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Abstract

Abstract

Background: Advances in modern medicine and a proliferation of high-quality
research focused on the prevention, diagnosis and early intervention for children with
Cerebral Palsy (CP) have led to remarkable declines in the incidence and severity of CP
in high income countries over the past decade. The result is less children are being born
with CP and the severity of motor impairments and associated conditions are decreasing.
There is, however, more work to be done to develop safe and effective rehabilitative
interventions for children living with CP who are marginally ambulant or non-ambulant
(Gross Motor Function Classification Scale (GMFCS) levels 111-V).

Some children with CP experience declining gross motor function as they
transition from childhood to adolescence, resulting in the loss of ability to perform sit-to-
stand (STS) transfers, ambulate or participate in leisure activities. Goal-directed training
approaches to improve gross motor function in children with CP are substantiated by high
quality evidence, with a strong focus on ambulant children (GMFCS I-111). Adapted
cycling is part of a burgeoning area of interest for healthcare workers who are committed
to finding safe and inclusive modes of exercise for children with CP across all GMFCS
levels. It can be difficult, however, for some children to self-propel on an adapted bike,
and the efficacy of cycling to improve gross motor function is unclear. Functional
Electrical Stimulation (FES) cycling is a novel technology that may provide opportunities
for children with CP to strengthen their lower limbs, improve functional independence
and increase their capacity to cycle on an adapted bike in the community. In light of the
scarcity of evidence-based rehabilitative interventions appropriate for both ambulant and
non-ambulant children with CP, a program of goal-directed training, FES-cycling and
adapted cycling was developed.

Aim: This doctoral program aimed to: (i) determine the efficacy of cycling-based

interventions to improve functional outcomes in children aged 2-18 years (GMFCS levels
i
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I-V); (ii) design an intervention of goal-directed training, FES-cycling and adapted
cycling based on current evidence (Activate-CP); (iii) test the efficacy of Activate-CP to
improve gross motor function, goal performance and satisfaction in children with CP
compared to usual care; (iv) determine if functional improvements gained during
Activate-CP training could be retained, eight weeks after completing the training, and (v)
explore the experiences of participants and parents in the Activate-CP training program.

Methods: A systematic review and meta-analysis was completed to inform the
development of Activate-CP: an eight-week program of goal-directed training, FES-
cycling and adapted cycling. A waitlist randomized controlled trial (RCT) protocol was
designed and implemented to test the efficacy of Activate-CP to improve gross motor
function, goal performance and satisfaction in ambulant and non-ambulant children with
CP (GMFCS 11-1V), aged 6-18 years old. Participants were randomized to the intervention
group (n=11) who commenced Activate-CP training immediately, or a waitlist control
group (n=10). Outcomes were assessed at baseline, post-training and at eight-weeks post-
training (follow-up). Primary outcomes were gross motor function assessed by the Gross
Motor Function Measure (GMFM) and goal performance/satisfaction assessed by the
Canadian Occupational Performance Measure (COPM). Secondary outcome measures
included the five times sit-to-stand test (FTSTS), Pediatric Evaluation of Disability Index
(PEDI-CAT), Participation and Environment Measure-Children and Youth (PEM-CY)
and cycling power output and resistance. Pre-training, post-training and follow-up data
from both groups were pooled to investigate retention of effects at eight-weeks follow-
up. Semi-structured interviews were conducted at the end of Activate-CP and a thematic
analysis undertaken to explore participant’s experiences.

