (Dinstein et al., 

2008; Hickok, 2009; Jeannerod, 2001). Future studies may overcome the design limitations 

of the present one and by systematically exploring the aforementioned factors such as that of 

personal skill or degree of complexity of the imagined action, may provide a more cogent 

explanation of the partial activation of the action execution circuit during motor imagery. 

Apart from the absence of activation in the area of hand representation in M1 during 

motor imagery, another prominent feature that differentiates motor imagination from overt 

action is the activation of the SMA. The activation of the SMA both for the visual and the 

kinesthetic imagery, in contrast to its lack of activation for execution of the same movement 
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in our study, could reflect a possible inhibitory role of this area, controlling movement 

cancellation. Actually, a correlation between the neuronal activity within the SMA and both 

the proactive and reactive control of arm movements has been demonstrated in monkeys 

(Chen et al., 2010), while proactive inhibitory control of movement was found in humans 

(Jaffard et al., 2008). Therefore, the SMA was said to mediate unconscious inhibition of 

voluntary actions (Albares et al., 2014; Boy et al., 2010; Sumner et al., 2007) and to exert a 

suppressive influence on M1 in motor imagery (Kasess et al., 2008). It is therefore possible 

that the activation of the SMA in both types of motor imagery in our study may represent 

inhibitory influence on the primary motor cortex, thus avoiding performance of movements 

during internal representation of action. On the other hand, the absence of activation in the 

SMA during action observation indicates that movement cancellation is mediated by a 

different mechanism when visual information is available (i.e. when the action is overt).  

Additionally, activation of SMA during imagery in our study is compatible with the 

role of this area in controlling internally referenced motor responses (self-initiated 

movements) rather than responses to external events (for reviews see Goldberg, 1985; 

Haggard, 2008; Nachev et al., 2008). It is also compatible with lesion data showing that 

lesions of the lateral premotor cortex lead to impairment of correct retrieval of movements in 

accordance with appropriate visual cues (Halsband and Passingham, 1985; Passingham, 

1985), whereas lesions in the SMA disrupt the retrieval of self-initiated movements 

(Passingham et al., 1989). Indeed, it has been reported that when subjects have to imagine 

externally paced hand movements, the SMA does not show higher activation (Lotze et al., 

1999). We should also mention that our finding that the SMA is specifically activated during 

imagery confirms an early well known study, which described activation of this area when 

subjects “internally” simulated a motor sequence without actually executing the movements 

(Roland et al., 1980).  
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Another intriguing aspect of the brain activity pattern during both imagination 

conditions was the apparent deactivation of the visual cortex and the posterior cingulate that 

emerged from contrasting the rest condition with each one of them. The deactivation of the 

visual cortex in both imagery conditions is a counterintuitive finding. Following some early 

imaging studies (e.g. Kosslyn et al., 1993; Kosslyn et al., 1995) the belief was established 

that imagination is mediated by the same brain areas as perception. However, our results 

indicate that imagining motor actions as opposed imagining static scenes may not involve the 

same mechanisms as the latter, a conclusion supported by other studies of motor imagery 

(e.g. Ruby and Decety, 2001; Filimon et al., 2007) showing lack of activation in the 

occipitotemporal cortex. Interestingly, a study by Daselaar et al. (2010) has shown that the 

primary visual cortex was suppressed during visual imagery. They proposed that this 

suppression helped the processing of internally-generated images by shielding the associative 

sensory regions from external perceptual input processed by the primary visual regions.  

A further noteworthy finding in our study was the de-activation of the posterior 

cingulate cortex in both imagery conditions as compared to the rest control condition (Figs. 

