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Functional, neuroplastic and biomechanical
changes induced by early Hand-Arm
Bimanual Intensive Therapy Including
Lower Extremities (e-HABIT-ILE) in pre-
school children with unilateral cerebral
palsy: study protocol of a randomized
control trial
R. Araneda1, S. V. Sizonenko2, C. J. Newman3, M. Dinomais4,5, G. Le Gal6,7, E. Nowak6,7, A. Guzzetta8,9, I. Riquelme10,
S. Brochard6,11,12,13†, Y. Bleyenheuft1*† and Early HABIT-ILE group

Abstract

Background: Cerebral palsy (CP) causes motor, cognitive and sensory impairment at different extents. Many recent
rehabilitation developments (therapies) have focused solely on the upper extremities (UE), although the lower
extremities (LE) are commonly affected. Hand-arm Bimanual Intensive Therapy Including Lower Extremities (HABIT-
ILE) applies the concepts of motor skill learning and intensive training to both the UE and LE. It involves constant
stimulation of the UE and LE, for several hours each day over a 2-week period. The effects of HABIT-ILE have never
been evaluated in a large sample of young children. Furthermore, understanding of functional, neuroplastic and
biomechanical changes in infants with CP is lacking. The aim of this study is to carry out a multi-center randomized
controlled trial (RCT) to evaluate the effects of HABIT-ILE in pre-school children with unilateral CP on functional,
neuroplastic and biomechanical parameters.
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Methods: This multi-center, 3-country study will include 50 pre-school children with CP aged 1–4 years. The RCT
will compare the effect of 50 h (two weeks) of HABIT-ILE versus usual motor activity, including regular rehabilitation.
HABIT-ILE will be delivered in a day-camp setting, with structured activities and functional tasks that will be
continuously progressed in terms of difficulty. Assessments will be performed at 3 intervals: baseline (T0), two
weeks later and 3 months later. Primary outcomes will be the Assisting Hand Assessment; secondary outcomes
include the Melbourne Assessment-2, executive function assessments, questionnaires ACTIVLIM-CP, Pediatric
Evaluation of Disability Inventory, Young Children’s Participation and Environment Measure, Measure of the Process
of Care, Canadian Occupational Performance Measure, as well as neuroimaging and kinematics measures.

Discussion: We expect that HABIT-ILE will induce functional, neuroplastic and biomechanical changes as a result of
the intense, activity-based rehabilitation process and these changes will impact the whole developmental curve of
each child, improving functional ability, activity and participation in the short-, mid- and long-term.
Name of the registry: Changes Induced by Early HABIT-ILE in Pre-school Children With Uni- and Bilateral Cerebral
Palsy (EarlyHABIT-ILE).

Trial registration: Trial registration number: NCT04020354-Registration date on the International Clinical Trials
Registry Platform (ICTRP): November 20th, 2018; Registration date on NIH Clinical Trials Registry: July 16th, 2019.

Keywords: Cerebral palsy, Intensive training, Toddlers, Randomized controlled trial, Functional changes,
Neuroplasticity, Biomechanical changes

Background
Cerebral palsy (CP) affects between 2 to 3.6 out of 1000
live births [1]. It causes abnormal patterns of movement
and posture, and cognitive and sensory function may
also be impaired [2, 3]. These impairments result from
structural abnormalities in the brain that occur at differ-
ent periods of development [4, 5]. The timing, extent
and location of these abnormalities determines subse-
quent whole-brain functioning [4, 5]. Symptoms gener-
ally become apparent before 12 months of age and the
diagnosis is usually confirmed between the ages of 12 to
24months [6, 7]. Many rehabilitation approaches have
been developed over the last 15 years to reduce motor
dysfunction and its impact on activity and participation
[7, 8]. Intensive, activity-based, goal-directed interven-
tions have been shown to effectively improve motor
function in school-age children with CP [9], yet the ma-
jority of brain growth and development occurs before
this during the first 2 years of life. Despite this, few stud-
ies have evaluated the effectiveness of intensive rehabili-
tation and the mechanisms underlying the response to
therapy in pre-school children [7].
Animal models of cerebral palsy have shown that im-

