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A B S T R A C T

Introduction: Unilateral visuospatial deficits have been observed in children with brain

damage. While the effectiveness of prism adaptation for treating unilateral neglect in adult

stroke patients has been demonstrated previously, the usefulness of prism adaptation in a

pediatric population is still unknown. The present study aims at evaluating the feasibility

of prism adaptation in children with unilateral brain lesion and comparing the validity of a

game procedure designed for child-friendly paediatric intervention, with the ecological

task used for prism adaptation in adult patients.

Methods: Twenty-one children with unilateral brain lesion randomly were assigned to a

prism group wearing prismatic glasses, or a control group wearing neutral glasses during a

bimanual task intervention. All children performed two different bimanual tasks on

randomly assigned consecutive days: ecological tasks or game tasks. The efficacy of prism

adaptation was measured by assessing its after-effects with visual open loop pointing

(visuoproprioceptive test) and subjective straight-ahead pointing (proprioceptive test).

Results: Game tasks and ecological tasks produced similar after-effects. Prismatic glasses

elicited a significant shift of visuospatial coordinates which was not observed in the control

group.

Conclusion: Prism adaptation performed with game tasks seems an effective procedure to

obtain after-effects in children with unilateral brain lesion. The usefulness of repetitive

prism adaptation sessions as a therapeutic intervention in children with visuospatial

deficits and/or neglect, should be investigated in future studies.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Prism adaptation (PA) is an effective therapeutic intervention to deviate the visual field laterally (Yang, Zhou, Chung, Li-
Tsang, & Fong, 2013; Brookes, Nicolson, & Fawcett, 2007; Frassinetti, Angeli, Meneghello, Avanzi, & Làdavas, 2002; Rossetti
et al., 1998). The lateral displacement of the visual field has been shown to directionally bias visuo-motor and sensory-motor
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correspondences. To compensate the visual field deviation, the individual has to re-orient his actions, resulting in a drift of
sensorimotor coordinates (Serino, Barbiani, Rinaldesi, & Làdavas, 2009). After removal of the glasses the egocentric
coordinates of the sensory-motor reference frame are shifted, producing immediate visual and proprioceptive changes in the
direction of pointing and reaching, named after-effects (Morton & Bastian, 2004). After-effects are considered to be key
indicators of the effectiveness of PA (Fortis, Ronchi, Calzolari, Gallucci, & Vallar, 2013).

PA has been shown to modify performances in a variety of spatial tasks in adults: both in healthy individuals and in
patients with unilateral neglect after stroke (Serino, Bonifazi, Pierfederici, & Làdavas, 2007). Due to its long-lasting effect, PA
is regarded as an effective procedure for rehabilitating unilateral spatial neglect by bringing the neglected hemispace into
the task-work space (Facchin, Beschin, Toraldo, Cisari, & Daini, 2013; Rusconi & Carelli, 2012; Làdavas, Bonifazi, Catena, &
Serino, 2011; Eramudugolla, Boyce, Irvine, & Mattingley, 2010; Turton, O’Leary, Gabb, Woodward, & Gilchrist, 2010; Serino
et al., 2007). Indeed, this rehabilitation method elicits a shift of the visual field towards the non-neglected ipsilesional side
during the execution of pointing or reaching tasks, forcing subjects to compensate and to re-orient movements in the
direction of the neglected contralesional side (Rossetti et al., 1998). The effects are suggested to emerge from bottom-up
transfer of sensory-motor adaptation inducing high-order adaptive neuronal plasticity in cognitive function (Rode, Pisella,
Rossetti, Farnè, & Boisson, 2003). A short period of PA has been shown to improve visuomotor tasks, such as cancellation and
line bisection tests, both in personal and extra-personal space (Shiraishi, Muraki, Ayakatou, & Hirayama, 2010; Serino et al.,
2007). Several studies have proved the clinical efficacy of PA on the following symptoms: (a) reduction of tactile inattention
and improvement of tactile extinction (Maravita et al., 2003), (b) improvement of mental imagery tasks (Rusconi & Carelli,
2012), (c) improvement of eye movements on the neglected visual field, (d) shift of the center of gravity towards the
neglected side (Shiraishi et al., 2010; Shiraishi, Yamakawa, Itou, Muraki, & Asada, 2008) and (e) improvement of activities of
daily living in stroke patients (Mizuno et al., 2011; Shiraishi et al., 2010; Rode, Klos, Courtois-Jacquin, Rossetti, & Pisella,
2006).