3b, 4b). The posterior cingulate cortex can be either considered an important hub of the 

default mode network (DMN) (Buckner et al., 2008) or parts of it can be identified as 

belonging to the posterior cingulate motor areas (Amiez and Petrides, 2014). However, 

neither interpretation of the function of the posterior cingulate could explain the observed 

decrease in its activation during imagery tasks in our study: first, because in introspection 

tasks like retrieval and imagery the DMN network is expected to show activation rather than 

the reverse (Laird et al., 2011; Hassabis et al., 2007) and our task was akin to those that 

enhance DMN activation. In fact, it has been shown that the posterior cingulate cortex shows 

modality-independent activation during both visual and auditory imagery (Daselaar et al., 

2010). Second, were we to consider the posterior cingulate as part of the motor circuit it 
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would be again more plausible for it to show increased activity when individuals are 

imagining motor actions, as was in fact the case in a study by Ruby and Decety (2001).  

The direct contrast between the two imagery conditions, performed in order to address 

the question as to how activation differed between them, revealed greater degree of 

suppression of activity in the visual cortex in the condition where the participants imagined 

the experimenter performing the action which was unexpected since this form of imagery is 

thought to engage mainly a visual strategy (Guillot et al., 2009), as opposed to kinesthetic 

imagery which is expected to involve primarily somatosensory and motor resources.  

These negative BOLD responses merit further exploration, and their interpretation 

may be other than neuronal activity suppression (Hayes and Huxtable 2012). Indeed, a study 

that examined the coupling of local electroencephalographic (EEG) oscillations with the 

positive/negative BOLD responses of simultaneously recorded data, found that positive 

BOLD responses were correlated to features of the EEG signal whereas negative BOLD 

responses were not (Yuan et al., 2011). Other researchers though have demonstrated that 

negative BOLD responses are tightly coupled to neuronal activity decreases (Shmuel et al., 

2006). Therefore the import of visual response suppression in our study may or may not 

indicate inhibition of the visual areas during imagery. The limitations of the presently used 

experimental design, which was not intended to provide evidence for particular alternative 

explanations for such an unanticipated result may be overcome by future designs explicitly 

addressing the phenomenon of the relative visual cortex deactivation during visual imagery 

In conclusion, we did not see an exact overlap of active brain regions for movement 

execution and imagery; nonetheless imagining the performance of complex motor acts 

whether employing a visual or a kinesthetic modality does involve important hubs of the 

motor circuit such as the premotor and supplementary motor areas and in that sense it is in 

accordance with the embodied theory of motor cognition, verifying that imaging a movement 
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engages motor processing resources (Jeannerod, 1995, 2001; Jeannerod and Decety, 1995; 

Jeannerod and Frak, 1999). The neuronal networks for imagination and execution are not 

equivalent, with the main difference being the absence of activation in the primary motor 

cortex for the imagination tasks. Therefore our results are in line with the majority of 

neuroimaging which do not detect activation of this area during imagery (Hetu et al., 2013). 

Additionally, our results demonstrate the only difference between the brain activation 

patterns sustaining the process of imagining using visual or kinesthetic imagery is the degree 

of deactivation of visual areas. Whether other aspects also differentiate the two conditions 

could not be discerned on the basis of the BOLD response of the brain during these two 

conditions.  

 

 

4. Materials and methods 

 

4.1 Subjects  

Fourteen adults of both genders (4 men and 10 women between 18 and 41 years of 

age) without history of neurological or psychiatric disorders and with normal vision were 

recruited through campus-wide advertisement. All subjects were right-handed as assessed by 

the Edinburgh handedness scale (Oldfield, 1971). Each subject participated in one training 

session and one fMRI session. All subjects signed a written informed consent prior to their 

participation, and were compensated for their time. The study was approved by the 

Institutional Review Board of the University of Tennessee Health Science Center. 

 

4.2 Stimuli and Experimental Design 
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The action that we used to implement our experimental design was a sequential 

finger-to-thumb opposition movement, one of the most commonly used to study the human 

motor system in the functional neuroimaging literature. This action is intentional, fairly 

complex, requires attention, can be performed within the confined space of an fMRI scanner 

and yields minimum movement artifacts. The exact sequence consisted of opposing digit 1 

(thumb) sequentially to digits 2-5 (index to little finger) forwards and in reverse order. Thus 

the thumb-finger opposition sequence was 2, 3, 4, 5, 5, 4, 3, 2. 

