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Data analyses

Durations of actual and imagined walking, which were defined as the time 
between the presentation of the start signal and the button press, served as the main 
dependent measures. The individual durations were averaged per index of difficulty, 
for each task separately. Pearson correlation between the actual and imagery duration 
was calculated, and the Fisher-Z transformed individual correlations were subsequently 
submitted to a one-way analysis of variance (ANOVA) to test the effects of age on 
temporal congruence. Further analyses of age group differences were performed 
using post-hoc Bonferroni tests. We used one-sample t-tests to test whether the mean 
correlations were significantly larger than 0 per age group. 

In addition, the individual mean durations per index of difficulty were submitted 
to repeated-measures ANOVA, with index of difficulty (4.32, 5.32, 5.91, 6.91) and task 

Figure 6.1. Experimental set-up for the walking and imagery task.

Table 6.2

Indexes of difficulty in the walking task

Path length (cm) Path width (cm) Index of Difficulty 

200 20 4.32

200 10 5.32

600 20 5.91

600 10 6.91
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(walking & imagery) as within-subject factors and age (6, 7, 8, 9 years) as the between-
subjects factor. Significant main effects were followed up with post-hoc Bonferroni 
tests and significant interaction effects were followed up with an additional ANOVA  
Violations of the assumption of sphericity were corrected by means of a Greenhouse-
Geisser correction.

Furthermore, a linear regression analysis was performed on the individual mean 
durations across the four indexes of difficulty. Repeated-measures ANOVAs on individual 
goodness of fit and slope were used to test whether the linearity of the duration across 
the indexes of difficulty differed between the tasks (walking & imagery) and across age 
(6, 7, 8, 9 years). Furthermore, we tested whether the goodness of fit for the walking and 
imagery was larger than 0 by means of one-sample t-tests for each age group separately. 

Finally, the proportion of the children that was using motor imagery to perform 
the imagined walking task was determined per age group. As introduced in our recent 
mental chronometry study (Spruijt, van der Kamp, et al., 2015a), the use of motor 
imagery was defined by the individual child demonstrating both significant temporal 
congruence between actual and imagined walking, and significant adherence to Fitts’ 
law for the imagined performance.

Results
Table 6.3 shows the mean correlations between actual and imagined walking 

durations. The correlations were significantly larger than 0 in all age groups. Yet, age 
was shown to significantly affect the temporal congruence (F(3,82) = 3.286; p = 0.025; 
η2 = 0.111). Post hoc analyses indicated higher correlations in 9-year-olds compared to 
6-year-olds. Individual analyses furthermore showed that the percentage of children 
with significant correlations (p < 0.05) between actual and imagined walking durations 
increased from 17% among the 6-year-olds to 72% among the 9-year-olds (see Table 
6.3). However, it must be taken into account that due to the low number of observations 
per participant, the probability of Type 2 errors is relatively high, which may result in 
an underestimation of the number of participants that show a significant correlation 
between the two tasks. Therefore, Table 6.3 also reports the percentage of participants 
showing significant correlations for α-level of 10% (see also Spruijt, van der Kamp, et al., 
2015a). This resulted in 33% of the 6-year-old children and up to 94% of the 9-year-old 
children showing temporal congruence.
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Table 6.3

Results on temporal congruence and linear fit for the different age groups

6-year-olds

(n=18)

7-year-olds

(n=21)

8-year-olds

(n=26)

9-year-olds

(n=18)

Temporal 

congruence
Correlations (mean r) 0.851 0.909 0.928 0.958

Correlations > 0
t(17) = 33.0

p < 0.001

t(20) = 50.2

p < 0.001

t(25) = 65.3

p < 0.001

t(17) = 83.9

p < 0.001

n (%) participants with 

significant  positive 

correlations (p < 0.05)

3 (17%) 7 (33%) 14 (54%) 13 (72%)

n (%) participants with

positive correlations 

(p < 0.1)

6 (33%) 14 (67%) 20 (77%) 17 (94%)

Linear fit

Actual task
R2 > 0

t(17) = 63.4

p < 0.001

t(20) = 84.2

p < 0.001

t(25) = 68.4

p < 0.001

t(17) = 58.9

p < 0.001

n (%) participants with

significant R2 (p < 0.05)

and slope > 0

10 (56%) 16 (76%) 14 (53%) 8 (44%)

n (%) participants with R2 

(p < 0.1) and slope > 0
17 (94%) 20 (95%) 24 (92%) 16 (89%)

Linear fit 

Imagery task
R2 > 0

t(17) = 19.2

p < 0.001

t(20) = 44.0

p < 0.001

t(25) = 50.6

p < 0.001

t(17) = 48.9

p < 0.001

n (%) participants with 

significant R2 (p < 0.05) 

and slope > 0

3 (17%) 8 (38%) 14 (53%) 9 (50%)

n (%) participants with R2 

(p < 0.1) and slope > 0
9 (50%) 16 (76%) 18 (69%) 15 (83%)

Motor 

imagery 

ability

n (%) participants with 

significant correlations 

AND R2 (p < 0.05)

1 (6%) 3 (14%) 9 (35%) 6 (33%)

n (%) participants with

correlations AND 

R2 (p < 0.1)

6 (33%) 13 (62%) 14 (54%) 14 (78%)

Note: R2  = goodnes of fit
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Figure 6.2 presents the actual and imagined walking durations as a function of task 
difficulty for all age groups. Durations were larger with increasing task difficulty (F(1.55, 
122) = 315, p < 0.001, η2 = 0.800), and larger for imagined walking compared to actual 
walking (F(1, 79) = 52.5, p < 0.001, η2 = 0.399). In addition, task significantly interacted with 
difficulty and age (F(5.85, 154) = 3.17, p < 0.01, η2 = 0.107). Follow-up analyses showed 
that task only interacted with difficulty in the 6-year-olds (F(3, 51) = 7.03, p < 0.001, η2 = 
0.293) and 8-year-olds (F(3, 75) = 3.26, p < 0.05, η2 = 0.115), but not in the 7- and 9-year-
olds. Although difficulty thus affected the actual walking durations differently than the 
imagined walking durations in 6- and 8-year-olds (see Figure 6.2), additional analyses 
showed that both actual and imagined walking durations significantly increased as a 
function of task difficulty.

Figure 6.2. Averaged walking and imagery duration as a function of task difficulty. Error bars 

represent the standard deviation of the mean.
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The slope of the linear function between duration and task difficulty did not differ 
between actual and imagined walking (p = 0.831). However, the goodness of fit for 
actual walking was higher than for imagined walking (F(1, 79) = 12.0, p < 0.001, η2 = 
0.132) and a significant task by age interaction was found for the goodness of fit (F(3, 
79) = 4.42, p < 0.01, η2 = 0.144). Follow-up analyses showed that the goodness of fit 
for imagined walking increased with age (F(3, 79) = 3.84, p < 0.05, η2 = 0.127), but the 
goodness of fit for actual walking did not differ across age (see Figure 6.3). Goodness of 
fit was higher than 0 in all groups, both for the actual and imagined walking (Table 6.3). 
A significant linear relation between imagined walking duration and task difficulty was 
only found among 17% of the 6-year-old children, whereas half of the 8- and 9-year-
old children significantly adhered to Fitts’ law (with p < 0.05). With an α-level of 10%, 
adherence to Fitts’ law was found to range from 50% in 6-year-olds to 83% in 9-year-olds 
(see Table 6.3).

When combining the results for temporal congruence and adherence to Fitts’ 
law, only one 6-year-old child (6%) showed both high temporal congruence and linear 
goodness of fit for α = 5%. 14% of 7-year-olds and up to a third of the 8- and 9-year-old 
children showed motor imagery ability. For α = 10%, these percentages amount to 33% 
of the 6-year-olds and 78% of the 9-year-olds (Table 6.3).

Discussion
The present study examined whether the previously observed developmental 

differences in motor imagery in pointing tasks generalize to a walking task. Previous 
studies using mental chronometry of goal-directed pointing indicated that from 7 to 

Figure 6.3. Mean goodness of fit (Left) and mean slope (Right) for the linear relations between 

duration and task difficulty for the walking and imagery performance. Error bars represent the 

standard deviation of the mean.
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8 years onwards, motor imagery ability improves with age (Caeyenberghs, Tsoupas, et 
al., 2009; Caeyenberghs, Wilson, et al., 2009; Smits-Engelsman & Wilson, 2012; Spruijt, 
van der Kamp, et al., 2015a). For example, in a previous pointing task study adopting 
the same methods of analysis, we observed that among 6-year-olds, 0 to 4% of children 
employed a motor imagery strategy, while 7 to 14% of 7-year-olds and 15 to 23% of 
8-year-olds were observed to use motor imagery (Spruijt, van der Kamp, et al., 2015a). 
In the current walking experiment, these percentages were 6 to 33% for 6-year-olds, 14 
to 62% for 7-year-olds and 35 to 54% for 8-year-olds, respectively. In brief, the present 
results demonstrated that children’s imagery performance on the walking task was 
affected by motor constraints (i.e., task difficulty) already at 6 years of age, at least in 
a minority of children. The influences of motor constraints on imagery performance 
increased across age. This indicates that motor imagery develops earlier in walking than 
for pointing. We will now elaborate on the present walking results and the comparison 
with previous studies on goal-directed pointing.

