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WHAT THIS PAPPER ADDS 

• Children with unilateral cerebral palsy show alerting and executive attention deficits. 

• HABIT-ILE intervention improves executive attention in children with UCP. 

• Motor skill learning may underlie improvements in attention function. 

ABBREVIATIONS 

ANT : Attentional Network Test 

CG : Control Group 

CP: Cerebral palsy 

GMFCS: Gross Motor Function Classification System 

HABIT-ILE: Hand-Arm Bimanual Intensive Therapy Including Lower Extremities 

MACS: Manual Ability Classification System  

PT : Processing Time 

RT : Reaction Time 

T1: Baseline assessment time 

T2: Second assessment time; two weeks after baseline 

TG : Treatment Group 

UCP: Unilateral Cerebral Palsy 
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I. INTRODUCTION 

Cerebral palsy (CP) is a permanent disorder of motor function and/or posture 

resulting from permanent non-progressive brain lesions acquired during early brain 

development, which includes the prenatal, perinatal, or the first two years of an 

individual's life (Cans, 2005; Graham et al., 2016). Its overall prevalence is 

estimated to range between 1.6 and 3.4 per 1000 live births, contingent upon the 

economic status of the countries (McIntyre et al., 2022). CP shows varied clinical 

manifestations, with unilateral and bilateral forms (Graham et al., 2016). Although 

unilateral cerebral palsy (UCP) is primarily identified by lateralized motor 

impairments (Graham et al., 2016) and accounts for 30-40% of cases (Novak et al., 

2017), it frequently co-occurs with perceptual, sensory, cognitive and attentional 

disorders (Fennell & Dikel, 2001; Graham et al., 2016).   

Approximately 46% of children with CP experience intellectual disability (Novak 

et al., 2012; Novak et al., 2020). Most children with UCP typically have a normal 

cognition but often exhibit specific cognitive impairments (Bøttcher et al., 2015), 

affecting for example visuo-spatial cognition, visual imagery acquisition, or 

executive functioning (Stadskleiv, 2020). Some authors highlight specific 

impairments in sustained attention, divided attention (Bodimeade et al., 2013; 

Bottcher et al., 2010; Laporta-Hoyos et al., 2019; Pirila et al., 2011; Sakash et al., 

2018) and a higher prevalence of attention deficit hyperactivity disorder (Gabis et 

al., 2015; McDermott et al., 1996; Shank et al., 2010). These attentional deficits 

impact social behavior and participation, as neural network tied to attention and 

emotions interact (Crick & Dodge, 1994; Vilensky & van Hoesen, 1981), but also 

academic achievement (Bottcher, 2010; Jenks et al., 2009; McCandliss et al., 2003). 

Therefore, assessing and comprehending these processes that may influence the 

rehabilitation of children with CP seems essential.  

The Attention Network Test (ANT) is a single reaction-time task used to assess 

three neural networks, with each network operating in specific brain regions, as 

defined by Posner in 2007: alerting attention involves heightened responsiveness to 

incoming stimuli; orienting attention focuses on selecting relevant sensory 

information from a spatial array of stimuli; and executive attention manages 

conflicting information (Fan et al., 2005; Posner & Rothbart, 2007; Rueda et al., 

2004). Despite its widespread application in assessing attention across various 
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pathologies (Heeren et al., 2014; Mullane et al., 2011; Sinha et al., 2022), the 

Attention Network Test has never been employed to evaluate the effects of a 

rehabilitation protocol in children with CP.  

Provided the strong relationship between motor development and attentional 

development in children, assessing specific attention deficits becomes crucial 

(Barnea-Goraly et al., 2005; Diamond, 2000; Hoare et al., 2018; van der Fels et al., 

2019). Motor skills demand significant attentional abilities but also support spatial 

perception and body awareness, which are essential for attention development 

(Pavlova & Krageloh-Mann, 2013). However, motor impairments in children with 

UCP may impoverish sensorimotor experiences, potentially hampering attentional 

development (Pavlova & Krageloh-Mann, 2013). Barra's study highlights a strong 

association between postural control and attention, where increased balance 

difficulty enhances alertness (Barra et al., 2015). Rosenbaum's recent comparative 

study on prematurely born children reveals reduced executive control when 

standing, suggesting the involvement of executive resources in position 

maintenance, potentially due to underdeveloped postural control and motor 

inhibition (Rosenbaum et al., 2022).  

Intensive bimanual rehabilitation based on motor-skill learning like Hand-Arm 

Bimanual Intensive Therapy Including Lower Extremities (HABIT-ILE) has shown 

effectiveness in improving motor functions in children with UCP by integrating 

postural control and lower extremity functions (Araneda et al., 2023; Bleyenheuft 

et al., 2015). Since attentional and motor development have been shown  

interdependent (Diamond, 2000; Hoare et al., 2018), this therapy could have 

broader effects by improving not only motor functions but also attentional 

processes. Some evidence suggests that multi-modal, cognitive and physical, 

interventions, may impact general cognitive functioning in children with UCP, but 

there is still a lack of research on specific cognitive domains (Blasco et al., 2023) 

and the potential effects of intensive physical therapy like HABIT-ILE on 

attentional networks remains unknown. 

The main goal of this study is to investigate the difference in the efficiency of the 

attentional networks between children with UCP and TDC, as well as to explore the 

effects of an intensive therapy like HABIT-ILE on these functions (alertness, 

orienting and executive attention). 
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II. METHODS 

1. Participants 

Thirty children with unilateral cerebral palsy (UCP) were recruited to participate in 

a 2-week HABIT-ILE camp and were matched by gender and age with 27 typically 

developing children (TDC).  Inclusion criteria for children with UCP were (1) 

diagnosed with unilateral CP, (2) aged 5 to 18 years old, (3) education level 

comparable to typically developing peers and (4) capable of following instructions 

and complete testing. Exclusion criteria included (1) uncontrollable seizures, (2) 

recent/planned botulinum toxin injections within 6 months, (3) recent/planned 

orthopedic interventions within 12 months and (4) uncorrectable visual 

impairments likely to affect testing. Typically developing children needed to match 

in gender and in age within à 6-month difference with children with UCP. Exclusion 

criteria for TDC included (1) uncorrectable visual impairments likely to interfere 

with the testing process and (2) neurological disorders.  

All children and parents were asked to sign an informed consent before 

participating in the study (See Appendix A). This study is part of a project approved 

by the hospital-faculty Ethical Committee of the Saint-Luc University Clinics 

(B403201316810) (See Appendix B) and is ancillary to a protocol registered on 

ClinicalTrials.gov (NCT04403490). 

2. Study design 

This randomized controlled study included data of three intensive summer camps 

in Brussels, Belgium (July 2020, 2021 and 2022). Children with UCP were 

randomly allocated using Research Randomizer (https://www.randomizer.org/) into 

two groups stratified by age, Manual Ability Classification System level (MACS) 

(See Appendix B) and Gross Motor Function Classification System level (GMFCS) 

(See Appendix C): the treatment group (TG: n=15) received HABIT-ILE therapy 

and the control group (CG: n=12) received conventional therapy. After allocation, 

each child underwent assessments at baseline (T1) and immediately after the end of 

the therapy (T2). The TG received HABIT-ILE therapy between T1 and T2, while 

the CG followed their conventional therapy. 

3. Interventions 

HABIT-ILE intervention involved 65 hours of therapy over 10 days (6,5 hours per 

day) and focused on 5 functional goals per child. As previously described, HABIT-

https://www.randomizer.org/
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ILE is a structured and child-friendly intensive therapy rooted in motor skill 

learning, incorporating a progressive increase in motor difficulty and a hands-off 

approach. 

