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Children with Cerebral Palsy can
Imagine actions like their
normally developed peers
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The present study aimed at assessing whether children with Cerebral Palsy (CP)
can imagine object directed actions similarly to their normally developed peers.
We asked children with CP (n = 12) and paired healthy controls (n = 12) to
imagine in first person perspective eight daily actions, after observing them
through videoclips presented on a computer screen. During motor imagery
(MI) children were interrupted at a specific timepoint (e.g., at 2.5s) from
the start. Two frames extracted from the videoclips were then presented on
the screen. One of the two depicted the correct timepoint at which the
imagined action was interrupted, while the other represented an earlier or
later timepoint. Children had to respond by pressing the key associated to the
correct frame. Children also underwent VMIQ-2 questionnaire. Both groups
performed similarly in the questionnaire and in the requested task, where
they showed the same error rate. Errors mainly concerned the later frame,
suggesting a similar strategy to solve the task in the two groups. The results
support the view that children with CP can imagine actions similarly to their
normally developed peers. This encourages the use of Ml as a rehabilitative
tool in children with motor impairment.

KEYWORDS

motor imagery, Cerebral Palsy, action observation treatment, neurorehabilitation,
action re-enactment

Introduction

Motor imagery (MI) defines the capacity of an individual to “mentally rehearse
simple or complex motor acts that are not accompanied by overt body movements” (1).
It represents the voluntary effort of an individual to imagine himself/herself (1st person
perspective) executing a specific action (2). MI should be disentangled from visual
imagery that refers to the capacity to visually represent an action, by producing visual
representation of the moving limb, in which case the individual is a spectator of the action
(3rd person perspective). There is a general agreement that during MI, individuals recruit
the same neural structures involved in the actual execution of the imagined actions [for
pivotal studies see (3, 4); for review see (1, 5)]. A special point of interest is that, at least in
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adults, the time course of the imagined action follow that
of the executed action [(6); for a review see (7)]. The same
neural structures involved in the execution and imagination
of actions are also recruited when other cognitive aspects of
action, like action-observation and understanding, come into
play and even when processing language describing those same
actions [see for review (8-10)]. These neural structures involved
in action execution as well as motor cognition (motor imagery,
action observation and understanding as well as processing
action related language) include frontal and parietal areas strictly
interconnected (11).

The substantial motor equivalence between MI and action
execution raises the issue whether patients with lesions affecting
the neural structures normally involved in action execution can
imagine actions or MI is equally impaired as the execution.
In adults, pivotal studies (12-14) showed that a lesion in the
neural circuits involved in action execution also affect MI. In
keeping with these results obtained in adults, earlier studies
concerning children with Cerebral Palsy (CP) showed that these
children seem to have difficulties in imagining actions (15-17).
However, more recent studies (18, 19) provided with different
results, generally suggesting that children with CP can have
a preserved capacity to imagine actions. More in details, the
first study (18) stressed individual differences especially present
in children with CP, when compared with normally developed
children, thus highlighting that MI deficits are not universally
observed in this population. The second study (19) showed
that children with CP showed a general preserved capacity to
imagine actions, although they committed more errors than
normally developed children. The authors suggested that this
can be related to differences in actual performance and working
memory capacity between the two groups.

As a whole, it is still a matter of debate whether children
with CP are able to imagine actions as their normally developed
peers [see for review, (20)]. This raises the problem of using
MI as a rehabilitative tool both in adults and children. In this
respect there are several studies that have demonstrated the
effectiveness of MI in the rehabilitation of different neurological
diseases including stroke (21), Parkinson’s disease (22), Multiple
Sclerosis (23), and also in children with CP (24-26). However,
in the light of the substantial overlap of the neural substrates
subserving MI and actual action execution, the use of MI
as a rehabilitation strategy for motor recovery has been
questioned (27).

Given these contrasting results, the aim of the present study
was to assess whether children with CP maintain the capacity
to imagine actions and hence, at what extent, MI can be used
for the recovery of motor impairment in childhood. For this
purpose, we compared, in a case-control study, children with
CP with their normally developed peers. At difference from
previous studies, we assessed MI capacity by means a more
ecological approach. To this aim, we used a novel task where we
asked children in both groups to observe a goal directed action.
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We assessed their capacity to imagine themselves performing
the seen action focusing, not only on the goal, but also on
the temporal aspect (i.e., the time course) and duration of the
action itself. Note that we did not ask for response times, but
we only checked (see below Section Methods) for the correct
mental execution of the task. Besides this novel approach that
provided us a more objective index of the actual MI capacity
by participants, we also collected the subjective description
of children’s capacity to imagine actions by means a well-
established MI questionnaire.