The current study shows that on a group level children’s imagery performance 
was influenced by motor constraints from 6 to 9 years of age. This was evidenced by 
high temporal congruence between actual and imagined walking, with correlations 
ranging between 0.851 and 0.958 (see Table 6.3). Furthermore, in all age groups both 
the actual walking and imagined walking performance adhered to Fitts’ law. The group 
findings that motor imagery is already used from 6 years onwards are in line with our 
observations in individual children, as a small proportion of 6-year-olds (i.e., estimated 
between 6 and 33%) already displayed an ability to use motor imagery in the imagined 
walking task (see Table 6.3). 

The finding that motor imagery increases with age (combined increasing temporal 
congruence and adherence to Fitts’ law for the imagined walking) are in line with 
previous mental chronometry studies that showed developmental differences in motor 
imagery ability (e.g., Caeyenberghs, Wilson, et al., 2009; Molina et al., 2008). Age-related 
increases in motor imagery ability were also evident from the proportion of children that 
displayed motor imagery ability. Taken together, it can be concluded that a proportion 
of children is already engaged in motor imagery for walking at 6 years of age and motor 
imagery use increases onwards, at least up to age 9. 

Our results on the walking task are distinct from previous results on goal-directed 
pointing in children. First, temporal congruence is considerably higher for walking (e.g., 
0.851 at 6 years of age and 0.928 at 8 years of age) than for goal-directed pointing (e.g., 
-0.157 at 6 years of age and 0.411 at 8 years of age) (Spruijt, van der Kamp, et al., 2015a) 
(see also Caeyenberghs, Tsoupas, et al., 2009; Smits-Engelsman & Wilson, 2012). Second, 
imagined walking significantly adhered to Fitts’ law in 6- to 9-year-olds (see Figure, 2), 
whereas previous studies indicated that imagined pointing durations did not, or only 
marginally increase with task difficulty in 5- to 8-year-old children (Caeyenberghs, 
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Tsoupas, et al., 2009; Caeyenberghs, Wilson, et al., 2009; Smits-Engelsman & Wilson, 
2012; Spruijt, van der Kamp, et al., 2015a). Third, in contrast to the observation that at 
least a proportion of 6-year-old children already use motor imagery on the walking 
task, motor imagery only emerged between 7 or 8 years of age for imagined pointing 
(Spruijt, van der Kamp, et al., 2015a). These differences between motor imagery for 
walking and motor imagery for pointing are in line with suggestions that motor imagery 
performance depends on the motor task that is used (Caeyenberghs, Tsoupas, et al., 
2009; Crognier et al., 2013; Fusco et al., 2014; Kunz et al., 2009). We propose that the 
difference between our results and those for pointing might be explained by familiarity 
with the task. Specifically, motor experience is a key factor for building and updating 
motor representations (Wolpert, 1997). These motor representations are not only 
thought to support actual motor execution, but also to be involved in motor imagery 
(Jeannerod, 2001). Indeed, we found that motor imagery performance was better for 
a familiar task with which children have ample experience such as walking, compared 
to consecutive pointing, which is a more artificial and less familiar task. It must be 
acknowledged, however, that we compared motor imagery performance between two 
groups of children. Even though we administered identical methods to determine motor 
imagery ability in typically developing children, we did not perform a direct comparison 
of motor imagery performance within a group of children.

A dependence of motor imagery performance on the familiarity with the task has 
implications for the use of motor imagery training in the rehabilitation context (for a 
review, see Malouin & Richards, 2010). Accumulating evidence suggests that motor 
imagery training improves motor performance after stroke, by stimulating the same 
neural networks that are involved in controlling movements (e.g., Sharma et al., 2006; 
Zimmermann-Schlatter et al., 2008). Motor imagery training was also suggested as a 
rehabilitation tool for children with developmental motor disorders, such as cerebral 
palsy and developmental coordination disorder (Steenbergen et al., 2009). Familiarity 
with the motor task may be particularly critical for children with developmental motor 
disorders, in order to benefit from motor imagery. In contrast with stroke patients who 
have had extensive movement experiences prior to their insult, this is not the case for 
children with developmental motor disorders, as they are born with a compromised 
ability to perform a multitude of movement tasks and therefore might not have extensive 
movement experiences. For example, walking performance might not benefit from 
motor imagery training in children who have never experienced walking as a result of 
early brain damage (see also Mulder, Zijlstra, Zijlstra, & Hochstenbach, 2004). In contrast, 
when rehabilitation programs target movements that are compromised in children with 
motor disorders, but with which they have ample experience, motor imagery training 
can be a valuable addition to physical practice for pediatric rehabilitation (see Wilson et 
al., 2002). 
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In conclusion, the current study suggests that motor imagery performance may 
not fully generalize across motor tasks, as evidenced by an earlier emergence of motor 
imagery and stronger evidence that 6- to 9-year-olds used motor imagery on the walking 
task, than on the pointing task. This distinction may be attributed to the familiarity with 
the motor task. Capturing the ability to engage in motor imagery can therefore best be 
examined by means of a motor imagery paradigm comprising a familiar motor task for 
the participants. Finally, we recommend motor imagery training protocols to implement 
motor tasks that are as familiar as possible.
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Abstract
Recent studies show varying results on whether motor imagery capacity is 

compromised in individuals with cerebral palsy (CP). Motor imagery studies in children 
predominantly used the implicit hand laterality task. In this task participants judge the 
laterality of displayed hand stimuli. A more explicit way of studying motor imagery is 
mental chronometry. This paradigm is based on the comparison between the movement 
durations of actually performing a task and imagining the same task. The current study 
explored motor imagery capacity in CP by means of mental chronometry of a whole 
body task. Movement durations of 20 individuals with CP (mean age = 13 years, SD = 
3.6) were recorded in two conditions: actual walking and imagined walking. Six unique 
trajectories were used that varied in difficulty via manipulation of walking distance and 
path width. We found no main effect of condition (actual walking versus imagining) on 
movement durations. Difficulty of the walking trajectory did affect movement durations. 
In general, this was expressed by an increase in movement durations with increasing 
difficulty of the task. No interaction between task difficulty and movement condition 
was found. Our results show that task difficulty has similar effects on movement 
durations for both actual walking and imagined walking. These results exemplify that 
the tested individuals were able to use motor imagery in an explicit task involving 
walking. Previous studies using the implicit hand laterality task showed varying results 
on motor imagery capacity in CP. We therefore conclude that motor imagery capacity is 
task dependent and that an explicit paradigm as the one used in this study may reveal 
the true motor imagery capacity. The implications of these findings for the use of motor 
imagery training are discussed. 
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Individuals with cerebral palsy (CP) have compromised motor behaviour, due to 
congenital disturbances in the brain (Bax, Goldstein, Rosenbaum, Leviton, & Paneth, 
2005). One facet of this compromised motor behaviour is an impaired motor planning 
ability which is proposed to be related to an impaired ability to use motor imagery (e.g., 
Mutsaarts, Steenbergen, & Bekkering, 2006). Motor imagery is the mental simulation of a 
motor act, without any overt motor execution (Decety, 1996a). Motor imagery is related 
to motor representations that are involved in planning and controlling movements. 
According to Jeannerod (1994), these motor representations may be regarded as the 
conscious experience of internal models of intended motor actions. As such, they have 
a distinctive role in the feed-forward planning and control of movements. 

In addition to studies reporting that motor planning is affected in individuals 
with CP (Crajé, Aarts, Nijhuis-van der Sanden, & Steenbergen, 2010), lines of empirical 
evidence suggest that the capacity to use motor imagery may be impaired in CP (Crajé, 
van Elk, et al., 2010). Thus far, motor imagery capacity in adolescents with CP was 
generally studied by means of a hand laterality task. In this task, a judgment on the 
laterality of a displayed hand stimulus has to be made as quickly as possible via a button 
press. The task was designed to elicit implicit motor imagery. That is, in order to judge 
the laterality of the hand stimulus, participants have to imagine rotating their own 
hands. In the hand laterality task, the response duration profiles are the main outcome 
measures to reflect motor imagery capacity. The use of motor imagery is indicated when 
characteristics that affect actual movements, similarly affect the imagined task. For 
instance, in studies with adults and typically developing children it was shown that the 
response durations increased with an increasing rotation angle away from the canonical 
orientation of the presented hand stimulus (e.g., Funk et al., 2005; Parsons, 1994). In 
addition, response durations to hand stimuli in orientations that are biomechanically 
more demanding were longer, compared to those in less demanding orientations. To 
exemplify, medially oriented hand stimuli are biomechanically easier to perform and 
judgment of these hands resulted in shorter response durations, compared to judging 
laterally oriented hand stimuli (e.g., Caeyenberghs, Tsoupas, et al., 2009). The combined 
behavioural effects of rotation angle and biomechanical constraints of the hand stimuli 
on the response duration profiles are crucial to draw conclusions on motor imagery 
ability (ter Horst et al., 2010).