Children receiving conventional therapy followed their usual therapy, typically 

ranging from 1 to 5 hours of therapy per week (reported by parents), delivered either 

in a private clinic, hospital, at the specialized institution attended by the child, or at 

home. These therapies were generally based on neurodevelopmental theories. 

4. Assessments 

Assessments were conducted before (T1) as well as after each 2-week therapy 

period (T2). Manual abilities and gross motor function were evaluated by the 

MACS and GMFCS scales respectively. 

The main outcome measure was the Attention Network Test, a reaction-time test 

assessing three attentional networks: alerting, orienting and executive attention. As 

described by Rueda et al. in 2004, in the children’s version of the test, children 

quickly respond to a central fish’s direction on the screen (Figure 1). Trial types 

include neutral (single fish), congruent (group of 5 fishes pointing the same way) 

and incongruent (group of 5 fishes with the central fish pointing opposite). Four 

warning cues precede each trial : none, central cue (an asterisk located at the center 

of the screen), double cue (two asterisks located on either side of a central fixation 

cross) or spatial cue (an asterisk located below or above the fixation cross). Reaction 

time (RT) and number of errors (ER) are recorded using E-Prime 2 Professional® 

Software (Psychology Software Tools, Pittsburgh, PA, USA) (Rueda et al., 2004). 

To isolate the processing time for each attentional network, a subtraction method is 

used. Alerting attention processing time represents the difference between the 

average reaction times in no cue conditions and in double cue conditions (RT No 

cue – RT Double cue). Orienting attention processing time is the difference between 

average reaction times in central conditions and in spatial conditions (RT Central 

cue – RT Spatial cue). Executive attention processing time represents the difference 

between average reaction times in incongruent trials and in congruent trials (RT 

Incongruent – RT Congruent) (Fan et al., 2002). 
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Figure 1.  

Children’s version of the Attention Network Test. In the task, the background is magenta and the fish are yellow 

(from Rueda et al 2004). 

Statistics 

Normality and homoscedasticity were assessed using Shapiro-Wilk test and Brown-

Forsythe tests. First, baseline differences in attentional functions between UCP and 

TDC were assessed using Student's t-test for normal data and Mann-Whitney U test 

for non-parametric data. Secondly, in order to evaluate the impact of HABIT-ILE 

therapy at times points T2 on the efficiency of the three distinct attentional 

networks, we conducted a 2-group (control vs treatment) x 2 assessment time (T1, 

T2) using a two-way repeated-measures ANOVA on the time factor. Holm-Šidák 

post hoc tests were used for multiple comparisons. SigmaPlot13 (Systat software, 

San Jose, CA, USA) was used to perform all analyses with a significance level set 

at α= 0.05. 
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III. RESULTS 

From 30 children screened, 27 children with UCP aged from 5years, 8months to 

11years, 5months attended all the pre-camp assessments (mean age 7years, 

5months; SD 2years, 4months; 12 females, 15 males) and were matched by gender 

and age with 27 TDC aged from 5years, 4months to 10years, 5months (mean age 

7years, 7months; SD 2years, 3months; 12 females, 15 males). Overall, 25 children 

with UPC were included in our analyses. Two children with UCP were excluded 

due to insufficient response count for data analysis. As depicted in Table 1, children 

with UCP and TDC did not significantly differ in terms of age, sex and manual 

dominance. All children with UCP exhibited MACS levels between I and III and 

GMFCS levels between I and II. 

 

 

 

 

Table 1.       Demographics of children with unilateral cerebral palsy and typically developing children  

Caracteristic 

Children with unilateral cerebral palsy 
Typically developping 

children 

Treatment 

group  

(n= 15) 

Control 

group 

(n= 12) 

All children  

(n= 27) 
All children (n= 27) 

Age    

Mean (SD), years:months 7:6 (2:4) 7:5 (2:4) 7:5 (2:4) 7:7 (2:3) 

Sex   

Females  7 5 12 12 

Males 8 7 15 15 

Manual dominance, n(%)     

Right  11 (73) 6 (50) 17 (63) 23 (85) 

Left  4 (27) 6 (50) 10 (37) 4 (15) 

Manual Ability Classification System level, n (%)   

I 1 (6) 2 (17) 3 (11)  

II  10 (67) 3 (25) 13 (48)  

III  4 (27) 7 (58) 11 (41)  

Gross Motor Function Classification System level, n (%)   

I  8 (53) 4 (33) 12 (44)  

II  7 (47) 8 (67) 15 (56)  
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1. Baseline difference between children with unilateral cerebral palsy and 

typically developing children 

The baseline difference in processing time between children with UCP and TDC 

was calculated by a subtraction method of reaction times (RT) across the various 

task conditions (See Figure 2). The number of errors (ER) was also assessed for 

each attentional network (See Figure 3).  

• Alerting attention 

For alerting attention, a comparative analysis revealed significantly higher 

processing times in children with UCP compared to TDC (t(50)= 2.39, p= 0.02; 

UCP mean [SD]= 120.42 [68.33]; TDC mean [SD]= 81.36 [46.73]) and higher 

number of errors committed (U= 141 .00, p<0.001; UCP median [25%–75%]= 

12.00 [8.00-15.00]; TDC median [25%–75%]= 3.00 [1.00-8.50]).  

• Orienting attention 

For orienting attention, no difference was observed between groups in terms of 

processing times (U= 255.00, p= 0.133); however, the number of errors was 

significantly higher for the UCP group than for the TDC group (U= 138.50, 

p<0.001; UCP median [25%–75%]= 9.00 [7.00-15.00]; UCP median [25%–75%]= 

3.00 [1.00-7.50]).  

• Executive attention 

For executive attention, children with UCP exhibited both significantly higher 

processing times (t(50)= 3.24, p= 0.002; UCP mean [SD]= 159.41 [90.32]; TDC 

mean[SD]= 88.15 [65.17]) and higher number of errors committed (U=  101.5, 

p<0.001; UCP mean [25%–75%]= 14.00 [12.00–20.00]; TDC mean [25%–

75%]= 4.00 [2.00–10.50]) compared to TDC.  
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Figure 2. 

Comparison of the mean processing time (in milliseconds) between children with unilateral cerebral palsy and 

typically developing children, matched for the three neural networks : alerting attention, orienting attention et 

executive attention.  

 

Notes. Cerebral palsy is associated with significantly higher processing time for alerting attention trials (RTNo 

Cue - RTDouble Cue) and for executive attention trials (RTIncongruent - RTCongruent). Errors bars represent standard error. 

Abbreviations. ms= millisecondes ; N.S.= not significant 

* p<0.05 ; ** p<0.01 ; *** p<0.001 

 

 

Figure 3. 

Comparison of the mean number of errors between children with unilateral cerebral palsy and typically 

developing children, matched for the three neural networks : alerting attention, orienting attention et executive 

attention. 

 

Notes : Cerebral palsy is associated with a higher number of errors for alerting attention, orienting attention 

and executive attention trials. Errors bars represent standard error. Abbreviations. n= number 

* p<0.05 ; ** p<0.01 ; *** p<0.001 

 

*

N.S.

**

0

50

100

150

200

250

Alerting attention Orienting attention Executive attention

P
ro

ce
ss

in
g 

ti
m

e 
(m

s)

Groupe d'enfants avec paralysie cérébrale

Groupe d'enfants au développement neurotypique

Children with unilateral cerebral palsy

Typically developing children

***
***

***

0

2

4

6

8

10

12

14

16

18

20

Alerting attention Orienting attention Executive attention

N
u

m
b

er
 o

f 
er

ro
rs

 (
n

)

Groupe d'enfants avec paralysie cérébrale

Groupe d'enfants au développement neurotypique

Children with unilateral cerebral palsy
Typically developing childrenTypically developing children



9 

 

 

2. Impact of intensive therapy on attentional networks  

As detailed in the provided table (See Appendix F), we investigated the effect of 

HABIT-ILE on attentional networks using a 2 (group : control [CG] vs treatment 

[TG]) x 2 (time : T1, T2) repeated-measure ANOVA. We examined processing time 

(as calculated by the difference in reaction times) and the percentage of errors, as a 

function of time.  

