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Abstract

Introduction: Evidence about contextual interference in children with brain lesions when practising motor tasks is
lacking. Our main objective was to evaluate the feasibility of a randomised controlled trial (RCT) comparing blocked
with random practice order of an upper limb robotic exergame to improve reaching in children with neuromotor
disorders with a pilot trial.

Methods: We recruited children with brain lesions and impaired upper limb functions who underwent a 3-week
schedule that consisted of baseline assessments, intervention period (participants were randomised to a blocked or
random order group), and follow-up assessment. We evaluated ten feasibility criteria, including the practicability of
the inclusion/exclusion criteria, recruitment rate, feasibility of randomisation, scheduling procedure, and the
participants’ programme adherence.

Results: The inclusion/exclusion criteria were not completely feasible as patients who were not able to perform the
exergames were included. Twelve participants were recruited, and six datasets were used for analysis. The
scheduling and randomisation procedures were generally feasible, but the procedure was only partially feasible for
the participants, as some sessions were aborted due to lack of motivation and fatigue.

Conclusion: An RCT following this study protocol is not feasible. We formulated suggestions for future studies that
aim to investigate contextual interference as in this pilot study.
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Introduction

Motor learning forms the basis of neurorehabilitation
[1]. The initial phase during which motor skills are
gained is referred to as acquisition. Nevertheless, it is
important for successful neurorehabilitation that a prac-
tised motor skill can be maintained over time and gener-
alised to another setting or situation. Hence, the aspects
of motor learning that are of particular interest for neu-
rorehabilitation are retention and transfer. We need a
better understanding of motor learning to integrate
underlying principles such as different types of practice
or feedback successfully in, for example, hand rehabilita-
tion [2].

Motor learning requires practice, consisting of a high
number of repetitions but not of the exact same move-
ment [3], as practice should include some variability
(‘repetition without repetition’ [4]). It has been proposed
that motor learning is generated when motor problems
need to be solved [2]. Considering this, ‘repetition with-
out repetition’ is not repeating the solution for a specific
motor problem but repeating the process of solving the
problem by improving it with every trial [4]. Performing
a large number of repetitions can be tedious, especially
for children. Hence, another reason for implementing
variable practice is to influence the motivation needed to
perform so many repetitions constantly in a positive
way.

Variable practice is understood as practising different
variations of the task. An effect occurring when practis-
ing different tasks within one therapeutic session is con-
textual interference [5]. The contextual interference
effect in motor learning refers to the interference that
results from practising a task within the context of other
tasks in a practice session. A continuum of increasing
variability leads to different levels of contextual interfer-
ence. When variability is low, for example, when tasks
are practised in blocked order, i.e. several repetitions of
one task before switching to the next task (e.g. AAA...,
BBB..., CCC...), the level of contextual interference is
low [6]. When variability is high, for example, if tasks
are performed in random order (e.g. ABC..., CCA...,
BAB...), participants practise under conditions of high
contextual interference [6]. In healthy adults, practising
with low contextual interference leads to improved ac-
quisition but reduced transfer and retention compared
to practising with high contextual interference [6].

Three different hypotheses underlying this effect have
been discussed: the elaboration hypothesis, the
forgetting-reconstruction hypothesis, and the retroactive
inhibition hypothesis. The elaboration hypothesis sug-
gests that practising skills in random order results in
more distinctive processing and is beneficial for transfer
and retention [7, 8]. The forgetting-reconstruction hy-
pothesis is based on the idea that practising in random
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order requires the learner to forget after each task what
he or she learned in order to focus on the next task [8].
This might disturb performance during acquisition but
is beneficial for retention [8]. The retroactive inhibition
hypothesis [9-11] suggests that the contextual interfer-
ence effect occurs due to a disadvantage of blocked prac-
tice and not due to an advantage of random practice.
Blocked practice order might inhibit the previous mem-
ory leading to differences in performance between the
random and blocked practice [10].

In children and youths practising typical sports skills
in a field setting under high contextual interference (ran-
dom) or mixed (random and blocked) conditions, a sys-
tematic review and meta-analysis reported effect sizes
between -0.8 and 0.3 for transfer or retention measures
[12]. However, the difference between blocked and ran-
dom practice order was not evaluated. Another system-
atic review included 25 papers investigating contextual
interference in typically developing children and children
with brain lesions [13]. No conclusion about the con-
textual interference effect could be made as results were
diverging, the methodological quality of these studies
was low, and the risk of bias high [13].

In recent years, rehabilitation technologies, such as
robot-assisted training devices, have been applied in-
creasingly, particularly in paediatric neurorehabilitation
[14, 15]. Robot-assisted devices in combination with
exergames provide playful exercise, which increases en-
gagement and motivation to achieve larger numbers of
movement repetitions [16]. Most rehabilitation tech-
nologies contain sensors that can be used to estimate
the status and functional improvement of patients ob-
jectively [17]. Applying such technologies to investigate
contextual interference in children with brain lesions
seemed therefore a promising option. One recent study
applied a computer maze game and compared constant
practice order (total of 30 trials of one maze) with ran-
dom practice order (total of 30 trials of five different
mazes) in children with cerebral palsy (CP) and typically
developing (TD) children [18]. The random order group
performed the maze games faster at retention (TD and
CP combined) and transfer (CP and TD combined but
also the single groups) [18]. Usually, contextual interfer-
ence studies include blocked and random order groups
that practice the same number of repetitions of each
task. This study used constant and random practice
order, and group differences might be related to the
number of different mazes practised in the two groups
(one vs. five) and not the practice order per se. Hence,
scientific experience in this specific field remains scarce.