Results: A systematic review identified nine studies (N=282) on cycling
interventions for children with CP and suggested that cycling may improve muscle

strength (effect size (ES): 0.77-0.93), cardiorespiratory function (ES: 1.13-1.77) and
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gross motor function (ES: 0.91) in children with CP. Studies were limited by small sample
sizes and a lack of follow-up testing and focused predominantly on stationary cycling
among ambulant children. The Activate-CP RCT was designed, developed, and delivered
to 21 participants (intervention group n=11; waitlist group n=10). The intervention group
had significant and clinically meaningful improvements on the GMFM (MD=7.7, 95%
Cl 2.3-12.6; p=0.007), COPM (MD=4.4; 95% CI 3.9-5.3; p<0.001;ES=3.32), and peak
cycling resistance (MD=3.4; 95% CIl 1.0-5.8; p=0.009) immediately post-training
compared to the waitlist group. There were no significant between-group differences
immediately post-training on secondary outcomes. Participants retained meaningful
improvements on the GMFM and COPM that were higher than baseline values at eight-
weeks follow up. Improvements in cycling power output and resistance, PEDICAT daily
activities, PEMCY environmental barriers and FTSTS were also retained at follow-up. A
thematic analysis of 17 interviews with participants (n=11) and their carers’ (n=18)
revealed four major themes: facilitators and challenges to program engagement;
perceived outcomes; the FES-cycling experience; and previous cycling participation.
Conclusion: Activate-CP was effective to improve gross motor function, goal
performance and satisfaction and peak cycling resistance in ambulant and non-ambulant
children with CP, and improvements were retained in the short term. Findings reported
in this thesis support Activate-CP as a new and alternative intervention to improve
functional outcomes in children with CP. Facilitators and challenges to participant
engagement were identified and hold practical relevance for clinicians who work with
children with CP who have goals to improve functional independence or cycling.
Environmental and personal factors should be carefully considered when developing
future rehabilitation programs for ambulant and non-ambulant children with CP, to

maximise opportunities for success.
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Chapter 1: Introduction

Chapter 1: Introduction, Thesis Outline and Aims

1.1 Introduction

This doctoral program examines the efficacy of a novel rehabilitation program for
ambulant and non-ambulant children with cerebral palsy (CP). This chapter will present
important background information on the topics covered in this doctoral thesis and
describe the rationale that led to the development of a multi-modal and goal-directed
rehabilitation program, Activate-CP, for children with CP across multiple levels of gross
motor function.

Cerebral palsy (CP)

Cerebral palsy encompasses a group of neuromuscular disorders caused by
damage to the developing fetal or infant brain, and is the most prevalent childhood
physical impairment [1, 2]. In addition to motor disturbances, children with CP can also
have delays in the development of sensation, perception and communication, and
experience behavioural difficulties and secondary musculoskeletal impairments [2, 3].
Characteristics of CP such as the type of motor disorder, associated conditions and
distribution of motor and sensory impairments depend largely on the extent and nature of
the neuropathology [2]. Spastic paresis, caused by disturbances to the upper motor
neurons of the motor cortex, is the most prevalent motor disorder, impacting 70-80% of
individuals with CP [4]. Ataxia, caused by damage to the cerebellum; and dyskinesia,
caused by damage to the basal ganglia, impacts only 6% of people with living with CP
[1]. The initial brain insult or disturbance that causes CP is considered to be non-
progressive, as the underlying neuropathology does not change [5]. Secondary conditions
such as joint contractures, dislocations, bony deformities and declines in gross motor
function, however, can cause activity limitations and participation restrictions for people

with CP throughout the lifespan [2].
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The International Classification of Functioning, Disability and Health (ICF)
model, developed by the World Health Organisation (WHO) is a universal framework
that conceptualizes disability as an integration of biological, individual and social factors
[6]. Disability, health and function are described at the levels of body structures and
functions, and activity and participation, which are influenced by contextual factors,
including environmental and personal factors [6]. Activity limitations refer to challenges
relating to the completion of tasks, actions or activities, while participation restrictions
are challenges relating to involvement in life situations [6]. This holistic approach to
disability and function has resulted in the widespread uptake of the ICF model for the
classification, assessment and planning of interventions for children and adults with CP
[2]. For this reason, the ICF model was used as the conceptual framework for this doctoral
program. Figure 1.1 illustrates the interplay between key components of the ICF model,
which collectively impact on health and function in children with CP [6]. Figure 1.2
provides a more detailed breakdown of the model’s hierarchical structure, providing a
useful conceptual tool for the development and implementation of rehabilitation

interventions targeted at improving health and function in children with CP [6].