Methods
Study design and ethics

A case-control study was conducted. Recruitment criteria
and methodological procedures were approved by the Ethics
Committee of the University Hospital of Brescia (Approval
Number: 4014). The present study was conducted in accordance
with the ethical standards of the
committee and with the 1964 Helsinki Declaration and its

institutional research

later amendments.

Participants

All children referred to the Unit of Child Neurology and
Psychiatry at ASST Civil Hospital of Brescia with a diagnosis
of CP from March 2020 to December 2021 were eligible.
Inclusion criteria were the presence of CP confirmed by
neuroimaging [computed tomography (CT) and/or magnetic
resonance imaging (MRI)], Intelligence Quotient > 70, age
between 7 and 12 years. Exclusion criteria were the presence
of major visual and/or auditory deficits and drug treatment
affecting the central nervous system. A total of 12 children
(mean age 9.9 years, SD 1.67; 7 males, 5 females) met the
inclusion/exclusion criteria and were enrolled. Five children
had unilateral and 7 bilateral spastic CP. Three participants
had left-sided hemiplegia, 2 right-sided hemiplegia, and 7 had
diplegia. Full details of all enrolled children are shown in Table 1.
Before entering the study, the parents of each child gave written
informed consent. Twelve healthy children, matched by age, sex
and school level, were also recruited as a control group (mean
age 9.5 years, SD 1.62; 7 males, 5 females).

Apparatus, stimuli, and procedure
The experiment took place in a dimly lighted room of the
U.0O. of Childhood and Adolescent Neuropsychiatry of Brescia,

adequately prepared to make the children feel at ease. The room
was free of elements that, possibly being in the field of vision
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TABLE 1 Demographic data, clinical features, and radiological findings in participants.

Patient no.  Sex (M/F) GA Age CP type, Motor abnormalities: GMECS/ Associated FIQ/VIQ/  Radiological findings (brain MRI)
(weeks)  (years, Hagberg nature and typology MACS/ impairments PIQ
months) CFECS
1 M 415 10.8 Left Unilateral spastic hypertonia 1/2/1 V: CVL H: no; LD: 91/92/108 Right periventricular cystic leukomalacia,
hemiplegia no; E: no with triventricular hydrocephalus
2 F 335 7.9 Left Unilateral spastic hypertonia 1/2/1 V: no; H:no; LD: no; 93/110/76 Right ischemic frontoparietal malacic area
Hemiplegia E: yes with focal cortical atrophy, ipsilateral
ventricular dilatation and right cerebral
peduncle hypotrophy (Wallerian
degeneration). Signal T2 and FLAIR
hyperintensity in the right striatum and
thalamus
3 F 335 11 Diplegia Bilateral spastic hypertonia 2/11 V: CVL H: no; LD: 89/102/91 Periventricular leukomalacia, corpus
no; E: no callosum hypoplasia
4 M 39 7.2 Right Unilateral spastic-dystonic 1/2/1 V: CVL H: no; LD: 95/106/89 Internal capsule and corona radiata white
hemiplegia hypertonia no; E: no matter involvement; left cerebral peduncle
hypotrophy
5 M 32 12.8 Diplegia Bilateral spastic hypertonia 1/1/1 V: no; H: no; LD: 137/140/132 Periventricular leukomalacia, corpus
no; E: no callosum hypoplasia
6 F 27 113 Diplegia Bilateral spastic hypertonia 2/1/1 V: yes; H: no LD: 115/117/109 White matter hyperintensity of the temporal
no, E: no horn
7 M 31 10.7 Diplegia Bilateral spastic hypertonia 3/2/1 V: CVL H: no; LD: 101/116/91 Periventricular leukomalacia, corpus
no; E: no callosum hypotrophy.
8 M 40 9.9 Left Unilateral spastic hypertonia 1/1/1 V: no; H: no; LD: 79/96/78 Right peri ventricular porencephaly; internal
hemiplegia yes; E: yes capsule and right cerebral peduncle
hypotrophy (Wallerian degeneration).
9 M 29 9.3 Diplegia Bilateral spastic-dystonic 2/1/1 V: no; H: no; LD: 121/114/129 Mild ventricular asymmetry (right > left)
hypertonia no; E: no
10 M 34.4 7.6 Diplegia Bilateral spastic hypertonia 1/2/1 V: yes; H: no; LD: 133/148/122 Periventricular cystic leukomalacia
no; E: no
11 F 32 10.5 Right Unilateral spastic hypertonia 1/2/1 V: CVL; H: no; LD: 84/96/89 Left putamen, corona radiata and nucleus
hemiplegia no; E: no. caudate malacic areas with gliosis
12 F 41.4 10.11 Diplegia Bilateral spastic hypertonia 2/1/2 V: no; H: no; LD; E: Leiter-R 73 Right fronto-parietal, left occipito-parietal

yes

malacic area with gliosis, extended into the
left caudate nucleus; enlargement of the left

ventricle

M, male; F, female; GA, gestational age; CP, cerebral palsy; GMFCS, Gross Motor Function Classification System; MACS, Manual Ability Classification System; CFCS, Communication Function Classification System; V; vision; CVI, cerebral visual
impairment; H, hearing; M/A, memory and attention; LD, learning disabilities (North American usage; mental retardation); E, epilepsy; FIQ, full Intelligence Quotient; VIQ, Verbal Intelligence Quotient; PIQ, Performance Intelligence Quotient; MRI,

magnetic resonance imaging.
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TABLE 2 List of actions presented through video clips and seen by
children in the Ml task.