It might be difficult to conduct such a study within a
clinical setting for various reasons, including restricted
numbers of eligible participants. To avoid unnecessary
waste of resources, it is recommended to perform a pilot
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study preceding the final randomised clinical trial (RCT)
[19]. Therefore, our main objective was to evaluate the
feasibility of a randomised controlled intervention trial
assessing the contextual interference effect by comparing
blocked with random order practice of an exergame
played with a robotic upper-limb exoskeleton device to
improve reaching movements in children with neuromo-
tor disorders.

Methods

We designed this randomised controlled pilot study with
two intervention arms in line with the Consolidated
Standards of Reporting Trials (CONSORT) statement
extension for randomised pilot and feasibility trials [20],
the recommendations about conducting a pilot study
provided by Thabane et al. 2010, and the Standard
Protocol Items: Recommendations for Interventional
Trials (SPIRIT) [21]. Methodological details were de-
scribed in the study protocol [22].

Participants
We included children meeting the following inclusion
criteria:

— Age between five and 18 years

— Congenital or acquired (subacute or chronic state,
i.e. at least 3 months after the incident) brain lesion

— Uni- or bilaterally impaired upper limb function
(spasticity, dyskinesia, or mixed conditions)

— Undergoing inpatient neurorehabilitation

— Manual Ability Classification System (MACS) level I
(objects are handled easily and successfully) to IV (a
limited selection of easily managed objects are
handled in adapted situations) [23]

— Ability to sit for approximately 60 min without
lateral trunk support

— Ability to understand and follow test instructions

— Ability to visually follow events on a screen in
approximately 1 m distance

— Ability to communicate discomfort or pain

Children were excluded if meeting the following exclu-
sion criteria:

— Surgery or upper limb Botox injections during the
past six months

— Upper limb skin lesions

— Severe obesity

— Severe spasticity (Modified Ashworth Scale >3, i.e.
considerable increase in muscle tone, passive
movement difficulty, rigidity [24])

— Fixed contractures or deformities of the upper
limbs.
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Recruitment

Each week, a therapist screened the patients entering the
Swiss Children’s Rehab of the University Children’s Hos-
pital Zurich in Affoltern am Albis, Switzerland. Potential
participants were informed about the study. Written in-
formed consent was obtained from all the participants’
legal representatives and participants aged 15 years and
older, who agreed to participate. All participants pro-
vided verbal consent. This study was approved by the
Ethics Committee of the Canton of Zurich (BASEC-NTr.
PB_2016-02450, subproject 5 motor learning) and the
Swiss Agency for Therapeutic Products (Swissmedic ref-
erence number: 2015-MD-0009). We enrolled partici-
pants for approximately 1 year, between the end of June
2018 and June 2019.

Group allocation

Participants were allocated to one of the two interven-
tion groups (blocked or random practice order) by ran-
domisation through minimisation, which is a method
ensuring the balance of several prognostic factors be-
tween study groups in small samples [25]. Minimisation
parameters were the following descriptors: age (pre-
school age: 5-6 years, primary school age: 7-12 years,
and secondary school age and older: 13—18 years); gen-
der (female, male); diagnosis (congenital, acquired),
manual ability (MACS levels I, II, III, or IV), and cogni-
tive ability according to the Test of Nonverbal
Intelligence — Fourth edition (TONI-4), which was ap-
plied by a trained neuropsychologist and evaluates ab-
stract reasoning and problem-solving (Index Score <70:
very poor, 70-79: poor, 80-89: below average, 90-110:
average, 111-120: above average, 121-130: superior, and
>130: very superior) [26].

When the principal investigator obtained these data,
she informed the study nurse that the data were ready
for the minimisation process. Minimisation is a secure
method when conducted by an independent person [25].
Therefore, the study nurse person who performed the
randomisation and allocation did not participate in any
other study procedure and was unaware of the aim of
the study. She added the information in the custom-
made MATLAB script. In case of absence, a backup per-
son was assigned, who was not involved in other study
operations. Participants could not influence the choice
in which group they would practice.

Robot

For this pilot study, we chose the ChARMin robot [27].
In short, ChARMin is an exoskeleton robot for the re-
habilitation of upper limb function in children from 5 to
18 years. It can be adjusted to the anthropometric sizes
of younger and older children as two different distal
modules were developed (Fig. 1). ChARMin can actively
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30 cm

Fig. 1 ChARMin with two distal modules and different movement planes. A1 Small distal module (dark blue), movements restricted to the
transversal plane. A2 Large distal module (purple), movement direction restricted to the transversal plane. B1 Small distal module (dark blue),
movements restricted to the frontal plane. B2 Large distal module (purple), movements restricted to the frontal plane

support arm movements while playing various audio-
visual exergames shown on the screen in front of the
participant.

Exergames

Contextual interference is assumed to occur when differ-
ent motor programmes are involved in different motor
tasks [5]. It has been proposed that spatial and topograph-
ical characteristics are invariant within the same motor
programmes [4]. Thus, choosing different spatial charac-
teristics (i.e. moving in different planes) ensures the in-
volvement of different motor programmes. Therefore, we
designed a specific ChARMin exergame, which can be
played in the frontal or the transversal plane (Fig. 1).

In the exergame, participants had to control an avatar
on the screen by changing the position of the hand while
being attached to the exoskeleton. Eight different targets,
which appear in random order radially around a centre
position, had to be reached. The children were
instructed to reach the targets ‘using the most direct
path and as fast as possible’. The exergame was played
in the frontal plane (30 cm or 35 c¢cm in front of the
shoulder joint with the small or the large distal module,
respectively) and in the transversal plane (10 cm below
the shoulder joint with both distal modules) (Fig. 1).

