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1. Introduction

Cerebral palsy (CP) is a group of permanent disorders that affect movement and posture
development, leading to activity limitations due to damage occurring in the developing brain of
the fetus or infant (Cans C., 2000; Oskoui et al., 2013; Rosenbaum et al., 2007). With 2 to 3
children affected per 1,000 live births, CP is the most common disability in childhood. Motor
disorders related to CP are often accompanied by sensory, cognitive, perceptive, communication,
and behavioural disorders. The most predominant type of CP is hemiparesis: a more pronounced
motor impairment on one side of the body. Although motor deficits predominantly affect one of
the upper limbs, bimanual coordination deficits are also observed. These bimanual coordination
deficits are often more profound than expected based on the deficits of the most affected upper
limb (Gordon et al., 2013) Since most activities of daily living (ADL) require the use of both hands
in a coordinated manner, deficits in bilateral coordination have a direct impact on ADL.

Seeking to improve upper limb function, several studies have assessed intensive rehabilitation
approaches that are based on motor learning principles and performed in a group context (Novak
et al., 2013). Moreover, one study shows that task-oriented training that requires a high number of
repetitions and a progression in task requirements improves motor control and manual function
(Gordon et al., 2013). The two most studied approaches — constraint-induced therapy and intensive
bimanual therapy — show comparable short- and long-term (6 months) outcomes in terms of
unimanual and bimanual skills (Gordon et al., 2011). However, results also suggest that bimanual
therapy provides larger gains in terms of performance and satisfaction in functional activities
(subjectively measured with the Canadian Occupational Performance Measure), potentially
because this approach focuses on bimanual activities with the spontaneous use of the most affected
arm (de Brito Brandao et al., 2012; Gordon et al., 2011). That said, while self-reported measures
provide relevant information about subjects’ own perception of their abilities, these measures are
subject to many biases (i.e., social desirability) (Waddell & Lang, 2018). Changes in spontaneous
use of the most affected limb in activities of daily living that follow interventions are rarely
examined objectively, so the link between improvements measured through clinical evaluations or
laboratory tests and any spontaneous use of the most affected limb remains to be definitively
established. This issue is of particular importance considering the Developmental Disregard
theory, which suggests that the more affected side is often overlooked during child development
since a child learns to prioritize using their healthy side (Taub et al., 2006; Zielinski et al., 2014).
As a result, the benefits an intervention may have on motor performance can be different when we
compare on-demand tasks and spontaneous use in ADL. Based on this theory, improving
spontaneous use of the most affected limb might provide better long-term gains than improving
motor performance. The development of small wireless motion sensors (accelerometry) now
makes it possible to quantify the relative use of each upper limb. A recent study has validated the
use of such sensors (ActiGraph) to assess spontaneous movements of upper limbs in ADL in
children with hemiplegic cerebral palsy (Dawe et al., 2019) ). These advances pave the way for a
quantitative characterization of the impact of intensive bimanual therapy in children’s daily living.
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Another important challenge that researchers and clinicians presently face in implementing
interventions is the heterogeneity of the population of children living with cerebral palsy, and the
variability observed in response to interventions. The heterogeneous nature of brain damage that
results in cerebral palsy may be a crucial factor in explaining variability in response to treatment.
However, biomarkers derived from magnetic resonance imaging (MRI) — such as the timing when
the lesion occurred, as well as its extent and precise location — only moderately predict effects on
sensorimotor functions (Feys et al., 2010; Holmefur et al., 2013). One of the reasons for this is
that the brain is still highly plastic at this stage of development, which allows for significant “re-
wiring” that may deviate from what is observed in typically developing children. Characterizing
this re-wiring could be useful at a clinical level: the identification of specific biomarkers may help
clinicians customize interventions according to individual characteristics (Jaspers et al., 2015) .
For example, it has been shown that brain damage can interfere with the phenomenon of
withdrawal of ipsilateral corticospinal projections normally occurring during development,
especially if it occurs between the 24™ and 34" week of gestation (Staudt et al., 2004) . As a result,
some children will demonstrate ipsilateral control of the most affected hand (or mixed control,
rather than contralateral control). The presence of ipsilateral control, as demonstrated for example
in transcranial magnetic stimulation (TMS), is typically associated with poorer motor function
(Holmstrom et al., 2010; Mackey et al., 2014; Staudt, 2002; van der Aa et al., 2013) . The structural
integrity of the corticospinal pathway between the injured hemisphere and the most affected hand,
based on diffusion tensor imaging (DTI) measurements, has also been reported to be associated
with motor function (Bleyenheuft et al., 2007; Friel et al., 2014; Glenn et al., 2007; Gupta et al.,
2017; Holmstrom et al., 2011; Hung et al., 2019; Kuczynski, Dukelow, et al., 2018; Mackey et al.,
2014; Marneweck et al., 2018; Nemanich et al., 2019; Smorenburg et al., 2017).