• Alerting attention 

For alerting attention, no significant effects were observed for processing time 

(Figure 4).  

The analysis of percentage of errors in the alerting network revealed a significant 

interaction between group and time (F(1, 20)= 5.210, p= 0.027). The Holm-

Šídák post-hoc analysis confirmed the interaction and demonstrated a significant 

difference in percentage of errors between the groups at T1 (t(20)= 2.341, p= 

0.023), with the treatment group exhibiting a higher percentage of errors (mean 

difference= 14.259) compared to the control group. However, at T2, the difference 

in percentage of errors between the groups was not statistically significant (t(20)= 

0.916, p= 0.364) (Figure 4). 

Figure 4. 

Comparison of changes in processing time and percentage of errors for alerting attention trials, pre- and post-

intervention, between control and treatment groups. 

    

Abbreviations. ms= milliseconds; T1= pre-intervention; T2= post-intervention 
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• Orienting attention 

For orienting attention, no significant effect was observed for processing time or 

percentage of errors (Figure 5). 

Figure 5. 

Comparison of changes in processing time and percentage of errors for orienting attention trials, pre- and 

post-intervention, between control and treatment groups. 

    

Abbreviations. ms= milliseconds; T1= pre-intervention; T2= post-intervention 
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The analysis of percentage of errors in the executive network revealed a significant 

main effect of time (F(1, 20)= 6.480, p=0.014). The main effect of group (F(1,20)= 

0.112, p=0.739) and the interaction between group and time (F(1, 20)= 2.551, 

p=0.117) were not statistically significant. The Holm-Šídák post-hoc analysis 

confirmed the significant main effect of time. The comparison of the percentage of 

errors at T2 and T1 revealed a significant reduction in the percentage of errors at 

T2 (F(1,20)= 2,545, p= 0.014) for both groups (Figure 6). 

Figure 6.  

Comparison of changes in processing time and percentage of errors for executive attention trials, pre- and 

post-intervention, between control and treatment groups. 

    

Abbreviations. ms= milliseconds; T1= pre-intervention; T2= post-intervention 
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IV. DISCUSSION 

This study aimed to investigate the difference in the efficiency of the attentional 

networks between children with UCP and TDC, as well as to explore the effects of 

an intensive therapy on these networks. The results revealed a deficit in the alerting 

and executive attention functions in children with UCP compared to TDC, as well 

as a significant improvement mainly in executive attention following an intensive 

therapy grounded in motor skill learning. 

A comparative assessment of the attentional networks between children with UCP 

and TDC using the Attention Network Test (Posner & Rothbart, 2007) had not 

previously been studied. The observed deficits in alerting and executive attentional 

functions in this study aligns with established knowledge of broader cognitive 

impairments in children with UCP, notably alterations in divided and sustained 

attention, in executive function, in inhibition and in shifting (Bottcher, 2010; Pirila 

et al., 2011; Sakash et al., 2018). Other studies have also pointed to a higher 

prevalence of attention deficit/hyperactivity disorder (ADHD) in children with CP 

(Gabis et al., 2015; Shank et al., 2010). This evidence could indicate that children 

with UCP may have limited attentional resources, potentially impacting their 

cognitive functioning beyond motor impairments. 

The literature have suggested that the attentional deficits observed in children with 

UCP may be associated with the initial brain lesions observed in CP (Krageloh-

Mann & Horber, 2007). Magnetic resonance imaging studies have identified two 

main types of lesions in children with CP (Krageloh-Mann & Horber, 2007): 

cortical-subcortical lesions and periventricular lesions.  

Cortical sub-cortical lesions, one of the most common type observed in children 

with CP (31% of cases), affects the brain’s outer layer and arise from vascular 

occlusion or neuronal death, while periventricular lesions, located around brain 

ventricles, are mainly linked with white matter injury in premature infants and are 

observed in 36% of cases (Hagel, 2018; Reid et al., 2014). The identification of 

these two main types of lesions provides insight into the potential impact of 

structural abnormalities in the brain on attentional networks. First, cortical lesions, 

or deep gray matter lesions, frequently resulting from middle cerebral artery infarcts 

and involving the central and parasagittal cortical regions (Krageloh-Mann & 

Horber, 2007), have the potential to impact areas known to be critical for attentional 
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network such as alerting attention, orienting attention and executive attention 

networks (Fan et al., 2002; Krageloh-Mann & Horber, 2007; Reid et al., 2014). Fan 

et al. (2002) demonstrated that the parietal lobe plays a crucial role in alerting and 

orienting attention networks. In addition, lesions in frontal areas (Krageloh-Mann 

& Horber, 2007), which are recognized for their crucial role in executive functions 

and planning, could further contribute to the attentional difficulties (Fan et al., 

2005). Beyond these cortical areas, subcortical lesions resulting from damage in 

basal ganglia may also contribute to attentional deficits by playing a crucial role in 

executive attention network (Cans et al., 2008; Fan et al., 2005). Therefore, the 

spatial distribution of both cortical and subcortical lesions aligns with brain regions 

functionally important for attention processing, potentially providing an 

explanation for the attentional deficits identified in the current study.  

In addition to cortical-subcortical lesions, white matter alterations due to 

periventricular lesions, the second most common type of lesions observed in UCP 

(Krageloh-Mann & Horber, 2007), may disrupt communication between brain 

regions involved in attention and executive functions (Krageloh-Mann & Horber, 

2007; Posner & Rothbart, 2007). A noteworthy study employed a combination of 

tract and structural network topology analysis, revealing a selective vulnerability of 

the parietal-occipital white matter region in preterm children with CP (Ceschin et 

al., 2015).  It also demonstrated a reorganization of the frontal-striatal and frontal-

limbic pathways (Ceschin et al., 2015). These pathways are all crucial for the 

anterior networks of alerting and executive attention (Posner & Rothbart, 2007; 

Reid et al., 2014). The disruption of communication between brain regions due to 

these white matter lesions may directly impair the functioning of attentional 

networks. White matter integrity can also be disrupted by hypoxic-ischemic brain 

injury (Araneda et al., 2022; Bax et al., 2006; Krageloh-Mann & Horber, 2007). 

Recent findings from an animal model in rats with UCP suggest that hypoxemic-

ischemic brain injury triggers a cascade of cellular and molecular events that 

compromise the structural and functional integrity of white matter pathways (Fu et 

al., 2024). This disruption can manifest for instance, as deficiencies in proteins 

implicated in neuronal signaling, impaired myelin formation (Fu et al., 2024), 

decreased fractional anisotropy associated with increased mean diffusivity (Pannek 

et al., 2014; Scheck et al., 2012) and may lead to altered connectivity within and 

between cortical brain regions (Scheck et al., 2015). Emerging evidence from 
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connectivity studies in human suggests alterations in specific white matter 

pathways including the superior longitudinal fasciculus, a key white matter tract 

connecting visual processing areas with parietal and frontal regions (Galli et al., 

2018), but also in fronto-striatal and fronto-parietal connections, crucial for 

cognitive control and executive functions (Ballester-Plane et al., 2017). A recent 

study in infants with spastic CP identified a link between white matter and gray 

matter lesions in regions such as the anterior cingulate cortex of the inferior frontal 

gyrus (Liu et al., 2024). These findings are consistent with previous studies 

reporting altered connectivity within the cingulate cortex, particularly in children 

with UCP, and its association with executive attentional dysfunction (Fluss & 

Lidzba, 2020; Scheck et al., 2015). Therefore, the observed structural brain 

abnormalities, encompassing both cortical and subcortical lesions, white matter 

disruptions and potential alterations in specific white matter pathways, converge on 

brain regions critically involved in attentional functions, providing an explanation 

for the attentional deficits highlighted in this study. 