Participants performed the reaching movements within
and restricted to these planes. Each exergame version
provided two scenarios (transversal plane: ‘Unicorn’,
‘Snail’; frontal plane: ‘UFO’, ‘Submarine’) which were
shown on the screen (Fig. 2).

Interventions

Participants of the blocked order group performed all
the trials of one exergame version (e.g. in the frontal
plane) before switching to the second exergame version
(e.g. transversal plane). The participants in the random
order group performed the trials of both exergame ver-
sions in a pseudo-random order, as we restricted the
number of consecutive repetitions of one exergame ver-
sion to two to keep the contrast between the interven-
tions large. The participants were free to choose
between the scenarios for each trial.

The participants trained with the more affected upper
limb. If both arms were affected equally, the arm sub-
jectively used as the dominant arm in daily life was
chosen for practice.

Study procedure
Each participant followed a 3-week schedule. Week 1
was designed as a control week to evaluate potential
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exergame version frontal plane, scenario ‘Submarine’
A

Fig. 2 Exergame scenarios displayed on the computer screen. Each exergame version provided two different scenarios. A1 exergame version
transversal plane, scenario ‘Unicorn’; A2 exergame version transversal plane, scenario ‘Snail’; B1 exergame version frontal plane, scenario ‘UFO’; B2

changes occurring without the study-specific training
and compare them with the changes occurring during
the practice week. Week 1 contained two sessions of as-
sessments (exergame test and the Melbourne Assess-
ment 2, subscale fluency (MA2gyency); for descriptions of
the assessments, see below), 2 days apart, without actu-
ally practising with the robot. During week 1, as soon as
all the descriptors were obtained, group allocation by
randomisation through minimisation was performed.
Week 2 was the practice week where three practice ses-
sions took place on three consecutive days. The partici-
pants practised both exergame versions in either blocked
or random order, depending on their group allocation.
The number of repetitions was set to 30 per exergame
version. Before the first and immediately after the last
session, an assessment block consisting of the exergame
test and the MA2gyency Was performed. The same assess-
ment block was repeated 1 day after the last practice ses-
sion. Week 3 was the follow-up week with an
assessment block 1 week after the last practice session.
All sessions (practice and assessments) of the same par-
ticipant were planned for the same half of the day. Fig-
ure 3 shows the SPIRIT Figure, which contains all the
study appointments chronologically ordered.

Outcome measures

We differentiated between three phases of learning:
transfer, retention, and acquisition. The transfer was
measured with the MA2q,ency, which assesses the move-
ment quality in children [28] and is valid, reliable, and

responsive in children with cerebral palsy [29]. The sum
score of the MA2guency ranges between zero and 21
points as the seven items are rated with zero to three
points. Higher numbers indicate better test performance.
An experienced physiotherapist or health scientist ad-
ministered the MA2 according to the test manual. The
MA2gency was videotaped. An experienced occupational
therapist rated the videos of each participant after the
child had completed the entire study procedure. The
therapist was unaware of the time point when the videos
were recorded, as the date and time stamps were
deleted.

The retention was measured with data obtained during
the exergame tests, which consisted of three trials of
each version of the exergame repeated in blocked order.
The scenario chosen initially for each exergame version
was kept the same throughout all the exergame tests.
We chose the parameter ‘number of speed peaks nor-
malised to the actual covered distance’ (nP,..,). The
parameter nP, ., is calculated as the number of velocity
peaks (i.e. when the difference between a local speed
minimum and a local speed maximum exceeds a value
of 2.5% of the maximal speed) normalised to the covered
distance of the movement path. The parameter nP, .,
was calculated for each movement (i.e. one value from
the centre to the target and one for the return to the
centre starting point), leading to 16 data points per trial.
As nP,,m quantifies movement fluency, it is supposed
to reflect a similar construct as the MA2gueney. Low

nP,om Vvalues refer to more fluent movement
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Study period

Enrolment | Allocation

Post-allocation Close-out
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t;
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Informed consent X

Recording of
minimisation X
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Familiarisation

Blocked order
practice

Random order
practice

ASSESSMENTS:

Test of Nonverbal
Intelligence
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Assessment 2
(subscale “fluency”)

Exergame test

X

X X X X X

time point

Fig. 3 The Standard Protocol Items for Clinical Trials (SPIRIT)-figure: schedule of enrolment, interventions, and assessments. Abbreviations: t =

performance, and nP,,,,, shows very high relative and ac-
ceptable absolute reliability (unpublished observations).

The acquisition was assessed as the change over time
during all three practice sessions. To quantify the acqui-
sition, we chose the parameter nP,., calculated for
each movement over the exergame trials of the three
practice sessions.

Primary outcome

For the primary outcome of the trial, we chose the im-
mediate transfer of the practised skill with the sum score
of the MA2gyency (ice. the relative change between the
time points immediately before and immediately after
the practice session).

Secondary outcomes
We chose seven secondary motor learning outcomes. The
1-day delayed transfer and the 1-week-delayed transfer
were measured with the MA2qcnc,- The immediate reten-
tion, 1-day-delayed retention, 1-week-delayed retention,
and the acquisition were measured with the nP, o1,
Initially, we had planned to investigate the contextual
interference effect by performing various statistical ana-
lyses to determine immediate and delayed transfer,

retention, and acquisition (for the detailed study protocol
see [22]). However, it is not recommended to focus on a
pilot study on statistical analyses if the power is insuffi-
cient [19]; therefore, we presented observations of motor
learning in an exploratory manner (Additional file 1).

