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Abstract 

Mental rotation of the hands classically induces kinesthetic effects according to the 

direction of the rotation, with faster response times to the hands’ medial rotations compared 

with lateral rotations, and is thus commonly used to induce engagement in motor imagery 

(MI). In the present study, we compared performances of table tennis players (experts on hand 

movements), who commonly execute and observe fast hand movements, to those of soccer 

players (non-experts on hand movements) on a mental rotation task of hands. Our results 

showed a significant effect of the direction of rotation (DOR) confirming the engagement of 

the participants in MI. In addition, only hand movement experts were faster when the task 

figures corresponded to their dominant hand compared with the non-dominant hand, revealing 

a selective effect of motor expertise. Interestingly, the effect of the DOR collapsed in hand 

movement experts only when the task figures corresponded to their dominant hand, but it is 

noteworthy that lateral and medial rotations of the right hand stimuli were not faster than 

medial rotations of the left hand stimuli. These results are discussed in relation to possible 

strategies during the task. Overall, the present study highlights the embodied nature of the 

mental rotation task of hands by revealing selective effects of motor expertise. 

Keywords: mental rotation, motor imagery, embodiment, motor expertise. 
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Humans have the ability not only to imagine static objects but also to imagine 

movements and transformations (Piaget and Inhelder 1966), a process referred to as mental 

imagery. In one of the most used paradigms to access mental imagery, namely the mental 

rotation task, Shepard and Metzler (1971) asked participants to judge whether two rotated 3D 

cube figures depicted identical or different objects and observed that response times (RTs) 

were linearly proportional to the angle of rotation from the original position. This first study 

suggests that participants executed an internal rotation that is mentally reorienting the rotated 

object with respect to the other (Shepard and Metzler 1971; Parsons 1994; Jeannerod and 

Decety 1995). Similar RT patterns are identified in the mental rotation task of two-

dimensional objects (Cooper 1975), pictures of unfamiliar polygons (Cooper and Podgorny 

1976) and asymmetrical alphanumeric characters (Cooper and Shepard 1973) but not to the 

mental rotation of body parts referred to as the laterality judgment task (Sekiyama, 1982). 

One distinctive feature of hand laterality judgment task is that the participants must mentally 

move their corresponding body part until it aligns with the target position (Parsons 1994). 

Parsons (1994) showed that the time needed to physically match the participant’s hand with 

the stimuli was highly correlated to the RT and that, as for overt movements, participants 

were faster in the mental rotation of hands toward the mid-sagittal plane (i.e., medial rotation) 

than in mental rotation of hands away of the mid-sagittal plane (i.e., lateral rotation).  

Mental rotation of body parts, as laterality judgment tasks, induces therefore an embodied 

mental process. This process activates anatomically interconnected brain systems implicated 

in the integration of sensorimotor information (Bonda, Petrides, Frey, and Evans 1995; 

Kosslyn, Di Girolamo, Thompson, and Alpert 1998; Parsons et al. 1995) and takes into 

account kinesthetic aspects or biomechanical constraints (Sekiyama 1982; Parsons 1987; 

Jeannerod 1994; Shenton, Schwoebel, and Coslett 2004; Sauner, Bestmann, Siebner, and 

Rothwell 2006; Thayer and Johnson 2006). 
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Parsons’ findings opened a wide field of investigations on an embodied process 

referred to as motor imagery (de Lange, Helmich, and Toni 2006; de Lange, Roelofs, and 

Toni 2008). Motor imagery is defined as the ability to mentally plan and perform an action 

without overtly performing it in the absence of sensory feedback (Decety 1996a, b). So 

Parsons, Gabrieli, Phelps, and Gazzaniga (1998) confirmed the embodied nature of motor 

imagery (MI) in the hand laterality judgment task by showing that mentally discriminating 

body part handedness depends both on lateralized sensorimotor and somatosensory 

representations. More recently, the studies of Ionta, Fourkas, Fiorio, and Aglioti (2007) and 

Ionta and Blanke (2009) found slower RTs for the laterality judgment of right hands 

compared with left hands when right-handed participants placed their right hand behind their 

back. This physical kinesthetic aspect or biomechanical constraint induces longer trajectories 

to mentally reorient the participants’ hand until it matches with the stimulus. Indeed, a hand 

laterality judgment task requires considering the dynamics of the spatial environment, the 

hand biomechanical limits and the relationship between these two variables that is mainly 

ensured by MI (Stevens 2005). In such tasks, the participants plan and simulate motion from a 

first-person perspective without overtly executing it. Instead of relying on sensory feedback, 

they simulate the perceptual result of the planned movement and make a laterality decision 

(Annett 1995; Decety 1996; Jeannerod 1994, 2001; Wexler, Kosslyn, and Berthoz 1998).  