Our findings indicate that a 2-week HABIT-ILE intervention specifically enhances 

the executive attention function of children with UCP. This aligns with the well-

established theory by Fitts and Posner (1967) that motor skill acquisition and 

attention are linked. HABIT-ILE, known for its effectiveness in improving motor 

function and daily activities in children with UCP (Bleyenheuft et al., 2015) 

achieves this improvement through its focus on goal-oriented, task-specific 

training. This training, as predicted by Fitts and Posner, necessitates attention and 

cognition as a fundamental basis for motor learning, with the initial cognitive phase 

of motor learning demanding significant attentional resources and evidenced by 

slower and imprecise movements observed during skill acquisition (Ferrel-Chapus 

& Tahej, 2010; Posner, 1994). Research suggests that attentional reserve, the 

capacity to sustain focused attention, increases alongside motor skill development, 

suggesting that as individuals gain proficiency in a motor skill, their ability to 

maintain attention also improves (Rietschel et al., 2014). Primitive attentional 

deficits impair motor development (Beijing, 2007; Foulder-Hughes & Cooke, 2007; 

Goulardins et al., 2017; Rosa Neto et al., 2015) while primary motor deficits limits 

attentional development (Rietschel et al., 2014), highlighting a bidirectional 

relationship between attention and motor impairment in children with UCP with 

shared underlying processes (Diamond, 2000; Hoare et al., 2018). While attention 
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capacity predicts executive task performance (van der Fels et al., 2019), attentional 

deficits can also affect executive function, reflected in planning difficulties 

observed in children with UCP (Steenbergen et al., 2007). Studies further 

demonstrated the impact of postural control on attention, with prematurely born 

children aged 6-7 years exhibiting reduced executive performance in the Attention 

Network Test when maintaining a standing posture compared to term-born children, 

suggesting cognitive challenges associated with postural control and motor 

inhibition (Rosenbaum et al., 2022). These findings align with Reilly et al.’s (2008) 

observations of dual-task interference in postural control across stance positions in 

children with CP, particularly affecting the executive attention of those with ataxic 

CP during narrow stance (Reilly et al., 2008). Therefore, HABIT-ILE’s 

effectiveness in enhancing executive attention may be attributed to the inherent 

attentional demands of motor learning and the well-established bidirectional 

relationship between attention and motor development.  

Beyond motor skill learning, HABIT-ILE positive impact on attentional functions 

likely stems from three key mechanisms among the principles employed by the 

therapy. Firstly, the progressive increase in motor task (or “shaping”) inherent to 

HABIT-ILE is likely to stimulate continuous attentional engagement (Magill & 

Anderson, 2011). Secondly, the voluntary bimanual component of HABIT-ILE may 

further contribute to its beneficial effects. The “hands off” approach, which 

emphasizes the importance of self-initiated movements without therapist guidance, 

increases cognitive demands due to the need for greater intentionality, anticipatory 

modulation and potentially higher attentional recruitment during task execution 

(Bonnard et al., 2003). Furthermore, attentional deficits present in children with 

UCP may disproportionately hinder bimanual tasks as these require more cognitive 

resources than unimanual tasks (Baldauf & Deubel, 2008; Hoare et al., 2018). Some 

authors suggest that bimanual therapies are more optimal for developing these 

cognitive and perceptual processes related to a motor task, allowing improvement 

in bimanual performance as well as in predetermined functional goals, further 

supporting the findings of previous studies where HABIT-ILE effectively enhances 

both bimanual motor performance and the ability to achieve daily living tasks in 

children with UCP (Bleyenheuft et al., 2015; Dong et al., 2013; Hoare & Greaves, 

2017). Our study is the first to assess the HABIT-ILE effects on the attentional 
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networks described by Posner in children with UCP demonstrating improvements 

in the specific executive attention network.  

The observed improvements in executive function suggest that the motor learning 

induced by HABIT-ILE could trigger neuroplastic changes and contribute to neural 

plasticity, potentially modifying the structure and function of neural networks 

involved in both motor and attentional control, particularly executive control. A 

previous study involving 23 children with UCP demonstrated that HABIT-ILE 

could enhance the integrity of corticospinal fibers in these children and this 

improvement correlated with increased motor performance (Bleyenheuft et al., 

2020). This highlights the plasticity of white matter fibers in corticospinal tracts. 

However, the plasticity of corticospinal tracts is insufficient to account for the 

observed attentional gains, which require functional connectivity between distinct 

brain regions (Fan et al., 2005; Fan et al., 2002; Rueda et al., 2004). An animal 

study conducted by Xiao et al. (2016) demonstrated that motor learning stimulates 

oligodendrocyte activity in the motor cortex, particularly during the early stages of 

learning. This finding supports the notion that white matter changes observed 

during motor learning result from adaptive myelination, which enhances synaptic 

connectivity and accelerates the transmission of nerve signals (Xiao et al., 2016). 

These findings align with a UCP rat model study, where Constraint-Induced 

Movement Therapy, a form of motor skill learning, increased Sox2 and Fyn 

expression, proteins vital for myelin formation. Notably, combined CIMT and Sox2 

overexpression yielded the most significant motor improvement, along with more 

oligodendrocytes and enhanced myelin structure (Fu et al., 2024). This adaptive 

myelination in motor regions suggests a potential shared mechanism for white 

matter improvement in both motor and attentional brain regions. Although these 

studies suggest that HABIT-ILE’s effects on attention enhancement may be 

attributed to motor learning-induced neuroplasticity, further research employing 

neuroimaging techniques is necessary to determine whether this phenomenon 

extends to brain regions involved in attention functions in children with UCP.  
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V. LIMITATIONS 

Although our study yielded statistically significant results, the relatively small 

sample size limits the generalizability of our findings to larger populations. Future 

research with a larger sample could provide a more robust understanding of HABIT-

ILE’s effects on attention.  Additionally, the study assessed the effects of HABIT-

ILE on attention in the immediate post-intervention period, limiting our 

understanding of its potential for middle- and long-term improvements. Given the 

potential for attention deficits to manifest in various ways, the study could have 

benefited from investigating the convergence between the Posner network attention 

model and other clinical attention tests. This would have provided valuable insights 

into the nature and extent of attentional impairments in this population. Finally, 

while the Attention Network Test is a valuable tool for assessing attention, its 

reliance on reaction times and percentage of errors necessitates careful 

consideration of potential influences from motivation and fatigue. 
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VI. CONCLUSION 

In conclusion, this study is the first to identify deficits in the alerting and executive 

attention functions in children with UCP compared to TDC, using the Attention 

Network Test. It also supports the potential of a motor skill learning-based therapy 

such as HABIT-ILE to improve specifically executive attention in this population. 