Feasibility criteria

We formulated ten criteria a priori and selected appro-
priate methods to verify the criteria to investigate
whether the study protocol would be feasible. We deter-
mined the criteria based on Thabane et al. [19], who
suggested four categories covering various reasons for
conducting a pilot study: process, resources, manage-
ment, and scientific. We chose and adapted the criteria
according to our setting. While we ordered them
chronologically in the study protocol [22], here we chose
to list them according to their importance, starting with
the most important.

1) Are the in- and exclusion criteria specific enough to
recruit participants, suitable for this study?
The main investigator noted the number of
participants who were eligible and recruited but not
able to perform any of the study appointments due
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3)

4)

5)

6)

7)

8)
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to limitations that were not covered by the in- and
exclusion criteria.

Is the recruitment rate feasible?

We defined a fixed recruitment period and
calculated the ratio between recruited participants
and complete datasets that were obtained within
this period.

Is it feasible to conduct a future trial with respect to
the sample size calculated from the data obtained
for the primary outcome?

Data for calculating a sample size for a future
randomised controlled trial could not be provided
by the literature as the MA2gyency has not been
used solely as an outcome measure before in a
comparable study population. Therefore, obtaining
data to perform a reliable sample size calculation
was another important issue we investigated in this
pilot study. We calculated the sample size based on
the data obtained from the primary outcome.

Is the whole procedure feasible for the participants?
Participants were regularly asked whether they
needed a break or whether they were able to go on
with the practice sessions. Based on notes from the
lab journal, we evaluated the number of aborted
sessions and complete terminations due to the
overload of the participants.

Is the scheduling procedure feasible?

The investigator noted the number of
appointments, which were not plannable or re-
plannable after an unexpected change of schedule.
Is the randomisation procedure feasible?

The number of times in which the randomisation
process was not finished on time (i.e. before the
first practice sessions) was recorded. We also
recorded any issues that occurred during the
randomisation procedure (e.g. programme error,
unclear where to find the according lists, etc.).

Is the handling of the robot feasible?

Based on notes from the lab journal, we evaluated
the technical issues that had led to aborted sessions
and trials.

Is the processing of a large amount of data feasible?
The occupational therapists evaluating the primary
outcome measure (MA2g,enc,) Were asked to report
the time generally needed to evaluate six MA2qyency
videos of one participant. Furthermore, each
exergame trial generated one data file which needed
to be processed with a MATLAB script. The
appropriate parameters (16 per trial) needed to be
exported from the processed data and added in a
general data table. The time it took for processing
one data file until it was placed in the main data
table was recorded for one example data and
interpolated for the whole amount of data.
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9) Are the outcome measures responsive within this
setting?

The data obtained during the MA2qycncy and
exergame tests at the time points immediately before
and after the practice sessions were used to evaluate
internal and external responsiveness. Internal
responsiveness measures the ability of an assessment
to change over a predefined time period while
external responsiveness characterises the extent to
which a change measured with the assessment of
interest corresponds with the change measured by
another tool [30]. We chose this approach to have
both, a responsiveness outcome that reflects more
the specific context (internal responsiveness) and one
that has meaning in a broader range of settings
(external responsiveness) [30].

10) Do parallel therapies within the rehabilitation setting
influence the results? Assuming that during the first
week (normal rehabilitation programme, no
additional exergame practice), the change measured
with the assessments would be lower than during the
practice week, we defined the first week as control
week. The data obtained during the MA2g,ency, and
exergame tests at the two time points during the first
week were used to evaluate the change within the
control week in the whole sample. The participants
will have similar therapy schedules during weeks 1
and 2; hence, if no change is measured during week
1, a change during week 2 could at least be partly
attributed to the robotic training.

Target sample size

As the recruitment rate was one of the feasibility criteria,
and we also aimed to calculate a sample size for the
main study with data obtained from this pilot study, we
recruited and enrolled eligible children for 1 year. Based
on the number of children undergoing rehabilitation in
our centre during the past years (approximately 200 per
year) and considering the inclusion and exclusion cri-
teria, we estimated to include 20 children (10 per group)
in this pilot study.

Statistical analyses
Statistical analyses were performed with IBM SPSS Sta-
tistics 24. We analysed feasibility criteria 3, 9, and 10 by
the following procedures:

Calculating the sample size of a future randomised
controlled trial (feasibility criterion 3) was based on the
primary outcome, namely the immediate transfer quanti-

fied with the MA2gyency data. We used the formula: #

(Za +Z/§)2 X202
(1 ‘/"2)2
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here n=sample size, Z,=standard normal z value for a
significance level @=0.05, which is 1.96, and Zg=standard
normal z value for the power of 80%, which is 0.84 [31].
The pooled standard deviation of both practice groups is
named o; y; and y, are the mean pre-post-intervention
difference of the intervention group 1 and intervention
group 2, respectively.

The internal responsiveness of the outcome measures
(feasibility criterion 9) was determined by calculating the
standardised response mean (SRM) for MA2qyeney and
nP.m between the two assessment time points right be-
fore the first and immediately after the last practice ses-
sion [30]. We performed the analysis for the whole
sample, and for the blocked and the random order group
separately. The SRM was calculated according to the fol-
lowing formula [32]:

SRM — Xchunge
SDchunge
where Ych,mge is the mean change score and

SDjjange the standard deviation of the change scores [30,
32]. External responsiveness was determined by calculat-
ing a Pearson’s correlation coefficient (r) between the
pre-post changes of the MA2gueny and the ChARMin
parameter nP,orm [30]. We would expect a strong nega-
tive correlation between the changes in the two mea-
sures. In case the data were distributed not normally, we
calculated the Spearman correlation.