Despite established relationships between neuroanatomical or neurophysiological markers and
motor function of the most affected upper limb, few studies have been able to establish links
between these markers and the response to specific interventions (Robert et al., 2021; Rocca et al.,
2013) . Several reasons may explain these inconsistent results: On the one hand, there are inherent
limitations of neuroimaging approaches that target specific structures (e.g., corticospinal pathway,
corpus callosum, etc.). The use of multiple metrics in one study could help us understand the
complexity of brain reorganization (e.g., the importance of the integrity of the corticospinal
pathway between the affected hemisphere and the most affected hand may depend on the presence
of a predominantly ipsilateral or contralateral reorganisation of the corticospinal pathway). On the
other hand, these results are usually related to changes in complex functional tasks, which require
many brain structures and processes. Although the goal of rehabilitation is ultimately to improve
motor function in the context of ADL, the standardized assessment of mediating variables
(intermediate between two other variables and less complex than the use of the upper limb in ADL)
that focused on a specific function, can be an interesting way to bridge the gap between
neuroanatomical/neurophysiological variables and complex motor functions. The use of more
precise assessments of uni- and bilateral sensorimotor control, as made possible by the
development of robotic upper limb assessment systems, could clarify the relationship between
neuroanatomical/neurophysiological variables and clinical improvements. This approach could
lead to a better understanding of the variability observed in response to interventions, and
ultimately to predicting the effectiveness of interventions based on key biomarkers.
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2. Objectives and hypothesis

o  Main objective of the study

To understand the impacts of an intensive bimanual therapy on uni- and bimanual motor functions
and on the spontaneous use of the most affected arm, by clarifying what are the underlying
neurophysiological mechanisms involved.

e Specific objective 1

To describe changes that occur in motor function (uni- and bimanual) and in the spontaneous use
of the most affected limb following intensive bimanual therapy.

Hypothesis 1.1: Improvements of uni- and bilateral motor function will be observed both
following the intervention and at 6 months follow-up.

Hypothesis 1.2: Improvements of spontaneous use of the most affected limb will be observed
both following the intervention and at 6 months follow-up.

e Specific objective 2

To assess the relationship between uni- and bilateral motor changes, spontaneous use of the most
affected limb, and self-reported changes. Potential covariables (for example proprioception) will
also be evaluated.

Hypothesis 2.1: Immediately after the intervention, improvements of bilateral motor
function will be observed using clinical and robotic assessments. These evaluations will
better predict changes in the spontaneous use of the most affected limb in the context of ADL
than evaluations of unilateral motor function do.

Hypothesis 2.2: The long-lasting effect of the intervention (6-month follow up vs. post-
intervention evaluation) will be predicted by improvements during the intervention (post vs.
pre-evaluation).

Hypothesis 2.3: At the 6-month follow-up, changes in spontaneous use of the most affected
limb will be moderately associated with self-reported changes.

o Specific objective 3
To explore predictive value of neuroimaging variables evaluated in pre-intervention on motor
function changes (uni- and bilateral).