pairments due to perinatal brain injury are mainly sec-
ondary to persistent inflammation [10–12]. This
inflammation alters neurogenesis, axonal growth and
synaptogenesis, as well as causing impairments within
the white matter [11, 13]. Studies have shown that these
alterations can be partially reversed in animals through
early intensive motor skill learning based interventions,
if they are provided during the optimal developmental
window of opportunity [14–17]. This suggests that an
intensive, early intervention, based on motor skill

learning could stimulate neuroplastic changes in both
the grey and white matter, leading to improvements in
functional abilities in children with CP.
Few trials of intensive rehabilitation have been carried

out in very young children and, to our knowledge, all
have focused on children with unilateral CP [9]. Eliasson
and colleagues [18] developed adapted baby-CIMT
(Constraint-induced movement therapy) for infants (<
12months) and several other teams adapted CIMT for
children between 2 to 3 years of age [19, 20]. Two other
research teams tested the effectiveness of CIMT in chil-
dren with unilateral CP between the ages of 1 and 6
years [21, 22] and another tested the feasibility of con-
ducting bimanual training in children aged from 2 to 4
years [23]. The results of these studies all showed that
intensive rehabilitation is feasible in young children, and
provided moderate-level evidence regarding the effect-
iveness of CIMT or bimanual training in young children
with unilateral CP. All the interventions studied focused
solely on the upper extremity (UE) [18, 21–23], despite
the fact that the lower extremity (LE) is very commonly
affected in this population. Hand-arm Bimanual Inten-
sive Therapy Including Lower Extremity (HABIT-ILE)
[24] applies the concepts of motor skill learning and in-
tensive training to both the UE and LE. It involves con-
stant stimulation of both the UE and LE through the
performance of combined activities for many hours each
day over a period of 2 weeks. This rehabilitation ap-
proach has been shown to improve motor function of
the UE and LE in school-aged children with unilateral
[25] and bilateral [26] CP across the 3 domains of the
International Classification of Functioning, Disability
and Health [27]. However, it has never been tested on a
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large scale in young infants, and very little is known
about functional, neuroplastic and biomechanical
changes in infants with unilateral CP. We will address
this gap by carrying out a randomized controlled study
to evaluate the effects of early HABIT-ILE (e-HABIT-
ILE), in pre-school children with unilateral CP on func-
tional, neuroplastic and biomechanical parameters.

Aims and hypotheses
We designed a randomized controlled trial (RCT) to test
our hypotheses immediately following 2 weeks of ther-
apy, and at 3 months. The effect of e-HABIT-ILE on
both neuroplasticity and movement characteristics of the
UE and LE will only be tested at 3 months.

Primary aim
The main objective of this protocol is to evaluate the
medium-term (three month) effect of a two-week e-
HABIT-ILE program in preschool children (aged from 1
to 4 years). This study will determine the effects of the
intervention on the ability to use the more affected hand
to carry out bimanual activities (Assisting Hand
Assessment (AHA) or Mini-AHA, depending on age) in
children with unilateral CP compare the effects of e-
HABIT-ILE against usual motor activity including usual
rehabilitation (control group).

Primary hypothesis
e-HABIT-ILE will induce greater improvements in bi-
manual performance in children with unilateral CP than
usual motor activity including usual rehabilitation, at
three months.

Secondary aims and hypotheses

� Aim: To determine the effectiveness of e-HABIT-
ILE on unimanual performance of both the more af-
fected and less affected hands.

Hypothesis: Melbourne Assessment-2 scores will be
higher for the HABIT-ILE group than for the control
group.
� Aim: To determine the effectiveness of e-HABIT-

ILE on tactile and pressure pain thresholds for both
the more affected and less affected hands.

Hypothesis: Tactile thresholds will be lower (improved
tactile sensation: Semmes-Weinstein Monofilament test)
and pressure thresholds will be higher (lower pressure
sensitivity: pressure algometry) in the e-HABIT-ILE group
than in the control group.
� Aim: To determine the effectiveness of e-HABIT-

ILE on executive function.

Hypothesis: Scores for working memory and inhibitory
control tests will be higher in the e-HABIT-ILE group
than in the control group.
� Aim: To determine the effectiveness of e-HABIT-

ILE on global activity performance in activities of
daily life.