To investigate the influence of other therapies poten-
tially affecting the outcome (feasibility criterion 10), we
used data from the whole sample and determined differ-
ences in MA2qency scores between the two assessment
blocks performed in week 1. We used a paired T test (or
a Wilcoxon signed-rank test in case of not normally dis-
tributed data) and calculated effect sizes (ES) according
to the following formula (according to [33]) [32]:

X change

ES = —change.
SDpooled

where Xch,mge is the mean change and SD,uq the
pooled standard deviation. This ES has been recom-
mended for the use of comparisons with the dependent
groups of the same sample.

We interpreted the ES and the SRM according to
Cohen’s benchmarks: < 0.2: trivial effect, 0.2—0.5: small
effect, 0.5-0.8: moderate effect, > 0.8: large effect [33].
These thresholds have been described to overestimate
the SRM, vyet as there is no other suitable index for
SRM, and since ES and SRM obtained from the chosen
formula are comparable [32], we used these thresholds
also for SRM.
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Results

1) Feasibility of inclusion criteria: During
familiarisation, two participants were not able to
move their more affected arm in the ChARMin
robot sufficiently well to play the exergames. One of
them had problems moving the arm in the
horizontal plane (elbow extension), the other one in
both planes.

Eligible children
n=16
Enrolment
n=12

Refusal
n=4
Reasons:
Excessive demands: n=3
No reason: n=1

Appointment 1
Familiarisation
Assessment block
n=12 Drop-outs
n=4
Reasons
Physical inability n=2
Botox injection: n=1
- Appointment 20r 3* Lack of compliance: n=1
3 Assessment block
g n=g
Appointment 2 or 3*
n=g Drop-outs
(- n=1
Reason:
Lack of compliance and
interference with clinical
Randomisation by ‘appointment
minimisation
Appointment 4 8 Appointment 4
Assessment block Assessmentblock
Practice session 1 Practice session 1
n=3 n=4
a ®
3 i l g
& e
®
g
3 9 J 2
S 5 [ i 5 S
z Practice session 2 Practice session 2 &
~ o n=3 n=4 <
s |3
5 2
g 8 l l :
ko @
i
8 8
1o Appointment 6
Appointment 6 Practice Do el
' 3 Assessment|
session3 e §
(immediate transfer/retention) -
wran
n=3
Appointment 7
Assessment block
«
n=7 (
Drop-outs
n=1
Reason:
lliness
P .
3 e s
g e g Excluded data
= = Complete datatset excluded: n=1
Reason: Technical issues with the robot, which

might have influenced the strength needed for the
exergames

Data of week 1 excluded: n=1
Reason: Technical issues with the robot, which
might have influenced the strength needed for the
exergames; MA2,..., data due to wrong
positioning of reference point

Analysis
Complete datasets: n=4
Incomplete datasets: n=6**

J "

Fig. 4 Adherence to the study protocol. *The Test of Nonverbal
Intelligence — Fourth edition (TONI-4) was performed at any day
between familiarisation (appointment 1) and randomisation. Hence,
the TONI-4 appointment was either the second or the third
appointment, and the same applies to the second assessment block
on t3. **Participant who dropped out after appointment 7 due to
iliness was included in the analysis with incomplete dataset.

Abbreviations: t = time point
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2) Recruitment rate: Figure 4 shows a flowchart
displaying the participants’ adherence to each
appointment with reasons for withdrawal or
exclusion. Within 1 year, 194 children were

admitted to our rehabilitation centre (six of them
attended two rehab stays). Only 16 children (8.2%)
fulfilled the inclusion criteria and could be informed
about the study. Three participants refused to take
part due to the demands of the study; one person
provided no reason. Twelve participants (75% of the
eligible children) were recruited. At familiarisation
(first appointment), two participants were not able

to perform the exergames due to limited upper

limb function, one participant was not compliant to

attend the following appointments, and one

received upper limb Botox injections after the first
appointment, which were unexpectedly planned at
short notice. Eight participants (66.7% of recruited

participants) attended the second appointment.
Here, one participant decided to discontinue the

study because of the videotaping. As one participant
did not attend the last appointment due to illness,

six children (50% of recruited participants)

completed the whole procedure. Finally, one dataset
had to be excluded due to technical issues with the

robot that led to unreliable data. Therefore, we

could obtain complete datasets from 41.7% of the

Table 1 Participant characteristics

3)
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recruited participants and one additional dataset
with missing data of the final appointment. Table 1
shows the characteristics of the eleven of twelve
participants who were enrolled in the study, one
participant withdrew from the study during week 1,
and the corresponding data were not published.
Sample size calculation for a future randomised
controlled trial: Based on the results of the primary
outcome (MA2gyency mean difference + standard
deviation: blocked order group 0.01 + 0.30 points,
random order group 0.00 + 0.20 points), we
estimated that 15,355 participants should be
included when the MA2q;cnc, would be the primary
outcome measure. If we would have selected nP, .
as the primary outcome measure (nPoy, mean
difference + standard deviation: blocked order
group —0.09 + 0.09 normalised speed peaks,
random order group —0.14 + 0.22 normalised speed
peaks), 203 participants would be required.
Procedure feasible for participants: For 50% of the
included participants, the procedure was not
feasible. Three participants were not able to
complete 30 trials during the three practice sessions
(instead of 30/30/30, the number of trials were 20/
20/14, 24/24/24, and 28/23/20). Their practice
sessions had to be shortened. We paid attention
that the sessions did not take longer than 2 h