We used a block design with fixed block-length for the fMRI recordings. Given the 

complexity of the two imagery conditions and the difficulty in switching from task to task, a 

block design was better suited for the purpose, although rapid mixed event-related fMRI 

designs are often applied (D'Esposito et al., 1999). In fact, while conducting pilot tests, the 

subjects that participated in that phase reported that they could not switch rapidly from one 

imagery modality to the other. This feedback was decisive in our choice of design. The 

experimental paradigm, illustrated in detail in Figure 1, consisted of two pairs of conditions: 

(i) in the first pair, an execution task in which subjects performed the sequential finger 

tapping movement with their right hand (execution condition) was followed by the condition 

of kinesthetic imagery in which the participants had to imagine themselves performing the 

action; (ii) in the second pair, a video clip of an actor’s right hand executing the same finger 

tapping task was presented to the participants (observation condition), and after that the 

participants had to imagine the movement they had just seen, i.e. the external agent 

performing the movement (visual imagery). In the condition of kinesthetic imagery, 

participants were explicitly instructed to imagine that they were tapping their fingers as they 

previously did in the execution condition and to imagine the somatosensory effect of their 

movement. Since the participants’ position in the MRI scanner did not allow them to see their 

hand during the execution condition, our instructions were to focus on kinesthetic aspects of 
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the movement. In the condition of visual imagery, the instructions were to imagine the 

sequential finger tapping as it was performed by the experimenter in the video clip they had 

watched, therefore employ visual imagery of the movement performed by the external agent. 

A resting period of time followed each imagery condition. The duration of all conditions was 

30 s.  

The video clip used in the observation condition was recorded with a digital camera 

and edited in VideoPad Video Editor (Version 3.14, NCH Software). The hand was filmed 

executing the movement sequence on a black background, and only the forearm appeared in 

all frames and was projected on a screen inside the fMRI scanner, at the center of the 

subjects’ visual field, to facilitate direct viewing without unnecessary eye movements. The 

order of presentation of the pairs of tasks was randomized across the subjects. Visual cues 

presented on the same screen (“E” for execution, “O” for observation, “I” for imagery) 

informed the subject for the onset of each 30 s task period, whereas an auditory cue (single 

tone) announced the end of the imagery tasks and the beginning of the resting period. The 

subjects were instructed to keep their eyes closed (1) during the imagery conditions (as soon 

as the letter “I” appeared on the screen) in order to maximize their ability to mentally 

represent the finger tapping, and (2) during the resting period when they were instructed to 

avoid thinking about the movement. Finally, another auditory cue (double tone) informed the 

subjects that the resting period was over and that they had to open their eyes and repeat the 

task. The duration of each pair of tasks including the rest condition was 10.2 min and 

consisted of six iterations of each 30 s trial for each task. 

Both the actor in the video clip and the participants in the execution condition 

performed the action in the absence of any external pacing stimulus (i.e., self-paced at a 

frequency of ~1 Hz) with their dominant (right) hand. Participants were instructed to keep the 

same pace in the two imagery conditions, matching the pace in the execution and observation 
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conditions (and we ensured that they were capable of doing so in the training session- see 

section 4.3 "experimental procedure"). Since it has been demonstrated that the rate effect of 

repetitive simple movements in healthy subjects is not a source of variability in fMRI signal 

for task frequencies ranging from 0.2 to 2 Hz (Diciotti et al., 2007), it is unlikely that the rate 

effect had any significant impact on our results. The subjects were asked to remain 

motionless during all three motor cognition tasks (observation, visual and kinesthetic 

imagery) and the resting periods, and move only the fingers of their right hand during the 

execution task. 

