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Abstract

Using a longitudinal design, the present study examined developmental changes in the employment of (motor) imagery strategies on the hand laterality judgment (HLJ) task in children. All children (N = 23) participated three times, at ages of 5, 6, and 7 years. Error percentages and response
durations were compared to a priori defined sinusoid models, representing different strategies to
judge hand laterality. Response durations of correct and incorrect trials were included. Observed
data showed that task performance was affected by motor constraints, both in children who performed accurately at 5 years of age and in the children who did not. This is the first study to show
that 5-year-olds—even when not successful at the task—employ motor imagery when engaged
in this task. Importantly, although the children became faster and more accurate with age, no developmental changes in the employed motor imagery strategy were observed at ages of 5, 6, and
7 years. We found that 5-year-old children are able to use a motor imagery strategy to perform the
HLJ task. Although performance on this task improved with age, our analyses showed that the
employed strategy to solve this task remained invariant across age.
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INTRODUCTION
Motor imagery, or imagining performing a movement without any

& Steenbergen, 2015). As we have previously stated, motor imagery

overt motor behaviour, shares overlapping motor processes with the

development has not yet been studied using a longitudinal design that

actual execution of movements. As motor imagery comprises the

can reveal intraindividual changes over time (Spruijt, van der Kamp,

internal activation of a movement representation from a first-person

& Steenbergen, 2015). Such a design is, however, a critical initial step

perspective, it shares many aspects with the actual execution of move-

in capturing the dynamic processes of developmental change in mo-

ments (Decety & Grezes, 1999; Jeannerod, 1995). In the current study,

tor ability and cognition (Grammer, Coffman, Ornstein, & Morrison,

we examined developmental changes in children’s employment of

2013; Thelen & Smith, 1994; Wohlwill, 1970).

(motor) imagery strategies by testing them once a year for three con-

A commonly used paradigm to study motor imagery ability is the

secutive years. Thus far, motor imagery development has solely been

hand laterality judgment (HLJ) task. Within the HLJ task, participants

studied by examining interindividual age differences employing a
cross-sectional approach (e.g., Butson, Hyde, Steenbergen, & Williams,
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judge whether a picture of a hand displays a left or right hand. The

performance is subject to the same motor constraints as actual move-

combination of manipulating the angle of rotation (i.e., the degree to

ments (Parsons, 1987). Taken together, a comparison of the observed

which the hand picture is rotated away from the upright position) and

data with model-based predicted data enables us to disentangle the

the direction of rotation (i.e., away or towards the midline of the body)

combined effects of manipulating rotation angle and direction of rota-

defines the orientation of the hand stimulus. The angle of rotation

tion on task performance (see Table 1). Consequently, this allows us

can vary from 0° with the fingers pointing up to 180° with the fingers

to determine what strategy is employed by the participants (see also

pointing down; the direction of rotation can vary between 90° with the

Spruijt, Jongsma, et al., 2015).

fingers towards the midline of the body (medial orientation) and 270°

With respect to changes in children’s motor imagery as a function

with the fingers away from the body (lateral orientation, see Figure 1).

of age, previous cross-sectional studies using the HLJ task have shown

Other tasks and methods have been employed as well, for example,

equivocal results in children between 5 and 11 years of age. Krüger

mental chronometry tasks (Spruijt et al., 2013). In addition, neuroim-

and Krist (2009) and Toussaint, Tahej, Thibaut, Possamai, and Badets

aging research on both the HLJ task and mental chronometry tasks

(2013) argued that the HLJ task performance was more constrained by

has shed light on the involved neural substrates (for a comprehensive

motor characteristics for 7- versus 5-year-olds (Krüger & Krist, 2009)

review see Hétu et al., 2013). In addition, with respect to the HLJ task,

and for 8- versus 6-year-olds (Toussaint et al., 2013). These observa-

we found that particularly mu-desynchronisation (Ter Horst, van Lier,

tions indicate increased motor imagery ability from 5 to 8 years of age.

& Steenbergen, 2013), and the error-related negativity (Jongsma et al.,

Butson et al. (2014) also found age-related differences in motor image-

2013; Ter Horst, Jongsma, Janssen, van Lier, & Steenbergen, 2012) were

ry ability. However, their results do not suggest a consistent increase in

indicative of the use of motor imagery.