Participant Age Sex Weight Height Diagnose

MACS More affected Trained Practice

number [yrs.] [kgl [em] level side side group
01 117 Male 420 146.5  Bilateral spastic cerebral palsy | Left Left Blocked
02 16.2 Female 86.7 161.5  Unilateral spastic cerebral palsy | Left Left Blocked
03 106 Female 430 1350  Bilateral spastic cerebral palsy Il Right Right Random
04 171 Male 604 188.5 Myelination disorder, ataxic movement disorders Il Both similar Left Random?
05 168 Female 59.2 167.0  Traumatic brain injury: bilateral, cerebral movement | Right Right Random
disorder, arms more accentuated (reduced strength
and coordination right upper limb)
06 169 Female 67.1 1705  Functional hemispherectomy (Rasmussen Il Left Left Not
encephalitis): hemiparesis, arm more accentuated allocated®
07 146 Male 319 1405  Spastic cerebral palsy, legs and right side more NA Right Not
accentuated allocated”
08 168 Female 168 578 Unilateral spastic cerebral palsy Il Left Left Not
allocated®
09 6.7  Female 172 1133  Bilateral spastic cerebral palsy | Right Right Blocked
11 162 Male 606 1640  Bilateral spastic cerebral palsy Il Left Left Not
allocated
b
12 151 Male 541 168.1  Unilateral spastic cerebral palsy Il Left Left Blocked

One participant (number 10) was not included in the table due to withdrawal of the study including deletion of data
Abbreviations: yrs years, kg kilogramme, cm centimetre, MACS Manual Ability Classification System, SD standard deviation, NA not applicable
?Excluded after the whole study procedure as data might have been distorted due to technical error

PExcluded after familiarisation: physically not able to play the exergame

“Excluded after first assessment block (week 1) self-reported compliance not given
9Excluded after first assessment block: Botox injection after the first appointment
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because the burden for the participants would have
been too high. That was one reason for aborting the
sessions. With time advancing in the practice
sessions, we generally noticed a decrease of
motivation and concentration and self-reported fa-
tigue, which were also reasons for abortion. One
participant prematurely stopped the session due to
pain in the shoulder joint.

The scheduling procedure proved difficult, as the
appointments needed to be planned during the
regular inpatient rehabilitation stay. As other
therapies had to be considered, it was difficult and
time-consuming to plan all the appointments on
the same half-day. One participant’s schedule had
to be postponed 1 week due to the illness of the
participant during the first measurement week. As
it was not possible to schedule the follow-up ap-
pointment due to the participant’s discharge, the
last assessment session was not performed. Further-
more, blinding of the assessors was difficult, because
some assessors who assessed the primary outcome
measure worked as therapists in the same room and
might have noticed how children were practising.
The randomisation procedure worked well. Despite
the occasional absence of the person primarily in
charge of the randomisation by minimisation
process, the procedures were always completed in
time. In one case, a third person (also not involved
in the study) had to operate the randomisation by
minimisation programme via telephone instruction
by the study nurse, as both the study nurse and her
deputy were unavailable.

Handling of the robot: One complete dataset and
the data of the first week’s appointment of one
participant had to be excluded due to a technical
issue (weight-support rope was not properly
running over a deflection pulley). While this was
not a safety issue, it might have influenced the
performance during the exergames as there was an
increased friction in the movement directions of
shoulder flexion and extension. A total of nine
single trials had to be repeated due to errors (e.g.
when the participant moved too fast, the robot
stopped due to safety reasons). Finally, in a few
specific configurations, the robot started oscillating,
thus reducing the accuracy of the recorded data.
The oscillations occur as an interaction between the
patient and the robot, i.e. the movement or
oscillation of the patient’s arm are amplified by the
active joint friction compensation of the robot,
leading to an overshoot of the movement. While
this occurred in some of the sessions of single
patients, the reliable determination of the number
of these oscillations was not possible.

8)
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Amount of data: The therapist assessing the
MA2qyency videos had to evaluate a total of 35
videos within one year. Analysing all six videos of
one participant cost approximately 35 min. In
addition, calculating the parameters of the
ChARMin data in Matlab from one practice session
(ie. 30 log files) took approximately 43 min. For
three practice sessions, this amounted to more than
2 h. To analyse the exergame test data (6 x 6 log
files), approximately 50 min were needed. In case of
well-functioning software without any programme
errors, approximately 3 h of data processing was
needed per participant. Additional time was re-
quired occasionally when programme errors oc-
curred (IDs 01, 02, and 03 without errors; ID 04
two errors; IDs 05 and 06 could initially not be
processed at all and two software updates were
needed to fix the bugs). Overall, approximately 6.5
h per patient were required to analyse the data.
Responsiveness of outcome measures: MA2guency
sum-scores per participant are shown before, imme-
diately after, 1 day, and 1 week after the last prac-
tice session in Fig. 5. At the immediate transfer,
which was our primary outcome, three participants
improved (by four, two, and two points), one
remained stable, and two participants deteriorated
(by minus one and minus four points). Internal re-
sponsiveness of the MA2gency showed a trivial ef-
fect for the whole group and the blocked order
group (SRM = 0.18 and 0.15, respectively) and a
small effect for the random order group (SRM =
0.24). The internal responsiveness analyses of the
nP,..m data showed that these were moderate to
large effects (SRM = -0.84, -0.95, and -0.62 for the
whole group, the blocked order group, and the ran-
dom order group, respectively). External responsive-
ness: the change in MA2gyency correlated weakly
and non-significantly with the change in nP ., for
the whole group (r = -0.25, p = 0.63) and very weak
for the blocked group (r = 0.03, p = 0.97). As in the
random group, only two datasets were available,
and a correlation could not be calculated.