 

 

4.3 Experimental Procedure 

 

4.3.1 Training Sessions 

In order to evaluate the participants’ imagery ability and to ensure that they could 

perform the tasks accurately, the subjects partook in a training session outside the scanner the 

day prior to experimental (scanning) sessions. During the first phase of the training session 

the participants were sited in front of a computer screen and they were trained in all four 

tasks, and practiced relaxation with their eyes closed in preparation for the rest condition. The 

specific requirements of all experimental conditions were described to them in detail, and 

prior to the second phase of the training session, the participants had few test runs while 

sitting in front of the screen, where we ascertained that they were capable of forming mental 

representation of actions by asking them to describe their experience, rate their ability to keep 

pace, their ability to keep a constant mental image, their ability to alternate between 

conditions, and their ability to use consistently either kinesthetic or visual imagery by having 

them rate their compliance with the task instructions. Only participants that described their 
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ability to comply as good and very good advanced in the second phase of the training session. 

After these preliminary test runs, the eligible subjects participated in the formal training 

session which was identical to the actual experimental session they would do the following day, 

in which they were again tested for their compliance. The feedback for this second phase was 

given at the end of the test. If a participant failed in this second phase, he/she was excluded. We 

excluded one participant during this procedure as she did not alternate successfully between the 

experimental conditions. During these training sessions, electromyograms (EMGs) were 

acquired from the subjects’ right and left first dorsal interossei, abductor pollicis brevis and 

adductor digiti minimi muscles, to ascertain that no movements of the hands were 

inadvertently performed during all except the execution condition.  

 

4.3.2 Experimental Sessions 

Structural and functional MR images were obtained on a 3 Tesla scanner (Siemens 

Verio, Siemens AG, Munich, DE) with a 12-channel head coil. High-resolution anatomical 

images were acquired using a MP-RAGE sequence (TR/TE/flip angle = 2300 ms/3.66 

ms/13°) with slice-select inversion recovery pulses (TI = 751 ms), FOV = 512 x 512 x 176, 

and 0.5 x 0.5 x 1 mm spatial resolution. A T2*-weighted gradient-echo echo-planar-imaging 

BOLD-fMRI was acquired in block design. The scan parameters were TR = 3000 ms, TE = 

30 ms, flip angle = 90°, 10 volumes acquired for each 30 second paradigm iteration and 215 

volumes during the approximately 11-minute paradigm (2.55 mm x 2.55 mm x 3.5 mm 

voxels).  

During the experimental sessions the subjects were carefully monitored by means of a 

camera to ensure that they remained still and refrained from moving their hands and fingers 

during the observation, imagery and rest conditions. Additionally, the head was always 

stabilized by means of foam pads around it. After the experimental session the participants 
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were asked once more to describe their ability to perform the two imagery conditions and 

assess their engagement in the task. All subjects reported that they had executed the imagery 

tasks according to the instructions and their previous training, that they employed constantly 

kinesthetic and visual imagery in the corresponding conditions, and that they were vividly 

engaged in the task. 

 

4.4 fMRI Data Processing  

fMRI data were processed using FEAT (FMRI Expert Analysis Tool) Version 6.00 

part of FSL (FMRIB Software Library; http://fsl.fmrib.ox.ac.uk/fsl/) (Worsley, 2001), by 

fitting a general linear model to determine differences in activation profiles during task and 

rest conditions, on an individual basis (subject-wise analysis) and across subjects (group 

analysis) using mixed effects analysis. In order to reveal the activated brain areas during all 

different conditions, four contrasts relative to the rest condition were performed: (i) execution 

of finger tapping compared with rest; (ii) observation of finger tapping compared with rest; 

(iii) kinesthetic imagery of finger tapping compared with rest; and (iv) visual imagery of 

finger tapping compared with rest. Additionally, the two imagery conditions were compared 

directly to each other, (i.e. kinesthetic imagery versus visual imagery, and visual imagery 

versus kinesthetic). Moreover, in order to reveal possible areas of depressed activity during 

motor imagery, the rest condition was compared with the two imagery conditions (i.e., rest 

versus kinesthetic imagery, and rest versus visual imagery). 