Action

Grab and move a soft toy from right to left and vice versa
Open a jar

Take the chocolate bar and bring it to your mouth

Put on the line the LEGO-type bricks

Stack the LEGO-type bricks

Draw a semicircle on the sheet

Play with the ball by moving it from left to right and vice versa

Drive a toy car along the route

of the child while he/she was observing the monitor, could
distract her/him.

During the experiment, the child was sitting in front of a
computer screen, on which the stimuli and the instructions were
presented. Stimuli were short videoclips lasting 4's, in which an
actor performed common daily actions with different objects.
Daily actions were chosen among those children are familiar
with. Descriptions of the videoclips are reported in Table 2.

To provide their responses, children had to press one of
two keys on the computer keyboard (“Q” and “Page Up”). The
keys were colored in yellow and red, respectively. Keys were
symmetrically placed with respect to the children’s body midline.

The experimental task was implemented using PsychoPy 3.0
(28). A practice phase, in which children were trained to perform
the task at their best, consisted in 10 practice trials that were
not included in the experimental phase and were not analyzed
further. An experimental trial started when the child pressed the
spacebar. An animated percussion tambourine that rhythmically
beat 4 shots (1 at s) appeared on the screen in order to give
an auditory and mental timing and prepare the child for the
clip. A 4-s clip sequence appeared on the screen where an actor
performed one of the chosen daily actions. Following the clip, a
cartoon of a little dog appeared on the screen which, bringing
its paws to its eyes, invited the child to close his/her eyes, too.
An auditory signal (Start signal) indicated to the child to start
to imagine the previously seen action respecting the temporal
features of it. It is worth stressing that, we required participants
to imagine actions in first person perspective (i.e., participants
had to imagine themselves performing the action). During
motor imagery, a second auditory signal (different from the
previous one, Stop signal) was presented at different randomized
time intervals (1.5, 2, 2.5, 3, and 3.5s). This second auditory
signal indicated the moment in which children had to stop to
imagine the seen action and re-open their eyes. Following the
Stop signal, two pictures depicting two frames of the previously
seen action appeared on the monitor. One of these corresponded
to the exact moment in which the action was interrupted,
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the other depicted a moment 750 ms earlier or later than the
exact one (see Figure 1).

The child was asked to choose the picture representing the
exact moment when the action was interrupted by pressing
one of two colored buttons on the keyboard. We also
counterbalanced the position of the correct picture representing
the exact moment in which the action was interrupted,
presenting it on the screen either on the left or on the right.
As a whole, children performed 160 trials obtained from the
combination of the 8 actions, x 5 different randomized time
intervals at which the action could be interrupted, x 2 frames
that could be either earlier or later than the exact one, X
2 positions of the correct frame. In order to avoid possible
mental fatigue, the task was set to allow children to have a rest
whenever they wanted or needed at the end of each trial during
the experiment.

All children enrolled also underwent the two scales of the
Vividness of Movement Imagery Questionnaire-2 [VMIQ-2;
(29)] aimed at assessing their self-reported capacity to imagine
actions. In Scale 1 (EVI scale, External imagery) children are
requested to imagine themselves performing an action from
a third-person perspective; in Scale 2 (KIN scale, Kinesthetic
imagery) they are requested to imagine themselves performing
an action from a first-person perspective.

Analyses

Data analysis has been performed using R 4.0.4. Children’s
error rate in the task was recorded and analyzed. We considered
errors the choice of the frame that did not depict the exact
moment in which the imagined action had been stopped. We
excluded from the analysis practice trials. Two participants
(one in the control group and one in CP group) have
been excluded from analysis since they did not complete
the task.

Given the design of the experiment (multiple observation
for participants and stimuli) and the characteristic of
the distribution of the errors (binomial distribution), we
modeled the data using a multilevel logistic regression. The
selection of the model that best expresses the plausibility
of our data with respect to the wvariables considered
was made taking into account the Bayesian index [BIC,
(30)]. The choice to use the Bayesian model lies in the
fact that this predicts with equal probability the a-priori
likelihood of the null hypothesis (H0) and of the alternative
hypothesis (H1).