In children, PA is used for correcting strabismus (Savino, Colucci, Rebecchi, & Dickmann, 2005; Burke & Firth, 1995) and it
is likely to induce beneficial effects in autism and ADHD (Gidley Larson, Bastian, Donchin, Shadmehr, & Mostofsky, 2008;
Colvin, Yeates, Enrile, & Coury, 2003; Carmody, Kaplan, & Gaydos, 2001; Kaplan, Edelson, & Seip, 1998). It seems that even
infants at 6–9 months of age may show adaptative responses to PA (McDonnell & Abraham, 1981). Visuo-motor interaction is
an interesting target for therapeutic intervention in children as perceptuo-motor procedural learning crucially occurs at
school age (Lejeune, Catale, Schmitz, Quertemont, & Meulemans, 2013; Contreras-Vidal, Bo, Boudreau, & Clark, 2005). While
unilateral neglect, characterized by a deficit in attention and appreciation of stimuli on the paretic side of the body, has been
described in children with cerebral damage (Chevignard et al., 2008; Laurent-Vannier, Chevignard, Pradat-Diehl, Abada, & De
Agostini, 2006; Laurent-Vannier, Pradat-Diehl, Chevignard, Abada, & De Agostini, 2003; Trauner, 2003; Billingsley et al.,
2002; Thompson, Ewing-Cobbs, Fletcher, Miner, & Levin, 1991; Katz, Cermak, & Shamir, 1998), the feasibility of PA in these
children has not been investigated previous to the present study.

Prism adaptation requires the concomitant execution of a sensorimotor task within the visual space, while wearing
prismatic glasses. Repetition of pointing movements toward visual targets is considered the standard procedure, both in
healthy individuals and in unilateral neglect patients (Fortis et al., 2013). Other possible tasks include line bisection training,
reaching tasks, pegboard exercises, goal-oriented locomotion or ball throwing (Fortis, Chen, Goedert, & Barrett, 2011;
Goedert, Leblanc, Tsai, & Barrett, 2010; Michel, Vernet, Courtine, Ballay, & Pozzo, 2008; Morton & Bastian, 2004; Fernandez-
Ruiz et al., 2003; Martin, Norris, Greger, & Thach, 2002). Commonly, the tasks performed during prism adaptation are
repetitive in nature and therefore poorly suitable for long-term treatment (Fortis et al., 2010, 2013). In adults, an alternative
procedure, using series of visuomotor activities performed with daily life objects i.e. ecological tasks, has been proposed as a
more diverse and engaging alternative for long-term interventions. These ecological tasks were shown to produce similar
beneficial effects as repeated pointing tasks on prism-induced after-effects and neglect tests in healthy individuals and in
adult patients with unilateral neglect (Fortis et al., 2010, 2013). PA accompanied by selected game tasks may provide a viable,
child-friendly alternative to the previously described ecological task procedures schemed for adults.

The purpose of the present study was two-fold: (1) determining whether one session of prism adaptation can produce
significant visuomotor after-effects in children with unilateral brain lesion compared with neutral glasses, and (2)
investigating if game tasks during prism adaptation are equally effective at producing after-effects as ecological tasks.

2. Material and methods

2.1. Participants

Participants were 21 children with unilateral brain lesion (congenital = 20, acquired = 1). Fourteen children had a left
hemispheric lesion and seven children had a right hemispheric lesion. All children but one, had congenital hemiparesis. One
child had acquired hemiparesis since two years. Therefore, all participants in this study protocol were in a chronic phase after
the start of their neurological illness. Descriptive and clinical variables were determined using specific tests for brain-
damaged children, as described in Table 1.

The recruitment of participants was performed in collaboration with clinical centers dedicated to the treatment of
children with CP in Belgian University hospitals. These centers are mandated by the Belgian social security to coordinate
clinical evaluations and interventions in children with CP. Potential participants for this experimental protocol first were



Table 1

Demographic and clinical characteristics of children with unilateral brain lesion, and game tasks used for study intervention in each participant.

ID Group Sex Age (yr) Side of brain

lesion

Affected areas

of the brain

MACSa GMFCSb Game task

1 Prism Male 9 Left f 2 1 b,d

2 Prism Female 8 Left f 2 2 b,d

3 Control Male 7 Left d 2 2 b

4 Prism Female 8 Right a 2 1 b,d

5 Control Female 6 Left c 1 2 b

6 Control Female 7 Left c 2 2 a,b

7 Prism Male 10 Left f 2 1 b,c

8 Control Male 7 Left b 2 1 b,d

9 Control Female 8 Right f 2 1 d

10 Prism Female 7 Left c 2 1 c,d

11 Prism Female 6 Left f 2 2 c,d

12 Prism Female 10 Left f 2 2 b,d

13 Prism Female 11 Right c 1 1 b,c

14 Control Male 7 Right e 2 1 a,d

15 Control Female 11 Right f 2 2 d

16 Prism Male 7 Right f 2 2 b,c

17 Prism Male 10 Right e 2 2 b,c,d

18 Prism Male 7 Left f 2 1 b,c

19 Control Male 10 Left d 2 2 d

20 Control Female 6 Left c 2 2 a

21 Control Male 8 Left f 1 1 c,d

a MACS = manual ability classification system (Eliasson et al., 2006): it describes the use of hands in daily activities according to 5 levels (1 to 5 with