motor imagery across age, as the results of the 8-, 9-, and 11-year-olds

Participants can employ different (imagery) strategies to perform

did indicate the use of motor imagery, whereas the results of the 7- and

the HLJ task. For instance, participants can use motor imagery, in

10-year-olds did not. Moreover, in a recent cross-sectional study, we

which they judge hand laterality by mentally rotating their own hand

did not observe any age-related differences in the use of motor imagery

into the position of the displayed hand. As the imagined hand rotation

on the HLJ task between 5 and 8 years of age (Spruijt, Jongsma, et al.,

involves a motor representation of hand movements, the same motor

2015). A common facet of existing studies is the exclusion of erroneous

constraints that impact upon actual hand movements also affect the

responses and/or individual participants who do not perform the task

motor imagery performance (Lust, Geuze, Wijers, & Wilson, 2006;

sufficiently accurately (i.e., do perform at chance level). This is espe-

Parsons, 1987). Furthermore, participants can mentally rotate the dis-

cially evident in young children. As an illustration, Krüger and Krist

played hand like any other detached object to perform the HLJ task.

excluded 40% of the 5-year-olds, and Butson et al. even excluded all

This mental imagery strategy is not related to the motor system (i.e.,

children of 5 and 6 years, as 73% of these children did not identify hand

nonmotor imagery) and task performance is therefore not affected by

laterality above 50% accuracy. The ability of children to accurately judge

motor constraints (Steenbergen, van Nimwegen, & Crajé, 2007; Wilson

hand laterality increases with age; for example, at 7 years of age, only

et al., 2004). Alternatively, the HLJ task can be performed without sys-

17% of the children were not able to perform the task above chance

tematically adopting a mental imagery strategy. Instead, participants

levels in the study of Krüger and Krist. Importantly, however, with the

rely on an abstract rule or visual cue to judge the laterality of the

exclusion of inaccurately performing children and erroneous trials,

presented hands (as suggested by Ter Horst, van Lier, & Steenbergen,

it is likely that insights in the early development of (motor) imagery

2010). For example, for back view stimuli, if the thumb and index fin-

strategies are biased or overlooked. Specifically, the transition from not

ger can be shaped as a capital L, it is a left hand.

performing the task above chance to performing the task above chance

We have recently introduced a priori defined sinusoid models to

may indicate developmental changes in motor imagery that are poten-

determine what strategy participants employ to perform the HLJ task

tially overlooked if only participants that perform the task accurately

(Spruijt, Jongsma, et al., 2015). See also Table 1 for an overview. The

are included. So far, it remains unclear whether young children per-

first model predicts that task performance is not systematically affected

form the task inaccurately due to an inability to employ motor imagery

by manipulations of rotation angle and/or rotation direction, which is

or inaccuracy while employing motor imagery, or more generally to

the case when participants perform the HLJ task by means of an abstract rule. The second model predicts changes in task performance as
a function of rotation angle only. When participants mentally rotate
the displayed hand, the task performance decreases when the rotation
angle increases (Shepard & Metzler, 1971). This effect is independent of
whether the hand is rotated in the medial or lateral direction. The third
model predicts that the direction of rotation affects task performance,
suggesting that biomechanically “awkward” hand orientations (i.e.,
lateral orientations) result in diminished task performance compared
to more “comfortable” hand orientations (i.e., medial orientations).
This third model represents a motor imagery strategy, as the HLJ task

258

2017 • volume 13(3) • 257-266

Table 1.
Predictive Models to Determine the Employed Strategy
Model

Rotation
effect

Direction
effect

Sinusoid model

Strategy

H0
model

No

No

Amplitude
=0

No mental
imagery

H1
model

Yes

No

Phase shift
= 90o

Nonmotor
imagery

H2
model

Possible

Yes

Phase shift
> 90o and ≤ 180o

Motor
imagery
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an inability to understand the task instructions or other limitations in

explored whether children who are inaccurate at the task at 5 years

cognitive ability. Therefore, in addition to examining developmental

of age are engaged in motor imagery, via the examination of response

changes in the strategies employed by the children performing above

accuracy patterns. Furthermore, we explored whether developmental

chance, we also analysed imagery strategies of children that did not

changes in the employed strategies underlie anticipated improvements

perform above chance.

in overall HLJ task accuracy between 5 and 7 years of age (see Butson

Following the approach of our previous cross-sectional study

et al., 2014).