Despite a body of evidence suggests that the hand laterality judgment task induces the MI 

strategy, the lack of consensus (Lust, Geuze, Wijers, and Wilson 2006; Steenbergen, van 

Nimwegen, and Craje 2007) appears to be related to the differences about stimuli view and 

orientation among the existing studies (Gentilucci, Daprati, and Gangitano 1998; Parsons 

1987). Indeed, when the participants performed a laterality judgment task of hand stimuli, an 

engagement in MI was not shown for hand pictures presented from a back-view perspective in 

different orientations (Lust et al. 2006; Steenbergen et al. 2007). However, for hand pictures 
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presented from different viewpoints, a strong difference was observed between the RTs of 

medial and lateral rotations confirming the engagement in MI (Ionta et al. 2007). An 

extensive study of the effect of the hand’s view on the mental strategy was carried out by ter 

Horst et al. (2010) in a hand laterality judgment task. Their findings revealed that, in contrast 

to stimuli rotated over a single axis and showing no engagement in MI, hand figures rotated 

over two or three axes depicted positions that were difficult to adopt and consequently 

induced strong engagement in MI.  

As with the number of rotational axes, the type of mental rotation task influences the 

engagement in motor imagery. In a mental rotation task of hands with a same-different 

judgment, it would be impossible to engage in MI then visual imagery becomes the primary 

medium to execute the mental movement. Visual imagery encompasses third-person 

perspective images that are representations of another person’s movements (Ruby and Decety 

2001; Sirigu and Duhamel 2001; Steenbergen et al. 2007) and is not an embodied process 

because it is not subject to biomechanical constraints (ter Horst et al. 2010). In addition, 

Sirigu and Duhamel (2001) showed that imagining one’s own hand movements during the 

mental rotation task of hands depends on motor processes because it is sensitive to the actual 

hand posture of the participants. In contrast, imagining a third person’s hand movements is 

not sensitive to the actual hand posture and is mainly based on visual imagery processes 

(Sirigu and Duhamel 2001).  

A successful overt movement requires the transfer of perceptual information into 

action, and MI is the premium strategy to ensure this transfer (Stevens 2005). Studies on the 

relationship between imagined and executed one’s own body actions provide strong evidence 

in favor of the activation of the same motor representations during the overt and covert 

simulations of one’s own body actions (Decety 2002; Hommel, Müsseler, Aschersleben, and 

Prinz 2001; O’Regan and Noё 2001). This close relationship was confirmed using both 
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behavioral (Decety, Jeannerod, and Prablanc 1989; Decety and Michel 1989; Parsons et al. 

1995) and brain mapping studies (Decety et al. 1994; Gerardin et al. 2000; Jeannerod 2001; 

Roland, Skinhøj, Lassen, and Larsen 1980; Stephan et al. 1995). Otherwise, the enhancement 

of sporting performance correlates with an enhancement of imagery quality (Collet, 

Deschaumes-Molinaro, Delhomme, Dittmar, and Vernet-Maury 1994; Deschaumes-Molinaro, 

Dittmar, and Vernet-Maury 1991; Roure, Collet, Deschaumes-Molinaro, Delhomme, Dittmar, 

and Vernet-Maury 1999) and mental rotation performances (Habacha, Molinaro, and 

Dosseville, in press; Ozel, Larue, and Molinaro 2002). Moreover, the practice of physical 

activities involving frequent real body rotations improves mental rotation abilities (Moreau, 

Clerc, Mansy-Dannay, and Guerrin 2012) and “selective effects” of motor expertise in upside-

down orientations of the body (as in gymnasts) were found for human body figures presented 

in the same orientations as during practice (Steggemann, Engbert, and Weigelt, 2011). This 

selective effect was only demonstrated in mental body rotation tasks that induced embodied 

processes (i.e. laterality judgment of human body figures) and thus that allowed the 

implementation of one’s own specific motor expertise. Considering these results, a mental 

rotation task inducing MI strategies relying on embodied processes (i.e., the hand laterality 

judgment task) should allow the implementation of one’s specific motor expertise. 