1 = handles objects easily and successfully, 5 = does not handle objects and has severely limited ability to perform even simple actions).
b GMFCS = gross motor function classification system (Palisano et al., 1997): it describes the gross motor function according to 5 levels (1 to 5 with

1 = walks without limitations, 5 = transported in a manual wheelchair). Sites of brain lesion are described for each participant: (a) subcortical and cortical

lesions of frontal/parietal areas and insula, (b) subcortical and cortical lesions of frontal/parietal/temporal areas, (c) subcortical and cortical lesions of

frontal/parietal/temporal areas and insula, (d) subcortical and cortical lesions of frontal/parietal/temporal/occipital areas and insula, (e) subcortical and

cortical lesions of parietal/occipital/temporal lesions, (f) subcortical without cortical lesions. Game tasks used during intervention in each participant, are

described according to the following categories: (a) puzzle, (b) construction game, (c) board game, (d) memory game.
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contacted by e-mail or phone. Children available and interested to participate received a baseline examination. Consistent
with our previous trials (Bleyenheuft et al., 2014), inclusion criteria were: (1) being aged between 6 and 13 years, (2) being
able to take light objects with the more affected arm and lift them 15 cm above a table, (3) having a normal school level, (4)
being able to follow instructions and perform complete testing and (5) having an upper extremity impairment as observed
during medical examination. Exclusion criteria were: (1) uncontrolled seizures, (2) orthopedic surgery or botulinum toxin
injections within the previous six months or planned during the study. At the time of the study, all children participated in an
intensive rehabilitation program based on the HABIT-ILE technique (Bleyenheuft & Gordon, 2014). This study lasted 2 years,
including summer camps during 2 consecutive summers. Each year, all participants underwent a baseline assessment during
the fall/winter preceding the camp. On the basis of this assessment they were assigned by the principal investigator to 2
balanced groups stratified by age, manual dexterity (score on BBT) and lesion side. The groups as a whole were then
randomly assigned offsite (by a clinician not involved in the study) to one of the study arms using concealed allocation: one
group being randomized to prism treatment, the other to neutral glasses (see Section 2.2). All participants received extensive
information on the study procedure. Parents or legal tutors as well as children signed informed consents. The study was
approved in accordance with the principles of the Declaration of Helsinki by the Ethics Committee of Cliniques universitaires
Saint-Luc, Université catholique de Louvain, Belgium.

2.2. Procedure

For all participants, the intervention consisted of one daily task session on two consecutive days, one day the intervention
consisted of ecological tasks and the other of game tasks. The order of task sessions was pseudo-randomized in order to
obtain the same proportion of children starting with the same task in each group (prism and control). The interventions of
each individual child were scheduled at the same time on both days. Children were encouraged by verbal instruction to
perform all tasks bimanually in a one-to-one setting with the therapist. The duration of each intervention was 20 min. Tasks
were timed with a clock. To keep the child’s attention vivid, a change of activity was allowed, as several different activities
were available within ecological tasks and within game tasks (see below). Children were rewarded through verbal positive
reinforcement. All interventions were performed while children were wearing glasses: prismatic glasses in the prism group
and neutral glasses in the control group. Prismatic glasses (Bernell, Mishawaka, IN) shifted the visual field 20 prism diopters
(approximately 118) towards the non-paretic side. The neutral glasses (Bernell, Mishawaka, IN) had a similar appearance but
did not shift the visual field.
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2.2.1. Ecological task

During the ecological task session, children performed a selection of 10 visuomotor activities based on the manipulation
of common daily life objects, according to the protocol validated for adults by Fortis et al. (2010, 2013): ‘‘(1) collecting coins
on the table and putting them in a money box, (2) selecting rings and bracelets from a box and wearing them on the opposite
hand and fingers, (3) closing jars with the corresponding lids, (4) assembling jigsaw puzzles, (5) moving blocks from one
compartment of a box to another compartment (Box and Block Test), (6) sorting cards, (7) threading a necklace with 12
spools and rope, (8) copying a chessboard pattern on an empty chessboard, (9) serving a cup of tea and (10) composing a
dictated word using letters printed on a square’’. Four to six activities were individually selected for each child according
with his manipulative and reading skills. Standardized instructions as to how to do each task were explained to each
participant before starting the task. During the ecological procedure vision of both arms was available for the whole
movement path.