(Spruijt, Jongsma, et al., 2015), we determined the employed strategies
by examining the effects of task manipulations on response accuracy
and response duration patterns. An important difference to previous
work is that, in the current study, we employed a longitudinal design,
without excluding data from erroneous responses. With respect to erroneous responses, we predicted that similar effects of rotation angle
and/or rotation direction as commonly described for the response
durations can be observed. Hence, we hypothesized that young children are already able to engage in motor imagery. More specifically,
we expected that younger children are more likely to rely on a motor
imagery strategy to solve the task than alternative strategies, but that
other processes—such as the ability to correctly distinguish between
the abstract concepts of left and right and/or the ability to clearly
understand the task instruction—may have obscured this in previous
studies. For instance, when children cannot engage in motor imagery,
they will perform misguided or guess blindly, instead of attempting to
make genuine judgments of hand laterality. If this is the case, then the
amount of erroneous responses would not be systematically affected by
stimulus manipulations (H0). Alternatively, it might be that children
who do not perform above chance level employ a mental rotation strategy. If so, they were expected to produce more erroneous responses
on stimuli with larger rotation angles compared to smaller rotation
angles (effect of angle of rotation; H1). In line with this assumption,
if stimuli with lateral orientations result in more erroneous responses
than medial orientations (direction effect; H2), this would suggest a
motor imagery strategy.
In the present study, we aimed to determine early developmental
changes in the employment of (motor) imagery strategies on the HLJ
task, for children performing the task at chance and above chance at
5 years of age. We included children that were 5 years old and followed them longitudinally for three consecutive years to determine
whether and how the involvement of imagery strategies on the HLJ
task changes at 5, 6, and 7 years of age. This age range was shown to
be critical with respect to age-related differences in the ability to accurately perform the HLJ task and age-related differences in motor
imagery (e.g., Butson et al., 2014; Caeyenberghs, Tsoupas, et al., 2009;
Smits-Engelsman & Wilson, 2012), which can be related to the maturation of motor processes that are involved in motor imagery during
childhood (Caeyenberghs, Wilson, van Roon, Swinnen, & SmitsEngelsman, 2009). In line with our previous cross-sectional results
(Spruijt, Jongsma, et al., 2015), we expected that the response durations
of children performing the HLJ task above chance are affected by motor constraints (direction effect; H2) between 5 and 7 years of age. In
this group, we did not expect developmental changes in the use of the
motor imagery strategy. As we are the first to address motor imagery
ability in children who do not perform the HLJ task above chance, we
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Methods
Participants
A total of 23 typically developing, right-handed children participated
in the study (11 males). The participants were 5 years of age at the moment of the first measurement (mean age at first, second, and third
measurement was, respectively, 5.6, 6.6, and 7.6 years; SD = 0.249).
Children were recruited from primary schools in the Netherlands and
only one drop-out was reported. Children were tested at a quiet office
of their school. None of the children had a formal diagnosis of developmental coordination disorder (DCD) or attention deficit hyperactivity
disorder (ADHD), as was confirmed by their teacher. Handedness was
assessed with a test based on the Edinburgh Handedness Inventory
(Oldfield, 1971) that was specifically adapted for 5-7 year old children
(Geuze, Lust, & Bouma, 2009). Children were tested once a year (between mid-March and mid-April) for three consecutive years. Parents
provided written informed consent prior to the experiment. The study
was approved by the local ethics committee (ECG2012-2402-018). The
response duration data of the correct trials from the first measurement was already used in our previous cross-sectional study (Spruijt,
Jongsma, et al., 2015).

Material and Procedure
The experimental procedure is similar to the procedure described in
our previous study (for more details, see Spruijt, Jongsma, et al., 2015).
Children had to judge whether a picture, which was presented on a
computer screen, displayed a left or a right hand. After a white fixation
cross was presented, a picture of a hand was shown in the middle of the
screen. The child was instructed to press a button with the left hand for
a picture of the left hand, and with the right hand for a picture of the
right hand. The children were instructed to respond as fast as possible.
The picture disappeared after the response was given and the fixation
cross was shown until the next stimulus presentation. The children
were not allowed to make any hand and/or head rotations during the
laterality judgment and the hands were covered with a cloth to prevent
a direct visual comparison.
The stimuli were pictures of left and right hands, showing the palm
of the hand. The stimuli were presented in six different rotation angles:
0°, 60°, 120°, 180°, 240°, and 300° (see Figure 1). Each hand stimulus
was presented three times, resulting in 36 randomly ordered trials. Six
practice trials were performed before the start of the experiment. The
study employed a three-year longitudinal design during which the
participants were measured annually.
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Figure 1. Examples of hand stimuli. Hand stimuli consisted of left and

age could be described by the same parameters. This analysis was per-

right hands in the palm view, varying in rotation angle and direction

formed for Groups A and B separately.

of rotation.