The results on the hand laterality task to study motor imagery capabilities in 
individuals with CP are equivocal. In two studies, the effect of rotation angle on response 
durations was considered (Mutsaarts et al., 2007; Steenbergen et al., 2007). In the study 
of Mutsaarts et al. (2007) it was shown that the group of individuals with hemiplegia 
on the left body side displayed the expected effect of longer response durations for 
hand stimuli with larger rotation angles, but this effect was not found for the group 
with right-sided hemiplegia. In contrast, Steenbergen et al. (2007) reported an overall 
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effect of rotation angle on response durations for both left- and right-side affected 
CP. Next to the effect of rotation angle on the response duration profile, other studies 
also examined the effect of biomechanical constraints on response durations in CP. 
These studies also showed equivocal results. In one study, adolescents with right-sided 
hemiplegic CP did not show an effect of medially versus laterally oriented hand stimuli 
(Crajé, van Elk, et al., 2010), while other studies did observe an effect of biomechanically 
constraining orientations on response durations in children with both left- and right-
side affected CP (Williams, Anderson, et al., 2011; Williams, Reid, et al., 2011). Collectively, 
these studies do not allow a definite conclusion as to whether motor imagery capacity 
is compromised in CP.

An essential feature of the hand laterality task is that it, in principle, implicitly elicits 
motor imagery. We argue that this task may therefore not be most suitable to assess 
motor imagery capacity in individuals with CP. It is known that these individuals have 
impaired sensorimotor integration (Gordon, Charles, & Steenbergen, 2006), which may 
lead to a decreased body awareness. In motor imagery, however, body awareness is 
critical as the individual produces a kinesthetic image of the motor action. It may be 
suggested that an explicit way of assessing motor imagery capacity, as is the case in 
mental chronometry tasks, may facilitate body awareness and consequently motor 
imagery. Indirect evidence for this suggestion stems from research using the hand 
laterality task. Sirigu and Duhamel (2001) showed that explicit instruction facilitates the 
use of motor imagery in this task. Specifically, participants were instructed to rotate 
the hand from a ‘first-person’ perspective (motor imagery), or from a ‘third-person’ 
perspective (alternative imagery strategy). During the task, participants placed their 
hand on the lap or behind the back. Sirigu and Duhamel found that posture had an 
effect on response times only when participants were instructed to rotate the hand 
from a ‘first-person’ perspective. Importantly, these results suggest that participants 
were able to use motor imagery, but this capacity was ‘hidden’ when no explicit motor 
imagery instructions were provided in the hand laterality task. 

In the mental chronometry task, the instruction to perform the movement from 
a first person perspective forms an essential element of the experimental paradigm. 
Therefore, this task may be better suited to assess true motor imagery capacity 
in individuals with CP (see Williams et al., 2012). In a study using this paradigm in 
typically developing children, Caeyenberghs, Wilson, van Roon, Swinnen, and Smits-
Engelsman (2009) considered temporal congruence between an actual motor task 
and imagining this motor task and the effect of task difficulty (as manipulated via Fitts’ 
law, 1954) on movement durations. Movement durations for both conditions were 
congruent. Furthermore, task difficulty not only affected movement durations of the 
actual performance, but similarly influenced imagined movement durations. As the 
combination of these results indicated that imagery of the motor task was similarly 
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affected by task constraints as the actual motor task, this led to the conclusion that the 
children in this study were able to use a motor imagery strategy to perform the task. 

Thus far, the mental chronometry paradigm was used only once to study motor 
imagery capacity in CP. Williams et al. (2012) reported that the movement durations of 
performed and imagined finger pointing movements were in line with Fitts’ law in both 
a control group and in a group of children with right-sided hemiplegic CP. For children 
with an affected left body side however, only actual performance was in line with Fitts’ 
Law. No lawful relationship between movement durations and task difficulty was found 
in the imagery condition. This indicates that these children did not use a motor imagery 
strategy to perform the imagery task. Note that Williams et al. (2012) reported an affected 
motor imagery capacity in left-sided hemiplegics (i.e., primarily right hemisphere 
damage), which is in contrast with earlier reported findings on the hand laterality task 
that motor imagery capacity is compromised in right-sided hemiplegics (Mutsaarts 
et al., 2007). According to Williams et al. these differences might be explained by the 
level of motor function of the participants. As the group of children with right-sided 
hemiplegia had better levels of motor function, compared to the included children with 
left-sided hemiplegia, the group difference in motor imagery performance might be 
attributed to function level, instead of affected side. 

Collectively, it is presently not clear whether participants with CP are indeed 
affected in their capacity to use motor imagery. We argue that the implicit nature of the 
hand laterality task may conceal the true motor imagery capacity in CP. Using a mental 
chronometry task, the present study assesses motor imagery in a more explicit manner. 
Furthermore, we use walking as experimental motor task, because this task is familiar 
and well practiced, compared to more artificial hand rotations. With this, we increase 
the ecological validity of the task, and the semantics of the context. In a similar vein, 
it was shown that adolescents with CP reveal more appropriate motor planning in a 
context that resembles an everyday life task (turning over a glass and pour water in it) 
compared to a more artificial experimental motor planning task (turning over a bar; 
Steenbergen, Meulenbroek, & Rosenbaum, 2004). Similar to previous studies using the 
mental chronometry paradigm in adults and children (e.g., Caeyenberghs, Tsoupas, et 
al., 2009; Decety et al., 1989) we manipulated task difficulty via variation of the index 
of difficulty (ID, determined by the combination of path length and path width). The 
previous studies showed a speed-accuracy trade-off (Fitts, 1954) in both imagined 
and exectued conditions, evidencing the use of motor imagery. In the present study 
we systematically manipulated the ID, under the assumption that motor imagery is 
used when movement durations in both conditions are similarly constrained by task 
difficulty. Furthermore, by using a range of IDs instead of only one combination of 
path length and path width, we obviate the use of alternative strategies in the imagery 
condition, such as counting. 
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Methods
Participants 

A total of 20 participants (16 male, mean age = 13, SD age = 3.55) diagnosed 
with CP were included in the study. The participants were recruited at two schools 
for special education in the Netherlands. Inclusion criteria to participate in the study 
were: 1) diagnosed with CP; 2) able to walk a distance of 5 meters. Informed consent 
was obtained from the parents. Of the participants, 5 were diagnosed with left-sided 
hemiplegic CP, 8 with right-sided hemiplegic CP, 5 participants were bilaterally affected 
and for 2 participants there was no known diagnosis which side of the body was primarily 
affected. All participants walked without assistive mobility devices, so they had a level 1 
or 2 score on the GFMSC. IQ scores were available from the individual medical records, 
except for two participants. Mean IQ scores (Wechsler Intelligence Scale for Children – 
Revised) were 76.6, SD = 13.6. The level of motor functioning was assessed by means 
of the scores on the Box and Blocks test (Mathiowetz et al., 1985). This test for manual 
dexterity was performed with the preferred hand (mean = 47.8, SD = 11.3) and the non-
preferred hand (mean = 30.6, SD = 17.9). 

Material and procedure
Motor imagery was measured by means of a mental chronometry paradigm 

involving walking, similar to the task described by Bakker, de Lange, Stevens, Toni and 
Bloem (2007). The walking trajectories were shown by lines on the floor. At the start, 
a line on the floor marked the beginning of the trajectory. The end of the trajectory 
was marked by a green finish square the participants had to step on. In the actual 
performance condition, a button was placed on a table next to the finish, at the side of 
the least affected hand of the participant, while the button was placed at the beginning 
of the trajectory during the imagery condition. 

Participants were first instructed to walk the trajectory at a comfortable pace. After 
a start signal was presented, they walked the trajectory, placing their feet within the 
lines. They pressed the button with the less affected hand when they arrived at the green 
square. Furthermore, participants were instructed to imagine themselves performing the 
same movement trajectory, while standing at the start position. They began imagining 
following the start signal and pressed the button when the imagined movement was 
completed, that is when they imaged that they arrived at the green square. Participants 
were instructed to imagine the movement from a first person perspective with their 
eyes open. In both conditions, movement duration was recorded as the time between 
the start signal and the button press. Six trajectories were used that differed in ID via 
variation of the width and length of the trajectory (Table 7.1). Each unique trajectory 
was performed three times, yielding a total of eighteen randomly ordered trials in both 
movement conditions for each participant. All participants first performed the executed 
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walking condition, followed by the imagined walking condition.