2.2.2. Game task

During the game task session, participants performed a selection of 10 common children games based on the same
principle as ecological activities and selected for promoting horizontal exploration of space. The game tasks were designed to
grasp elements and ensure visuo-motor interaction in both sides of hemispace. There were four categories of game tasks:
puzzles (2-D and 3-D puzzles), construction games (click assemblage, fitting small geometrical pieces in corresponding holes
as fast as possible), board games (copying a chessboard pattern, copying or composing words with square-cardboard letters,
family board game) and memory games (matching cards or discovering hidden objects). Each game came in various forms
and difficulty levels (example: 2D-puzzle with 4 pieces, 2D-puzzle with 20 pieces, 3D-puzzle). A variety of tasks was
proposed to obtain sustained collaboration and attention of children during 20 min: a maximum of 4 different game
activities were individually selected for each child according with his manipulative and reading skills. Standardized
instructions as to how to do each task were explained to each participant before starting the task. Vision of both arms was
available for the whole movement path.

2.3. Measures

To assess visuomotor changes induced by the intervention, children performed two open-loop pointing tests just before
and immediately after each intervention: (1) the visual open-loop pointing test, i.e., a visuoproprioceptive test with opened
eyes, and (2) the subjective straight ahead pointing test, i.e., a proprioceptive test with closed eyes (Fig. 1). The order of
presentation of the two pointing tests was pseudo-randomized. Immediate effects of PA have been related with changes of
these pointing measurements (Fortis et al., 2013; Sarri et al., 2008; Keane, Turner, Sherrington, & Beard, 2006; Rossetti et al.,
2004). For both tests, participants were seated straight in front of a table, their mid-sagittal axis aligned with the center of a
cardboard square panel (50 cm side) that was fixated on the table and marked with lines radiating from �308 to +308. The
participant’s unaffected hand was positioned at the center of the panel near to the body.

2.3.1. Visuoproprioceptive test (visual open-loop pointing test)

Participants were asked to point towards a visual target presented above a one-side paneled wooden box (30 cm
high, 75 cm wide, and 50 cm deep; Fig. 1A). The front side of the box was open to allow the arms of the participant to be
placed inside. The backside of the box was made out of a transparent vertical plastic panel, marked with vertical lines
radiating from �308 to +308. The box was placed on the edge of the table, on top of and aligned with the cardboard
square panel used for subjective straight ahead pointing (proprioceptive test). A cloth, attached from the participant’s
neck to the upper surface of the box, impeded visual feedback of arm movements. Participants were asked to point as
quickly and accurately as possible with their unaffected arm to a red target appearing above the edge of the backside of
the box (55 cm distance from the participant’s trunk) (Fig. 1B). The target showed up randomly, three times at each of
the following positions: mid-sagittal plane (08), 218 of horizontal rightward displacement (+21) and 218 of horizontal
leftward displacement (�21). Performance in the pointing tests was measured by means of pointing errors. The pointing
error in the visuoproprioceptive test was calculated as the difference in degrees between the recorded pointing
position and the position of the visual target. In order to include all children into the statistical analysis, regardless of
the side of hemiparesis, the pointing values were standardized according to the paretic side. Negative values indicated a
pointing error towards the non-paretic hemispace and positive values indicated a pointing error towards the paretic
hemispace. The mean value for the visuoproprioceptive pointing error was calculated by averaging the nine (3 � 3)
pointing errors.

2.3.2. Proprioceptive test (subjective straight ahead pointing)

Participants were blindfolded and asked to make free pointing movements straight ahead, in alignment with what they
perceived as their body midline, i.e. the line corresponding to the mid-sagittal plane of their body. The index finger of the
participant was placed on the edge of the cardboard square panel on the body midline. Participants were instructed to shift
their index finger on the table extending completely their unaffected arm towards their subjective straight ahead (Fig. 1C).
Pointing endpoints were recorded on the lines radiating from �308 to 308. Four straight-ahead pointing movements were
performed. The pointing error of the proprioceptive test was calculated as the difference in degrees between the recorded



Fig. 1. Illustration of the pointing assessments used to measure after-effects induced by prim adaptation. (A). One-side paneled wooden box used for the

visuoproprioceptive pointing assessment. (B). Visuoproprioceptive pointing: participants were asked to point as quickly and accurately as possible with

their unaffected arm to a red target appearing above the edge of the backside of the box (55 cm distance from the participant’s trunk). (C). Proprioceptive

pointing: participants were blindfolded and asked to make free pointing movements with their unaffected arm straight ahead, in alignment with what they

perceived as their body midline, i.e. the line corresponding to the mid-sagittal plane of their body.
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pointing position of the estimated straight ahead body midline and the objective mid-sagittal plane. In order to include all
children into the statistical analysis, regardless of the side of hemiparesis, the pointing values were standardized according
to the paretic side. Negative values indicated a pointing error towards the non-paretic hemispace and positive values
indicated a pointing error towards the paretic hemispace. The mean value for the proprioceptive pointing error was
calculated by averaging the four pointing errors.