Prior to statistical analysis, the data were preprocessed and corrected for slice timing 

and motion artifacts using MCFLIRT (Jenkinson et al., 2002), and non-brain tissue was 

removed using BET (Smith et al., 2002). In addition, spatial smoothing using a Gaussian 

kernel of FWHM 5mm, and intensity normalization were performed. High pass temporal 

filtering was also applied to the data (Gaussian-weighted least-squares straight line fitting, 

http://fsl.fmrib.ox.ac.uk/fsl/


25 
 

with sigma=50.0s). Statistical parametric images of z scores (SPM{z}) were generated and 

thresholded for a z≥3 at a cluster significance threshold of p<0.01 (corrected applying a 

Gaussian Random Field Theory correction) (Chumbley and Friston, 2009; Worsley, 2001). 

The functional and high-resolution anatomical data were registered to the MNI152 atlas in 

standard space using FLIRT (Jenkinson et al., 2002; Jenkinson and Smith, 2001). Finally, the 

MNI coordinates of the maxima of the significantly activated clusters were assigned to the 

corresponding Brodmann areas using the template image (in MNI coordinates) provided in 

the Multi-image Analysis GUI (Mango) (http://ric.uthscsa.edu/mango/). 

  

http://ric.uthscsa.edu/mango/
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6. Figure Legends 

 

Figure 1  

Schematic representation of the experimental design. The top row corresponds to the tasks of 

action execution (E) and kinesthetic imagery (KI), while the second row corresponds to the 

tasks of observation (O) and visual imagery (VI). At the beginning of each session the 

participants read instructions projected onto the screen informing them about the forthcoming 

task. A letter was presented onto the screen (E for execution or O for observation) for 3 s, 

followed by a period of 30 s within which they had to perform the task. At the end of the 30 

s, the letter I appeared for 3 s, informing them about the forthcoming imagery condition and 

indicating that they had to close their eyes. The end of the imagery condition and the 

beginning of the resting period was marked with a sound (single tone). A second sound 

(double tone) was heard at the end of the resting period, indicating that the participants had to 

open their eyes and get ready to repeat the task. 

 

Figure 2 

Group average of the significantly activated clusters during (a) action execution, (b) action 

observation, (c) kinesthetic imagery and (d) visual imagery, as compared to the rest 

condition. Activated clusters are displayed on a standard brain. Numbers indicate the 

Brodmann areas (BA) corresponding to local maxima within each cluster. d: dorsal; L: lateral 

view of the left hemisphere; P: posterior view of the brain; R: lateral view of the right 

hemisphere; S: superior view of the brain; SMA: supplementary motor area; v: ventral. 
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Figure 3 

Significantly de-activated regions forming clusters during the condition of kinesthetic 

imagery compared to rest control. Top row (a): surface views of the brain showing decreases 

in BOLD signal in the visual areas. Bottom row (b): coronal sections showing decreases in 

BOLD signal in the posterior cingulate. All clusters are displayed on a standard brain. 

Numbers indicate the Brodmann areas corresponding to local maxima within each cluster. 

Abbreviations according to Fig. 2. 

 

Figure 4 

Significantly de-activated regions forming clusters during the condition of visual imagery 

compared to rest control. Top row (a): surface views of the brain showing decreases in BOLD 

signal in the posterior cortex. Bottom row (b): coronal sections showing decreases in BOLD 

signal in the posterior cingulate. All clusters are displayed on a standard brain. Numbers 

indicate the Brodmann areas corresponding to local maxima within each cluster. 

Abbreviations according to Fig. 2. 

 

Figure 5 

Statistically significant differences in the degree of de-activation between the two imagery 

conditions. The clusters correspond to areas that are more de-activated during the condition 

of visual imagery. All clusters are displayed on a standard brain. Numbers indicate the 

Brodmann areas corresponding to local maxima within each cluster. Abbreviations according 

to Fig. 2. 
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7. Figures 
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Figure 2. 
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Figure 3. 
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8. Tables 

Table 1. Results of group analysis showing significantly activated clusters during action 

execution versus rest. 