Data analyses
In two participants the movement duration of one trial was removed from the data, 

as these were regarded as outliers (movement duration > mean + 3*SD). All remaining 
movement durations were averaged per ID for each movement condition and each 
participant. To obtain insight into motor imagery capacity, temporal congruence 
between executed and imagined walking was considered. We specifically focused on 
the effects of task difficulty (represented by different IDs) on the executed and imagined 
movement durations (Fitts, 1954). ID is a function of target width (W) and target distance 
(A), via ID = log2(2*A/W). First, the effects of movement condition (2 levels) and ID (6 
levels) on mean movement durations were tested by means of a repeated measures 
analysis of variance (ANOVA). Subsequently, to determine the relation between the 
movement durations of executing and imagining the task, Pearson correlations were 
calculated. Correlations on both the group mean movement durations as well as on 
the individual movement durations (averaged per ID) of executed and imagined 
movements were calculated. Pearson correlations were also used to determine whether 
age, IQ and level of motor functioning were related to temporal congruence.

Table 7.1

The indexes of difficulty of the six walking trajectories, determined by path length and path width

Path length (cm) Path width (cm) Index of Difficulty 

225 60 2.91

375 60 3.64

225 30 3.91

375 30 4.64

300 20 4.91

500 20 5.64

Results
Table 7.2 indicates the results of the ANOVA of the movement duration data. 

Movement durations did not differ between the executed and imagined walking 
task. As expected, ID affected movement durations. Generally, the duration of the 
movements increased, when the difficulty of the walking trajectory was higher (Figure 
7.1). Importantly, no interaction between ID and movement condition (execution and 
imagining) was found. This is shown in Figure 7.1, as the increase of the movement 
durations with increasing IDs is similar among the executed and imagined conditions.
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Mean movement duration per ID for the executed walking correlated significantly 

with the mean duration per ID for the imagined walking condition (r = 0.926, p < 0.01) 
(Figure 7.2). Considering the relation between imagined and executed movement 
durations for individual participants, the correlations of 13 of 20 participants were 
significant. Individual correlations ranged from r = 0.43 to r = 0.97 (mean = 0.83, median 
= 0.89). Age, IQ and Bocks and Blocks did not significantly correlate with the correlation 
coefficient reflecting temporal congruence (Table 7.3).

Table 7.2

Statistical results of the effect of movement condition (execution;  imagining) and index of difficulty 

(ID) on movement duration

Effects F (df) p η2

Movement condition (1, 19) = 1.19 0.29 0.059

ID (5, 95) = 42.0 < 0.001 0.69

ID * Movement condition (5, 95) = 2.43 0.092 0.11

Figure 7.1. Mean movement duration over six indexes of difficulty for the imagery and execution 

condition (with vertical lines representing the SD).
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Discussion
In the present study we used a mental chronometry paradigm to examine the 

motor imagery capacity of individuals with CP. We hypothesized that, owing to the 
explicit nature of the familiar motor task (a walking task), participants were facilitated to 
use motor imagery to perform the task. In line with our expectation, it was found that 
the executed and imagined walking tasks were temporally congruent. First, the ANOVA 

Table 7.3

Correlations between the temporal congruence (correlation between executed and imagined 

movement durations) and age, IQ and Bocks and Blocks

r

Age 0.16

IQ 0.09

Box and Blocks, preferred hand 0.36

Box and Blocks, non-preferred hand 0.082

Note: None of the correlations were significant

Figure 7.2. Correlation between the mean movement durations of the executed condition and the 

imagined condition r = 0.926, p < 0.01. The bullets represent the six indexes of difficulty.
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showed an increase in movement durations as a function of ID, but no interaction with 
movement condition was found (Figure 7.1). Second, per ID, the mean movement 
duration in the executed walking correlated significantly with the mean duration in 
the imagined walking condition (Figure 7.2). Thus, importantly, task difficulty similarly 
affected movement durations in both the executed and imagined condition in such 
a way that a higher task difficulty resulted in increased movement durations. The 
combination of these findings indicates that in the present study, individuals with CP 
were able to use motor imagery in a walking task. These findings appear to be in contrast 
with earlier studies on motor imagery in individuals with CP. The results of these studies 
were equivocal, with some studies suggesting an ability to use motor imagery (e.g., 
Williams, Anderson, et al., 2011; Williams, Reid, et al., 2011), while other studies reported 
an impairment in the use of motor imagery in individuals with CP (e.g., Crajé, van Elk, et 
al., 2010; Williams et al., 2012). 

The two most commonly used paradigms to study motor imagery are the hand 
laterality task and the mental chronometry task. These tasks differ in the extent to 
which they address the implicit and explicit use of motor imagery. While we showed 
that the participants used motor imagery in the walking task, we did not compare 
the results to an implicit motor imagery task. In this respect, the studies of Williams 
et al. (Williams et al., 2012; Williams, Reid, et al., 2011) may shed light on the use of 
motor imagery performance among both paradigms (that is, hand laterality versus 
mental chronometry), as it was clear from the group characteristics of both studies 
that the same participant group was used. Overall, the effect of rotation angle and 
biomechanical constraints of the hand stimuli in the hand laterality task indicated the 
capacity of the group of individuals with CP to use motor imagery (Williams, Reid, et al., 
2011). Motor imagery performance did not differ between individuals with left or right 
unilateral damage. In contrast, applying a mental chronometry task of finger pointing 
in the same participants showed that participants with left-sided hemiplegia (right 
sided brain damage) did not use motor imagery, while the participants with right-sided 
hemiplegia did use motor imagery (Williams et al., 2012). In contrast to our argument, 
the comparison between both studies suggests that providing explicit task instructions 
(i.e., the mental chronometry task) does not facilitate the use of motor imagery, 
compared to the more implicit hand laterality task (Sirigu & Duhamel, 2001), as motor 
imagery capacity in CP was also shown in the latter task. Crucially, however, Williams, 
Reid et al. provided the participants with specific instructions in the hand laterality task, 
to imagine their own hand in the position of the displayed hand. Thus, the, in principle, 
implicit hand laterality task was made explicit. In line with our argument it is likely that 
this explicit instruction facilitated the use of motor imagery in the hand laterality task. 
The suggestion that motor imagery is only facilitated in the hand laterality task when 
explicit imagery instructions are provided is strengthened by previous studies using the 
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hand laterality task (Crajé, van Elk, et al., 2010; Mutsaarts et al., 2007). In these studies, 
participants were not specifically instructed to imagine their own hand and the use of 
motor imagery was not found. In conclusion, the equivocal findings on motor imagery 
capacity in CP thus far may be due to the paradigm used to assess this capacity.

Familiarity of the motor task (walking) and the explicit nature of the imagery 
instructions were shown to be crucial features to reveal the true motor imagery capacity 
in CP. These specific task aspects may also inform rehabilitation efforts using motor 
imagery training. This type of training was frequently shown to be effective in adults 
with acquired brain damage, such as stroke (Dickstein & Deutsch, 2007; Malouin & 
Richards, 2010). Although motor imagery training is theoretically a promising method 
to also improve motor performance in CP (Steenbergen et al., 2009), its efficacy still 
awaits empirical testing. For motor imagery training to be effective, young participants 
with CP need to have the capacity to use motor imagery. The results of the present study 
indicate that it is crucial to select an appropriate paradigm to assess motor imagery 
capacity and that a paradigm with explicit measures may be most suitable. Subsequent 
to establishing the capacity for motor imagery, the actual training may be informed by 
the present results as well. That is, explicit instructions may be a key factor for efficacy 
of such training. Traditionally, motor imagery training in patients with acquired brain 
damage (stroke) typically starts with relaxation exercises, followed by short sessions 
in which the participant is instructed to imagine certain movements or actions (e.g., 
Sharma et al., 2006). The efficacy of such an approach has been shown for stroke 
patients, but it can be questioned whether the protocols used for stroke patients are 
effective in young individuals with CP. More likely, they would benefit from a training 
incorporating more guided, or explicit, imagery instructions. One such approach was 
recently proposed by Sgandurra et al. (2011) and is called Action Observation Therapy. 
This therapy is based on mirror neurons. Conceptually, it can be argued that this therapy 
is not motor imagery per se, as it is not solely the imagery of actions, but rather the 
observations of actions. However, based on the results of the present study, it may be 
speculated that such a therapy may be more feasible to use in children, also because it 
does not require elaborate instructions as is the case with imagery training (Sharma et 
al., 2006). 