2.4. Statistical analyses

The reliability of measures was assessed by calculating the intra-class correlation coefficient with absolute agreement
between variables obtained before intervention on two different days. The repeatability of measures (within-subject
variation of repeated measurements within each assessment) was assessed with repeated measures ANOVA. Analysis of
variance (ANOVA) was used to compare variables between conditions with GROUP (prism group vs. control group) as a
between-subjects factor, and TIME (pre-intervention vs. post-intervention) and TASK (ecological task vs. game task) as
within-subjects factors (see Sections 3.1 and 3.2). A separate ANOVA was performed adding the between-subjects factor
SIDE (left hemispheric lesion vs. right hemispheric lesion) to test the effects of the side of brain lesion (see Section 3.3), thus
this ANOVA was constructed with GROUP and SIDE as between-subjects factors, and TIME and TASK as within-subjects
factors. When an interaction was observed, post-hoc analyses were performed using post-hoc Bonferroni corrected for
multiple comparisons. Effect size values were calculated by partial eta squared (h2p). All values are expressed as mean � 1
standard deviation. Significance level was set at p < .05.
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3. Results

Clinical characteristics of children are displayed in Table 1. Eleven children were included in the prism group (6 female; 4
right hemispheric lesion) and ten children in the control group (5 female; 3 right hemispheric lesion). The severity of
neurological deficit was similar in both groups (prism group (n=): MACS level I = 1/MACS II level = 10, GFMCS level I = 6/
GFMCS level II = 5; control group (n=): MACS level I = 2/MACS level II = 8, GFMCS level I = 4/GFMCS level II = 6). The sites of
lesion were also similar between groups (subcortical/cortical lesion of frontal and parietal areas and insula: prism group = 1,
control group = 0; subcortical/cortical lesion of frontal, parietal and temporal areas: prism group = 0, control group = 1;
subcortical/cortical lesion of frontal, parietal and temporal areas and insula: prism group = 2, control group = 3; subcortical/
cortical lesion of frontal, parietal, temporal and occipital areas and insula: prism groups = 0, control group = 2; subcortical/
cortical lesion of frontal, temporal and occipital areas: prism group = 1, control group = 1; subcortical lesions without cortical
lesions: prism group = 7, control group = 3). Groups did not differ significantly in age (t-test, p = .304, prism group:
8.4 yr � 1.63, control group: 7.7 yr � 1.64), gross motor performance (Box and Blocks, p = .918, prism group: 19 � 10.6, control
group: 19 � 14.0) and manual ability (ABILHAND, p = .669, prism group: 2.5 logit � 1.5, control group: 2.1 logit � 2.0) before
starting the experimental protocol.

Table 2 describes the mean results of the visuoproprioceptive and proprioceptive tests in function of the intervention group
(prism group vs. control group), of time (pre-intervention vs. post intervention) and of task (ecological task vs. game task).

3.1. Visuoproprioceptive test (visual open-loop pointing)

The intra-class correlation coefficient between pointing errors before intervention on two different days indicated a high
reliability of the measure (ICC = .84, F(1,20) = 7.263, p < .001). Repeated measures ANOVA did not show a significant effect of
repeated testing in each subject (F(2,40) = 1.006, p = .464).

In the prism group, after intervention with ecological tasks, visuoproprioceptive pointing errors of 9 (out of 11) children
had shifted towards the hemiparetic side and after intervention with game tasks, visuoproprioceptive pointing errors of 9
(out of 11) children had shifted towards the hemiparetic side.

In contrast, in the control group, after intervention with game tasks, visuoproprioceptive pointing errors of 1 (out of 10)
child had shifted towards the hemiparetic side and after intervention with game tasks, visuoproprioceptive pointing errors
of 4 (out of 10) children had shifted towards the hemiparetic side.

A significant interaction between GROUP and TIME was found (F(1,18) = 16.888, p = .001, h2p = .484) showing significant
differences between the visuoproprioceptive pointing errors before and after intervention only in the prism group (post-hoc:
p < .001; pre-intervention: .718 � .408; post-intervention: 3.248 � .627), whereas no significant difference was observed in the
control group (post-hoc: p > .29; pre-intervention: �.718 � .451; post-intervention: -1.328 � .693). A main effect of the factor
GROUP was observed (F(1,18) = 18.739, p < .001; h2p = .510) with post-hoc testing showing significant differences between both
groups before intervention (post-hoc: p = .032) and after intervention (post-hoc: p < .001) (see Fig. 2A). No significant effect of
TASK (F(1,18) = .150, p = .703) or interactions of GROUP � TASK � TIME (F(1,18) = .011, p = .917), GROUP � TASK (F(1,18) = .869,
p = .363), TIME � TASK (F(1,18) = 3.334, p = .084) were found.

Fig. 2A displays the visuoproprioceptive pointing errors of each group (prism group vs. control group) with the data of
both ecological and game tasks pooled as no significant differences were observed between tasks.