10) Parallel therapies potentially affecting the outcome:

Figure 6 shows the distribution of the different
therapies during week 1 (between the two
assessment blocks) and during week 2 (between the
assessment block before and the one immediately
after the practice phase). For one patient, the
exergame test as well as the MA2gyency data was
not included because of the previously mentioned
hardware issue and a mistake in the measurement
taken during the MA2 guency (the reference point
where the objects are placed during the test were
not equally positioned at both time points). The
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paired-samples T test between the two assessment
time points showed trivial ES and no significant
changes neither of the MA2gyency (ES = -0.10, t =
-0.74, p = 0.50) nor the nP,,., data (ES -0.08, t =
-0.49, p = 0.65).

Discussion

With this pilot study, we investigated the feasibility of an
RCT assessing blocked and random practice order of
two versions of an exergame with the ChARMin exo-
skeleton to improve upper limb functions in children
with neuromotor impairments. Of the ten predefined
feasibility criteria, we considered six criteria to be par-
tially feasible: in-/exclusion criteria, scheduling, random-
isation procedure, handling of the robot, amount of data,
influence due to parallel therapies, and four criteria to
be not feasible: recruitment rate, participants’ procedure,
responsiveness of primary outcome measure, and sample
size.

Concerning the feasibility of inclusion criteria, we had
selected the MACS level as indicator for the ability to
move the upper extremity. For the current study, the
MACS proved not suitable as an inclusion criterion, as
two participants were not able to perform the move-
ments required for practising the exergames with ChAR-
Min. It follows that the inclusion criteria were not
sensitive enough, and therefore, this criterion is only
partially feasible. For a future trial, we would recom-
mend to include strength tests. Especially, the shoulder
abductors and elbow extensors should have at least a
manual muscle score of 3 (movement against gravity
over the whole range of motion) [34]. Two participants
would have needed the support of ChARMin to perform
the exergames in the frontal plane against gravity. Yet,
we had decided a priori to refrain from including sup-
port by the robot due to standardisation of the interven-
tions. However, ChARMin was designed to train and
evaluate also more severely affected patients and the
level of weight- and movement support can be adjusted,
also for children with more severely affected upper limb
abilities [27]. So, another option would be to develop
and include a standardised procedure for defining the
level of weight support and movement support for pa-
tients with different upper limb ability levels and to
adapt the support by the robot accordingly to each indi-
vidual patient.

An eligibility-recruitment rate of 75% and a recruit-
ment and analysable dataset-proportion of 50% can be
considered low. With these rates, recruiting would take
approximately 1280 years to achieve 15,355 participants
(primary outcome measure: MAZHUEMY) or 17 vyears
(nPhorm as primary outcome). As a comparison, in a
study protocol evaluating the dosage and type of
constraint-induced movement therapy in children with

Page 12 of 16

cerebral palsy, an eligibility-recruitment rate of 90% is
estimated [35]. Another study assessing the efficacy of
modified constraint-induced movement therapy also in
children with cerebral palsy, screened 76 potential par-
ticipants and could include 52 of them [36]. Fifty of
them attended all the measurements and, accordingly,
the recruitment and analysable-dataset proportion was
96% [36]. Different recruitment strategies have been
evaluated, yet it has been stated that there is a lack of
knowledge about effective recruitment strategies [37]. In
our study, any other strategy would have led to the same
outcome as we screened and recruited all eligible partici-
pants attending our rehabilitation centre. Unfortunately,
since the ChARMin robot is not a commercially avail-
able device, and a multicentre trial to increase the num-
ber of eligible participants would not be possible. A
randomised controlled trial requiring these sample sizes
is practically impossible within our setting.

The sample size calculation based on the MA2q,ency is
not feasible to achieve. Calculations based on the exer-
game test data were lower, yet also not feasible to reach
with one device in one centre. It has been recommended
to interpret sample size calculations based on pilot stud-
ies with caution as estimated treatment effects might be
biased due to the low sample size in the pilot study [19].
In fact, estimates of ES based on data obtained from
pilot studies have been shown to be insufficiently accur-
ate to be used for the decision-making about whether or
not a major trial should be funded [38]. They should,
therefore, never be the only criterion to decide about the
funding of a trial.

Concerning the feasibility of the study procedure from
a participants’ point of view, we had to adjust the pro-
cedure several times. The schedule had to be shortened
for three participants due to fatigue, low motivation, and
in one case due to shoulder pain. Especially in such a
heterogeneous study population, it is a challenge to find
the number of practice trials sufficient to induce motor
learning while being feasible for all participants at the
same time. The length and amount of trials of the prac-
tice sessions should be individualised according to the
participants’ abilities. Yet, in a randomised controlled
trial, individually tailoring the interventions could cause
an imbalance in terms of the numbers of repetitions.
One solution for a future trial would be to increase the
number of sessions while simultaneously reducing the
number of trials per session. Another approach would
be to perform multiple N-of-1 trials, which is indicated
when there is substantial uncertainty about the effective-
ness of comparable interventions and allows for more
individual interventions [39]. Since every participant
would serve as their own control, they would practice
under both practice orders in a randomised order. Yet,
as a motor learning effect would probably be counted as
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a lasting carry-over effect, a washout period of sufficient
length between the two practice periods needs to be
considered [39]. This would make it difficult to imple-
ment such a design in our setting, where the patients’
length of stay is limited. Hence, practice sessions at
home with mobile devices should be discussed for future
research.

Scheduling was difficult mainly due to the appoint-
ments of the regular rehabilitation schedule, which were
treated with higher priority. The rigidity of the study
procedure (practice sessions on three consecutive days,
follow-up appointments exactly 1 day and 1 week after
the last practice session, etc.) negatively affect the possi-
bilities of rescheduling if a participant had missed an ap-
pointment. A simpler, more flexible study design would
make the (re-)scheduling easier but might affect the
learning process in a negative way if conditions would
change continuously.