Hypothesis 3: The integrity of the corpus callosum will be a predictor of changes in bilateral
performance, with a lower integrity being associated with smaller gains.
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e Specific objective 4
To compare the changes observed during a first exposure to intensive bimanual therapy with

changes observed during a subsequent exposure.

Hypothesis 4: The beneficial effects of a subsequent exposure to the bimanual therapy will be
identical to those observed during the first exposure (i.e., no ceiling effect will be observed).

3. Methodology

. Research design

The experimental design is presented in Figure 1. All participants will receive an intensive
bimanual therapy of a total of 60 hours over a two-week period. Evaluations will be performed
before, immediately after, and 6 months after the intervention. All participants will be invited to
repeat the intensive bimanual therapy camp on subsequent years if they wish to, if they meet the
inclusion criteria.

pre-evaluation post-evaluation  6-month follow-up
INTERVENTION INTERVENTION
(week 1; 1 to 30h) (week 2; 30h)
0)
A\
pre-intervention week-end intervention week-end post-intervention week-end 6-month follow-up week-end

Figure 1. Experimental design

o Participants
Thirty children living with cerebral palsy will be recruited over a 5-year period for a first

participation in an intensive bimanual therapy camp. Several recruitment approaches will be used,
including clinical programs, websites, and social media.

Selection criteria:
(1) being aged between 6 and 17 years old;
(2) having a diagnosis of cerebral palsy or spastic hemiparesis encephalopathy;
(3) having sensorimotor deficits of one or both upper limbs (spastic hemiparesis with a
dominance on one side of the body; Manual Ability Classification System (MACS) level 1,
2 or 3);

(4) having the cognitive capacity to understand and perform tasks in the study.

Exclusion criteria:

(1) presenting other significant health problems that may interfere with requested tasks or with
clinical interventions;

(2) having had a Botox injection in one or both upper limb(s) with the 4 months prior to the
bimanual therapy intervention;

(3) presenting uncorrected visual deficits.
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N.B. Having a ferromagnetic implant is not an exclusion criterion; any such participants will be
eligible but will not be required to perform the MRI.

Participants recruited for specific objective 4

Children who have already participated in this bimanual therapy once will be eligible to participate
in the therapy again, assuming they still meet the inclusion criteria.

J Summary of the intervention

Children will participate in an intensive bimanual therapy session of 6 hours of therapy per day, 5
days a week, for a period of two weeks (so the intervention’s total duration is of 60 hours of
bimanual therapy). The camp will be held every year at the PEPS at Université Laval, in Quebec
City, Canada. Each child will be paired with the same therapy worker throughout the camp (1:1
ratio). The therapy workers will be students in health programs (occupational therapy,
physiotherapy, and kinesiology) or graduate students in clinical research at Université Laval. A
mandatory training will be offered to all students in order to ensure that the strategies used for
bimanual activities are standardised; safety protocols and data collection will be also addressed
during the training. At least one occupational therapist will always be present on-site to supervise
the student therapy workers and the activities (i.e., board games, arts and crafts, basic cooking,
etc.). Detailed information related to how intensive bimanual therapy is developed and conducted
can be found in (Charles & Gordon, 2006).

. Evaluations
There will be three periods of evaluation (pre-intervention, post-intervention, and 6-month follow-

up).

Table 1. Summary and planning of the evaluation
Evaluations Pre- During the Post- 6-month
intervention intervention intervention follow-up

I;e;flc;[t)ilcl)}rllswloglcal MRI/DTI* v

Robotic evaluation ~ KINARM v v v

Spontaneous use Accelerometry N4 v v v

Clinical evaluation =~ TPDT v v v
JTTHF v v v
BBT v v v
AHA v v v
TACT v v v
MVPT-R v v v

Self-assessments CHEQ v v v
COPM v v v

MRI: Magnetic Resonance Imaging; DTI: Diffusion Tensor Imaging; JTTHF: Jebsen Taylor Test of Hand Function,
BBT: Box and Block Test; AHA: Assisting Hand Assessment; TACT: Two-Arm Coordination Test; MVPT-R: Motor-
Free Visual Perception Test—Revised; CHEQ: Children’s Hand-use Experience Questionnaire; COPM: Canadian
Occupational Performance Measure. *MRI will be performed only in the first participation in the bimanual therapy.
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Neuroimaging evaluation

Each child will undergo a magnetic resonance imaging (MRI) test prior to the pre-intervention,
with the exception of children presenting a contraindication to MRI and/or children who have
already participated in the therapy camp once (Objective 4) and so have already provided MRI test
results.