The uncertainty of the model has been evaluated through
Bayes weights, which can be considered analogous to an
estimate of the probability that a given model is the best
model that yields the data. Therefore, if a model is associated
with a Bayes weight >0.95, it is considered the only valid
data model. If no model reaches this criterion, all models

frontiersin.org


https://doi.org/10.3389/fneur.2022.951152
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Galli et al.

are ranked from the best to the bottom, proceed along
the list until the cumulative weight of Bayes exceeds 0.95
and the rest is rejected. This defines a “confidence set”
of 95% models (31), meaning we can be 95% sure that
one of the models in the set is the best approximation to
the data.

The full model has been implemented with Group (with
2 levels: Cerebral Palsy vs. Control) as a between-participant
factor, and Time-point (i.e., if the alternative response to
the correct one was a frame depicting a time point that
preceded or followed the correct one, 2 levels: earlier
vs. later) and Stop Time (i.e., after how long the sound
signal that interrupts the imagination is presented to the
participant; 5 levels: 1.5, 2, 2.5, 3, and 3.5s) as within-
participant factors. Participants were set as random effect. Model
selection was performed using dredge() function of MuMIn
package (32).

We further investigated the capacity to imagine actions in
both groups using the VMIQ-2. Questionnaire scores has been
analyzed running a between groups ¢-tests (Control vs. CP) for
both scales of the questionnaire.

Results

Results showed that the best model that yields our data is the
model including the factor Time-point (BIC = 4,534.1, Bayes
weight = 1). Interestingly, no difference between group has
emerged: both groups make the same rate of errors as shown in
Figure 2A. Furthermore, this similar pattern is replicated even if
we explore the interaction between Group and Time-point (see
Figure 2B), confirming the result of the model selection.

Results of the VMIQ-2 did not show any significant
differences between groups [Scale 1—EVI: t( 1991y = 0.14,
p = 0.89; Scale 2—KIN: £} 19.91) = 0.35, p = 0.73], confirming
that both healthy children and children with CP can image
the actions described in the questionnaire in both scales
(EVIL: Mcp = 3.90, SD = 0.46; Moniro] = 3-89, SE = 0.45; KIN:
Mp = 3.95, SD = 0.32; Mgnirol = 401, SD = 0.34).

Discussion

The present results support the notion that children with CP
can imagine actions similarly to their typically developed peers.
Overall, both groups showed no differences in the capacity to
imagine actions as revealed by the VMIQ-2 questionnaire. Even
more interesting is the evidence that children in the two groups
obtained the same results in the novel MI task we delivered and
shared the same strategy to solve it. In details, children with CP
and their peers made the same number of errors. These mostly
occurred when children had to judge the picture depicting the
later frame. There were less errors when they had to judge the
earlier frame. In other words, in both groups the timing of the
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Until participants Press the
press the spacebar
spacebar
Hear the 4
4 seconds seconds
countdown
See the 4
4 seconds seconds
videoclip
4 seconds Eloseggn
eyes
500 ms Start to
imagine
Variable times Imagine
500 ms ‘ ))) .Stop.to
imagine
Until response M‘*h “*
v Response
FIGURE 1
Experimental procedure. In the left column, the time of each
event is reported. In the middle column, a pictorial example of
the events is depicted. In the right column, the action requested
by participants to provide their responses is reported.

imagined actions was faster than the timing of the seen action.
These findings strongly suggest that, while imagining actions,
both groups were strictly anchored to the goal of the action,
so that they tended to anticipate the final part of it (i.e., hand-
object interactions) and the imagined action resulted globally
faster than the observed counterpart.

The present findings seem to be in contrast with those of
previous studies showing that children with CP are not able to
imagine like their peers. Following these studies, children with
CP show the same behavior of adults with impairment of the
motor system [see for example (12-14)].

Indeed, it is rather difficult to offer a clear-cut explanation
for the present results. In our view, they may have two, not-
mutually exclusive, explanations. The first one is related to
the task required by participants. In previous studies, MI was
assessed by means of rotational tasks and questionnaires [e.g.,
(15, 33)]. Rotational tasks seem to assess, not only MI, but
also other cognitive domains as spatial perspective taking, visual
imagery and the process of object-related features. However,
using a rotational task, two very recent studies, reported results
in keeping with the present ones (18, 19). It is worth noting that,
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0.5

Error Rate

0.1

0.0

Control cp

FIGURE 2

standard error of means. Individual data are also shown.