These improvements may be linked to neuroplastic changes triggered by motor 

learning, potentially involving enhanced white matter connectivity within brain 

regions crucial for both motor and attentional control.  
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VII. APPENDIX 

1. Appendix A : Information letter and consent form for parents 
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2. Appendix B : Hospital-Faculty Ethics Committee 
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3. Appendix C : Manual Ability Classification System (MACS) 
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4. Appendix D : Gross Motor Function Classification System (GMFCS) 
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5. Appendix E : Standardized instructions and paper maps used for ANT 
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6. Appendix F : Effects of HABIT-ILE on attentional changes 

Test  

/ 

Group 

 

T1, Mean 

(SEM) 

T2, Mean 

(SEM) 

Mean % of 

change 

Two-way Repeated-Measure ANOVA Pairwise Multiple Comparison 

Group effect Time effect 
Group x 

Time  
Group 

factor  

(p-value) 

Time 

factor  

(p-value) 

Group x Time  

(p-value) 
F  p F  p  F  p 

Alerting attention 

Processing time (ms) 

CG 
112.464 

(18.676) 

112.368 

(19.507) 
-0.085% 

0.0224 0.882 0.419 0.521 0.412 0.524 - 

TG 
126.776 

(16.705) 

103.469 

(17.291) 
-18.18% 

Percentage of errors (%) 
 

CG 
18.519 

(4.540) 

27.083 

(4.742) 
+46.22% 

0.926 0.341 0.111 0.740 5.210 0.027 - - 

TG vs CG 

within T1 

<0.05 (0.023) TG 
32.778 

(4.061) 

21.280 

(4.203) 
-35.08% 

Orienting attention 

Processing time (ms) 

CG 
73.368 

(17.058) 

84.659 

(15.728) 
+15.35% 

0.0367 0.849 0.0117 0.914 0.444 0.508 - 

TG 
80.292 

(13.468) 

72.153 

(13.941) 
-10.14% 

Percentage of errors (%) 

CG 
19.329 

(4.865) 

21.780 

(5.081) 
+12.68% 

0.568 0.455 0.0598 0.808 0.586 0.448 - 

TG 
26.481 

(4.351) 

21.726 

(4.504) 
-17.95% 

Executive attention 

Processing time (ms) 

CG 
141.915 

(23.520) 

135.952 

(24.565) 
-4.20% 

1.164 0.286 7.418 0.009 6.060 0.017 - 

T1 vs T2 

<0.05 

(0.009) 

T1 vs T2 

within TG 

<0.001 

CG vs TG 

within T2 

<0.05 (0.018) 

TG 
173.400 

(21.037) 

55.344 

(21.775) 
-68.14% 

Percentage of errors (%) 

CG 
33.854 

(4.900) 

29.356 

(5.118) 
-13.32% 

0.112 0.739 6.480 0.014 2.551 0.117 - 

T1 vs T2 

<0.05 

(0.014) 

- 

TG 
39.841 

(4.383) 

20.192 

(4.536) 
-49.35% 

Abbreviations. SEM= standard error of the mean; ms= milliseconds; T1= pre-intervention; T2= post-

intervention; CG= control group; TG= treatment group  

 

  



27 

 

VIII. Bibliography 

 

Araneda, R., Ebner-Karestinos, D., Dricot, L., Herman, E., Hatem, S. M., Friel, K. 

M., Gordon, A. M., & Bleyenheuft, Y. (2022). Impact of early brain lesions 

on the optic radiations in children with cerebral palsy. Front Neurosci, 16, 

924938. https://doi.org/10.3389/fnins.2022.924938  

Araneda, R., Ebner-Karestinos, D., Paradis, J., Klocker, A., Saussez, G., Demas, J., 

Bailly, R., Bouvier, S., Carton de Tournai, A., Enimie, H., Souki, A., Le Gal, 

G., Nowak, E., Sizonenko, S. V., Newman, C. J., Dinomais, M., Riquelme, 

I., Guzzetta, A., Brochard, S., & Bleyenheuft, Y. (2023). Changes Induced 

by Early Hand-Arm Bimanual Intensive Therapy Including Lower 

Extremities in Young Children With Unilateral Cerebral Palsy: A 

Randomized Clinical Trial. JAMA Pediatr. 

https://doi.org/10.1001/jamapediatrics.2023.4809  

Baldauf, D., & Deubel, H. (2008). Visual attention during the preparation of 

bimanual movements. Vision Res, 48(4), 549-563. 

https://doi.org/10.1016/j.visres.2007.11.023  

Ballester-Plane, J., Schmidt, R., Laporta-Hoyos, O., Junque, C., Vazquez, E., 

Delgado, I., Zubiaurre-Elorza, L., Macaya, A., Poo, P., Toro, E., de Reus, 

M. A., van den Heuvel, M. P., & Pueyo, R. (2017). Whole-brain structural 

connectivity in dyskinetic cerebral palsy and its association with motor and 

cognitive function. Hum Brain Mapp, 38(9), 4594-4612. 

https://doi.org/10.1002/hbm.23686  

Barnea-Goraly, N., Menon, V., Eckert, M., Tamm, L., Bammer, R., Karchemskiy, 

A., Dant, C. C., & Reiss, A. L. (2005). White matter development during 

childhood and adolescence: a cross-sectional diffusion tensor imaging 

study. Cereb Cortex, 15(12), 1848-1854. 

https://doi.org/10.1093/cercor/bhi062  

Barra, J., Auclair, L., Charvillat, A., Vidal, M., & Perennou, D. (2015). Postural 

control system influences intrinsic alerting state. Neuropsychology, 29(2), 

226-234. https://doi.org/10.1037/neu0000174  

Bax, M., Tydeman, C., & Flodmark, O. (2006). Clinical and MRI correlates of 

cerebral palsy: the European Cerebral Palsy Study. JAMA, 296(13), 1602-

1608. https://doi.org/10.1001/jama.296.13.1602  

https://doi.org/10.3389/fnins.2022.924938
https://doi.org/10.1001/jamapediatrics.2023.4809
https://doi.org/10.1016/j.visres.2007.11.023
https://doi.org/10.1002/hbm.23686
https://doi.org/10.1093/cercor/bhi062
https://doi.org/10.1037/neu0000174
https://doi.org/10.1001/jama.296.13.1602


28 

 

Beijing, d. x. (2007). Motor coordination function of attention deficit hyperactivity 

disorder : review. Journal of Peking University Health Sciences  

Blasco, M., Garcia-Galant, M., Berenguer-Gonzalez, A., Caldu, X., Arque, M., 

Laporta-Hoyos, O., Ballester-Plane, J., Miralbell, J., Jurado, M. A., & Roser, 

P. (2023). Interventions with an Impact on Cognitive Functions in Cerebral 

Palsy: a Systematic Review. Neuropsychol Rev, 33(2), 551-577. 

https://doi.org/10.1007/s11065-022-09550-7  

Bleyenheuft, Y., Arnould, C., Brandao, M. B., Bleyenheuft, C., & Gordon, A. M. 

(2015). Hand and Arm Bimanual Intensive Therapy Including Lower 

Extremity (HABIT-ILE) in Children With Unilateral Spastic Cerebral Palsy: 

A Randomized Trial. Neurorehabil Neural Repair, 29(7), 645-657. 

https://doi.org/10.1177/1545968314562109  

Bleyenheuft, Y., Dricot, L., Ebner-Karestinos, D., Paradis, J., Saussez, G., Renders, 

A., De Volder, A., Araneda, R., Gordon, A. M., & Friel, K. M. (2020). Motor 

Skill Training May Restore Impaired Corticospinal Tract Fibers in Children 

With Cerebral Palsy. Neurorehabil Neural Repair, 34(6), 533-546. 

https://doi.org/10.1177/1545968320918841  

Bodimeade, H. L., Whittingham, K., Lloyd, O., & Boyd, R. N. (2013). Executive 

function in children and adolescents with unilateral cerebral palsy. 