A physical training of hands’ movements is likely combined with mental training at 

the perceptual level of the same movements, including information of the duration and 

biomechanical constraints of the hand that executes the movement. In addition, some sports, 

such as racket sports, require an overuse of the dominant arm. Previous studies have provided 

evidence of differences between the dominant and non-dominant hand in motor (Olex-

Zarychta and Raczek 2008) and mental (Zartor, Mikheev, and Afanasiev 2010a, b) reactions. 

Thus, the perception of body part movements is shaped with regard to the body’s lateral 

features and performance on cognitive tasks is dependent on these features (Zartor et al. 
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2010a, b). Given that the hand laterality judgment task induces an engagement in MI (Parsons 

1987; ter Horst et al. 2010), this task would allow the implementation of one’s own motor 

expertise with hand movements. Accordingly, a dominance of the right or left hand at the 

physical level would translate into a mental dominance of the same hand at the perceptual 

level with a faster overt movement time of the right or left hand and consequently into faster 

RT during the mental simulation of the same movement.  

In the present study, we used the hand laterality judgment task with figures of the right 

and left hands rotated over three axes to evoke the maximum MI engagement (ter Horst et al. 

2010). To investigate the effect of motor expertise of the hand movements, we recruited high 

level table tennis players and compared their performances with the performances of soccer 

players with same level of expertise. Table tennis is an activity which requires very fast and 

accurate hand movements over different spatial axes. Thus, we expected that table tennis 

players will be faster in the hand laterality judgment task than soccer players, whose sport 

does not require such precise and fast hand movements. Second, the fast and accurate 

movements in table tennis are executed with one single hand, such that handedness is 

particularly developed in that sport. Thus, we hypothesized that table tennis players will be 

faster than soccer players in the judgment of laterality of their dominant (right) hand 

compared with the non-dominant hand. 

 

Methods 

Participants  

Twenty-nine male participants aged between 18 and 28 years (M = 22.8 years, SD = 

2.8) and right-handed according to the Edinburgh Handedness Inventory Questionnaire 

(Oldfield 1971) participated in this experiment. . All participants provided their informed 
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consent prior to the experiment and reported no former participation in a hand laterality 

judgment task. 

Two groups of participants were formed. The hand movement expert group, aged 

between 18 and 27 years (M = 23 years, SD = 2.8), consisted of 14 table tennis players that 

were recruited from sport clubs. The inclusion criteria included participants that had practiced 

table tennis for at least six years with a frequency of at least 12 h per week (Mtraining experience = 

9.6 years; range six to 14 years; SD = 2.5 years). In addition, all table tennis players were 

practicing at the best national level and represented their country at least once in an 

international event. 

The non-expert group, aged between 18 and 28 years (M = 22.5 years, SD = 2.8), 

consisted of 15 soccer players that were recruited from sport clubs. As with table tennis 

players, they had been practicing soccer for at least six years with a frequency of at least 12 h 

per week (Mtraining experience = 9.7 years; range six to 16 years; SD = 2.9 years). In addition, all 

soccer players were actually practicing at the best national level and each was a member of 

the national selection for at least one year. Lastly, they reportedly had no practical experience 

in table tennis or any other racket sport.  