Results

Data Analysis
A binomial distribution (p = .50 for each trial) was used to establish
whether or not the children performed the HLJ task above chance
level. Individual performance was significantly above chance level
when more than 23 out of 36 stimuli were correctly identified. Based
on the task accuracy at 5 years of age, we divided the children in two
groups; a group of children that was not able to perform the HLJ task
above chance level at 5 years of age (Group A) and a group of children
that was able to perform the HLJ task above chance level at 5 years of
age (Group B).
For the response durations, outlier trials (response duration less
than 250 ms or response duration greater than the mean response duration + 3 × SD) were excluded from further analyses (1.93% of the trials). Percentages of erroneous responses and response durations for left
and right hand stimuli were pooled and averaged across the repetitions
of each of the six rotation angles. To determine the strategy that participants of Groups A and B employed at each age, the averaged observed
data were compared to the hypothetical models (see Spruijt, Jongsma,
et al., 2015). Error and response duration data were analyzed separately.
Goodness of fit F-tests were used to model the distribution of the data
as a function of the rotation angle and the direction of rotation using
GraphPad Prism version 6.07 for Windows (GraphPad Software). It
was tested whether the amplitudes differed from 0 (H0; nonimagery
strategy) at each age. If H0 was rejected, it was tested whether the phase
shift was different from 90o or not (H1; phase shift = 90o, a nonmotor imagery strategy was employed) and whether the phase shift was
different from 180o or not (H2; phase shift > 90o and ≤ 180o, a motor
imagery strategy was employed). A Bonferroni correction was used
that resulted in an alpha level of p = .017 (three measurements).
To examine whether imagery strategies changed across age, F-tests
for goodness of fit (GraphPad Prism 6.07) were used to determine
whether the error and response duration data at 5, 6, and 7 years of

Response Accuracy
(Error Percentage)
Fifteen (8 male) out of 23 children did not perform the HLJ task above
chance at 5 years of age. These children were assigned to Group A (Mage
= 5.51; SD = 0.248). Only three of these children were not able to accurately perform the HLJ task at age 6 and one of them still did not perform above chance at 7 years of age. Group B (Mage = 5.76; SD = 0.171)
consisted of 8 children (3 male) that were already able to perform the
HLJ task above chance at 5 years of age. One of them did not perform
above chance at 6 and 7 years of age.
We described the variation in percentage of erroneous responses as
a function of rotation angle and direction in Groups A and B by means
of sinusoid curves and tested them to the three a priori defined sinusoid models that reflect the different strategies to perform the HLJ task.
The resulting parameters of the sinusoid curves are displayed in Table
2, and the curves are presented in Figure 2. For example, the error data
for Group A at 5 years of age could best be described by percentage
error = 16.5 × sin(angle−198) + 51.3.
The amplitudes of the sinusoid curves (see Table 2) were significantly larger than 0 for children of 5 and 6 years old, both for Groups
A and B (see Table 3; rejection of the H0 hypothesis), indicating
that the amount of errors varied as a function of rotation angle and/
or direction of rotation. The H0 hypothesis was not rejected for the
children at age 7, so the H1 and H2 hypotheses were not tested at this
age. However, at ages 5 and 6 for Group A and at age 5 for Group B,
the phase shift parameters (see Table 2) were significantly larger than
90o (reject the H1 hypothesis), but did not differ from 180o (consistent
with the H2 hypothesis; see Table 3). At these ages, response accuracy
was thus shown to be affected by motor constraints, as evidenced by
high numbers of errors for judging laterally rotated hands, compared
to fewer mistakes for judging medially rotated hands (see Figure 2).

Table 2.
Fitted Parameters on the Erroneous Response Data
for Group A and B
Group A

Group B

Amplitude

Phase
shift

Intercept

Amplitude

Phase
shift

Intercept

Age
5

16.5
(3.81)

198
(13.2)

51.3
(2.69)

9.55
(3.59)

199
(21.5)

14.2
(2.54)

Figure 1.

Age
6

16.1
(3.77)

167
(13.4)

21.5
(2.67)

13.0
(4.52)

226
(19.9)

14.2
(3.20)

Examples of hand stimuli. Hand stimuli consisted of left
and right hands in the palm view, varying in rotation angle
and direction of rotation.

Age
7

6.43
(2.91)

198
(26.0)

13.3
(2.06)

9.19
(4.55)

169
(28.4)

13.2
(3.22)
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n = 15

n=8

Figure 2.
Percentage of erroneous responses as a function of rotation angle. The solid lines represent the sinusoid curves through the
observed error percentages. The dotted lines were added to depict the sinusoid nature of the a priori defined models. For better visualization, the curves are transposed as indicated on the right y axis (5 years +100%; 6 years +50%; 7 years +0%). The data
points present the mean percentage of errors and the SE of the means per rotation angle. Grey areas represent laterally rotated
stimuli.
Table 3.
F-tests of Goodness of Fit for the Fitted Parameters on the Percentage of Errors
Fitted parameter
tested against