3.2. Proprioceptive test (subjective straight ahead pointing)

The intra-class correlation coefficient between pointing errors before intervention on two different days indicated a
moderate reliability of the measure (ICC = .56, F(1,20) = 2.248, p = .039). Repeated measures ANOVA did not show a
significant effect of repeated testing in each subject (F(1,20) = .93, p = .552).
Table 2

Results of the visuoproprioceptive and proprioceptive pointing tests in function of the intervention group (prism vs. control), time (pre-intervention vs.

post-intervention) and task (ecological vs. game) conditions. Pointing errors are described as mean � 1 SD. Unit:8.

Visuoproprioceptive test

Prism group (n = 11) Control group (n = 10)

Pre-intervention Post-intervention Pre-intervention Post-intervention

Ecological task �.848 � 1.458 2.978 � 2.217 �.138 � 1.691 �1.238 � 2.223

Game task �.588 � 0.994 3.518 � 2.868 �.938 � 1.677 �1.108 � 1.344

Proprioceptive test

Prism group (n = 11) Control group (n = 10)

Pre-intervention Post-intervention Pre-intervention Post-intervention

Ecological task �.268 � 3.392 4.438 � 3.115 �2.498 � 5.197 �.588 � 2.574

Game task .098 � 1.928 3.758 � 4.645 �1.098 � 4.821 �.208 � 5.141



Fig. 2. Prism adaptation after-effects. Visuoproprioceptive and proprioceptive pointing errors (prism group vs. control group) before and after the

intervention. Prismatic glasses elicited a significant shift of visuoproprioceptive and proprioceptive pointing towards the paretic hemispace. The data of

both ecological and game tasks were pooled as no significant differences were observed between tasks. ANOVA with post-hoc Bonferroni * p < .05 ** p < .01

*** p < .001. Values are expressed as mean � SD.
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In the prism group, after intervention with ecological tasks, proprioceptive pointing errors of 10 (out of 11) children had
shifted towards the hemiparetic side and after intervention with game tasks, proprioceptive pointing errors of 9 (out of 11)
children had shifted towards the hemiparetic side.

In contrast, in the control group, after intervention with game tasks, proprioceptive pointing errors of 7 (out of 10) child
had shifted towards the hemiparetic side and after intervention with game tasks, proprioceptive pointing errors of 4 (out of
10) children had shifted towards the hemiparetic side.

A main effect of TIME (F(1,18) = 11.507, p = .003, h2p = .390; pre-intervention: �.618 � .588; post-intervention:
1.838 � .689) and a main effect of GROUP (F(1,18) = 8.289, p = .01, h2p = .315; prism group: 2.138 � .711; control group:
�.928 � .786) were found. Moreover, a tendency was observed in the interaction GROUP � TIME (F(1,18) = 4.172, p = .056,
h2p = .188) with post-hoc comparisons only showing a significant difference of proprioceptive pointing errors in the prism group
(post-hoc: p = .001; pre-intervention: .188 � .789; post-intervention: 4.098 � .924), and not in the control group (post-hoc:
p = .375; pre-intervention: �1.408 � .872; post-intervention: �.438 � 1.022). Proprioceptive pointing errors were similar in both
groups before the intervention (post-hoc: p = .196), but not after the intervention (post-hoc: p < .004). No significant interactions
of GROUP � TASK � TIME (F(1,18) = .077, p = .784), GROUP � TASK (F(1,18) = .162, p = .692) or TIME � TASK (F(1,18) = .062,
p = .806) or a significant main effect of TASK (F(1,18) = .000, p = .991) were found.

Fig. 2B displays the proprioceptive pointing errors of each group (prism group vs. control group) with the data of both
ecological and game tasks pooled as no significant differences were observed between tasks.

3.3. Influence of the side of brain lesion on after-effects

A separate analysis of the after-effects according to the side of brain lesion was performed. The average age of children did
not differ significantly according to the side of brain lesion (F(1,19) = 1.696, p = .208, right hemispheric lesion: 8.7 yr � 1.98,
left hemispheric lesion: 7.7 yr � 1.49). Fig. 3 displays visuoproprioceptive and proprioceptive pointing errors according to the side
of brain lesion.

Regarding visuoproprioceptive pointing error, a significant interaction GROUP � TIME � SIDE (F(1,16) = 5.557, p = .031,
partial eta squared = .258) was observed (Fig. 3A). Post-hoc comparisons indicated a significant difference between left-and
right-brain lesioned children of the prism group after PA (post-hoc: p = .013; right hemispheric lesion: 5.258 � .901; left
hemispheric lesion: 2.108 � .681). No differences due to side of hemispheric lesion were observed in the control group.
Furthermore, the post-hoc comparisons confirmed the interactions described in Section 3.1: the prism group showed a significant