Hypothesis: Scores for the ACTIVLIM-CP and the
Pediatric Evaluation of Disability Inventory (PEDI) will
be higher in the e-HABIT-ILE than in the control group.
� Aim: To determine the effectiveness of e-HABIT-

ILE on social participation.

Hypothesis: Young Children’s Participation and Envir-
onment Measure (YC-PEM) scores will be higher in the
e-HABIT-ILE group than in the control group.
� Aim: To determine the effectiveness of e-HABIT-

ILE on the perception of health services.

Hypothesis: Scores on the Measure of the Process of
Care (MPOC-20) will be higher in the e-HABIT-ILE
group than in the control group.
� Aim: To determine the effectiveness of e-HABIT-

ILE on the functional goals, as determined by the
parents.

Hypothesis: Improvements on the Canadian Occupa-
tional Performance Measure (COPM) will be greater in
the e-HABIT-ILE group than in the control group.
� Aim: To determine the effectiveness of e-HABIT-

ILE in producing neuroplastic changes in grey and
white matter as well as in brain connectivity.

Hypothesis: Changes in grey matter, white matter and
connectivity as measured by advanced brain imaging
techniques, will be greater in the e-HABIT-ILE group
than in the control group.
� Aim: To determine the effectiveness of e-HABIT-

ILE to produce changes in LE and UE movement
characteristics.

Hypothesis: Improvements in the kinematic parameters
for UE and LE movements will be greater in the e-
HABIT-ILE group than in the control group.

Methods
Ethics
Full ethical approval for this study has been obtained in
Belgium (B403201316810), France (29BRC19.0050/
N2019-A01173–54) and Italy (244/2019). A clear and
comprehensive information letter will be given to the
parents. If they agree to their child’s participation, par-
ents will be asked to sign a consent form at the moment
of inclusion in the study.
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Patient and public involvement
This research was build considering the opinion of an
French Association of people with cerebral palsy.

Study design
A multi-center RCT will be implemented across four
locations in three different countries: Belgium
(Brussels), France (Brest and Angers) and Italy (Pisa).
The RCT will involve children with unilateral CP
comparing the effect of 2 weeks of e-HABIT-ILE to
that of usual motor activity, including usual rehabili-
tation. Assessments will be performed at 3 intervals:
baseline (T0), two weeks after baseline (T1) and 3
months after baseline (T2). The RCT will follow the
CONSORT guidelines (See Fig. 1).

Recruitment
Participants
Fifty pre-school children with CP aged between 1 and 4
years will be included. Children will be recruited
through the following sites: in Belgium, at the CP center
of Saint-Luc University Hospital; in France, at the Brest
University Hospital Center and in Italy, at the Centre for
Innovative Therapies in CP of the Stella Maris Scientific
Institute in Pisa. Also, spontaneous applications from
parents of children who are not followed in any of these
centers will be considered.

Inclusion criteria
Children will be considered for eligibility if they have a
diagnosis of unilateral CP, either spastic or dyskinetic,
are aged between 12 and 59 months (corrected age if

Fig. 1 CONSORT Flowchart. RCT, randomized controlled trial; CP, cerebral palsy; GMFCS, gross motor function classification system; AHA, assisting
hand assessment; GMFM-66, gross motor function measure (66 items); MA-2, Melbourne assessment 2; PEDI-CAT, pediatric evaluation of disability
inventory, computer adaptive test; YC-PEM, young children’s participation and environment measure; MPOC-20, measure of the process of care
(20 items); COPM, Canadian occupational performance measure; DTI, diffusion tensor imaging; fMRI, functional magnetic resonance imaging; UE,
upper extremities; LE, lower extremities
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preterm birth), and are capable of following instructions
and completing all necessary tests according to their age.

Exclusion criteria
Participants will be excluded if they have uncontrolled
epilepsy, had botulinum toxin injections or orthopedic
surgery within the past 6 months, or if such interven-
tions are planned during the study period, have severe
visual or cognitive impairments that could interfere with
treatment/testing, have any of the usual contraindica-
tions to magnetic resonance imagery (MRI) such as
metal implants, or parent(s) are unable/unwilling to pro-
vide consent for their child’s participation.