The diffusion tensor imaging (DTI) technique will be used for the pre-evaluation MRI. That will
make it possible to assess the integrity of several neuroanatomical structures (i.e., corpus callosum,
corticospinal pathways, etc.). The tractography of neuroanatomical pathways will be reconstructed
using the Continuous Tracking method (Mori et al., 1999) In order to assess the integrity of
neuroanatomical motor structures (e.g., corpus callosum, ascending and descending sensorimotor
pathways) (Robert et al., 2021), the diffusion analysis will be done using the TractoFlow
processing pipeline (Garyfallidis et al., 2014; Theaud et al., 2020).

Robotic evaluation

Four standardized sensorimotor tasks will be performed using a Kinarm Exoskeleton Lab (Kinarm,
Kingston, ON Canada) in a randomized order for a total duration of approximately 45 minutes
(including installation and calibration). This system allows for the execution of upper limb tasks
on the horizontal plane while recording upper limb kinematics and tracking eye movements. The
metrological properties of these tasks have been assessed in adults and children with hemiparesis
(see the description of each task).

In the unilateral task Visually Guided Reaching, the child must point at 4 targets as quickly and
accurately as possible. The targets are spread out over a radius of 10 cm from the starting target,
and are presented in a pseudo-random order (for total of 32 reaching movements) (Coderre et al.,
n.d.; Kuczynski, Dukelow, et al., 2018; Kuczynski, Kirton, et al., 2018). The two upper limbs will
be evaluated successively.

In the bilateral task Object Hit, balls move from the distal part of the screen to the proximal part
(i.e., towards the child) in different medial-lateral positions (Tyryshkin et al., 2014). Child must
hit the balls with the hand of their choice, with each successful contact generating haptic feedback.
Three hundred balls are presented at a speed that gradually increases as the task progresses.

In the bilateral task Ball on the Bar, a virtual bar is put into the hands of the subject, and a virtual
ball is placed on the bar (R Lowrey, 2014). Four targets are successively presented to the child,
whose objective is to move the ball into each target as quickly and accurately as possible. The task
has 3 levels of one minute’s duration. At levels 2 and 3, the ball can “roll” and fall off the bar,
which requires precise bilateral control.

In the proprioception task Arm-Position Matching, the child’s sense of upper limb position is
evaluated (Dukelow et al., 2010; Kuczynski, Dukelow, et al., 2018; Kuczynski et al., 2017). The
Kinarm moves one of the more affected upper limb passively to a predetermined position. The
child must then move their contralateral limb to match the position of the limb in the other hemi-
space without any visual feedback. Four different positions are tested for a total of 7 times each.
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Spontaneous use

Inertial control units (ActiGraph GT9X-BT Link, ActiGraph, Florida, FL; 3.5cm 3.5 cm 1 cm, 14
g) worn on both wrists (Velcro bracelets from the company) will be used to assess spontaneous
use of the most affected arm, with respect to the use of the less affected arm. The validity of this
type of sensor is good (agreement >81%) based on results of studies that compared accelerometer
data to video observations in children living with cerebral palsy (Beani et al., 2019; Dawe et al.,
2019) . In our case, sensors will be worn for 4 weekends (before, during, immediately after, and
6 months after the intervention) as well as for two days (one per week) during the intervention.
While data will be measured during the interventions, the majority of data will be collected
exclusively on weekends in an effort to minimize differences between school attendance and
holiday periods. The ActiGraph data will be collected in 3 axes at 100 Hz, and then analyzed as
vectors with the ActiLife v.6.13.4 software (ActiGraph, Pensacola, FL). Unilateral and bilateral
functions will be quantified by summing up the activities detected at the upper limbs, which makes
it possible to obtain use ratios for each limb.