 Coordinates   
Brain Area x y z L/R z score 

BA 4 -38 -16 54 L 4.98 
BA 2 -48 -20 44 L 4.94 
BA 3 -54 -16 44 L 4.73 
BA 3 -38 -24 52 L 4.74 

BA 6 (dorsal) -36 -12 68 L 4.72 
BA 6 (dorsal) -8 34 56 L 4.01 
BA 6 (ventral) -54 4 30 L 5.00 

BA 8 -24 22 48 L 4.23 
BA 8 -18 24 48 L 3.97 
BA 8 -10 50 40 L 3.92 
BA 8 -16 28 44 L 4.6 
BA 9 -10 62 22 L 3.94 

BA 46 -48 44 -6 L 4.42 
BA47  -36 46 -6 L 3.73 
BA 39 -44 -56 36 L 3.80 
BA 39 -50 -58 28 L 3.79 
BA 39 -54 -62 24 L 3.65 
BA 39 -56 -62 30 L 3.87 
BA 39 -50 -64 36 L 3.73 
BA 39 -46 -72 36 L 3.48 
BA 17 -4 -92 2 L 3.69 
BA 17 4 -98 4 R 3.71 
BA 17 0 -88 12 m 3.79 
BA 18 -2 -98 8 L 3.56 
BA 18 4 -98 10 R 3.68 
BA 18 4 -82 12 R 3.61 

Cerebellum 6 -62 -18 R 4.07 
Cerebellum 8 -58 -18 R 4.02 
Cerebellum 16 -54 -22 R 4.83 
Cerebellum 24 -58 -28 R 4.01 
Cerebellum 6 -64 -26 R 4.00 

Putamen -30 -16 -2 L 4.31 
Putamen -28 -12 2 L 4.27 
Putamen -28 -8 -6 L 3.97 
Putamen -30 -26 -2 L 3.80 
Putamen -26 4 6 L 3.67 
Putamen -28 2 -4 L 3.44 
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List of the locations of the significantly activated clusters in the condition of action execution 

as compared to the control resting condition. Columns x, y, z refer to the coordinates of the 

maxima within each cluster in MNI space. L, left hemisphere; m, midline; R, right 

hemisphere. All clusters are significant at p < 0.01 (corrected).   
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Table 2. Results of group analysis showing significantly activated clusters during action 

observation versus rest. 

 Coordinates   
Brain Area x y z L/R z score 

BA 6/4 -54 -2 44 L 4.54 
BA 6 (ventral) -58 0 32 L 4.06 

BA 6 (border of dorsal and ventral) -54 -6 34 L 3.44 
BA 6 (dorsal) -52 -6 38 L 3.40 
BA 6 (dorsal) -50 6 48 L 3.88 
BA 6 (dorsal) -52 8 38 L 3.52 
BA 6 (dorsal) -22 18 54 L 3.94 
BA 6 (dorsal) -16 32 50 L 3.88 
BA 6 (dorsal) -8 30 64 L 3.77 
BA 6 (dorsal) 20 32 54 R 4.25 
BA 6 (dorsal) 6 42 54 R 3.72 
BA 6 (dorsal) 14 38 58 R 3.59 
BA 6 (dorsal) 12 36 54 R 3.53 
BA 6 (dorsal) 26 28 56 R 3.49 

BA 8 -2 42 52 L 4.24 
BA 8 -4 48 40 L 4.12 
BA 8 -6 54 46 L 3.86 
BA 8 16 42 48 R 3.58 

BA 10 -44 44 4 L 4.22 
BA 10 -26 54 -4 L 3.37 

BA 10/47 -36 54 -6 L 3.96 
BA 7 20 -60 62 R 4.23 
BA 7 30 -62 58 R 3.98 
BA 7 26 -58 66 R 3.82 
BA 7 34 -50 64 R 3.65 

BA 39 -54 -64 34 L 4.33 
BA 39 -52 -66 28 L 4.26 
BA 39 -46 -64 30 L 4.03 
BA 39 -50 -60 42 L 4.02 
BA 40 -46 -50 48 L 4.33 
BA 40 -36 -50 56 L 4.09 
BA 40 42 -48 54 R 4.25 
BA 40 46 -44 58 R 4.20 
BA 37 -46 -68 10 L 4.27 
BA 37 46 -68 6 R 4.68 
BA 17 -18 -98 8 L 4.62 
BA 17 -10 -94 -2 L 4.89 
BA 17 26 -90 2 R 5.07 
BA 18 -26 -94 12 L 4.72 
BA 19 -44 -82 -2 L 4.72 
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List of the locations of the significantly activated clusters in the condition of action 