Group A

Group B

F
(1, 87)

p

η2

F
(1, 45)

p

η2

Amplitude ≈ 0

18.80

.0001*

.402

7.09

.011*

.202

Phase shift = 90

17.00

.0001*

.378

6.31

.016*

.184

Phase shift = 180

1.72

.193

.058

.76

.389

.026

Amplitude ≈ 0

18.20

.000*

.394

8.30

.006*

.229

Phase shift = 90

17.40

.000*

.383

3.99

.052

.125

Phase shift = 180

.87

.353

.030

4.31

.044

.134

Amplitude ≈ 0

4.88

.030

.148

3.90

.054

.122

Phase shift = 90

#

#

#

#

#

#

Phase shift = 180

#

#

#

#

#

#

Age 5

Age 6

Age 7

Note. * = significant (p < .017; Bonferroni corrected); # = phase shift of 90 and phase shift of 180 were not tested when the amplitude did not differ from 0.

Therefore, motor imagery employment was indicated in these children,

the average percentage of errors across age (i.e., from 51.3% at age 5

even when making incorrect judgments.

to 13.3% at age 7, see Table 2). For Group B, none of the parameters

To examine developmental changes in employed strategies, we

changed between ages 5, 6, and 7 (amplitude p = .77; phase shift p = .26;

tested whether the parameters of the sinusoid curves describing the

intercept p = .96) indicating that not only the employed strategies were

data changed across age. The amplitude (p = .07) and phase shift (p =

constant over age, but also the amount of errors (see Table 2).

.21) parameters did not change across age, indicating that the employed
strategy remained similar between 5 and 7 years of age. However, it was

Response Durations

found that the intercept parameters of Group A did change across age,

For each age separately, response duration data of Groups A and B were

F(2, 261) = 64.39, p < .0001, η = .404. This exemplifies a decrease in

fitted to a priori defined models that describe response duration pat-

2
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terns for different strategies. Table 4 presents the resulting fit equations

hands reached a maximum for laterally rotated hands (rotation angle

and Figure 3 presents the complementary curves that were fitted on the

of approximately 270o) and the durations are minimum for medially

response duration data for Groups A and B.

rotated hands (rotation angle of approximately 90o). These results thus

With the exception of the children in Group A at 5 years of age,

provide indications for the use of motor imagery.

the amplitude parameters (see Table 4) were significantly larger than 0

The amplitude parameters of Group A changed across age, F(2,

in both groups at all ages (see Table 4; rejection of the H0 hypothesis).

261) = 13.83, p < .0001, η2 = .429. However, the phase-shift parameters

Hence, except for children of Group A at 5 years of age, when they all

did not change across age (p = .97). Put differently, direction of rotation

performed inaccurately, response durations varied as a function of ro-

predominantly affected the response durations in all three age groups,

tation angle and/or direction of rotation (see Figure 3). The phase shift

but the degree to which the direction of rotation affected the response

parameters (see Table 4) were significantly larger than 90o (rejection

duration differed across age. The intercepts also changed with age, F(2,

of the H1 hypothesis), but they did not significantly differ from 180o

261) = 82.79, p < .0001, η2 = .422. Noteworthy, the response durations

(consistent with the H2 hypothesis; see Table 5). Figure 3 illustrates

did not display an ongoing decrease as a function of age, as durations

this effect of direction of rotation, as the response durations for judging

were shorter at age 5 than at age 6 (see Table 4 and Figure 3). For Group
B, the amplitude (p = .48) and phase shift (p = .77) parameters did not

Table 4.
Fitted Parameters on the Response Durations
of Group A and B
Group A

change between ages 5, 6, and 7, indicating that the employed strategies
were similar at these ages. The intercept changed with age, F(2, 135)
= 30.55, p < .0001, η2 = .426, indicating that the children did become
faster from 5 to 7 years of age (see Table 4 and Figure 3).

Group B

Amplitude

Phase
shift

Intercept

Amplitude

Phase
shift

Intercept

Age
5

199
(179)

118
(51.6)

3,070
(127)

790
(285)

174
(20.7)

3,820
(201)

Age
6

753
(165)

178
(12.6)

3,213
(117)

960
(192)

188
(11.5)

2,884
(136)

Age
7

475
(138)

185
(16.6)

2,990
(97.6)

605
(92.4)

181
(8.76)

2,222
(65.3)

Note. Standard Error (SE) in brackets.