Fig. 3. Prism adaptation after-effects in function of the side of brain lesion. Visuoproprioceptive and proprioceptive pointing errors (prism group vs. control

group) before and after the intervention. Only significant effects with regards to the side of brain lesion are illustrated; other significant interactions are

described in Section 3.3. The data of both ecological and game tasks were pooled as no significant differences were observed between tasks. ANOVA with

post-hoc Bonferroni * p < .05. Values are expressed as mean � SD.
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effect of intervention in both right-and left-brain lesioned children (post-hoc right hemispheric lesion: p < .001 with pre-
intervention .5698 � .715 and post-intervention 5.258 � .901; post-hoc left hemispheric lesion: p = .01 with pre-intervention
.798 � .540 and post-intervention 2.18 � .681). After intervention, the pointing errors of the prism group were significantly
different compared to those of the control group in both right-and left-brain lesioned children (post-hoc right hemispheric lesion:
p < .001 with prism 5.258 � .681 and control �.948 � 1.040; post-hoc left hemispheric lesion: p = .002 with prism 2.18 � .681 and
control �1.58 � .735).

Regarding proprioceptive pointing error, a main effect of SIDE was found (F(1,16) = 5.046, p = .039, partial eta
squared = .240; right hemispheric lesion: 2.128 � .832; left hemispheric lesion: �.198 � .606). Furthermore, a significant
interaction was observed for GROUP � TIME (F(1,16) = 5.806, p = .028, partial eta squared = .266) with post-hoc comparisons
indicating a significant effect of intervention exclusively in the prism group (post-hoc: p < .001; pre-intervention: .228 � .792;
post-intervention: 4.578 � .887). After intervention, the pointing errors of the prism group were significantly different compared
to those of the control group regardless of the side of brain lesion (post-hoc: p = .003; prism: 4.578 � .887; control: �.078 � 1.000).

No differences related to the factor TASK were observed for any of the visuoproprioceptive or proprioceptive pointing
measurements (ANOVA: all F < .063 and all p > .805).

4. Discussion

To our knowledge, this is the first study to report the feasibility and effectiveness of prism adaptation in a pediatric
population with unilateral brain lesion. In this study, one single session of PA therapy was effective to induce after-effects,
measured by subjective straight ahead pointing and visual open-loop pointing. As expected, PA in hemiparetic children
induced visuoproprioceptive after-effects towards the paretic hemispace, i.e. in a direction opposite to the optical shift
elicited by PA; these after-effects were more pronounced in children with right hemispheric lesion. Proprioceptive pointing
errors also were shifted towards the paretic hemispace, with a tendency towards greater proprioceptive pointing errors in
the prism group than in the control group. Furthermore, game tasks were shown to be as effective as ecological tasks at
inducing prism adaptation-related after-effects.
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The present observations are in line with prism adaptation effects observed in healthy adults and in brain damaged adults
with unilateral neglect (Fortis et al., 2013; Rode et al., 2003). It has been suggested that PA therapy may act on dorsal stream
circuits subserving visuomotor control and activate brain functions related to multisensory integration and higher spatial
representations (Striemer & Danckert, 2010). Neuroimaging studies with prism adaptation have shown increased blood flow
at the level of the parietal cortex and pericalleosal area of the left hemisphere (Shiraishi et al., 2008), reduced oxyHb levels in
the right parietal association cortex (Taniguchi, Hiyamizu, Tominaga, & Morioka, 2012) and in general, a bilateral
recruitment of fronto-parietal networks (Saj, Cojan, Vocat, Luauté, & Vuilleumier, 2013). After-effects are the clinical
correlate of altered cortical networks involved in spatial attention and awareness subserving neglect recovery (Fortis et al.,
2013; Sarri et al., 2008; Redding & Wallace, 2006; Frassinetti et al., 2002; Farnè, Rossetti, Toniolo, & Làdavas, 2002). Thus, the
presence of after-effects in children with unilateral brain lesion suggests the existence of short-term plasticity of cortical
areas subserving the representation of the visual reference frame (Rode et al., 2003).

A further relevant finding of the present study was that game tasks were as effective as ecological tasks to induce prism
adaptation-related after-effects. The effectiveness of a selected task is determined by the amount of active exposure to a
simple modification of sensorimotor coordinates in combination with the use of prismatic glasses (Luauté et al., 2012). Fortis
et al. (2013) showed the equivalence of pointing and ecological tasks in achieving visuoproprioceptive and proprioceptive
after-effects in healthy adults. In the present research protocol, both ecological and game tasks elicited clear after-effects in
the prism group. This result may be explained by the fact that both tasks provided an enriched environment of meaningful
sensory inputs promoting spatial localization/orientation and eye movements (Bollea et al., 2007). Ecological tasks and game
tasks both were designed to promote the horizontal exploration of space in order to provide as much horizontal visuospatial
interaction as possible to induce prism-related after-effects. Children were more engaged and motivated while playing
common games than while performing ecological tasks, as for them, playing is a more enjoyable age-related activity. The
pleasantness of a task is related with the wish of repeating it and with the compliance to the therapy (Fortis et al., 2013).
Thus, game tasks, based on the same principle as ecological tasks and presenting similar effects, may allow for longer
interventions in children with visuospatial impairments.