In both panels it is reported the Error rate index calculated as follows: Incorrect response/(Correct response + Incorrect response). In (A) mean
Error rate is reported as a function of group. In (B) mean Error rate is reported as a function of time-point and group. Error bar referred to the

0.8

Early Late

these studies used response times to assess MI ability, while in
our task we focused on the capacity of children to follow, during
M, the exact time course of the actions shown in the videoclip.
This in the attempt to limit the influence of other cognitive
processes potentially affecting the response times and error rate,
as suggested by Souto et al. (19).

The second explanation could be related to differences
in the way through which adults and children compensate
motor impairment. In adults a lesion focusing on neural
structures subserving motor functions can affect the capacity
to imagine actions (12), to understand actions (14) and to
process language related action (34). There is some evidence
that this is not the case in children. For example, in an
objective task involving imagination of walking in children with
CP (35), authors did not find any difference in the duration
of actual walking and imagined walking. This suggests that
children with CP were able to use MI in an explicit task
and that this kind of task may reveal the actual capacity to
imagine actions.

In keeping with this, in children with CP, during a MI
task in 1st person perspective, in an fMRI study it was
found the activation of fronto-parietal areas known to be
involved in action execution, with a slight left hemisphere
prevalence (25). In a similar vein the same areas are shown
to be involved also in action observation [(36), see also (37)].
Action observation treatment has been shown to be effective
in the recovery of upper limb motor impairment in children
with CP (38-40). Furthermore, following a rehabilitation
training with action observation, treated children showed
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activation of fronto-parietal areas stronger than controls (41).
It is worth stressing that all these findings point to a
reenactment of fronto-parietal areas during motor imagery
and action observation and understanding, thus supporting
the notion that in children with CP a substantial overlap
between areas normally involved in action execution and
cognitive aspects of actions is still preserved, despite any
potential impairment in motor execution. In a developmental
perspective, these findings are in keeping with the results
obtained in adults with congenitally absent or shortened
upper limbs [e.g., (42)]. Even though, they had no (or
very limited) capacity to execute upper limb actions, these
individuals could understand and memorize upper limb
actions as typically developed individuals do. The authors
interpreted their results in favor of the notion that action
understanding/processing is independent of action execution
or motor experience, and, as a consequence, that the first task
is disentangled from the second because it does not require
the integrity of the neural structures sub-serving the second
one (42).

The present findings obtained in children with CP and
the results of studies in adults with congenitally absent or
shortened upper limbs seem to suggest that when motor
impairment (whatever the underlying disease or cause) occurs
at an early stage in the development, individuals may
preserve the capacity to build up an internal representation
of actions based on the observation of actions performed
by other people, by listening to the sounds of actions
and finally by verbally describing them, in such a way
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that the motor equivalence between action execution and
the processing of actions is preserved. In our view, all
these data, rather than supporting the dissociation between
action execution and motor imagery, action observation,
action understanding and the understanding of action related
language, should open the way to studies aimed at assessing
the mechanisms of neural plasticity occurring at an early
developmental stage.

The results of the present study are also relevant for the
rehabilitation of children with CP for at least two reasons:
first, by showing that children with CP are able to imagine
actions in a manner similar to their healthy peers, these
findings support the view that MI can be exploited as a
rehabilitative strategy for the recovery of motor functions in
these children; second, if one assumes that action observation
and recognition, motor imagery and processing action related
words share common neural mechanisms and possibly neural
substrates (8, 9), then the present findings support the notion
that the internal representation of actions is well preserved in
children with CP, despite their impairment in motor execution.
This evidence may further prompt the use of healthy models
during action observation and motor imagery training, rather
than models tailored to the kind of motor impairment evident
during action execution (39, 43). Future studies should define
how motor imagery and action observation can be used in a
complementary way to provide the best practice for children or
which subgroups of patients may better benefit from one or the
other approach.

Despite the present findings seem to be relevant from a
theoretical point of view, as well as for its clinical implications,
some limitations should be underlined. Our sample was
rather small and, indeed, future studies should aim at
enlarging the number of children recruited and assessing
the reliability of the task we proposed. Moreover, as for
other studies of similar kind, our inclusion criteria were
rather stringent and limited participation to children with
CP who were not cognitively impaired. For this reason,
the results of the study and the interpretation we forward
of the findings can be generalized to children with CP
who present with no or minor cognitive impairment

and are potentially compliant with the requests of
the task.
References

1. Jeannerod M. The representing brain: neural correlates of motor intention and
imagery. Behav Brain Sci. (1994) 17:187-245. doi: 10.1017/S0140525X00034026

2. Buccino G, Riggio L. The role of the mirror neuron system in motor learning.
Kinesiology. (2006) 38:5-15.

3. Decety J, Perani D, Jeannerod M, Bettinardi V, Tadary B, Woods R, et al.
Mapping motor representations with positron emission tomography. Nature.
(1994) 371:600-2. doi: 10.1038/371600a0

Frontiersin Neurology

07

10.3389/fneur.2022.951152

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by Ethics Committee of the University Hospital of
Brescia. Written informed consent to participate in this study
was provided by the participants’ legal guardian/next of kin.