Discussion
In the present study, we examined the development of motor imagery
strategies in the HLJ task in children in a longitudinal design by testing
them once a year for three consecutive years at the ages of 5, 6, and 7
years. Children that performed the HLJ task at chance have conventionally been excluded from further analyses in previous studies (Butson

n = 15

n=8

Figure 3.
Response duration as a function of rotation angle. The solid lines represent the sinusoid curves through the observed response
durations. The dotted lines were added to depict the sinusoid nature of the a priori defined models. For better visualization,
the curves are transposed as indicated on the right y axis (5 years + 2,000; 6 years + 1,000; 7 years +0). The data points present
the mean percentage of errors and the SE of the means per rotation angle. Grey areas represent laterally rotated stimuli.
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Table 5.
F-tests of Goodness of Fit for the Fitted Parameters on the Response Durations
Fitted parameter
tested against

Age 5

Group A
F
(1, 87)

p

Amplitude ≈ 0

1.22

Group B
η2

F
(1, 45)

p

η2

.273

.043

7.67

.008*

.354

Phase shift = 90

#

#

#

7.62

.008*

.353

Phase shift = 180

#

#

#

.07

.787

.005

Amplitude ≈ 0

20.80

.0001*

.426

25.00

.0001*

.641

Phase shift = 90

20.80

.0001*

.426

24.40

.0001*

.636

Phase shift = 180

.02

.887

.007

.53

.472

.036

Age 6

Amplitude ≈ 0

11.90

.001*

.298

43.00

.0001*

.754

Phase shift = 90

11.80

.001*

.296

42.80

.0001*

.754

Phase shift = 180

.08

.783

.003

.01

.950

.0003

Age 7

Note. * = significant (p < .017; Bonferroni corrected); # = phase shift of 90 and phase shift of 180 were not tested when the amplitude did not differ from 0.

et al., 2014; Funk, Brugger, & Wilkening, 2005; Krüger & Krist, 2009;

5 (Group A) showed significant improvements on task accuracy and

Spruijt, Jongsma, et al., 2015). However, exclusion of children who do

response speed between 5 and 7 years of age. Most of these children

not judge hand laterality above chance might obscure a deeper insight

underwent a transition from not performing the task above chance at

into early developmental changes in imagery strategies. Therefore, we

age 5 to performing the task above chance at the ages of 6 and 7.

included children that performed at chance on the HLJ task at 5 years

We first discuss developmental changes in employed imagery strat-

of age and examined the developmental changes in their performance,

egies for the children that were already accurate at age 5, that is, above

in addition to examining the children that did perform above chance

chance level (only one third of the children; Group B). It is important

at age 5. Since previous cross-sectional studies have not provided an

to note that for studying children who perform above chance, because

unequivocal description of employed motor imagery strategies across

of their low number of errors, response accuracy data reached a floor

age, we aimed at examining developmental changes in children’s motor

effect and were less meaningful in this group than the response speed

imagery strategies by using a longitudinal design over a period of three

data. Therefore, we focus on the response duration results in these

years. In what follows, we first discuss if overall HLJ task performance

children. The pattern of response durations was affected by motor

improved with age in terms of accuracy and response speed in both

constraints at age 5, 6, and 7, indicating that children employed mo-

groups. Second, we discuss whether the error patterns, and whether

tor imagery. Importantly, the amplitude and phase shift did not differ

the response duration patterns were random or whether they were

across age. In line with our previous cross-sectional study, these longi-

according to a priori defined sinusoid models that reflect imagery

tudinal results thus confirm that the employed motor imagery strategy

strategies (see also Spruijt, Jongsma, et al., 2015). This was examined

does not show developmental changes for children that accurately

both for the children performing at and above chance at age 5. Finally,

perform the HLJ task between 5 and 7 years of age (Spruijt, Jongsma,

we discuss whether developmental changes in employed strategies can

et al., 2015). These findings, however, diverge from previous studies

explain age-related improvements on the HLJ task performance.

that have shown age-related increases in motor imagery capability in

The overall HLJ task accuracy improved across age in children

children between 5 and 8 years of age (Krüger & Krist, 2009; Toussaint

from Group A but not Group B due to a floor effect with respect to

et al., 2013). Apart from the employed design (cross-sectional vs. lon-

the error percentage is the latter group. However, children in Group

gitudinal), variations in used stimulus sets might have contributed to

B, but not Group A, showed faster response times with age. These

different findings (among these are back and/or palm view stimuli and

complementary findings suggest that there was a difference in the

different angles of rotation). In the current study, we used palm view

response-accuracy trade-off between the two groups. The children that

hand pictures that are more difficult to judge compared to back view

were already able to accurately judge hand laterality at age 5 (Group

hand pictures (Ter Horst et al., 2010). In addition, we found that judg-

B) became faster at judging hand laterality across age, as evidenced by

ing back view hand pictures relies predominantly on visual recognition

developmental changes in the intercept of the sinusoid curves for the

instead of a motor imagery strategy (Ter Horst et al., 2010). Thus, we

response durations (see also, e.g., Caeyenberghs, Tsoupas, et al., 2009;

used palm view stimuli only in the current study, as we were interested

Spruijt, Jongsma, et al., 2015). Task accuracy, however, did not change

in the development of motor imagery capacity. A likely reason for the

across three consecutive years, as was illustrated by the consistently low

differences in study results is the analysis methods for determining the

percentage of errors at age 5, 6, and 7 (approximately 14%, see Table 3).