Clinical evaluation

The Two-Point Discrimination Test (TPDT) at a distance of 3 mm is the most sensitive test there
is to determine tactile threshold in children with spastic hemiplegia (Krumlinde-Sundholm &
Eliasson, 2002). Only the pulp of the fingers will be evaluated, starting with the less-affected
hand. A successful trial will be considered to be 5 consecutive successes out of 10 attempts, since
children often need more testing to understand what they are seeking to detect as sensation
(Krumlinde-Sundholm & Eliasson, 2002) . If a child is not able to distinguish between 2 static
points spaced at 3 mm distance (the standard for the tactile threshold), the test will be repeated
with a distance of 7 mm between the 2 static points. This test is valid and accurate in children
living with cerebral palsy (Bolanos et al., 1989).

The Jebsen Taylor Test of Hand Function (JTTHF) is used to evaluate the unimanual function.
This test consists of 7 standardized tasks, performed first with the non-dominant hand and then
with the dominant hand (Jebsen et al., 1969). In this project, only the first 6 tasks will be used. For
each task, the score is the time required to complete the task, in seconds (a maximum of 120
seconds is allocated per task). The total score is the sum of time for all six tasks. Test fidelity is
good in children with stable manual impairment (range of intraclass correlation coefficients (ICC)
is between 0.88-0.97 for the dominant hand and 0.95-0.99 for the non-dominant hand, depending
on the task) (Taylor et al., 1973). No learning effect has been detected (Jebsen et al., 1969).

The Box and Blocks Test (BBT) is a standardized, validated test that measures manual dexterity.
In this test, the child must take one block at a time with one hand, then transfer it to the other side
of the box (across a middle line) (Mulcahey et al., 2012). The score is the number of blocks moved
in 60 seconds. Normative values for children with typical development are available, and the CCI
is 0.85 for test-retest fidelity, and 0.99 for inter-evaluator fidelity (Platz et al., 2005).

The Assisting Hand Assessment (AHA) (Krumlinde-Sundholm et al., 2007) evaluates how
effectively the most affected limb assists the dominant hand in bimanual tasks. This test consists
of standardized tasks with toys that are used during a semi-structured game session. The test is
video-recorded, and the video is analyzed and scored later. The AHA was designed and validated
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specifically to measure bimanual performance in children with hemiparesis (cerebral palsy of the
spastic hemiparesis type, or with brachial plexus resulting in unilateral damage to the upper limb).
The AHA has excellent fidelity (ICC 0.97 for inter-evaluator and ICC 0.99 for intra-evaluator) and
sensitivity to change (Holmefur et al., n.d.; Krumlinde-Sundholm et al., 2007). The game session
takes 15-20 minutes. Results are scored in logit-based AHA-units (maximum score 100). The
evaluator must be certified to administer, score, and analyze this evaluation.

The Two-Arm Coordination Test (TACT) evaluates the constrained bilateral use of both upper
limbs, using an electronic tracking device (eight tests; four clockwise and four counter-clockwise).
This device has been validated with people living with cerebral palsy (Riquelme et al., 2019). The
variables are time and number of errors.

The Motor-Free Visual Perception Test—Revised (MVPT-R) is a visual perception test that

assesses consistency of form, spatial orientation, discrimination, memory, and visual closure. This
test was validated with people living with cerebral palsy (Tsai et al., 2009).

Self-assessments

Questionnaires related to daily-living activities will be completed both pre- and post-intervention,
as well as at the follow-up 6 months later.

The Children’s Hand-use Experience Questionnaire (CHEQ) consists of 29 questions designed
to evaluate how the most-affected upper limb is used in ADL (Skold et al., 2011). The
questionnaire presents a list of everyday life activities that are usually carried out with both hands;
the child and the parents rate the time required to accomplish the task, the effectiveness of the
child’s grip, and how hampered they felt in the task. A web version of the questionnaire is available
and has been validated (test-retest fidelity for all 3 scales: CCI 0.88- 0.91) in children with spastic
hemiparesis cerebral palsy (Amer et al., 2016).