Randomization process
Matched randomization will be carried out. Children will
be allocated to either the control or the treatment group
using a concealed centralized electronic allocation sys-
tem. The children will be matched for age at entry (1/2/
3/4 years) and etiology of CP (brain malformation/ peri-
ventricular white matter lesion/ grey matter lesion/) be-
fore the baseline assessment and collection of informed
consent. In addition, children in each group will be
matched for affected side (right/left).

Sample size
The sample size was calculated using the results of a
previous intensive therapy study performed on infants
and young children [19]. That study showed an improve-
ment of 6 AHA-units in the intervention group and of 2
AHA-units in the control group, with an effect size of
1.26 [19]. We also carried out a pilot trial of HABIT-ILE
in 10 children with unilateral CP (aged between 1 and 4
years) that yielded a mean increase of 10 ± 6.7 AHA-
units at the 3-month follow-up. We therefore expect a
minimum effect size of 1 (i.e., an improvement of 1 SD
in the HABIT-ILE group compared with the control
group) with an α of 0.05 and a 1-ß of 0.9. Therefore, 23
participants are required per group (46 in total). In order
to account for potential drop-outs, 50 participants will
be included.

Current status of the protocol
This protocol has already started and is still recruiting.

Blinding procedure
The main outcomes (AHA or Mini-AHA) will be rated
from videos by external accredited/experienced raters
unaware of group allocation or assessment interval. Ana-
lyses will be performed using study allocation codes. All
kinematic analyses, as well as analysis of the neuroimag-
ing data, will also be performed by an experienced rater
unaware of group allocation or assessment interval. All
data will be anonymized and storage within each site. At

the end of the study, these anonymized data will be de-
livered for analysis.

Study interventions
HABIT-ILE procedure
HABIT-ILE [24–26] is a motor skill learning-based ther-
apy performed in a camp setting, with structured activ-
ities of increasing motor difficulty and functional tasks
that require the use of both hands whilst performing
postural and/or locomotor activity of the LE. We have
adapted this program for pre-school children based on
the know-how developed in school-age children [24–26]
and our pilot study.
HABIT-ILE activities are presented as games and the

whole environment is arranged in such a way that chil-
dren perceive the camp as fun. The activities will be de-
fined by the e-HABIT-ILE supervisors according to the
results of the initial assessments (T0) and individualized
functional goals that will have been previously defined
with the parents (e.g. drinking by him/herself without
spilling, holding a book with one hand while turning
pages with the other, taking off a t-shirt, etc.). Over the
course of the 10 days (2 weeks), the difficulty of each
activity will be progressed to ensure that bimanual co-
ordination, postural control and LE function are con-
tinuously challenged. Each child will start at a level
which he/she can easily achieve. At the lowest level, the
more affected UE will be used as a passive stabilizer,
with progressive encouragement towards more complex
(active) use, through the introduction of games that re-
quire more skilled use of the UE. The involvement of
the LE in the different activities will also be progressed
from: 1) sitting activities e.g. initially on a chair or a mat,
potentially with a back support, progressing towards un-
supported sitting and sitting on an unstable support,
such us on a roller or a ball; 2) transitions from lower to
higher postures using the UE for support; 3) static gross
motor activities e.g. from standing with UE support to
playing in standing without UE support; and 4) dynamic
activities e.g. crawling, walking, running or jumping.
More skilled/challenging UE activities will be introduced
in stable sitting, then the UE activities that have been
mastered will be carried out in more challenging LE
conditions.

Implementation of e-HABIT-ILE
Six to nine children will undergo e-HABIT-ILE simul-
taneously. Activities will be conducted in both group
and individual settings. Each child will have his/her own
therapist (PT or OT) as well as a student therapist work-
ing with him/her. Two to three therapists experienced in
e-HABIT-ILE will supervise the activities to ensure the
content of the therapy and structured motor activities
are carried out for 80% of the therapy total time.
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Considering the usual amount of motor activity carried
out by pre-school children and infants [28], and allowing
for rest periods (e.g. naps), a therapy-time of 5 h per day,
(total of 50 h over the study period) was determined to
be the best compromise between current scientific evi-
dence on dosage [29, 30] and feasibility in this age
group.