employed strategies based on the response duration and response ac-

In contrast, children who did not perform the task accurately at age

curacy data. Whereas most previous studies separately considered the
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effect of rotation angle and direction of rotations (e.g., Funk et al., 2005;

underwent a transition from not performing the task above chance at

Krüger & Krist, 2009; Toussaint et al., 2013), the current approach con-

age 5 towards performing the task above chance at age 6 and 7. Yet,

siders the cumulative effects of these factors (see also Spruijt, Jongsma,

we did not observe developmental changes in the strategy that the

et al., 2015).

children employed at age 5, 6, and 7. Above, we already discussed that

Previous HLJ task studies excluded children who performed at

response accuracy patterns indicated motor imagery involvement at

chance from further analyses, without discussing the underlying rea-

age 5. At age 6 and 7 (most children then performed above chance),

son for doing so (Butson et al., 2014; Funk et al., 2005; Krüger & Krist,

response durations were largest for stimuli in biomechanically awk-

2009; Spruijt, Jongsma, et al., 2015). The exclusion of these children

ward (lateral) rotations, indicating the use of motor imagery (see also

suggests that researchers (perhaps implicitly) interpreted this as a lack

Ter Horst et al., 2010). Furthermore, we found that the phase shifts

of ability to use motor imagery. As a critical extension of these studies,

for the sinusoid curves of Group A did not vary as a function of age,

we also examined the employed motor imagery strategies for children

neither for the error data nor for the response duration data. Hence, no

that did not perform above chance at 5 years of age. Before consider-

developmental changes in the employed motor imagery strategies were

ing developmental changes in imagery strategies in these children, we

observed between 5 and 7 years of age. Consequently, the observed

first address the question whether inaccurate performance on the HLJ

improvements in overall performance on the HLJ task (faster and more

task is indeed caused by an inability to employ motor imagery (see

accurate responses) in young children cannot be attributed to develop-

Deconinck, Spitaels, Fias, & Lenoir, 2009; Williams, Thomas, Maruff, &

mental changes in the employed motor imagery strategy to perform

Wilson, 2008). Alternatively, an inability to understand task instructions

the HLJ task. Instead, we argue that HLJ task improvements might be

or inaccuracy while employing motor imagery can underlie inaccurate

attributed to the development of cognitive abilities that can influence

HLJ task performance. In line with Butson et al. (2014), the majority of

HLJ task performance during childhood. As was already discussed, the

5-year-old participants did not perform above chance. It is important

process of mentally representing hand movements in order to judge

to note that for studying the employed strategies in children who did

hand laterality places large demands on children’s attention (Schott,

not perform above chance, the error data might be more reliable than

2012). HLJ task improvements between 5 and 7 years of age might

response duration data. That is, in line with the speed-accuracy trade-

therefore be linked to improvements in attention processes across age

off, the 5-year-olds who responded at chance (high numbers of errors;

(Breckenridge, Braddick, & Atkinson, 2013; Levy, 1980). In a similar

Group A) responded relatively fast in comparison with their peers who

fashion, as motor imagery involves activation of movement representa-

performed accurately (Group B; see Table 4 and Figure 3). Because

tions in working memory (Decety & Grezes, 1999; Munzert, Lorey, &

of these fast responses and concomitant low accuracy, we propose

Zentgraf, 2009), working memory capacity might affect HLJs (see also

that the error data are more representative of the employed imagery

Gabbard, Lee, & Cacola, 2013; Schott, 2012). Since working memory

strategies compared to the response duration data. It was found that

is developing during childhood (Kemps, De Rammelaere, & Desmet,

task accuracy, that is, the error pattern, was clearly affected by motor

2000), these developmental changes might underlie the improvements

constraints in children performing at chance at age 5. Hand stimuli

on the HLJ task between 5 and 7 years of age.

representing biomechanically less awkward (medial) rotations more

It is important to point out that the HLJ task is not the only para-

often led to correct responses than those with more awkward (lateral)

digm to study motor imagery. In fact, in our recent paper (Spruijt,

rotations, indicating the use of motor imagery (see also Ter Horst et al.,

Jongsma, et al., 2015) we have discussed the pros and cons of the dif-

2010). We can therefore reject the hypothesis that the children did not

ferent paradigms that are used to study motor imagery. Still, we used

understand the HLJ task, which would have resulted in blind guesses

the HLJ task for two obvious reasons. First, it is the most commonly

(i.e., no structure in the pattern of errors) to perform the task (see also

used paradigm in children allowing comparison among studies and,

Mutsaarts, Steenbergen, & Bekkering, 2007). It can thus be concluded

second, it is an implicit way to determine motor imagery, which is very

that even though children perform the HLJ task inaccurately at young

suitable for children.