 

Materials 

The experimental stimuli consisted of figures of the left and right hands. The left 

hands were mirror images of the right hands. Each figure was individually presented on a 

black background. The stimuli were displayed on a computer with a 17.3” (39.60 cm) TFT 

color screen using specific software developed in our laboratory, which also recorded the 

reaction times (i.e., from the moment of the appearance of the stimulus until the decision was 

made) as well as the response accuracy.  
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The left and right hand stimuli were rotated over three axes: two longitudinal 

orientations (back view, palm view), two in-depth rotations (60° and 300°), and 12 in plane 

rotations (0°, 30°, 60°, 90°, 120°, 150°, 180°, 210°, 240°, 270°, 300°, and 330°), which 

resulted in 96 stimuli: 48 right-hand stimuli and 48 left-hand stimuli. The rotation over the 

three axes was executed to encourage maximum engagement in MI. The upright position was 

defined as the in-plane 0° orientation with the fingers pointing upward (Fig. 1). The software 

randomized the display of stimuli, where every figure was represented three times, but not 

more than two successive times, resulting in 288 test stimuli (96 x 3). The test stimuli were 

preceded by a training session of 30 familiarization trials. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Examples of hand figures with palm and back views at 300° in-depth and going from 0° to 330° 

in-plane. For right hand figures, the medial rotations are on the left and lateral rotations on the right, 

and vice versa for the left hand figures. 

 

Experimental procedure 
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The participants were individually tested in a darkened room and were seated in front 

of the computer at a distance of 60 ± 5 cm with their left and right index placed on two 

buttons of the keyboard colored and labeled as the “left hand” and “right hand,” respectively. 

The participants were instructed to judge the laterality of the displayed hand figure as fast and 

as accurate as possible.  

Test trials were interspersed by a blank screen (1500 ms) followed by a black fixation 

cross (500 ms). The stimulus remained visible on the screen for a maximum of 5000 ms, and 

the next trial began after the response was given. The response accuracy and reaction times 

were recorded using the same software employed to display the stimuli. 

The stimuli were displayed in four blocks of 72 trials with breaks in between each block. 

 

Data analysis  

Previous motor imagery studies using behavioral data of the mental rotation tasks of 

body parts showed that stimulus orientation and stimulus view specifically affect RTs 

(Cooper and Shepard 1975; Sekiyama 1982; Parsons 1987; Parsons 1994; Bonda et al. 1995; 

Wohlschläger and Wohlschläger 1998; de Lange et al. 2006). Thus, we focused our analysis 

only on RTs resulting in correct responses (incorrect responses amounted to 6% of the trials). 

In addition, RTs faster than 300 ms and slower than 3500 ms were excluded (0.23%) similar 

to previous studies using the hand laterality judgment task (Sekiyama 1987; Parsons 1994; 

Ionta et al. 2007; Iseki, Hanakawa, Shinozaki, Nankaku, and Fukuyama 2008). 

To analyze the direction of rotation (DOR) effect (medial rotations vs. lateral 

rotations), which enabled measurement of the engagement in MI, we divided the in-plane 

rotations into medial- and lateral-rotations as previously described in previous studies 

(Parsons 1987; Parsons 1994; ter Horst et al. 2010). Accordingly, the medial-rotations of the 

right hand consisted on 210°, 240°, 270°, 300°, and 330° orientations and the lateral rotations 
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of the right hand consisted on 30°, 60°, 90°, 120°, and 150° orientations, and vice-versa for 

the left hand rotations.  

In the absence of hypotheses about the effect of longitudinal orientations and in-depth 

rotations, we averaged RTs of the two longitudinal orientations (back view, palm view) and 

the two in-depth rotations (60° and 300°) and performed a repeated measure analysis of 

variance (ANOVA) including DOR (medial rotations, lateral rotations) and laterality (right 

hand, left hand) as within-subject factors and expertise (hand movement experts, non-experts) 

as a between-subject factor. Post hoc comparisons were performed using the Bonferroni test, 

and the alpha level was established at p = 0.05.  

 

Results 

The amount of incorrect responses did not differ significantly between medial (5.6%) 

and lateral rotations (6.4%) neither between left hand (5.7%) and right hand stimuli (6.3%). 

Neither the effect of expertise nor any interaction was significant.  

The RTs analysis showed a significant main effect of DOR (F(1,27) = 26.305, p < 

.001, η
2
 = .49). The participants were faster for the medial-rotations (1658 ms) than for the 

lateral rotations (1840 ms). The effect of laterality was also significant (F(1,27) = 13.670, p < 

.001, η
2
 = .34) and faster RTs were observed for the right hand stimuli (1745 ms) with respect 

to the left hand stimuli (1753 ms). However, the main effect of expertise did not reach 

significance (F(1,27) = 0.901, p = .351, η
2
 = .03). 