Developmental Medicine & Child Neurology, 55(10), 926-933. 

https://doi.org/10.1111/dmcn.12195  

Bonnard, M., Camus, M., de Graaf, J., & Pailhous, J. (2003). Direct evidence for a 

binding between cognitive and motor functions in humans: a TMS study. J 

Cogn Neurosci, 15(8), 1207-1216. 

https://doi.org/10.1162/089892903322598157  

Bottcher, L. (2010). Children with spastic cerebral palsy, their cognitive 

functioning, and social participation: a review. Child Neuropsychol, 16(3), 

209-228. https://doi.org/10.1080/09297040903559630  

Bottcher, L., Flachs, E. M., & Uldall, P. (2010). Attentional and executive 

impairments in children with spastic cerebral palsy. Dev Med Child Neurol, 

52(2), e42-47. https://doi.org/10.1111/j.1469-8749.2009.03533.x  

Bøttcher, L., Stadskleiv, K., Berntsen, T., Christensen, K., Korsfelt, Å., Kihlgren, 

M., & Ödman, P. (2015). Systematic cognitive monitoring of children with 

cerebral palsy – the development of an assessment and follow-up protocol. 

https://doi.org/10.1007/s11065-022-09550-7
https://doi.org/10.1177/1545968314562109
https://doi.org/10.1177/1545968320918841
https://doi.org/10.1111/dmcn.12195
https://doi.org/10.1162/089892903322598157
https://doi.org/10.1080/09297040903559630
https://doi.org/10.1111/j.1469-8749.2009.03533.x


29 

 

Scandinavian Journal of Disability Research, 18(4), 304-315. 

https://doi.org/10.1080/15017419.2015.1091035  

Cans, C. (2005). Épidémiologie de la paralysie cérébrale (« cerebral palsy » ou cp). 

Motricité Cérébrale : Réadaptation, Neurologie du Développement, 26(2), 

51-58. https://doi.org/10.1016/s0245-5919(05)81666-8  

Cans, C., De-la-Cruz, J., & Mermet, M.-A. (2008). Epidemiology of cerebral palsy. 

Paediatrics and Child Health, 18(9), 393-398. 

https://doi.org/10.1016/j.paed.2008.05.015  

Ceschin, R., Lee, V. K., Schmithorst, V., & Panigrahy, A. (2015). Regional 

vulnerability of longitudinal cortical association connectivity: Associated 

with structural network topology alterations in preterm children with 

cerebral palsy. Neuroimage Clin, 9, 322-337. 

https://doi.org/10.1016/j.nicl.2015.08.021  

Crick, N. R., & Dodge, K. A. (1994). A review and reformulation of social 

information-processing mechanisms in children's social adjustment. 

Psychological Bulletin, 115(1), 74-101. https://doi.org/10.1037/0033-

2909.115.1.74  

Diamond, A. (2000). Close interrelation of motor development and cognitive 

development and of the cerebellum and prefrontal cortex. Child Dev, 71(1), 

44-56. https://doi.org/10.1111/1467-8624.00117  

Dong, V. A., Tung, I. H., Siu, H. W., & Fong, K. N. (2013). Studies comparing the 

efficacy of constraint-induced movement therapy and bimanual training in 

children with unilateral cerebral palsy: a systematic review. Dev 

Neurorehabil, 16(2), 133-143. 

https://doi.org/10.3109/17518423.2012.702136  

Fan, J., McCandliss, B. D., Fossella, J., Flombaum, J. I., & Posner, M. I. (2005). 

The activation of attentional networks. Neuroimage, 26(2), 471-479. 

https://doi.org/10.1016/j.neuroimage.2005.02.004  

Fan, J., McCandliss, B. D., Sommer, T., Raz, A., & Posner, M. I. (2002). Testing 

the efficiency and independence of attentional networks. J Cogn Neurosci, 

14(3), 340-347. https://doi.org/10.1162/089892902317361886  

Fennell, E. B., & Dikel, T. N. (2001). Cognitive and neuropsychological 

functioning in children with cerebral palsy. J Child Neurol, 16(1), 58-63. 

https://doi.org/10.1177/088307380101600110  

https://doi.org/10.1080/15017419.2015.1091035
https://doi.org/10.1016/s0245-5919(05)81666-8
https://doi.org/10.1016/j.paed.2008.05.015
https://doi.org/10.1016/j.nicl.2015.08.021
https://doi.org/10.1037/0033-2909.115.1.74
https://doi.org/10.1037/0033-2909.115.1.74
https://doi.org/10.1111/1467-8624.00117
https://doi.org/10.3109/17518423.2012.702136
https://doi.org/10.1016/j.neuroimage.2005.02.004
https://doi.org/10.1162/089892902317361886
https://doi.org/10.1177/088307380101600110


30 

 

Ferrel-Chapus, C., & Tahej, P. K. (2010). Processus attentionnels et apprentissage 

moteur. Movement & Sport Sciences, n° 71(3). 

https://doi.org/10.3917/sm.071.0071  

Fluss, J., & Lidzba, K. (2020). Cognitive and academic profiles in children with 

cerebral palsy: A narrative review. Ann Phys Rehabil Med, 63(5), 447-456. 

https://doi.org/10.1016/j.rehab.2020.01.005  

Foulder-Hughes, L. A., & Cooke, R. W. I. (2007). Motor, cognitive, and behavioural 

disorders in children born very preterm. Developmental Medicine & Child 

Neurology, 45(2), 97-103. https://doi.org/10.1111/j.1469-

8749.2003.tb00912.x  

Fu, C., Tang, H., Liu, L., Huang, Y., Zhou, H., Huang, S., Peng, T., Zeng, P., Yang, 

X., He, L., & Xu, K. (2024). Constraint-Induced Movement Therapy 

Promotes Myelin Remodeling and Motor Function by Mediating Sox2/Fyn 

Signals in Rats with Hemiplegic Cerebral Palsy. Phys Ther. 

https://doi.org/10.1093/ptj/pzae011  

Gabis, L. V., Tsubary, N. M., Leon, O., Ashkenasi, A., & Shefer, S. (2015). 

Assessment of Abilities and Comorbidities in Children With Cerebral Palsy. 

J Child Neurol, 30(12), 1640-1645. 

https://doi.org/10.1177/0883073815576792  

Galli, J., Ambrosi, C., Micheletti, S., Merabet, L. B., Pinardi, C., Gasparotti, R., & 

Fazzi, E. (2018). White matter changes associated with cognitive visual 

dysfunctions in children with cerebral palsy: A diffusion tensor imaging 

study. J Neurosci Res, 96(11), 1766-1774. https://doi.org/10.1002/jnr.24307  

Goulardins, J. B., Marques, J. C., & De Oliveira, J. A. (2017). Attention Deficit 

Hyperactivity Disorder and Motor Impairment. Percept Mot Skills, 124(2), 

425-440. https://doi.org/10.1177/0031512517690607  

Graham, H. K., Rosenbaum, P., Paneth, N., Dan, B., Lin, J. P., Damiano, D. L., 

Becher, J. G., Gaebler-Spira, D., Colver, A., Reddihough, D. S., Crompton, 

K. E., & Lieber, R. L. (2016). Cerebral palsy. Nat Rev Dis Primers, 2, 15082. 

https://doi.org/10.1038/nrdp.2015.82  

Hagel, C. (2018). Neuropathology of Cerebral Palsy. In C. P. Panteliadis (Ed.), 

Cerebral Palsy: A Multidisciplinary Approach (pp. 35-47). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-67858-0_5  

https://doi.org/10.3917/sm.071.0071
https://doi.org/10.1016/j.rehab.2020.01.005
https://doi.org/10.1111/j.1469-8749.2003.tb00912.x
https://doi.org/10.1111/j.1469-8749.2003.tb00912.x
https://doi.org/10.1093/ptj/pzae011
https://doi.org/10.1177/0883073815576792
https://doi.org/10.1002/jnr.24307
https://doi.org/10.1177/0031512517690607
https://doi.org/10.1038/nrdp.2015.82
https://doi.org/10.1007/978-3-319-67858-0_5