Author contributions

JG:
methodology, and writing—original draft. GG: data curation,

project administration, resources, supervision,
formal analysis, methodology, visualization, software, and
writing—original draft. SB, EL, GP, and AR: data curation,
resources, and investigation. EF: project administration,
supervision, writing—original draft, and writing—review and
editing. GB: conceptualization, methodology, supervision,
writing—original draft, and writing—review and editing.
All authors contributed to the article and approved the

submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. Stephan KM, Fink GR, Passingham RE, Silbersweig D,
Ceballos-Baumann AO, Frith CD, et al. Functional anatomy of the
mental representation of upper extremity movements in healthy
subjects. ]  Neurophysiol. ~ (1995)  73:373-86.  doi:  10.1152/jn.1995.
73.1.373

5. Jeannerod M. Neural simulation of action: a unifying mechanism
for motor cognition. Neuroimage. (2001) 14:103-9. doi: 10.1006/nimg.20
01.0832

frontiersin.org


https://doi.org/10.3389/fneur.2022.951152
https://doi.org/10.1017/S0140525X00034026
https://doi.org/10.1038/371600a0
https://doi.org/10.1152/jn.1995.73.1.373
https://doi.org/10.1006/nimg.2001.0832
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Galli et al.

6. Holmes PS, Collins DJ. The PETTLEP approach to motor imagery: a
functional equivalence model for sport psychologists. ] Appl Sport Psychol. (2001)
13:60-83. doi: 10.1080/10413200109339004

7. Guillot A, Hoyek N, Louis M, Collet C. Understanding the timing of motor
imagery: recent findings and future directions. Int Rev Sport Exerc Psychol. (2012)
5:3-22. doi: 10.1080/1750984X.2011.623787

8. Hardwick RM, Caspers S, Eickhoft SB, Swinnen SP. Neural correlates of
action: comparing meta-analyses of imagery, observation, and execution. Neurosci
Biobehav Rev. (2018) 94:31-44. doi: 10.1016/j.neubiorev.2018.08.003

9. Buccino G, Colageé I, Gobbi N, Bonaccorso G. Grounding meaning in
experience: a broad perspective on embodied language. Neurosci Biobehav Rev.
(2016) 69:69-78. doi: 10.1016/j.neubiorev.2016.07.033

10. Rizzolatti G, Craighero L. The mirror-neuron system. Annu Rev Neurosci.
(2004) 27:169-92. doi: 10.1146/annurev.neuro.27.070203.144230

11. Borra E, Luppino G. Large-scale temporo-parieto-frontal networks for
motor and cognitive motor functions in the primate brain. Cortex. (2019) 118:19-
37. doi: 10.1016/j.cortex.2018.09.024

12. Sirigu A, Cohen L, Duhamel JR, Pillon B, Dubois B, Agid Y, et al. Congruent
unilateral impairments for real and imagined hand movements. Neuroreport.
(1995) 6:12. doi: 10.1097/00001756-199505090-00012

13. Filippi MM, Oliveri M, Pasqualetti P, Cicinelli P, Traversa R, Vernieri F
et al. Effects of motor imagery on motor cortical output topography in Parkinson’s
disease. Neurology. (2001) 57:55 LP—61. doi: 10.1212/WNL.57.1.55

14. Tremblay F, Léonard G, Tremblay L. Corticomotor facilitation associated
with observation and imagery of hand actions is impaired in Parkinson’s disease.
Exp Brain Res. (2008) 185:249-57. doi: 10.1007/s00221-007-1150-6

15. Jongsma MLA, Baas CM, Sangen AFM, Aarts PBM, van der Lubbe RH]J,
Meulenbroek RG], et al. Children with unilateral cerebral palsy show diminished
implicit motor imagery with the affected hand. Dev Med Child Neurol. (2016)
58:277-84. doi: 10.1111/dmcn.12819

16. Steenbergen B, Jongbloed-Pereboom M, Spruijt S, Gordon AM. Impaired
motor planning and motor imagery in children with unilateral spastic cerebral
palsy: challenges for the future of pediatric rehabilitation. Dev Med Child Neurol.
(2013) 55(Suppl. 4):43-6. doi: 10.1111/dmen.12306

17. Crajé C, van Elk M, Beeren M, van Schie HT, Bekkering H, Steenbergen
B. Compromised motor planning and Motor Imagery in right Hemiparetic
Cerebral Palsy. Res Dev Disabil. (2010) 31:1313-22. doi: 10.1016/j.ridd.2010.
07.010