Figure 1.1: The International Classification of Functioning, Disability and Health
(ICF) model
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Reprinted, with permission, from: ‘International classification of functioning, disability
and health: children & youth version: ICF-CY, World Health Organisation, Section 5.1:

Process of functioning and disability, Page 17., Copyright (2007).” (See Appendix D)

Figure 1.2: Structure of the International Classification of Functioning, Disability
and Health.
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Reprinted, with permission, from: ‘International classification of functioning, disability
and health: children & youth version: ICF-CY, World Health Organisation, Annexes:

Structure of the ICF, Page 231., Copyright (2007).” (See Appendix D)

Classification of functional mobility

People with CP were historically labelled by researchers and clinicians as having
mild, moderate or severe levels of impairment or physical functioning [7]. Such labels
are considered imprecise, unhelpful and of little clinical utility, as they do not describe
the day to day functioning of the individual [7]. The Gross Motor Function Classification
System (GMFCS) expanded and revised version is an internationally recognised scale
that was developed to categorize individuals with CP based on their functional ability [2,
8]. The five-level scale was developed with an emphasis on the ICF model of disability
and function, encouraging consideration of the environmental and personal factors that

can influence a child’s level of mobility [9].
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The broad categories for the five GMFCS levels are: I: Walks without limitations,
I1: Walks with limitations, 111: Walks using a hand-held mobility device, IV: Self-mobility
with limitations; may use powered mobility and V: Transported in a manual wheelchair
[8]. Distinctions between GMFCS levels are based primarily on functional ability and the
need for assistive devices [9]. The expanded and revised version includes descriptors
across four age bands including: before the 2" birthday, 4-6 years, 6-12 years and 12-18
years [8]. In practice, the GMFCS is used to categorize individual’s gross motor function
at a given timepoint and to predict future gross motor function [7]. The validity, reliability
and stability of the GMFCS has been well established [7, 10, 11].
Gross motor function in children with CP

The Gross Motor Function Measure (GMFM) is a valid and reliable evaluative
tool used to assess gross motor ability in children with CP in a standardized environment
[5, 12, 13]. Children’s gross motor function, as measured by the GMFM, is known to
correlate with GMFCS level as well as ICF activity and function scores [3]. Children
classified as GMFCS levels | and 1l for example, score higher on the GMFM compared
to those classified as GMFCS levels 111-V and demonstrate a tendency toward greater
functional movement, activity and participation [3]. The GMFM assesses gross motor
tasks that would be expected of a typically developed five-year-old, across the areas of
lying and rolling, sitting, crawling and kneeling, standing, walking, running and jumping
[12]. Items are scored using a four-point scale (0-3), with scores awarded based on the
observed ability to perform the task at the time of testing. Total scores range from 0 to
100.

Longitudinal changes in gross motor function in children with CP have been
studied [5]. Using a dataset of 3,455 GMFM-66 assessments from 657 children with CP
aged 16 months to 21 years in Canada, researchers plotted predicted GMFM scores as a

function of age by GMFCS level [5]. There were distinct differences in gross motor
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development trajectories of children with CP at different levels of the GMFCS, and great
variability in gross motor function within each level [14].

For children with CP who are ambulant and classified as GMFCS levels | and II,
there was no peak or decline in average GMFM-66 scores [5]. Children who were
classified as GMFCS levels 111-V, however, reached their peak gross motor function
between 6 and 8 years, and experienced a decline in gross motor function as they
transitioned through adolescence and into adulthood [5]. Although the exact amount of
functional loss varied greatly, a small decline on the GMFM-66 (i.e. 4.7 points) can have
clinically meaningful impacts on functional independence and the ability to perform
activities of daily living such as wheelchair transfers [5]. Reduced gross motor function
may also be linked to reduced quality of life, increased fatigue and unemployment among
adults with CP [15]. Access to regular physical activity and interventions that maximise
gross motor function is important for semi-ambulant and non-ambulant children with CP
to maintain functional independence throughout the lifespan [5, 15, 16].