The randomisation procedure worked well, especially
since several people were involved in the procedure, ab-
sences could be bridged with assigned deputies. Yet, it is
recommended to advise a third person a priori to substi-
tute for the deputy in case of his or her absence. A
three-person randomisation team would be feasible in
our setting.

Technical issues of the current version of ChARMin
make the handling of the robot only partially feasible. As
the technology is relatively novel, ChARMin may need
to undergo some further developments (e.g. preventing
the occurrence of movement oscillations or ensuring
that the weight-support-rope is running properly) before
implementing it in a future trial.

Concerning the evaluation of the outcome measures,
evaluating the MA2genc, videos was feasible. Yet pro-
cessing the ChARMin data (exergame tests and practice)
was time consuming. A more automated programme
would be needed to handle larger amounts of data.

The MA2gyency Was none to moderately responsive
when applied as the primary outcome in our study.
When looking at the performance of the single partici-
pants, after the last practice session, three of them had
improved beyond the minimal detectable change (MDC)
of 1.84 points for the MA2gueney [29] compared to the
onset of practice. One participant did not show a change
and two participants deteriorated, one of them beyond
the MDC. In comparison, children with cerebral palsy
showed a mean improvement of 0.97 points in the
MA2gency after an extensive 8-week upper limb training
[29]. That same study obtained an SRM of 1.84 (highly
responsive) for the MA2qyency [29]. Yet the intervention
was 4.5h per week of uni- or bilateral upper limb train-
ing for 8 weeks [29]. Such an intensive intervention is
more likely to yield a pre-post-intervention effect com-
pared to our protocol. Indeed, the responsiveness of an
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outcome measure is determined in a group of patients
who have made a true change [40]. As we could not ana-
lyse changes due to the intervention in our study, this
cannot be verified. The external responsiveness analysis
showed a weak correlation between the change mea-
sured with MA2q,eney and the change measured with
NP, for the whole group. This means that the two
measures did not reflect the same construct of measur-
ing change. The internal responsiveness analysis of the
nP,,m data (all participants included) showed moderate
to large SRMs, while the MA2qency data provided trivial
SRMs. The internal responsiveness nicely shows why the
correlation of the changes measured with the two mea-
sures was weak.

Using a robotic device enables accurate, objective, and
sensitive assessment of body functions of children [41].
From this point of view, choosing a robotic device to
measure the primary outcome might be recommended.
Nevertheless, as we were interested in the transfer and
we wanted to measure fluency, we measured fluency
outside the robotic device. Therefore, we chose
MAZ2gyency as the primary outcome measure.

Concerning the influence of the parallel therapies, we
did not find a change in the MA2gcnc, between the two
time points at week 1. As even the nP,,,, ES was trivial,
in contrast to the large SRMs found during the practice
week, it is likely that parallel therapies indeed did not
change movement fluency.

Limitations

There were some limitations in this study. We per-
formed a pilot study in our rehabilitation centre using
this specific robotic device. While several feasibility is-
sues can be generalised to other centres, for example,
concerning patient recruitment or planning of inpatient
appointments, other issues might be specific for our set-
ting, for example, the specific robotic device and its out-
put, restricting generalisability.

We chose to calculate the sample size of a future trial
with the primary outcome data. However, determining
the sample size based on a meaningful effect such as
quantified by the minimal clinically important difference
would result in a more appropriate power calculation,
including the magnitude of improvement and how pa-
tients value the change.

Applying a standardised questionnaire to record how
the participants felt (motivation, fatigue, and enjoyment)
would have increased data quality and revealed specific
descriptors how the participants experienced the study
procedure. The Physical Activity Enjoyment Scale Ques-
tionnaire would be one example of such a questionnaire
[42, 43]. Yet applying an additional outcome measure
would have prolonged the assessment protocol even
more.
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There were also limitations in the study design con-
cerning motor learning aspects. The primary outcome
assessor was sometimes present during study appoint-
ments. This was unavoidable, as he also worked as a
therapist in the same room with other patients. Yet we
tried to keep the ratings blinded by making the period
between the appointments and the video analysis several
weeks long and censoring the videos for the assessment
time point. Therefore, we consider this issue as
marginal.

Another motor learning issue might have been an in-
sufficient contrast between the interventions (blocked
versus random order). The rationale behind the choice
of these two interventions is based on the hypothesis
that variations of tasks based on different motor pro-
grammes result in a contextual interference effect [5].
Different spatial configurations (as it is the case in the
current pilot study by moving in different planes) have
been suggested to require different motor programmes
[4]. This feature has also been chosen in a study evaluat-
ing throwing tasks on a horizontal and a vertical target
in 6-year-old children [44]. Results showed a superiority
of random over blocked practice when comparing the
total score during acquisition, at retention, and transfer
[44]. However, in addition to the target positions varying
in space, the projectiles (four different kinds of balls)
were also varied [44]. In our study, the spatial character-
istics of the exergames were the only varying factor de-
termining contextual interference. As variations coming
from more than one parameter could increase the con-
textual interference effect [5], we would suggest to in-
crease the contrast between the two study arms for a
future trial.

Finally, we could only include six participants in our
study, which limits us in making generalisations con-
cerning the motor learning outcomes.

Conclusion

We could show that it is not feasible to perform a large
RCT when using the design as evaluated in this pilot
study. The main reasons are the low recruitment rate,
the demanding study procedures, and the large sample
size that would be needed for the main trial. We made
several suggestions on how to improve the study design
and discussed alternatives such as n-of-1 trials.

Studies on whether the contextual interference effect
in children with neuromotor disorders exists are still
needed, as this could guide future research and clinical
treatment of this vulnerable patient group.
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