observation as compared to the control resting condition. Columns x, y, z refer to the 

coordinates of the maxima within each cluster in MNI space. L, left hemisphere; R, right 

hemisphere. All clusters are significant at p < 0.01 (corrected).   
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Table 3. Results of group analysis showing significantly activated clusters during kinesthetic 

imagery versus rest. 

 Coordinates   
Brain Area x y z L/R z score 

BA 6/4  
 

-52 -6 48 L 4.14 
BA 6 (dorsal) -54 -4 38 L 4.28 
BA 6 (SMA) -2 0 66 L 4.97 
BA 6 (SMA) -8 0 68 L 4.81 
BA 6 (SMA) -4 4 64 L 4.75 
ΒΑ 6 (SMA) 4 4 58 R 3.13 
ΒΑ 6 (dorsal) -50 -2 36 L 4.06 
ΒΑ 6 (ventral) -50 -2 28 L 3.68 
ΒΑ 6 (ventral) -56 2 26 L 3.64 

ΒΑ 7 -30 -48 52 L 4.05 
ΒΑ 7 -24 -52 56 L 3.54 

ΒΑ 40 -52 -32 46 L 4.03 
ΒΑ 40 -54 -34 50 L 3.90 
ΒΑ 40 -34 -40 46 L 3.50 
BA 40 -48 -36 54 L 3.48 
BA 40 42 -28 44 R 4.18 
BA 40 50 -26 48 R 4.04 
ΒΑ 40 40 -30 38 R 4.02 
BA 40 50 -28 36 R 3.87 
BA 40 42 -34 56 R 3.36 
BA 48  32 -26 34 R 3.61 
ΒΑ 24 -10 12 44 L 3.28 
ΒΑ 24 -8 8 48 L 3.40 

 

List of the locations of the significantly activated clusters in the condition of kinesthetic 

imagery as compared to the control resting condition. Columns x, y, z refer to the coordinates 

of the maxima within each cluster in MNI space. L, left hemisphere; R, right hemisphere. All 

clusters are significant at p < 0.01 (corrected).   
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Table 4. Results of group analysis showing significantly activated clusters during visual 

imagery versus rest. 

 Coordinates   
Brain Area x y z L/R z score 
BA 6 (SMA) -6 0 64 L 5.38 
BA 6 (dorsal) -26 -14 60 L 4.35 
BA 6 (dorsal) 26 -4 58 R 4.67 

BA 40 -40 -42 50 L 4.58 
BA 40 -44 -36 42 L 4.15 
BA 40 -40 -38 58 L 4.09 
BA 40 -42 -30 42 L 3.96 
BA 40 -42 -30 50 L 3.84 
BA 40 -54 -34 44 L 3.81 
BA 40 48 -28 58 R 4.30 
BA 40 42 -30 46 R 4.26 
BA 40 40 -34 44 R 3.24 

 

List of the locations of the significantly activated clusters in the condition of visual imagery 

as compared to the control resting condition. Columns x, y, z refer to the coordinates of the 

maxima within each cluster in MNI space. L, left hemisphere; R, right hemisphere. All 

clusters are significant at p < 0.01 (corrected). 
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Table 5. Clusters at group level analysis showing decreases in the BOLD signal during 

kinesthetic imagery.  