The prismatic glasses (20 prism diopters (PD)) used in this study, induced a shift of the visual field by approximately 118
during the execution of tasks and resulted in after-effects of 48 on average. A larger magnitude of prisms (example: 30
PD = 178) would have provided a larger after-effect (Morton & Bastian, 2004), but could present two major disadvantages.
First, distortion occurs on the edges of the visual field—thus, subjects could guess that they are wearing real prisms and not
neutral glasses. Second, the stronger visual field displacement could lead subjects to pointing outside the
visuoproprioceptive pointing box (as when pointing towards lateral targets) which makes the prism-induced after-effect
unmeasurable.

Our study presents some limitations that should be taken into account for the interpretation of the results. Our sample
size was small and the study included mainly children with right hemiparesis (i.e. left hemispheric lesion). Although our
results seem to indicate that PA effects could be larger in children with left hemiparesis (i.e. right hemispheric lesion), a
larger and more homogeneous sample would be needed to confirm the reliability of this finding. Proprioceptive and
visuoproprioceptive tests showed different patterns of prism-related after-effects in our children with unilateral brain
lesion. Changes of visuoproprioceptive testing seemed more consistent than those of proprioceptive testing: in the
proprioceptive pointing test, after-effects were smaller and the control group showed the same after-effect direction pattern
as the prism group. Indeed, visual open-loop pointing (used to test visuoproprioceptive pointing errors) has been reported to
be more sensitive to measure the after-effects than subjective straight ahead pointing (used to test proprioceptive pointing
errors) (Facchin et al., 2013; Luauté et al., 2012; Sarri et al., 2008). It is also possible that due to cortical reorganization
patterns, some of the children encountered conflicts between sensory information processed in one hemisphere and motor
planning processed in the opposite hemisphere (Guzzetta et al., 2007). In children with tactile and/or proprioceptive deficits
of the upper limbs, this sensorimotor processing conflict could be partly solved by using visual compensatory feedback,
which was obviously lacking in the subjective straight ahead pointing task (eyes closed) measuring proprioceptive pointing
errors. Finally, if spatial representations provided by PA could provide perceptual–premotor interfaces for the organization
of movements directed towards targets in extrapersonal space (Vallar, 1997), it seems logical that a test similar to the tasks
performed by children, based on object reaching, provided bigger after-effects following the principles of specificity of
practice accepted in motor learning (Gordon et al., 2011; Schmidt & Lee, 2005).

The present study has investigated a short-term effect of one single session of prism adaptation on the visuospatial
perception of children with unilateral cerebral palsy. Future studies with repeated sessions of prism adaptation should
investigate the long-term effects of PA therapy and determine the cut-off value of visuospatial shift induced by PA that
differentiates responders from non-responders to the PA therapy. From a therapeutic point of view, the timing of
intervention should be investigated. Early intervention with prisms could be of interest in children with acquired
hemiparesis. In children with congenital hemiparesis, prism adaptation solely can be used in the chronic phase as the full
collaboration of children is needed to investigate the after-effects induced by prism adaptation. The duration of intervention
in this study protocol (20 min) was based on the intervention duration described to be effective in adults (Frassinetti et al.,
2002; Fortis et al., 2013). Future studies should study different intervention durations to determine the most effective
therapeutic dosage scheme in children. Finally, differential effects of the direction of optical deviation have been observed
with regards to the type of after-effect that is investigated (Michel et al., 2008). Sensory-motor after-effects as assessed with
manual pointing tasks, respond symmetrically to optical deviation (i.e. symmetrical effects on rightwards or leftwards
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visuospatial adaptation), whereas cognitive after-effects as assessed with goal-oriented locomotor tasks respond
asymmetrically to optical deviation with larger effects on leftwards optical displacement (i.e. rightwards visuospatial
adaptation). If prism adaptation was used in a therapeutic setting with repeated sessions in children, it would be useful to
assess sensory-motor as well as cognitive after-effects.

5. Conclusions

The present study addresses a completely novel topic, which is the feasibility of prism adaptation therapy in children with
early brain damage using a task procedure adapted to the characteristics of this pediatric population. Prism adaptation
therapy performed in combination with a game task seems to produce promising after-effects in children with unilateral
brain lesion. As PA therapy requires repetitive intervention to produce long lasting effects (Fortis et al., 2013), further
research will be needed to demonstrate the efficacy of a long-term intervention in the rehabilitation of brain-damaged
children with visuospatial deficits and/or neglect. It must also be investigated if differential improvement of extensive
cognitive, motor and sensory effects can be obtained in children as has been shown in adults (Rode et al., 2006). Our study
lays a scientific basis for future research on the subject and opens up new possibilities for the rehabilitation of children with
neurological disorders.
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