The Canadian Occupational Performance Measure (COPM) will be administered both pre- and
post-intervention, as well as at the 6-month follow-up. Pre-intervention COPM will make it
possible to identify bilateral activities that the child wants to improve (Law et al., 1990) and the
child and their parents will establish current performance and satisfaction scores for these
activities. After the intervention, they will again establish performance and satisfaction scores for
the activities initially identified (a 2-point change is considered clinically significant with this
measure) (Verkerk et al., 2006). COPM is a well-established measurement tool, valid, faithful and
responsive to changes. This tool measures the functional changes perceived by the client and
provides an indication of how the clinical setting have been transferred to daily life (Carswell et
al., 2004).

J Statistical analysis

For objectives 1, 2 and 4, in addition to descriptive statistics (mean or median), a general (or
generalized if the assumptions of normality are not met), linear mixed model (GLMM) with
maximum likelihood estimates will be used. GLMM provides flexibility to examine the effect of
categorical and continuous independent variables (and their interactions) within and across related
observation groups, and robustness to missing data. In this study, data are sampled in a multi-stage
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manner (children are nested within recruitment cohorts), and ignoring this clustering will lead to
the violation of the independence of the residuals and the underestimation of the parameters of the
statistical model(McNeish & Stapleton, 2016). However, GLMM requires large sample size. Due
to financial costs (2-week intervention across five years with one therapy worker per child) and
recruitment difficulties, it is not possible to go beyond 30 participants. Therefore, a bootstrap
method (i.e., a statistical procedure that resamples a single dataset to create many simulated
samples) will be applied to meet the assumptions of GLMM.

Objective 1&4 — Participants and Cohorts will be set as random effects, Time (pre- post- 6-months)
and Exposition (first year, second year, etc.) and their interaction will be set as fixed effects.

Objective 2 — Participants and Cohorts will be set as random effects, Time (pre- post- and 6-
months), uni- and bi-lateral Motor functions and their interaction as fixed effects.

Objective 3 - Correlational analyses (Pearson or Spearman) will be performed between corpus
callosum integrity (measured by MRI/DTI) and changes in variable of bilateral motor tasks
(measured by robotic evaluation).

Given that children will be aged from 6 to 17, the potential effect of age on the different variables
will be explored to determine the relevance of including age as a covariate in some analyses.
However, it has been proved recently that age is not associated with different measures obtained
by DTI in youth with cerebral palsy, contrary to what is observed in youth with a typical
development (Papadelis, Kaye et al. 2019). Moreover, when normative data is available, tests
results will be converted to z-score to minimize the impact of age and sex.

P-values will be corrected for multiple testing using the Benjamini and Hochberg False Discovery
Rate.

. Limitations of the methodology

The main limitation of the study will be its limited sample size: It is expected that the sample will
be heterogeneous in terms of age and clinical criteria. This is a common limitation for studies in
this area. A multimodal approach to assess intra-participant changes will be used to minimize the
impact of these limitations.

Another limitation is the restricted time for accelerometry measurements (2 days for each time
point). One-week periods are generally preferred in studies conducted in adults. The choice was
made here to restrict measurements to weekends in order to reduce biases related to ADL
differences between schooldays and holidays (especially for the 6-month follow-up). This option
was also selected to yield greater acceptability among the children (since they must wear the
devices for four separate periods totalling 8 days of time).

The use of GLMM with a small sample size is another limitation. However, a bootstrap technique
will be used. This method does not create any data and the estimated parameters might not reflect
with precision the parameters of the population, which is not a major issue in this project.

Finally, it is important to underscore that the goal of this study is not to determine the effectiveness
of intensive bimanual interventions: this has already been established by previous studies (Novak
etal., 2013; O’Connor et al., 2016; Peters et al., 2019; Shierk et al., 2016), which is why no control
group was included here.
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