31 

 

Hoare, B., Ditchfield, M., Thorley, M., Wallen, M., Bracken, J., Harvey, A., Elliott, 

C., Novak, I., & Crichton, A. (2018). Cognition and bimanual performance 

in children with unilateral cerebral palsy: protocol for a multicentre, cross-

sectional study. BMC Neurol, 18(1), 63. https://doi.org/10.1186/s12883-

018-1070-z  

Hoare, B., & Greaves, S. (2017). Unimanual versus bimanual therapy in children 

with unilateral cerebral palsy: Same, same, but different. J Pediatr Rehabil 

Med, 10(1), 47-59. https://doi.org/10.3233/PRM-170410  

Jenks, K. M., de Moor, J., & van Lieshout, E. C. (2009). Arithmetic difficulties in 

children with cerebral palsy are related to executive function and working 

memory. J Child Psychol Psychiatry, 50(7), 824-833. 

https://doi.org/10.1111/j.1469-7610.2008.02031.x  

Krageloh-Mann, I., & Horber, V. (2007). The role of magnetic resonance imaging 

in elucidating the pathogenesis of cerebral palsy: a systematic review. Dev 

Med Child Neurol, 49(2), 144-151. https://doi.org/10.1111/j.1469-

8749.2007.00144.x  

Laporta-Hoyos, O., Ballester-Plane, J., Leiva, D., Ribas, T., Miralbell, J., Torroja-

Nualart, C., Russi, M. E., Toro-Tamargo, E., Melendez-Plumed, M., 

Gimeno, F., Macaya, A., & Pueyo, R. (2019). Executive function and 

general intellectual functioning in dyskinetic cerebral palsy: Comparison 

with spastic cerebral palsy and typically developing controls. Eur J Paediatr 

Neurol, 23(4), 546-559. https://doi.org/10.1016/j.ejpn.2019.05.010  

Liu, C., Peng, Y., Yang, Y., Li, P., Chen, D., Nie, D., Liu, H., & Liu, P. (2024). 

Structure of brain grey and white matter in infants with spastic cerebral 

palsy and periventricular white matter injury. Dev Med Child Neurol, 66(4), 

514-522. https://doi.org/10.1111/dmcn.15739  

Magill, R., & Anderson, D. (2011). Attention as a limited capacity resource. Motor 

learning and control: Concepts and applications, 194-220.  

McCandliss, B., Beck, I. L., Sandak, R., & Perfetti, C. (2003). Focusing Attention 

on Decoding for Children With Poor Reading Skills: Design and 

Preliminary Tests of the Word Building Intervention. Scientific Studies of 

Reading, 7(1), 75-104. https://doi.org/10.1207/s1532799xssr0701_05  

McDermott, S., Coker, A. L., Mani, S., Krishnaswami, S., Nagle, R. J., Barnett-

Queen, L. L., & Wuori, D. F. (1996). A population-based analysis of 

https://doi.org/10.1186/s12883-018-1070-z
https://doi.org/10.1186/s12883-018-1070-z
https://doi.org/10.3233/PRM-170410
https://doi.org/10.1111/j.1469-7610.2008.02031.x
https://doi.org/10.1111/j.1469-8749.2007.00144.x
https://doi.org/10.1111/j.1469-8749.2007.00144.x
https://doi.org/10.1016/j.ejpn.2019.05.010
https://doi.org/10.1111/dmcn.15739
https://doi.org/10.1207/s1532799xssr0701_05


32 

 

behavior problems in children with cerebral palsy. J Pediatr Psychol, 21(3), 

447-463. https://doi.org/10.1093/jpepsy/21.3.447  

McIntyre, S., Goldsmith, S., Webb, A., Ehlinger, V., Hollung, S. J., McConnell, K., 

Arnaud, C., Smithers-Sheedy, H., Oskoui, M., Khandaker, G., 

Himmelmann, K., & Global, C. P. P. G. (2022). Global prevalence of 

cerebral palsy: A systematic analysis. Dev Med Child Neurol. 

https://doi.org/10.1111/dmcn.15346  

Novak, I., Hines, M., Goldsmith, S., & Barclay, R. (2012). Clinical prognostic 

messages from a systematic review on cerebral palsy. Pediatrics, 130(5), 

e1285-1312. https://doi.org/10.1542/peds.2012-0924  

Novak, I., Morgan, C., Adde, L., Blackman, J., Boyd, R. N., Brunstrom-Hernandez, 

J., Cioni, G., Damiano, D., Darrah, J., Eliasson, A. C., de Vries, L. S., 

Einspieler, C., Fahey, M., Fehlings, D., Ferriero, D. M., Fetters, L., Fiori, 

S., Forssberg, H., Gordon, A. M., . . . Badawi, N. (2017). Early, Accurate 

Diagnosis and Early Intervention in Cerebral Palsy: Advances in Diagnosis 

and Treatment. JAMA Pediatr, 171(9), 897-907. 

https://doi.org/10.1001/jamapediatrics.2017.1689  

Novak, I., Morgan, C., Fahey, M., Finch-Edmondson, M., Galea, C., Hines, A., 

Langdon, K., Namara, M. M., Paton, M. C., Popat, H., Shore, B., Khamis, 

A., Stanton, E., Finemore, O. P., Tricks, A., Te Velde, A., Dark, L., Morton, 

N., & Badawi, N. (2020). State of the Evidence Traffic Lights 2019: 

Systematic Review of Interventions for Preventing and Treating Children 

with Cerebral Palsy. Curr Neurol Neurosci Rep, 20(2), 3. 

https://doi.org/10.1007/s11910-020-1022-z  

Pannek, K., Boyd, R. N., Fiori, S., Guzzetta, A., & Rose, S. E. (2014). Assessment 

of the structural brain network reveals altered connectivity in children with 

unilateral cerebral palsy due to periventricular white matter lesions. 

Neuroimage Clin, 5, 84-92. https://doi.org/10.1016/j.nicl.2014.05.018  

Pavlova, M. A., & Krageloh-Mann, I. (2013). Limitations on the developing 

preterm brain: impact of periventricular white matter lesions on brain 

connectivity and cognition. Brain, 136(Pt 4), 998-1011. 

https://doi.org/10.1093/brain/aws334  

https://doi.org/10.1093/jpepsy/21.3.447
https://doi.org/10.1111/dmcn.15346
https://doi.org/10.1542/peds.2012-0924
https://doi.org/10.1001/jamapediatrics.2017.1689
https://doi.org/10.1007/s11910-020-1022-z
https://doi.org/10.1016/j.nicl.2014.05.018
https://doi.org/10.1093/brain/aws334


33 

 

Pirila, S., van der Meere, J. J., Rantanen, K., Jokiluoma, M., & Eriksson, K. (2011). 

Executive functions in youth with spastic cerebral palsy. Journal of child 

neurology, 26(7), 817-821. https://doi.org/10.1177/0883073810392584  

Posner, M. I. (1994). Attention: the mechanisms of consciousness. Proc Natl Acad 

Sci U S A, 91(16), 7398-7403. https://doi.org/10.1073/pnas.91.16.7398      

Posner, M. I., & Rothbart, M. K. (2007). Research on attention networks as a model 

for the integration of psychological science. Annu Rev Psychol, 58, 1-23. 

https://doi.org/10.1146/annurev.psych.58.110405.085516  

Reid, S. M., Dagia, C. D., Ditchfield, M. R., Carlin, J. B., & Reddihough, D. S. 