Finally, although it is known that the CP condition varies in severity and type of 
the motor impairment (unilateral versus bilateral) among individuals, we have treated 
participants in the present study as one group. As a group, these participants were 
able to use motor imagery and we further noted that for 13 of 20 participants the 
correlations between imagined and executed movement durations reached statistical 
levels of significance. Thus, individual differences are clearly present. Williams et al. 
(2012) showed that motor imagery performance might be related to the level of motor 
function, and for this reason we considered this factor as well. In the present task, 
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however, individual motor imagery performance was not related to the level of motor 
function. By the same token, motor imagery performance was not related to age or IQ of 
the individual participants. This first study on the use of mental chronometry of walking 
in CP was aimed at providing insight into the overall capacity to use motor imagery. 
Therefore, we did not focus specifically on relating differences in motor imagery 
performance between participants to, for example, differences in the affected side of 
the hemiparetic condition (left versus right body side, see Mutsaarts et al., 2007). It is 
evident that follow up studies are needed to examine the influence of individual factors 
on the capacity to use motor imagery.
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This thesis examined the early developmental trajectory of children’s motor imagery. 
Obtaining insights into the development of movement representations can facilitate 
our understanding of motor control processes that can be related to children’s motor 
development, such as motor planning (Jeannerod, 1994). Furthermore, these insights 
contribute to our understanding of the feasibility of implementing motor imagery 
training for rehabilitation purposes in children with motor disabilities (Steenbergen 
et al., 2013). To assess motor imagery in children, two commonly used motor imagery 
paradigms were employed in the present studies: hand laterality judgments (HLJ 
task) and mental chronometry. Throughout the thesis, it is emphasized that children 
can engage in alternative non-motor imagery strategies (such as performing an 
estimated guess) to perform the experimental tasks. Hence, the overall performance 
on the imagery tasks does not uniquely reflect motor imagery ability. It was therefore 
determined whether or not the children actually used motor imagery, by examining 
whether the performance on the experimental task was grounded in the motor system. 
For example, on the HLJ task engagement in motor imagery was indicated when 
biomechanical constraints of hand movements affected the task performance and on 
the mental chronometry tasks motor imagery use was reflected when task difficulty 
affected the imagery performance. In this final chapter, it is first discussed what we 
can learn from our observations on the two experimental tasks about children’s motor 
imagery engagement as a function of age. Additionally, the role of factors that might 
affect children’s engagement in motor imagery on the tasks is considered. Furthermore, 
I discuss how these observations reflect developmental changes in children’s ability 
to mentally represent movements and how this contributes to our understanding of 
motor control processes. Finally, the implications of our novel insights for implementing 
motor imagery training in pediatric rehabilitation are considered.

Age-related motor imagery use on imagery tasks in children  
Indications of motor imagery use for performing the HLJ task and mental chronometry tasks

In order to draw conclusions on the effect of age for using motor imagery on 
the experimental tasks, an overview of our observations on the two employed tasks 
is presented. First, our findings on the effects of age on the use of motor imagery for 
judging hand laterality are discussed, both for children who perform the task above 
chance and for children who do not perform the task above chance at 5 years of age. 
Second, the observed age effects on motor imagery use for performing the mental 
chronometry tasks are considered. 

Previous HLJ studies generally considered the separate effects of rotation angle 
and direction on response duration to examine the use of motor imagery. In contrast, 
we introduced a new method of analyzing the HLJ results that takes into account the 
cumulative effects of these factors on response duration and accuracy, and that allows 
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for determining age-related differences in the contribution of motor and non-motor 
imagery strategies for judging hand laterality. In line with previous HLJ studies (Funk et 
al., 2005; Krüger & Krist, 2009), we observed that children who accurately judged hand 
laterality were already engaged in motor imagery at age 5. In contrast to some cross-
sectional studies reporting age-related increases in the involvement of motor imagery 
on the HLJ task (Conson et al., 2012; Krüger & Krist, 2009; Toussaint et al., 2013) and other 
cross-sectional studies reporting that motor imagery involvement decreases with age 
(Funk et al., 2005; Sekiyama et al., 2014), our cross-sectional and longitudinal results 
do not provide evidence for either an increasing or decreasing involvement of motor 
imagery for judging hand laterality between 5 and 8 years of age. Instead, it seems that 
the contribution of motor imagery remains unchanged in this age range.

Importantly, however, this thesis extended previous studies by examining whether 
motor imagery was also involved when children did not perform above chance on the 
HLJ task at age 5 and whether or not improvements in task accuracy across age might be 
attributed to changes in the employment of imagery strategies. Consistent with what 
was observed for children performing above chance, the involvement of motor imagery 
was also found for 5-year-olds who did not perform above chance, as evidenced by 
an effect of biomechanical constraints on task accuracy. These novel insights provide 
evidence against the hypothesis that an inability to understand task instructions and/or 
an inability to access motor representations is responsible for inaccurate hand laterality 
judgments. Moreover, motor imagery engagement was not found to change across age. 
Taken together, motor imagery for hand laterality judgments emerges at or before the 
age of 5 and does not change up to age 8. 

The present cross-sectional mental chronometry studies found age-related 
differences in motor imagery indications (both for pointing and walking movements). 
This was evidenced by improved temporal congruence and compliance with Fitts’ 
law between 6 and 9 years of age (see also Caeyenberghs, Tsoupas, et al., 2009; 
Caeyenberghs, Wilson, et al., 2009; Smits-Engelsman & Wilson, 2012). Previous mental 
chronometry studies commonly included typically developing children as a control 
group for children with motor disorders and these studies were generally not aimed 
at scrutinizing the changes in the use of motor imagery as a function of age. Instead, 
the thesis examined whether or not the use of motor imagery on mental chronometry 
tasks differed across age. To this aim, it was assessed whether or not task performance 
of children in single age groups showed indications of motor imagery use (temporal 
congruence and compliance with Fitts’ law). For imagining a pointing movement, 
no evidence for the motor imagery strategy was found among 6-year-olds and only 
a small proportion of children were engaged in motor imagery at age 7 and 8. For 
mental chronometry of walking, a minority of 6-year-olds was already engaged in 
motor imagery and over half of the children was using motor imagery between 7 and 9 
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years of age. Taken together, our results imply that the use of motor imagery on mental 
chronometry tasks improved with age and that motor imagery for walking emerges 
before motor imagery for pointing, that is, at or before age 6. 

Taking the HLJ and mental chronometry observations together, what did we learn 
about the age-related contribution of motor imagery on the tasks? Studies using the 
HLJ task and the mental chronometry tasks reveal equivocal results on the age-related 
use of motor imagery. First, children were already engaged in motor imagery at 5 years 
of age for judging hand laterality, whereas children started using motor imagery at later 
age for performing mental chronometry (see also Caeyenberghs, Tsoupas, et al., 2009). 
This is evidenced by a lack of motor imagery use for imagining pointing movements 
in the majority of 6- to 8-year-old children. As the HLJ task performance was already 
grounded in motor processes at 5 years of age, it is unlikely that the lack of motor 
imagery engagement on mental chronometry tasks at age 6 to 8 can be attributed to 
an insufficient ability to mentally represent movements. Therefore, it can be concluded 
that the use of motor imagery on the imagery tasks is probably also influenced by 
other factors, such as distinct task characteristics. The contribution of other factors for 
performing imagery tasks is also evident from the observation that 5-year-old children 
who performed inaccurate hand laterality judgments did use motor imagery. This 
indicates that motor imagery is not the factor limiting successful HLJ task performance 
and consequently, other factors might hinder accurate performance on the HLJ task. 
Second, motor imagery use improved between 6 and 9 years of age on the mental 
chronometry tasks, whereas the use of motor imagery did not change between 5 and 
8 years of age on the HLJ task. Noteworthy, overall HLJ task performance did improve 
with age (more accurate and faster responses; see also Caeyenberghs, Tsoupas, et al., 
2009). This indicates that development of the use of motor imagery is not a necessary 
factor for task performance to develop. Other factors might impact the development 
of task performance to a greater extent. The next section addresses the question which 
factors can possibly affect the development on imagery tasks.

Factors that influence performance on imagery tasks
As described above, results on age-related use of motor imagery were equivocal 

between imagery tasks, such as earlier indications of motor imagery use on the HLJ task 
than on mental chronometry tasks. Distinct task characteristics of mental chronometry 
compared to the HLJ task might obstruct motor imagery use at young age. For instance, 
the nature of the task (either implicit or explicit) may affect the use of motor imagery. 
In the HLJ task, motor imagery is implicitly induced and explicit instructions for using 
motor imagery are typically lacking. In contrast, instructions are more explicit in mental 
chronometry tasks and make children more aware of the required imagery process 
(McAvinue & Robertson, 2008). It was previously shown that children’s implicit learning 
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(learning without awareness of what they are taught) is unaffected by age, whereas 
explicit learning (usually involving explicit instructions) improves with age (Meulemans 
et al., 1998; Vinter & Detable, 2008). Accordingly, young children might already be 
able to implicitly use motor imagery, while explicit instructions to use motor imagery 
might not facilitate its use at young age. Working memory capacity might underlie 
differences between the implicit HLJ task and explicit mental chronometry tasks. 
This can for instance be explained by the complexity of the instructions. Whereas the 
implicit HLJ task comprises a single instruction (i.e., “press the button at the hand side 
that corresponds with the presented hand picture”), the mental chronometry task 
comprises a set of multiple instructions about the starting position, the process of 
imagining the movement and the button press at the end of the imagery. These distinct 
task instructions place a high demand on working memory and call for a sufficiently 
large and durable working memory to process the multifaceted information (Duncan, 
Schramm, Thompson, & Dumontheil, 2012; Steenbergen, van der Kamp, Verneau, 
Jongbloed-Pereboom, & Masters, 2010). Indeed, working memory has been shown to 
only affect performance on a serial reaction time task when instructions were explicitly 
provided and not when the participants did not receive such explicit instructions 
(Unsworth & Engle, 2005). Insufficient working memory capacity until 6 years of age 
and gradual development of working memory thereafter (Kemps et al., 2000) might 
thus explain a lack of motor imagery use and developmental improvements on explicit 
imagery tasks (i.e., mental chronometry). It is an interesting focus for future studies 
to determine whether or not working memory indeed differently affects implicit and 
explicit motor imagery use. This is possible by examining whether working memory 
capacity only affects the use of motor imagery on the explicit mental chronometry tasks 
and not on the implicit HLJ task.