18. Williams J, Fuelscher I, Hyde C. Motor imagery in congenital
hemiplegia: impairments are not universal. Res Dev Disabil. (2021) 114:103991.
doi: 10.1016/j.ridd.2021.103991

19. Souto DO, Cruz TKE Fontes PLB, Haase VG. Motor imagery in children
with unilateral cerebral palsy: a case-control study. Dev Med Child Neurol. (2020)
62:1396-405. doi: 10.1111/dmcn.14672

20. Behrendt F, Zumbrunnen V, Brem L, Suica Z, Gaumann S, Ziller C, et al.
Effect of motor imagery training on motor learning in children and adolescents: a
systematic review and meta-analysis. Int ] Environ Res Public Health. (2021) 18:467.
doi: 10.3390/ijerph18189467

21. Zimmermann-Schlatter A, Schuster C, Puhan MA, Siekierka E, Steurer J.
Efficacy of motor imagery in post-stroke rehabilitation: a systematic review. J
Neuroeng Rehabil. (2008) 5:8. doi: 10.1186/1743-0003-5-8

22. Abbruzzese G, Avanzino L, Marchese R, Pelosin E. Action observation
and motor imagery: innovative cognitive tools in the rehabilitation of
Parkinson’s disease. Parkinsons Dis. (2015) 2015:124214. doi: 10.1155/2015/
124214

23. Gil-Bermejo-Bernardez-zerpa A, Moral-Munoz JA, Lucena-Anton D, Luque-
Moreno C. Effectiveness of motor imagery on motor recovery in patients with
multiple sclerosis: systematic review. Int J Environ Res Public Health. (2021)
18:1-15. doi: 10.3390/ijerph18020498

24. Souto DO, Cruz TKEF, Coutinho K, Julio-Costa A, Fontes PLB, Haase
VG. Effect of motor imagery combined with physical practice on upper limb
rehabilitation in children with hemiplegic cerebral palsy. NeuroRehabilitation.
(2020) 46:53-63. doi: 10.3233/NRE-192931

Frontiersin Neurology

08

10.3389/fneur.2022.951152

25. Chinier E, N'Guyen S, Lignon G, Minassian A Ter, Richard I, Dinomais M.
Effect of motor imagery in children with unilateral cerebral palsy: fMRI study. PLoS
ONE. (2014) 9:93378. doi: 10.1371/journal.pone.0093378

26. Gozagan Karabulut D, Tiitiin Ytiimin E, Oztiirk Y. The effect of motor imagery
training on individuals with unilateral cerebral palsy on motor imagery ability,
functional mobility and muscle activity. Somatosens Mot Res. (2022) 39:62-9.
doi: 10.1080/08990220.2021.1997983

27. McInnes K, Friesen C, Boe S. Specific brain lesions impair explicit motor
imagery ability: a systematic review of the evidence. Arch Phys Med Rehabil. (2016)
97:478-89.el. doi: 10.1016/j.apmr.2015.07.012

28. Peirce J, Gray JR, Simpson S, MacAskill M, Hochenberger R, Sogo H,
et al. PsychoPy2: experiments in behavior made easy. Behav Res Methods. (2019)
51:195-203. doi: 10.3758/s13428-018-01193-y

29. Roberts R, Callow N, Hardy L, Markland D, Bringer J. Movement imagery
ability: development and assessment of a revised version of the vividness of
movement imagery questionnaire. J Sport Exerc Psychol. (2008) 30:200-21.
doi: 10.1123/jsep.30.2.200

30. Wagenmakers EJ. A practical solution to the pervasive problems of p values.
Psychon Bull Rev. (2007) 14:779-804. doi: 10.3758/BF03194105

31. Beier P, Burnham KP, Anderson DR. Model selection and inference:
a practical information-theoretic approach. J Wildlife Manag. (2001) 65:606.
doi: 10.2307/3803117

32. Bartonn K. Package “MuMIn”. Version 1.46.0 (2022). Available online at:
http://mumin.r-forge.r- project.org/MuMIn- manual.pdf

33. Lust JM, Wilson PH, Steenbergen B. Motor imagery difficulties in children
with Cerebral Palsy: a specific or general deficit? Res Dev Disabil. (2016) 57:102-11.
doi: 10.1016/.ridd.2016.06.010

34. Buccino G, Dalla Volta R, Arabia G, Morelli M, Chiriaco C, Lupo A, et al.
Processing graspable object images and their nouns is impaired in Parkinson’s
disease patients. Cortex. (2018) 100:32-9. doi: 10.1016/j.cortex.2017.03.009

35. Spruijt S, Jouen E Molina M, Kudlinski C, Guilbert ], Steenbergen B.
Assessment of motor imagery in cerebral palsy via mental chronometry: the case
of walking. Res Dev Disabil. (2013) 34:4154-60. doi: 10.1016/j.ridd.2013.08.044