 Coordinates   
Brain Area x y z L/R z score 

BA 17 -12 -100 10 L 3.80 
BA 18 -6 -88 26 L 4.44 
BA 18 -20 -104 2 L 4.37 
BA 18 10 -96 24 R 5.24 
BA 19 -4 -94 32 L 4.28 
BA 19 10 -94 30 R 4.84 
BA 11 -10 30 -16 L 3.98 
BA 11 8 40 -22 R 3.82 
BA 25 8 22 -20 R 4.27 
BA 30 4 -72 10 R 4.29 
BA 31 -6 -36 40 L 4.14 
BA 31 8 -36 42 R 4.48 
BA 31 0 -42 46 m 4.09 
BA 32 -10 36 -18 L 3.91 
BA 32 8 36 -18 R 3.78 

Caudate -14 26 -8 L 3.91 
Cerebellum 6 -58 -34 R 3.80 
Cerebellum 8 -58 -24 R 3.52 
Cerebellum 4 -60 -24 R 3.35 
Cerebellum 0 -58 -42 m 4.27 
Thalamus -18 -28 -6 L 4.49 
Thalamus -18 -24 -2 L 4.40 
Thalamus -22 -26 -4 L 4.34 

 

List of the locations of the significantly de-activated clusters in the condition of kinesthetic 

imagery as compared to the resting condition. Columns x, y, z refer to the coordinates of the 

maxima within each cluster in MNI space. L, left hemisphere; m, midline; R, right 

hemisphere. All clusters are significant at p < 0.01 (corrected). 
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Table 6. Clusters at group level analysis showing decreases in the BOLD signal during visual 

imagery.  

 Coordinates   
Brain Area x y z L/R z score 

BA 17 -16 -98 10 L 5.22 
BA 17 22 -90 8 R 5.14 
BA 18 -24 -100 12 L 5.49 
BA 19 -28 -92 14 L 5.44 
BA 19 -30 -84 14 L 4.94 
BA 19 -24 -92 30 L 4.89 
BA 19 -44 -76 2 L 4.10 
BA 19 45 -76 6 R 4.53 
BA 37 -39 -73 4 L 3.89 
BA 37 44 -69 4 R 4.26 
BA 11 2 34 -20 R 4.07 
BA 25 0 22 -20 m 4.17 
BA 27 22 -30 -4 R 3.87 
BA 31 -2 -44 36 L 3.46 
BA 31 10 -46 36 R 4.00 
BA 32 -10 32 -14 L 4.42 
BA 32 6 36 -14 R 4.25 
BA 32 10 38 -16 R 4.25 
BA 32 0 28 -18 m 4.29 

Cerebellum 2 -56 -50 R 4.09 
Cerebellum 0 -60 -48 m 4.07 
Cerebellum 2 -60 -56 R 3.70 
Cerebellum 2 -56 -40 R 3.61 
Thalamus 18 -30 4 R 4.16 
Thalamus 14 -26 -4 R 3.82 
Thalamus 14 -28 10 R 3.40 

 

List of the locations of the significantly de-activated clusters in the condition of visual 

imagery as compared to the resting condition Columns x, y, z refer to the coordinates of the 

maxima within each cluster in MNI space. L, left hemisphere; m, midline; R, right 

hemisphere. All clusters are significant at p < 0.01 (corrected). 

  



50 
 

Table 7. Differences in degree of de-activation between the conditions of kinesthetic and 

visual imagery. 

 Coordinates   
Brain Area x y z L/R z score 

BA 17 -10 -102 2 L 3.99 
BA 17 -18 -96 6 L 3.55 
BA 18 -8 -94 -6 L 3.59 
BA 18 -22 -98 14 L 3.52 
BA 18 -12 -92 -10 L 3.38 
BA 19 -26 -88 14 L 3.95 
BA 19 52 -78 0 R 3.60 
BA 19 44 -74 0 R 3.59 
BA 37 48 -72 10 R 3.92 
BA 37 42 -70 2 R 3.76 
BA 37 52 -68 -8 R 3.45 
BA37 42 -64 -2 R 3.17 

 

List of the locations that differ in the degree of de-activation in MNI-space coordinates 

(columns x, y, z) in the conditions of kinesthetic and visual imagery. L, left hemisphere; R, 

right hemisphere. All clusters are significant at p < 0.01 (corrected). 
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