The use of motor imagery for performing mental chronometry tasks also seems to 
depend on the type of motor task that is used to assess motor imagery (Crognier et al., 
2013; Fusco et al., 2014; Kunz et al., 2009). Although performances on different motor 
tasks were not directly compared within a group of children, the identical methods to 
measure motor imagery ability allowed a comparison between the results of the group 
of children who performed the pointing task and the results of the group of children who 
performed the walking task. More distinct indications of motor imagery were observed 
for walking than for pointing, as evidenced by higher temporal congruence and a 
stronger effect of task difficulty on imagined movements. Furthermore, children started 
to use motor imagery at earlier age for walking than for pointing. In line with the above, 
imagining a pointing movement might be hindered because of the more explicit nature 
of the sequential pointing task compared to the walking task. Performing a sequence 
of pointing movements may require the children to adopt a more extensive mental 
rehearsal strategy than the more implicit single lane walking task. This would explain 
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why stronger indications of mentally representing walking movements were observed, 
compared to mentally representing pointing movements at young age. Furthermore, 
better motor imagery performance for walking might be attributed to the experience 
and familiarity with the motor task (Fusco et al., 2014; Williams, Cumming, & Edwards, 
2011). Motor experience leads to building and updating mental representations of 
movements (Wolpert, 1997), that are involved in motor imagery (Jeannerod, 2001). As 
children spend more time and are therefore more experienced with walking compared 
to sequential pointing towards targets, this may also explain why they have better 
motor imagery performance on the walking task.

Our novel HLJ task results on children who did not perform the HLJ task accurately 
at young age indicated that these children were actually engaged in motor imagery. It 
is therefore unlikely that task inaccuracy is caused by an inability to use motor imagery. 
This raises the question as to what factors hinder the accurate performance on the HLJ 
task. In a similar fashion, it remains unclear what factors contribute to improved HLJ task 
accuracy and speed across age, as the use of the motor imagery strategy did not display 
developmental changes. For instance cognitive abilities such as attention and working 
memory might be related to performance on the HLJ task. As was previously suggested 
by Schott (2012), mentally representing hand movements places large demands on 
attention and working memory, as this cognitive motor process involves the monitoring 
of action plans in working memory and motor inhibition of the action. Improvements 
in response accuracy and speed across age might therefore be attributed to developing 
attention and working memory processes during childhood (Breckenridge et al., 2013; 
Kemps et al., 2000). Furthermore, as we have shown that IQ was related to the accuracy 
with which children judge hand laterality, development towards more accurate HLJ task 
performance might also relate to improved cognitive abilities to follow task instructions 
and/or better discrimination between left and right. Last of all, inhibitory control 
might affect performance on imagery tasks, as the motor imagery process involves 
the inhibition of movement execution (Decety, 1996b). Indeed, we showed that the 
motor imagery performance on a mental chronometry pointing task was related to 
inhibitory control (see also Angelini et al., 2015; Guillot et al., 2012). The development of 
children’s inhibitory control (Ikeda et al., 2014) might therefore underlie developmental 
improvements on imagery tasks and might also explain why children’s ability to engage 
in motor imagery is hindered at young age. 

From the above, it can be concluded that the development on imagery tasks is 
not exclusively determined by the use of motor imagery, but it can also be facilitated 
or hindered by several other factors that are related to cognitive functioning. These 
factors may include task characteristics such as explicitness of instructions and the type 
of motor task, but also executive functions of the participants, such as inhibition and 
working memory, that are developing during childhood. A challenge remains to clarify 
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the exact role of these factors on developmental changes in children’s performance on 
imagery tasks.  

  
Children’s motor imagery development 

In order to determine motor imagery development in children, we performed 
several studies using two different motor imagery paradigms. In the above, the 
effect of age on children’s engagement in motor imagery on the experimental tasks 
is discussed. However, I argue that task performance does not uniquely reflect motor 
imagery ability, as other factors might also influence task development and age-related 
changes in motor imagery engagement. In the present section, it is discussed what can 
be concluded from our observations about the effect of age on the overall ability of 
children to mentally represent movements. Where possible, these conclusions are also 
linked to the developmental changes in motor processes that have previously been 
described to be associated with motor imagery, such as motor planning (Jeannerod, 
1994) and feedforward control (Wolpert, 1997).

Our observations on the HLJ tasks have provided clear indications that 5-year-old 
children were already engaged in motor imagery, even when the task was performed 
inaccurately. This leads to the conclusion that mental representations of movements 
are already formed and can be accessed (at least implicitly) at age 5. These findings 
are consistent with indications that children can already use motor planning (Weigelt 
& Schack, 2010) and feedforward control (De Ste Croix & Korff, 2012) around age 5. The 
thesis was focused on obtaining insight into the early emergence and development 
of children’s motor imagery ability. As we did not consider children that were younger 
than 5 years of age, it can only be concluded that children start to develop and/or access 
mental representations of movements at, or before 5 years of age.

Although accuracy and speed on the HLJ task improved across age, the engagement 
in motor imagery on the HLJ task did not develop between age 5 and 8. In contrast with 
previous studies showing improved ability to plan movements (Jongbloed-Pereboom, 
Nijhuis-van der Sanden, Saraber-Schiphorst, et al., 2013) and use feedforward control 
after 5 years of age (De Ste Croix & Korff, 2012), these results might imply that once 
children are able to mentally represent movements, this ability does not change 
between 5 and 8 years of age. However, it is discussed above that motor imagery use 
on the experimental tasks does not uniquely reflect motor imagery ability. Hence, we 
have to be cautious in drawing conclusions on the general ability of children to mentally 
represent actions from the present results. A challenge for the future is to examine the 
intricate relationship between cognitive factors and motor imagery development. At 
present, both are merely studied in isolation, but this thesis provides clear indications 
that elements of executive function (such as working memory and inhibition) impact 
on the capacity to enlist motor imagery. Distinguishing between the contribution of 
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these factors and the contribution of motor imagery ability on motor imagery task 
performance can facilitate our understanding of motor imagery development in 
children. Moreover, the challenge remains to develop a method for gaining insight into 
children’s motor imagery development by means of measures that provide a direct 
reflection of motor imagery ability. 

Practical implications for rehabilitation
Motor imagery is functionally equivalent to the planning and execution of a 

movement (Jeannerod & Decety, 1995) and stimulates the same neural networks that 
are involved in motor execution (Case et al., 2015). In addition to extensive research 
on the effect of motor imagery training on adult motor performance (for reviews, see 
Carrasco & Cantalapiedra, 2013; Dickstein & Deutsch, 2007), some first studies on motor 
imagery training effects were also conducted in typically developing children. These 
studies showed that explicitly instructed motor imagery training could promote the 
performance of finger opposition and throwing movements in typically developing 
children between 8 and 10 years of age (Asa et al., 2014; Doussoulin & Rehbein, 2011; 
Taktek et al., 2008). It has been suggested that motor imagery training is also a potential 
tool for improving motor performance in children with developmental motor disorders 
(Steenbergen et al., 2009). Indeed, a first study on the effects of mental imagery 
training on fine and gross motor skills in 7- to 12-year-old children with developmental 
coordination disorder (DCD) supports the potential for adding imagery training to 
conventional rehabilitation (Wilson et al., 2002), although the training comprised of a 
combination of motor imagery and action observation. Before including motor imagery 
training in pediatric rehabilitation programs, some insights are necessary to judge 
the feasibility of motor imagery training for children with motor disorders (see also 
Steenbergen et al., 2013). For instance, as engagement in motor imagery is a prerequisite 
for the effectiveness of motor imagery training, it is an important first step to establish 
whether or not children (with motor disabilities) are able to engage in motor imagery in 
the context of motor imagery training programs.

The present results provided indications that typically developing children are 
already able to access mental representations of movements in an implicit task at 5 years 
of age. However, previous studies suggested that motor imagery ability is diminished 
in children with motor disorders in comparison with a typically developing control 
group (e.g., Noten et al., 2014; Williams, Anderson, et al., 2011). This thesis therefore also 
considered whether or not individuals with cerebral palsy (CP) were able to engage in 
motor imagery. Mental chronometry of walking was used to examine motor imagery 
engagement of 7- to 19-year-old participants that were experienced in independent 
walking. As a group, the participants showed temporal congruence and similar effects of 
task difficulty on the actual and imagined durations, indicating the ability to engage in 
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motor imagery following explicit instructions. Noteworthy, we observed clear individual 
differences in the engagement in motor imagery that were not related to differences in 
age or IQ. A challenge thus remains to determine the factors that might have caused 
individual differences in motor imagery use in this heterogeneous group. Below, it is 
addressed how insights into the previously discussed task characteristics and personal 
factors that might impact upon motor imagery use, can be used for implementing 
motor imagery as a rehabilitation tool in children with motor disorders.