Control procedure
Children who are randomized to the control group will
not undergo any specific activity beyond their routine
care (including usual rehabilitation). Toddlers spend
around 7.6 h/day executing motor activities [28]. Since a
proportion of these activities are performed at home, be-
fore or after going to daycare (e.g. dressing bathing, eat-
ing), we estimated that around 5 h of daily motor activity
are accomplished in daycare [28]. The content of these
activities will be documented in a logbook by the care-
giver. The amount of activity will be recorded by wrist
sensors during 5 days in the treatment and control
groups.

Data monitoring committee (DMC)
If needed, one researcher of each site will comprise the
DMC. They will assess and manage any adverse events
throughout the protocol at 6 monthly intervals.

Outcomes
Primary outcome
The primary outcome measure will be the score differ-
ence (T2-T0) between the groups (e-HABIT-ILE and
control) in the Mini Assisting Hand Assessment [31]
(Mini-AHA, for children aged 8 to 18months old) or
the Assisting Hand Assessment [32] (AHA, for children
aged 18months and above). Both tests use Rasch
analysis to quantify the assistance provided by the
more affected hand to the less affected hand during
bimanual activities. These assessments have all been
shown to be responsive, reliable and valid for use in
children with CP.

Secondary outcomes
Secondary functional assessments (T0, T1 and T2)
The Melbourne Assessment-2 [33] (MA2) will be used
to evaluate unilateral upper limb function. It is valid and
reliable for the assessment of the quality of upper limb
movements in children with neurological conditions.
Tactile threshold will be measured using the Semmes-

Weinstein Monofilament Test, which is reliable and re-
producible [34, 35]. Pressure threshold will be assessed
using an algometer which is well-tolerated by young
children [34] and has excellent intra-rater and inter-
rater reliability.

Executive functions will be assessed as described by
Gottwald et al., (2016) [36], who showed a significant re-
lationship between executive and motor functions in
younger children when assessing working memory and
inhibitory control.
Global activity performance will be evaluated using the

ACTIVLIM-CP [37] which is a reliable and valid ques-
tionnaire on activities of daily life involving the UE and
LE in children with CP.
Functional skills in daily activities and mobility will be

evaluated using The Pediatric Evaluation of Disability
Inventory, computer adaptive test (PEDI-CAT) [38].
This four-domains questionnaire has been shown to be
sensitive for use in children with CP [39].
Participation will be evaluated using The Young

Children’s Participation and Environment Measure [40]
(YC-PEM). It has a good intra-rater and inter-rater
reliability.
The Measure of the Process of Care [41] (MPOC-20)

will be used to measure parent perception of the extent
to which health services received by them and their child
are family-focused. This self-report questionnaire has
been shown to be valid and reliable.
The Canadian Occupational Performance Measure

[42] (COPM) will be used to define therapeutic goals
and to quantify the child’s performance in relation to
these goals, as well as the satisfaction of the parents re-
garding their achievement. The measure is administered
via semi-structured interview and will be performed by a
trained examiner.

Neuroimaging (T0 and T2)
MRI datasets will be collected in Saint-Luc University
Hospital (Brussels), CHRU (Brest) and IRCCS Stella
Maris (Pisa), using compatible scanners and standard-
ized acquisition parameters to allow a pooled analysis.
All children will undergo an MRI at T0 and T2. Before
the scans, all participants will be checked to ensure they
do not have any contraindications to MRI. In addition,
to avoid undergoing two general anesthesia procedures
in a short period, nap- or night-MRIs will be carried out.
The infants will undergo a standardized gradual adapta-
tion program so they become accustomed to the MRI
environment, including wearing ear-plugs to sleep, bottle
feeding just prior to the scan and careful observation of
the infant’s sleep routine [43].
Three different sequences will be performed: high-

resolution 3D T1-weighted MR images, diffusion tensor
imaging and resting-state functional MRI (total time: 20
min). The following analyses will be compared between
the control and e-HABIT-ILE groups:
(i) A morphometry analysis focusing on structural

neuroplastic changes including cortical thickness, cor-
tical folding and white matter fiber shape will be
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performed using high-resolution 3D T1-weighted MR
images. This approach has recently led to the discovery
of biomarkers related to potential correlations between
specific tissue lesions and volumetric variations of given
cerebral structures, or brain folding [44, 45].
(ii) Changes in fiber quality of the corticospinal tract

will be analyzed using diffusion tensor imaging and mea-
sures such as fractional anisotropy, main diffusivity and
tract volume. The organization of the corticospinal tract
and any changes will also be established through fiber
tracking [46, 47].
(iii) The topological properties of whole-brain net-

works will be analyzed using fMRI and graph theory and
network analysis. The properties of the motor network
will also be calculated [48, 49].