Physical activity participation and children with CP

The health and psychosocial benefits of regular physical activity are well
documented [17]. The most recent physical activity and sedentary behaviour guidelines
published by the Australian Government recommend that children and young people
(aged 5 to 17 years) should accumulate at least 60 minutes of moderate to vigorous
physical activity per day [18]. Vigorous activities, and strengthening activities should be
incorporated at least three days per week, while sedentary activities should be replaced
with moderate to vigorous activity wherever possible [18].

In Australia, one in four (26%) typically developing children aged 5 to 12 years
and one in ten (8%) children aged 13 to 17 years are meeting the recommended physical
activity guidelines for their age group [19]. Young people with CP are even less likely to

achieve levels of physical activity necessary to maintain health and wellbeing, as children
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with CP (5 to 18 years) participate in 53% less physical activity compared to their
typically developed peers [20]. Children with CP also participate in a smaller variety of
activities and engage in more unstructured, low-intensity and solitary play compared to
typically developed peers [21].

Consistent with other disability groups, physical activity participation in children
with CP is related to their level of functional ability (GMFCS level) and is inversely
related to age [21-23]. The higher incidence of physical inactivity among children
classified as GMFCS levels I11-V likely reflects a higher prevalence of conditions such
as spasticity and joint deformities, resulting in higher energy costs during physical
activity and the need for environmental adaptations to safely participate [20, 24]. Further,
gross motor function level are an important predictor of participation in preferred leisure
time activities, with GMFCS levels IV and V demonstrating the greatest discrepancy
between preferred activities and actual participation [25].

Nonetheless, children with CP have expressed physical activity goals that are
comparable to typically developed peers, such as being able to ride a bike or join a
community sports team [26, 27]. Reduced participation of non-ambulant children with
CP in their preferred leisure activities more likely reflects fewer activity options available
in their environment and an increased need for environmental accommodations, rather
than a lack of capacity to achieve functional goals [26, 28]. This is substantiated by
research demonstrating that non-ambulant children with CP can in fact, achieve
functional goals when individualised supports and environmental accommodations are
made available [28-30]. Such findings highlight the importance of identifying barriers
and facilitators to physical activity participation, tailoring programs to the individual, and
engaging children and families closely in decisions around physical activity prescription.

Physical activity guidelines that are developed for the general population may not

be appropriate for children with CP [31]. As such, CP-specific physical activity
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recommendations, informed by high quality intervention studies in people with CP, have
been developed [31]. Based on these guidelines, people with CP should complete
cardiorespiratory training for a minimum of 20 minutes, 1-2 times per week at an intensity
of more than 60% of their peak heart rate, with the aim to progress to 3 times per week
[31]. The exercise should involve large muscle groups, be purposeful, continuous and
include a program duration between 8 and 16 weeks. Resistance training should be
completed 2-4 times per week on non-consecutive days at an intensity of 1-3 sets of 6-15
repetitions at 50-85% repetition maximum for 12-16 consecutive weeks [31].

Striving to achieve the recommended physical activity levels may be an
achievable goal for some children with CP who already engage in low to moderate
physical activity. These recommended physical activity levels may be unreasonable,
however, for a child who engages in minimal levels of physical activity at baseline [31].
Simply reducing the time spent in sedentary activities with short bouts of low intensity
exercise might be an appropriate starting point, with the goal to gradually increase the
physical activity dose [31, 32]. Physical activity programs should be appropriately
tailored for children with CP to promote healthy activity levels early in life, as physical
inactivity in childhood is a known predictor of sedentary behaviour in adulthood [23, 33].
Interventions for improved gross motor function in children with CP