36. Dinomais M, Lignon G, Chinier E, Richard I, Ter Minassian A, Tich SNGT.
Effect of observation of simple hand movement on brain activations in patients
with unilateral cerebral palsy: an fMRI study. Res Dev Disabil. (2013) 34:1928-37.
doi: 10.1016/j.ridd.2013.03.020

37. Bassolino M, Sandini G, Pozzo T. Activating the motor system through action
observation: is this an efficient approach in adults and children? Dev Med Child
Neurol. (2015) 57:42-5. doi: 10.1111/dmcn.12686

38. Buccino G, Arisi D, Gough P, Aprile D, Ferri C, Serotti L, et al. Improving
upper limb motor functions through action observation treatment: a pilot
study in children with cerebral palsy. Dev Med Child Neurol. (2012) 54:822-8.
doi: 10.1111/§.1469-8749.2012.04334.x

39. Sgandurra G, Ferrari A, Cossu G, Guzzetta A, Fogassi L, Cioni G.
Randomized trial of observation and execution of upper extremity actions versus
action alone in children with unilateral cerebral palsy. Neurorehabil Neural Repair.
(2013) 27:808-15. doi: 10.1177/1545968313497101

40. Molinaro A, Micheletti S, Pagani F Garofalo G, Galli ], Rossi A,
et al. Action Observation Treatment in a tele-rehabilitation setting: a pilot
study in children with cerebral palsy. Disabil Rehabil. (2022) 44:1107-2.
doi: 10.1080/09638288.2020.1793009

41. Buccino G, Molinaro A, Ambrosi C, Arisi D, Mascaro L, Pinardi C, et al.
Action observation treatment improves upper limb motor functions in children
with cerebral palsy: a combined clinical and brain imaging study. Neural Plast.
(2018) 2018:1-11. doi: 10.1155/2018/4843985

42. Vannuscorps G, Caramazza A. Typical action perception and interpretation
without motor simulation. Proc Natl Acad Sci U S A. (2016) 113:86-91.
doi: 10.1073/pnas.1516978112

43. Errante A, Di Cesare G, Pinardi C, Fasano E Sghednni S, Costi S, et al.
Mirror neuron system activation in children with unilateral cerebral palsy during
observation of actions performed by a pathological model. Neurorehabil Neural
Repair. (2019) 33:419-31. doi: 10.1177/1545968319847964

frontiersin.org


https://doi.org/10.3389/fneur.2022.951152
https://doi.org/10.1080/10413200109339004
https://doi.org/10.1080/1750984X.2011.623787
https://doi.org/10.1016/j.neubiorev.2018.08.003
https://doi.org/10.1016/j.neubiorev.2016.07.033
https://doi.org/10.1146/annurev.neuro.27.070203.144230
https://doi.org/10.1016/j.cortex.2018.09.024
https://doi.org/10.1097/00001756-199505090-00012
https://doi.org/10.1212/WNL.57.1.55
https://doi.org/10.1007/s00221-007-1150-6
https://doi.org/10.1111/dmcn.12819
https://doi.org/10.1111/dmcn.12306
https://doi.org/10.1016/j.ridd.2010.07.010
https://doi.org/10.1016/j.ridd.2021.103991
https://doi.org/10.1111/dmcn.14672
https://doi.org/10.3390/ijerph18189467
https://doi.org/10.1186/1743-0003-5-8
https://doi.org/10.1155/2015/124214
https://doi.org/10.3390/ijerph18020498
https://doi.org/10.3233/NRE-192931
https://doi.org/10.1371/journal.pone.0093378
https://doi.org/10.1080/08990220.2021.1997983
https://doi.org/10.1016/j.apmr.2015.07.012
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.1123/jsep.30.2.200
https://doi.org/10.3758/BF03194105
https://doi.org/10.2307/3803117
http://mumin.r-forge.r-project.org/MuMIn-manual.pdf
https://doi.org/10.1016/j.ridd.2016.06.010
https://doi.org/10.1016/j.cortex.2017.03.009
https://doi.org/10.1016/j.ridd.2013.08.044
https://doi.org/10.1016/j.ridd.2013.03.020
https://doi.org/10.1111/dmcn.12686
https://doi.org/10.1111/j.1469-8749.2012.04334.x
https://doi.org/10.1177/1545968313497101
https://doi.org/10.1080/09638288.2020.1793009
https://doi.org/10.1155/2018/4843985
https://doi.org/10.1073/pnas.1516978112
https://doi.org/10.1177/1545968319847964
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Children with Cerebral Palsy can imagine actions like their normally developed peers
	Introduction
	Methods
	Study design and ethics
	Participants
	Apparatus, stimuli, and procedure
	Analyses

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher's note
	References