Children with motor disorders such as CP and DCD experience difficulties with 
motor behaviour to a varying degree. For instance, children with DCD might experience 
difficulties with everyday activities such as writing and sports due to poor fine and 
gross motor skills (Wilson & Larkin, 2008). Moreover, children with CP might even 
lack experiences of everyday activities such as walking, as their motor behaviour is 
compromised throughout their life as a result of early brain damage (Polatajko & 
Cantin, 2005). Experience with a movement is necessary to built and update movement 
representations (Wolpert, 1997) and is therefore a prerequisite for the effectiveness 
of motor imagery training (Fusco et al., 2014). Hence, it is unlikely that motor imagery 
training improves motor performance in children that have no experience with the 
movement that is targeted by the training (see also Mulder et al., 2004). Alternatively, 
rehabilitation programs are likely to be most effective when targeting movements that 
are compromised in children with motor disorders, but with which they have ample 
experience.

The effectiveness of motor imagery training is not only dependent on the type of 
motor task, but can also be affected by personal factors. Our observations for instance 
indicate that motor imagery engagement is related to inhibitory control (see also 
Angelini et al., 2015; Guillot et al., 2012). When children have insufficient control to inhibit 
motor output during mental rehearsal of a movement, this can obstruct their ability to 
engage in motor imagery and benefit from motor imagery training. As children with 
developmental motor disorders often also experience difficulties with inhibitory control 
(Christ, White, Brunstrom, & Abrams, 2003), it is particularly important to select children 
with sufficient inhibition for implementing motor imagery training as a rehabilitation 
tool. 

Children with motor disorders also often experience problems with working 
memory and particularly children with DCD have a high prevalence of attention 
disorders (Jenks, de Moor, & van Lieshout, 2009; Leonard, Bernardi, Hill, & Henry, 
2015; Lewis et al., 2008). It was discussed that working memory and attention might 
affect children’s ability to engage in motor imagery, especially when motor imagery 
instructions are explicitly provided. Motor imagery training might therefore only be 
feasible in children with sufficient working memory and attention processes, as training 
protocols most commonly employ explicit instructions (for a review, see Schuster et 
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al., 2011). Because it might be challenging to develop a motor imagery training that 
implicitly encourages children to mentally practice specific movements, children with 
insufficient working memory, attention and/or inhibitory control might alternatively 
benefit from probing the motor control system by means of observational learning 
(de Vries et al., 2013). Observational learning can be seen as a form of mental practice, 
in which neural networks in the brain that are involved in execution of movements 
are stimulated as a result of observation of movements (Filimon et al., 2007; Grezes 
& Decety, 2001). Previous studies have shown beneficial effects of action observation 
on motor performance (Buccino et al., 2012; Sgandurra et al., 2011). It is therefore an 
interesting challenge for future research to determine whether or not the integration 
of action observation and motor imagery (see Vogt et al., 2013) is a fruitful addition 
to conventional rehabilitation programs for children that experience difficulties with 
following explicit motor imagery instructions.

To conclude, our mental chronometry study of walking in individuals with CP 
has shown that approximately half of the individuals with CP were able to engage 
in motor imagery, and therefore met the pre-condition for motor imagery training 
to affect motor performance. However, careful consideration of the feasibility of 
motor imagery training in children with motor disorders is in place, as several factors, 
including motor experience, working memory, attention and inhibitory control might 
limit motor imagery engagement in these children. It is an interesting focus for future 
studies to examine the role of these factors on motor imagery engagement of children 
with motor disabilities, in order to select individuals who might benefit from motor 
imagery training as a tool for rehabilitation. The next step is to extend the previous 
mental training study of Wilson et al. (2002) by examining the effect of explicit motor 
imagery training on motor performance in children with motor disorders, such as CP 
and DCD. The implementation of motor imagery training is recommended to be tailor-
made to the personal characteristics of the child. For instance, matching the nature of 
task instructions (explicit vs. implicit) and the selection of motor tasks to the individual 
capacities and experiences of the child can optimize the training results.
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Samenvatting
Tijdens het levendig inbeelden van bewegingen (motorische inbeelding) worden 

bewegingen intern gesimuleerd, zonder dat ze daadwerkelijk worden uitgevoerd 
(Decety & Grezes, 1999; Jeannerod, 1994; Sharma et al., 2006). Motorische inbeelding 
is gerelateerd aan de activatie van mentale representaties van beweging en vertoont 
overlap met cognitieve processen die betrokken zijn bij het plannen en uitvoeren van 
beweging (Jeannerod, 1994). Empirisch bewijs voor deze overlap tussen motorische 
inbeelding en motor controle processen wordt onder andere geleverd door activiteit in 
overeenkomstige hersengebieden tijdens het uitvoeren en het inbeelden van beweging. 
Door de overeenkomst tussen het proces van plannen en controleren van beweging 
en het proces van inbeelden van beweging, heeft motorische inbeelding potentie als 
mentale training om beweging te verbeteren. Voor volwassenen is aangetoond dat 
motorische inbeeldingstraining als aanvulling op conventionele revalidatieprogramma’s 
ter verbetering van de motoriek effectief kan zijn, bijvoorbeeld na een beroerte (Carrasco 
& Cantalapiedra, 2013). Kinderen met motorische beperkingen kunnen mogelijk ook 
profiteren van motorische inbeeldingstraining als revalidatiemiddel. Aangezien het 
levendig kunnen inbeelden van beweging een voorwaarde is voor de effectiviteit van 
motorische inbeeldingstraining, is het essentieel om vast te stellen of kinderen in staat 
zijn om motorische inbeelding te gebruiken. De huidige thesis heeft tot doel om meer 
inzicht te krijgen in het ontwikkelingstraject van motorische inbeelding van kinderen en 
om te bepalen vanaf welke leeftijd kinderen motorische inbeelding kunnen gebruiken. 

Hoofdstuk 2 geeft een overzicht van de huidige kennis uit de literatuur over 
motorische inbeelding van kinderen zonder motorische problemen. Eerdere studies 
hebben hoofdzakelijk twee verschillende paradigma’s toegepast om motorische 
inbeelding te meten. In het ‘hand lateraliteit’-paradigma wordt een linker of rechter hand 
gepresenteerd in verschillende oriëntaties. Er wordt bestudeerd of kinderen motorische 
inbeelding gebruiken bij de beoordeling van de lateraliteit van de gepresenteerde 
hand. Wanneer biomechanische karakteristieken van daadwerkelijke handrotaties de 
beoordeling van de lateraliteit van de gepresenteerde hand beïnvloeden, is dit een 
indicatie van het gebruik van motorische inbeelding. Met het ‘mentale chronometrie’ 
paradigma wordt bepaald of de duur van daadwerkelijk uitgevoerde bewegingen en de 
duur van ingebeelde bewegingen overeen komen, ook wanneer de moeilijkheidsgraad 
van de taak wordt beïnvloed. Eerdere studies die het effect van leeftijd op motorische 
inbeelding van kinderen zonder motorische beperking onderzochten, hebben over het 
algemeen geresulteerd in indicaties van verbetering van motorische inbeelding tussen 
5 en 12 jaar oud, maar deze verbetering werd niet altijd gevonden in hand lateraliteit 
studies. Er zijn indicaties gevonden dat kinderen al vanaf 5 jaar motorische inbeelding 
gebruiken om de lateraliteit van handen te bepalen, hoewel mentale chronometrie 
studies vaak pas op latere leeftijd, vanaf ongeveer 10 jaar, indicaties van motorische 
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inbeelding vinden. Deze resultaten zijn gebaseerd op cross-sectionele studies, waarbij 
kinderen van verschillende leeftijden met elkaar worden vergeleken. Een longitudinale 
studie naar motorische inbeelding van kinderen is tot dusverre nog niet uitgevoerd. 

Hand lateraliteit beoordeling
Hoofdstuk 3 introduceert een innovatieve methode om te bepalen of kinderen 

tussen 5 en 8 jaar motorische inbeelding gebruiken om de lateraliteit van handen te 
beoordelen. In overeenstemming met eerdere studies is gevonden dat kinderen minder 
fouten maakten met toenemende leeftijd tussen 5 en 8 jaar. Ze werden ook sneller in 
de taak in deze leeftijdsrange. De studie toont aan dat kinderen die accuraat (boven 
kans) presteerden al vanaf 5 jaar motorische inbeelding gebruikten. Een opvallende 
bevinding is dat de motorische inbeelding die door de kinderen werd gebruikt om 
de lateraliteit te beoordelen niet verschilt over de leeftijd. Deze resultaten bieden een 
belangrijke indicatie dat verbetering van de algemene taakprestatie (accuratesse en 
snelheid) waarschijnlijk niet wordt veroorzaakt door veranderingen in het gebruik van 
motorische inbeelding. 