Movement parameters (T0 and T2)
The assessments will take place in the 3-dimentional
motion laboratories of the consortium (Brussels, Pisa,
Brest). These laboratories will use the same standardized
acquisition protocol using an optoelectronic system.
Children who are able to walk 10 m independently
will undergo both LE and UE analyses whilst those
who cannot will only undergo UE analysis. The total
time to perform both the UE and LE evaluations will
be 30 to 45 min.
(i) Gait analyses with synchronized electromyography

will be performed at T0 and T2. Sixteen reflective
markers will be positioned on anatomical landmarks fol-
lowing the protocol by Davis et al. [50]. Muscle activity
will be recorded using a 16-channel electromyography
system positioned over the rectus femoris, vastus
lateralis, medial hamstrings, tibialis anterior and
gastrocnemius-soleus muscles, according to the
SENIAM recommendations [51]. Children will walk
barefoot, unassisted, along a 10-m-long walkway. At
least ten trials will be recorded. Parental encouragement
and toys will be used to incite children to walk along the
walkway in a straight line. Spatio-temporal, kinematic
parameters, and muscle activation indexes will be
calculated.
(ii) UE 3-dimentional motion will be performed at T0

and T2. Based on the experience of the Brest team and
recent evidence [52] from a study of 10-month old in-
fants, we expect to acquire complete analyses for 60% of
the children. During the procedure, a simplified set of
upper-limb markers [53] will be positioned on anatom-
ical landmarks over the thorax, shoulder, arm, forearm,
and hand. Four electromyographic signals (the long head
of the triceps brachii, the short head of the biceps bra-
chii, pronator teres and quadratus) will be analyzed ac-
cording to the method developed by Sarcher et al. 2016
[54] and the SENIAM guidelines [51]. Children will sit
in a standardized seat at a table and will be asked to

perform two reach-to-grasp tasks. Spatio-temporal and
kinematic parameters will be calculated along with
muscle activation indices such as the Arm Profile Score
[55] and the EMG-Profile Score for UE motion [56].
(iii) Global physical activity (resting and active states

with intensity, posture and gait periods via bar-code pa-
rameters) will be measured using wrist sensors [57, 58]
(automatic calibration, simple positioning, similar to a
watch on each wrist). The main outcome will be the per-
centage of total time spent in movement (i.e. crawling,
walking and running) during either the HABIT-ILE or
the control period.

Statistical analysis
Improvements in AHA (or Mini-AHA) will be compared
between study groups using analysis of covariance
(ANCOVA) with adjustment for baseline measurements,
as recommended by Vickers et al. [59]. Secondary
outcome measures will be analyzed using ANCOVA.
Non-parametric analyses will be performed whenever
ANCOVA assumptions (homoscedasticity and normal-
ity) are not met. Age-subgroup (or according to other
characteristics) and interaction analyses will be per-
formed for exploratory purposes.

Discussion
This study protocol describes the background and de-
sign of a RCT to demonstrate the changes produced by
Early HABIT-ILE in comparison with usual activities.
We expect e-HABIT-ILE to induce functional, neuro-
plastic and biomechanical changes as a result of the in-
tense, activity-based rehabilitation carried out during the
stage of major central nervous system development. We
expect that these changes will impact the whole develop-
mental curve of each child, improving functional ability,
activity and participation in the short-, mid- and long-
terms.
The results of this project will be disseminated

through peer-reviewed publications and at national and
international conferences. If the outcomes demonstrate
the effectiveness of e-HABIT-ILE and the dissemination
is as large as expected, this should have a world-wide
impact on the care of children with CP. The early im-
provement in the functional capacity of children with
CP should reduce the mid- and long-term consequences
of the pathology, thus reducing the economic impact of
CP on healthcare systems.
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