The two-way interaction between laterality and expertise was significant (F(1,27) = 

25.835, p < .001, η
2
 = .49). Bonferroni post hoc tests revealed that the hand movement experts 

were faster for right hand stimuli than for left hand stimuli, but this difference was not 

significant for the non-experts (Fig. 2). 
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Fig 2. Mean response time (RT) in milliseconds of the hand movement experts and non-experts for the 

left and right hand stimuli. 

 

The two-way interaction between DOR and expertise was also significant (F(1,27) = 

10.867, p = .003, η
2
 = .29). Bonferroni post hoc tests revealed that the non-experts were faster 

for the medial rotated stimuli compared with the lateral rotated stimuli (p < .001), but no 

significant difference was observed in the hand movement experts (Fig. 3), but.  

 

 

 

 

 

 

 

Fig 3. Mean response time (RT) in milliseconds of hand movement experts and non-experts for medial 

and lateral rotations. 

 

The three-way interaction between DOR, laterality, and expertise reached significance 

(F(1,27) = 9.710, p < .004, η
2
 = .27). Bonferroni post hoc tests showed that the non-expert 

group was faster in medial rotations than in lateral rotations (Fig. 4) for the right (p < .001) 
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and left hand stimuli (p < .001); the hand movement expert group showed the same pattern 

but only for the left hand stimuli (p = .033).  

 

  

 

 

 

   

 

 

 

Fig 4. Mean response time (RT) in milliseconds of hand movement experts and non-experts for medial 

and lateral rotations. 

 

Discussion 

In the present study, we investigated the effect of expertise and laterality in hand 

movements on a mental rotation task of hands known as the hand laterality judgment task. 

Performances of the hand movement experts (high level right-handed table tennis players) 

were compared with those of non-experts (whose sport does not involve fast and accurate 

hands movements over different spatial axes) in a mental rotation task using left and right 

hand figures rotated over three axes to encourage maximum engagement in MI. 

Analyses showed a significant effect of DOR that was accounted for by smaller RTs 

for medial compared with lateral rotations. This finding was consistent with previous studies 

on hand laterality judgment tasks (Parsons 1987; Parsons 1994; ter Horst et al. 2010). Faster 

RTs for medial rotations compared with lateral rotations classically indicated a significant 

effect of biomechanical constraints related to the mental path followed to align one’s hand’s 



14 

 

mental image with the desired end-state (presented hand posture on the screen). Thus, this 

effect indicated an engagement in MI, which is subject to biomechanical constraints 

(Jeannerod 1994; de Lange et al. 2008; ter Horst et al. 2010).  

As we previously hypothesized, the engagement in this embodied cognitive processing 

might promote the effect of laterality and motor expertise in hand movements on the hand 

laterality judgment task. This assumption was confirmed by analysis of the RTs of the two 

groups of athletes (hand movement expert group, non-expert group) and according to the two 

laterality conditions (right hand, left hand). Participants were significantly faster for right 

hand stimuli compared with left hand stimuli. This finding was consistent with previous 

results demonstrating a dominant hand preference on the mental body rotation task (Zartor et 

al. 2010a, b). When engaged in MI during a hand laterality judgment task, the participants 

succeeded to mentally move their dominant hand image from the current position to the 

desired end-state faster than their non-dominant hand. This pattern might be due to more 

familiarity with dominant hand movements due to the well-developed lateralization on right-

handers (Gentilucci et al. 1998).  

The significant interaction between laterality and expertise allows specifying the reason for 

this dominant hand advantage. Indeed the hand movement expert group responded faster for 

right hand stimuli compared with left hand stimuli, but this difference was not significant in 

the non-expert group. The hand movement experts only used their dominant hand during table 

tennis practice, and the faster mental rotations were thus achieved only for the dominant hand. 

Thus, the hand movement expertise was rather a dominant hand movement expertise that was 

transferred to the mental level.  

As we explained previously, the significant main effect of the DOR indicates the 

engagement in MI. Interestingly, we observed smaller RTs for medial rotations than for lateral 

rotations only in the non-expert group whereas the hand movement experts performed equally 
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for medial and lateral rotations. According to the literature (Jeannerod 1994; de Lange et al. 