(2014). Population-based studies of brain imaging patterns in cerebral palsy. 

Dev Med Child Neurol, 56(3), 222-232. https://doi.org/10.1111/dmcn.12228  

Reilly, D. S., Woollacott, M. H., van Donkelaar, P., & Saavedra, S. (2008). The 

interaction between executive attention and postural control in dual-task 

conditions: children with cerebral palsy. Arch Phys Med Rehabil, 89(5), 

834-842. https://doi.org/10.1016/j.apmr.2007.10.023  

Rietschel, J. C., McDonald, C. G., Goodman, R. N., Miller, M. W., Jones-Lush, L. 

M., Wittenberg, G. F., & Hatfield, B. D. (2014). Psychophysiological 

support of increasing attentional reserve during the development of a motor 

skill. Biol Psychol, 103, 349-356. 

https://doi.org/10.1016/j.biopsycho.2014.10.008  

Rosa Neto, F., Goulardins, J. B., Rigoli, D., Piek, J. P., & Oliveira, J. A. (2015). 

Motor development of children with attention deficit hyperactivity disorder. 

Braz J Psychiatry, 37(3), 228-234. https://doi.org/10.1590/1516-4446-

2014-1533  

Rosenbaum, J., Ceyte, H., Hamon, I., Deforge, H., Hascoet, A. M. J., Caudron, S., 

& Hascoet, J. M. (2022). Influence of body mobility on attention networks 

in school-aged prematurely born children: A controlled trial. Front Pediatr, 

10, 928541. https://doi.org/10.3389/fped.2022.928541  

Rueda, M. R., Fan, J., McCandliss, B. D., Halparin, J. D., Gruber, D. B., Lercari, 

L. P., & Posner, M. I. (2004). Development of attentional networks in 

childhood. Neuropsychologia, 42(8), 1029-1040. 

https://doi.org/10.1016/j.neuropsychologia.2003.12.012  

Sakash, A., Broman, A. T., Rathouz, P. J., & Hustad, K. C. (2018). Executive 

function in school-aged children with cerebral palsy: Relationship with 

https://doi.org/10.1177/0883073810392584
https://doi.org/10.1073/pnas.91.16.7398
https://doi.org/10.1146/annurev.psych.58.110405.085516
https://doi.org/10.1111/dmcn.12228
https://doi.org/10.1016/j.apmr.2007.10.023
https://doi.org/10.1016/j.biopsycho.2014.10.008
https://doi.org/10.1590/1516-4446-2014-1533
https://doi.org/10.1590/1516-4446-2014-1533
https://doi.org/10.3389/fped.2022.928541
https://doi.org/10.1016/j.neuropsychologia.2003.12.012


34 

 

speech and language. Res Dev Disabil, 78, 136-144. 

https://doi.org/10.1016/j.ridd.2018.05.015  

Scheck, S. M., Boyd, R. N., & Rose, S. E. (2012). New insights into the pathology 

of white matter tracts in cerebral palsy from diffusion magnetic resonance 

imaging: a systematic review. Dev Med Child Neurol, 54(8), 684-696. 

https://doi.org/10.1111/j.1469-8749.2012.04332.x  

Scheck, S. M., Pannek, K., Raffelt, D. A., Fiori, S., Boyd, R. N., & Rose, S. E. 

(2015). Structural connectivity of the anterior cingulate in children with 

unilateral cerebral palsy due to white matter lesions. Neuroimage Clin, 9, 

498-505. https://doi.org/10.1016/j.nicl.2015.09.014  

Shank, L. K., Kaufman, J., Leffard, S., & Warschausky, S. (2010). Inspection time 

and attention-deficit/hyperactivity disorder symptoms in children with 

cerebral palsy. Rehabil Psychol, 55(2), 188-193. 

https://doi.org/10.1037/a0019601  

Stadskleiv, K. (2020). Cognitive functioning in children with cerebral palsy. Dev 

Med Child Neurol, 62(3), 283-289. https://doi.org/10.1111/dmcn.14463  

Steenbergen, B., Verrel, J., & Gordon, A. M. (2007). Motor planning in congenital 

hemiplegia. Disabil Rehabil, 29(1), 13-23. 

https://doi.org/10.1080/09638280600947591  

van der Fels, I. M. J., Smith, J., de Bruijn, A. G. M., Bosker, R. J., Konigs, M., 

Oosterlaan, J., Visscher, C., & Hartman, E. (2019). Relations between gross 

motor skills and executive functions, controlling for the role of information 

processing and lapses of attention in 8-10 year old children. PLoS One, 

14(10), e0224219. https://doi.org/10.1371/journal.pone.0224219  

Vilensky, J. A., & van Hoesen, G. W. (1981). Corticopontine projections from the 

cingulate cortex in the rhesus monkey. Brain Res, 205(2), 391-395. 

https://doi.org/10.1016/0006-8993(81)90348-6  

Xiao, L., Ohayon, D., McKenzie, I. A., Sinclair-Wilson, A., Wright, J. L., Fudge, 

A. D., Emery, B., Li, H., & Richardson, W. D. (2016). Rapid production of 

new oligodendrocytes is required in the earliest stages of motor-skill 

learning. Nat Neurosci, 19(9), 1210-1217. https://doi.org/10.1038/nn.4351  

 

 

https://doi.org/10.1016/j.ridd.2018.05.015
https://doi.org/10.1111/j.1469-8749.2012.04332.x
https://doi.org/10.1016/j.nicl.2015.09.014
https://doi.org/10.1037/a0019601
https://doi.org/10.1111/dmcn.14463
https://doi.org/10.1080/09638280600947591
https://doi.org/10.1371/journal.pone.0224219
https://doi.org/10.1016/0006-8993(81)90348-6
https://doi.org/10.1038/nn.4351


UNIVERSITÉ CATHOLIQUE DE LOUVAIN 

Faculté des sciences de la motricité

Place Pierre de Coubertin, 1 bte L8.10.01, 1348 Louvain-la-Neuve, Belgique | www.uclouvain.be/fsm

 

 

1 

 

 

 

ABSTRACT 

Aim: This study aimed to investigate attentional networks (alertness, orienting and executive 

attention) alterations in children with unilateral cerebral palsy (UCP) and to explore the effects of 

an intensive motor skill learning therapy, Hand-Arm Bimanual Intensive Therapy Including 

Lower Extremities (HABIT-ILE), on these networks. 

Method: Twenty-seven children with UCP were randomized to a Treatment Group (TG; n=15), 

participating in a 65-hour HABIT-ILE camp or to a Control Group (CG; n=12), receiving 2-week 

conventional therapy. Attentional functions (alertness, orienting, executive control) were assessed 

using the children’s Attention Network Test (ANT). Assessments were conducted pre- (T1) and 

post-intervention (T2). UCP performance was compared to that of typically developing children 

(TDC; n=27).  

Results: Children with UCP exhibited slower processing times (PT) and increased number of 

errors (ER) in alerting attention (pPT= 0.02; pER<0.001) and executive attention (pPT= 0.002; 

pER<0.001) compared to TDC. A 2 (CG vs TG) x 2 (T1, T2) Repeated-Measure ANOVA on the 

time factor revealed a significant interaction effect for PT (F(1, 20)= 6.060; p= 0.017), indicating 

improvement specifically in the TG over time.  

Conclusion : This study provides the first evidence of alerting and executive attention deficits in 

UCP compared to TDC by using the ANT and suggests HABIT-ILE’s potential to enhance 

specifically executive attention in this population.  

 