Bovenstaande cross-sectionele resultaten worden in hoofdstuk 4 gerepliceerd met 
een longitudinaal design, waarbij veranderingen tussen 5 en 7 jaar worden bestudeerd. 
In deze studie zijn niet alleen kinderen bestudeerd die de taak accuraat (boven kans) 
uitvoerden, maar is tevens onderzocht of kinderen die op 5-jarige leeftijd nog niet 
boven kans presteerden al wel motorische inbeelding gebruikten. In overeenstemming 
met de bevindingen uit hoofdstuk 3 gebruikten de kinderen al op 5-jarige leeftijd 
motorische inbeelding, zelfs wanneer de taak niet accuraat werd uitgevoerd. Het 
gebruik van motorische inbeelding blijkt dus niet de beperkende factor te zijn voor het 
accuraat uitvoeren van de taak. Daarnaast bevestigt de longitudinale studie dat er geen 
veranderingen optraden in het gebruik van motorische inbeelding tussen 5 en 7 jaar. 
Dit is niet alleen gevonden voor de kinderen die al op 5-jarige leeftijd accuraat (boven 
kans) presteerden, maar ook voor de kinderen die op 5-jarige leeftijd nog niet accuraat 
(op kans) presteerden. Hieruit blijkt dat de overgang van het onsuccesvol uitvoeren van 
de taak op jonge leeftijd, naar het succesvol uitvoeren van de taak op latere leeftijd niet 
kan worden verklaard door ontwikkeling van het gebruik van motorische inbeelding. 
Concluderend kunnen kinderen al vanaf 5 jaar motorische inbeelding gebruiken voor 
het beoordelen van hand lateraliteit. Hoewel kinderen sneller en accurater worden 
tussen 5 en 8 jaar, zijn er geen indicaties dat motorische inbeelding ontwikkelt in die 
leeftijdsrange.

Mentale chronometrie 
Hoofdstuk 5 beschrijft een cross-sectionele studie waarbij motorische inbeelding 

van 6-, 7-, en 8-jarige kinderen is bestudeerd door mentale chronometrie van een 
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conventionele wijstaak. De kinderen maakten wijsbewegingen naar vijf doelen en 
de moeilijkheid van de taak werd beïnvloed door variatie in de afstand tot het doel 
en de doelgrootte. De indicaties van het gebruik van motorische inbeelding werden 
sterker tussen 6- en 8-jarige leeftijd. Op 6-jarige leeftijd werden nog geen indicaties 
gevonden van het gebruik van motorische inbeelding, maar op 7- en 8-jarige leeftijd 
gebruikte de minderheid van de kinderen motorische inbeelding. Daarnaast is er een 
zwak verband gevonden tussen de prestatie op de mentale chronometrie taak en de 
mate van inhibitie. Dit kan worden verklaard door de rol van inhibitie tijdens motorische 
inbeelding, aangezien het daadwerkelijk uitvoeren van de beweging wordt geremd 
wanneer bewegingen mentaal worden gerepresenteerd. 

Eerdere studies vonden indicaties dat de prestatie op motorische inbeeldingstaken 
afhankelijk is van de taak waarmee het wordt gemeten. Ter aanvulling op de wijstaak 
chronometrie studie (hoofdstuk 5) presenteert hoofdstuk 6 een chronometrie studie 
waarin motorische inbeelding van 6- tot 9-jarige kinderen is onderzocht met een 
looptaak. In overeenstemming met de bevindingen op de wijstaak, worden de indicaties 
van het gebruik van motorische inbeelding op de looptaak sterker met de leeftijd. Op 
6-jarige leeftijd gebruikte al een klein deel van de kinderen motorische inbeelding 
voor het inbeelden van lopen, en vanaf 7 jaar al meer dan de helft van de kinderen. De 
sterkere indicaties voor het gebruik van motorische inbeelding voor lopen ten opzichte 
motorische inbeelding voor wijzen ondersteunt eerdere indicaties dat het gebruik van 
motorische inbeelding afhankelijk is van de motorische taak. Dit kan mogelijk verklaard 
worden door de ervaring die kinderen hebben met de beweging.

Deze thesis beschouwt mogelijkheden van motorische inbeeldingstraining voor 
revalidatie van kinderen met motorische beperkingen. Ter aanvulling op de studies 
naar motorische inbeelding van kinderen zonder motorische beperkingen, is in 
hoofdstuk 7 bestudeerd of kinderen en adolescenten met cerebrale parese (7 tot 19 
jaar) motorische inbeelding kunnen gebruiken. Dit is bestudeerd met chronometrie 
van lopen. De groepsresultaten geven indicaties dat kinderen en adolescenten met 
cerebrale parese motorische inbeelding kunnen gebruiken. Een belangrijke bevinding 
is dat niet voor alle individuen indicaties van motorische inbeelding zijn geobserveerd. 
Er is geen verband gevonden tussen enerzijds taakprestatie en anderzijds leeftijd en IQ. 
Voor vervolgonderzoek is het interessant om te bepalen welke factoren het gebruik van 
motorische inbeelding faciliteren of hinderen, zodat kan worden bepaald welke kinderen 
met motorische beperkingen kunnen profiteren van motorische inbeeldingstraining.

Tot slot
De resultaten uit deze thesis tonen aan dat kinderen op een impliciete hand 

lateraliteit taak al op 5-jarige leeftijd bewegingen mentaal kunnen representeren. 
In tegenstelling tot resultaten op de expliciete mentale chronometrie studies die 
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een ontwikkeling van het gebruik van motorische inbeelding aantonen, zijn er geen 
indicaties van ontwikkeling van motorische inbeelding gevonden in de hand lateraliteit 
studies. De discrepantie in resultaten op de verschillende inbeeldingstaken suggereert 
dat de taakprestatie niet alleen wordt bepaald door de mogelijkheid om bewegingen 
mentaal te kunnen representeren, maar dat andere factoren ook van invloed kunnen 
zijn (hoofdstuk 8). Mogelijke factoren zijn inhibitie, aandacht en werkgeheugen. 
Hoewel sommige kinderen met motorische beperkingen in staat zijn om motorische 
inbeelding te gebruiken, is een voorzichtige houding ten opzichte van het toepassen van 
motorische inbeeldingstraining als revalidatiemiddel voor kinderen op zijn plaats. Een 
belangrijke vervolgstap is het identificeren van factoren die het gebruik van motorische 
inbeelding faciliteren of hinderen. Deze factoren kunnen worden gebruikt om kinderen 
te selecteren die mogelijk kunnen profiteren van motorische inbeeldingstraining. 
Daarnaast is het vaststellen van deze factoren van belang voor het aanpassen van de 
training aan de persoonlijke situatie van de kinderen, bijvoorbeeld op instructieniveau 
en voor het selecteren van de beweging die getraind gaat worden. 
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te maken! Ik vond het erg wennen toen jullie zo lang weg waren, maar had gelukkig 
wel wat wijsheid van je gekregen: ‘Where ever you are, it is your friends that make your 
world’.

Mariek, ook wij hebben samen onvergetelijke avonturen beleefd in Florida, Leipzig, 
Hannover en op de Wadden. Al vanaf het Studiosi tijdperk hebben we aan een half 
woord genoeg om elkaar te begrijpen. Dank voor je bemoedigende woorden en het 
delen van ervaringen.

Natuurlijk wil ik mijn Spruijten en Blokken familie bedanken en dan in het bijzonder 
mijn taaie opa en oma, voor wie ik veel bewondering heb. Het is heel fijn om je altijd 
ergens thuis en geliefd te voelen. Ook ben ik blij met de familie die ik er drie jaar geleden 
bij heb gekregen. Ed, Marianne, Erwin en Tim, bedankt voor de spelletjes, lekker eten en  
de hartverwarmende manier waarop jullie mij deel van de familie maken.

Pap en mam, ik ben heel gelukkig met jullie als mijn ouders. Steun, gekkigheid, 
liefde, advies, knuffeltjes, ik kan het allemaal bij jullie vinden. Ik hou van jullie. Tinkie en 
Kevin, bedankt voor alle fijne momenten die we met elkaar delen. James, je liet even op 
je wachten, maar wat is het een feest sinds je er bent. Ik geniet van je, elke keer dat ik 
je zie.

Tot slot mijn allerliefste vriendje; wij zijn gestart met een eerste date in de 
Ardennen. Noorwegen, Maleisië, Duitsland, de VS en Indonesië volgden en we gaan 
samen nog veel mooie avonturen tegemoet. Waar de toekomst ons ook zal brengen, ik 
ben de gelukkigste omdat ik weet dat jij er altijd voor mij zal zijn. Lieve Mark, ik hou van 
jou. Bedankt voor alles.