2008; ter Horst et al. 2010), the logical explanation would be that the hand movement experts 

did not engage in MI. However, the three-way interaction between DOR, laterality, and 

expertise offers another suggestion. The effect of the DOR for the non-expert group was 

significant for the two laterality conditions (right hand stimuli, left hand stimuli); however, 

the same effect for the hand movement expert group was significant only for left hand stimuli. 

The table tennis players have the same joint constraints in their right hand as soccer players 

do, but their specific expertise during training and competitions likely enabled them to 

practice the lateral rotations by rapid and precise adjustments in limbs, trunk, and shoulders. 

The adjustment of right hand lateral rotations likely allowed them to inhibit or overcome the 

biomechanical constraints and was therefore covertly translated during the laterality judgment 

task. This assumption makes sense because the table tennis players non-dominant hands were 

still subject to the biomechanical constraints that translated into faster RTs for the medial 

compared with the lateral rotations. These findings are similar to those of Steggemann et al. 

(2011) showing that gymnast succeeded to mentally adopt upside-down body postures faster 

than other athletes did during an embodied perspective taking task, and consequently that the 

specific expertise from gymnastics practice was implemented during the mental perspective 

taking task. 

Whether RTs for the medial and lateral rotations of the right hand of table tennis 

players were not significantly different from RTs for medial rotations of the left hand, our 

argument in favor of a selective effect of table tennis practice would be even stronger if faster 

RTs for the medial and lateral rotations of the right hand than for medial rotations of the left 

hand were obtained. It is important to specify that these hand movement experts committed 

more errors with medial rotation of left hand stimuli (5.6%) compared to medial (4.6%) and 

lateral (5.4%) rotations of the right hand stimuli. It is thus possible that other strategies based 
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on the visual appearance of the stimuli  were used (Jola and Mast, 2005) when the imagined 

movement of non dominant hand to the position of the stimuli seemed difficult. Locating the 

position of the thumb relative to the little finger with respect to the longitudinal orientation of 

the hand figure (palm view, back view) may be a strategy to identify the laterality of the hand. 

Another explanation, when mentally moving own hand to the position of the stimuli seems 

hard or impossible as in the case of non dominant hand, relies on the engagement in fast 

guesses leading to faster RTs. 

In addition, soccer players were faster, but not significantly, than table tennis players with the 

left and right hand stimuli and particularly with medial rotations (see Fig. 2 and Fig. 3). These 

findings disprove our hypothesis about faster RTs for table tennis players than soccer players 

but may be due to the greater error rates committed by soccer players (6.5%) compared to 

table tennis players (5.4%). This non significant difference may be explained by the strategies 

presented above potentially used by the soccer players. 

Several studies have shown that athletes gain their specific expertise not only from 

practicing but also from observing other athletes performing the same movements, and this 

visual experience results in a significant improvement in motor learning (Mattar and Gribble 

2005; Petrosini et al. 2003). Experts in our study gained a specific motor expertise through 

physical practice of specific dominant hand movements as well as specific visual expertise 

through the observation of partners or opponents performing identical movements with their 

dominant and non-dominant hands. However, the specific visual experience did not seem to 

have a major effect on the experts’ performances on the mental rotation task of hands because 

they did not succeed in inhibiting the biomechanical constraints of the lateral rotations for 

their non-dominant hand (observed in partners and opponents). Accordingly, our results 

revealed that the performances of a hand laterality judgment task were more sensitive to 

motor expertise compared with visual expertise. 
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Taken together, our findings highlight additional factors affecting the performances on 

a mental rotation task of hands. The present study showed that the classical effect of DOR 

might collapse because the expertise in the hand movements enabled the participants to 

perform equally for the medial and lateral rotations only for their dominant hand. This finding 

suggested that the practice of activities encouraging a dominant hand physical advantage 

promoted a mental or perceptual dominance of the same hand, which translated into faster 

RTs and similar RT patterns for medial and lateral rotations of the dominant hand. 

To the best of our knowledge, no previous study had examined the effect of hand 

movement expertise on a laterality judgment task even if it is one of the most commonly 

known tasks to induce motor processes. Overall, the present study provided additional support 

for the embodied nature of the hand laterality judgment task and the close relationship 

between imagined and executed actions. 
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