age, they already have mental representations of hand movements and

To conclude, children’s HLJ task performance is affected by mo-

are able to access them for judging hand laterality. Hence, involvement

tor constraints at age 5. Motor representations that are involved in the

of motor imagery is not the rate limiter (the slowest developing factor

planning and feedforward control of movement (Jeannerod, 1994;

that affects how well an individual can exhibit a motor behaviour, see

Vogt, Rienzo, Collet, Collins, & Guillot, 2013; Wolpert, 1997) are thus

Thelen & Smith, 1994) for accurately performing HLJs. Alternatively,

formed and can already be accessed at 5 years of age. This accords well

more general cognitive abilities might hinder HLJ task performance

with previous indications that the majority of 5-year-old children are

(see Spruijt, Jongsma, et al., 2015). For instance, attention might be a

able to plan their movements (Weigelt & Schack, 2010), use feedfor-

rate limiter for the HLJ task at young age because judging hand lateral-

ward control (De Ste Croix & Korff, 2012), and the dual-action simula-

ity through the internal activation of mental representations of hand

tion account of imagery during observation (Eaves, Riach, Holmes, &

movements has been suggested to place large demands on children’s

Wright, 2016).

attention (Schott, 2012).

In order to examine the early development of motor imagery, we

Determining developmental changes in employed strategies is par-

extended previous studies by additionally examining the large propor-

ticularly of interest in children of Group A, as most of these children

tion of children that did not perform above chance level at the HLJ task
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at age 5. We observed that children were engaged in motor imagery

De Ste Croix, M., & Korff, T. (2012). Paediatric biomechanics and

to perform the HLJ task, even when this led to a high proportion of

motor control—Theory and application. London, England:

erroneous responses. We thereby demonstrate that motor imagery

Routledge.

ability is not the limiting factor for accurate HLJ task performance.

Eaves, D. L., Riach, M., Holmes, P. S., & Wright, D. J. (2016). Motor

Furthermore, the use of motor imagery to judge hand laterality did

imagery during action observation: A brief review of evi-

not change between ages 5 and 7 years, neither for the children who

dence, theory and future research opportunities. Frontiers in

performed consistently accurately (in accordance with our previous

Neuroscience, 10:514. doi: 10.3389/fnins.2016.00514

cross-sectional findings) nor for the children who were not accurate

Funk, M., Brugger, P., & Wilkening, F. (2005). Motor processes

at age 5. Consequently, it can be concluded that once children are able

in children’s imagery: The case of mental rotation of hands.

to activate movement representations, the use of this motor imagery

Developmental Science, 8, 402–408. doi: 10.1111/j.1467-7687

strategy for performing the HLJ task does not change across age. The

.2005.00428.x

improvements in accuracy and speed on the HJL task across age can

Gabbard, C., Lee, J., & Cacola, P. (2013). Role of working memory

therefore not be attributed to developmental changes in the use of

in transformation of visual and motor representations for use

motor imagery. Alternatively, the development of more general cogni-

in mental simulation. Cognitive Neuroscience, 4, 210–216. doi:

tive processes like working memory and attention might underlie the

10.1080/17588928.2013.820180

development of children’s HLJ task performance. Future studies should

Geuze, R. H., Lust, J. M., & Bouma, A. (2009). Een handvoorkeurst-

employ other paradigm tasks in order to evaluate whether the current

est voor kinderen van 5 tot 7 jaar [Hand preference test for 5 to

findings generalize to other measures of motor imagery.

7 year old children]. Tijdschrift voor Neuropsychologie, 1, 43-51.

These findings have implications for (clinical) practice as well. A

Grammer, J. K., Coffman, J. L., Ornstein, P. A., & Morrison, F. J. (2013).

feature of the present study is the individual variation among children

Change over time: Conducting longitudinal studies of children’s

to enlist motor imagery. Future work, building on the method that is

cognitive development. Journal of Cognition and Development,

presented here, may help to identify children that are able to use motor

14, 515–528. doi: 10.1080/15248372.2013.833925

imagery, and are therefore eligible for interventions based on motor
imagery (Wilson et al., 2016). These interventions have shown to be
effective and become increasingly used in (clinical) practice.

GraphPad Prism (Version 6.07) [Computer software]. La Jolla, CA:
GraphPad Software.
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