Various systematic reviews have investigated the effects of physiotherapy and
exercise interventions on gross motor function and other functional outcomes in children
with CP [15, 34-37]. Novak and colleagues [35] recently summarized the best available
evidence (first published in 2013 and updated in 2020) for interventions to prevent and
manage CP. They aggregated new findings with their earlier systematic review published
in 2013 [34, 35]. The purpose of the review was to appraise the entire evidence base of
interventions for children with CP and provide clinicians with a tool to guide evidence-

based practice.
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One hundred and eighty-two different interventions were identified within 247
articles, the majority of which were systematic reviews. The results demonstrated that
goal-directed and task-specific training should be used where the therapy goal is to
improve gross motor function in children with CP, before emergent interventions such as
hydrotherapy, Botulinum toxin A plus physiotherapy, fitness training, mobility training
and modified sport [34, 35]. Physical activity interventions were recommended for
improved physical activity levels, fitness and functional outcomes such as mobility, but
there is poor evidence to suggest that physical activity alone improves gross motor
function [15, 35]. Furthermore, most of the evidence for interventions that improve motor
function in children with CP came from studies in ambulant children with CP [35].

A systematic review by Clutterbuck, Auld and Johnston [36] that was included in
the abovementioned study, investigated the effectiveness of active-exercise interventions
on gross motor function in ambulant and semi-ambulant children with CP (GMFCS levels
I-111). The results from this review provided support for performance-focused
interventions that include variable opportunities to practice within context-specific
environments. Interventions that combined gross motor activity training with progressive
resistance training and additional physiotherapy practice were considered more effective
than gross motor activities or progressive resistance training alone [36]. This is likely
because the latter interventions lacked task specificity and opportunities for context-
specific practice [36].

A longitudinal study by Lowing, Bexelius and Carlberg [38] investigated the
effects of goal-directed therapy on gross motor function and goal attainment in a sample
of 22 children with CP (GMFCS I-1V; aged 1-6 years) [38]. A second study compared
the effects of the same goal-directed therapy intervention with activity-focused training,
which more closely aligns with the active-exercise interventions reviewed by

Clutterbuck, Auld and Johnston [36, 39]. The aim of the goal-directed intervention was
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to optimise the environment to provide a high frequency of opportunities to practice goal
activities, which were determined and monitored using the goal attainment scale (GAS)
[39]. During the intervention period, participants practiced their goal activities in their
everyday contexts and met once a week to practice in a small group of 7-8 children [38].
After 12 weeks of goal-directed training, participants had achieved 93/110 (84%) of their
functional goals at or above their expected level of achievement. Participants continued
to achieve their goals after the intervention had ceased, with 98/110 goals achieved at six-
weeks follow up and 103/110 goals achieved at 12 weeks follow-up [38]. Goal attainment
was coupled with a significant improvement of 5.07 points on the GMFM-66 (CI: 3.8-
6.4, p<0.001), suggesting that targeted practice of therapy goals translated to improved
motor capacity and gross motor function [38].

When the effects of the goal-directed intervention were compared to an activity-
focused training group (who received individualised exercise programs directed by a
physiotherapist or occupational therapist), significant between-group differences were
found in favour of the goal-directed training group for gross motor function (MD: 3.98;
95%CI: 2.2-5.8; p<.001) and on six of the seven domains of the Pediatric Evaluation of
Disability Index (PEDI; MD range: 4.8-10.5; p<.001) [39]. The authors partly attributed
these positive results to the family-focused goal setting process, which is often absent
from activity-focused approaches such as those described by Clutterbuck, Auld and
Johnston [36].

Another goal-directed intervention that sought to improve gross motor function
and activity capacity in children with CP was the ‘hand-arm bimanual intensive therapy
including the lower extremity’ (HABIT-ILE) study [40, 41]. The HABIT-ILE
intervention is distinctly different to other goal-directed interventions due to its intensive
nature (84.5 hours across 13 days) and concomitant focus on upper and lower limb control

to achieve functional goals in children with bilateral CP [40]. HABIT-ILE included a
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small group (N=20) of ambulant and non-ambulant children with CP (GMFCS 1I-1V)
across a broad age range (6-16 years) and compared treatment effects to a control group
who received usual care [40]. Children in the intervention group (n=10) engaged in 6.5
hours per day of highly structured, play based activities that were tailored to therapeutic
goals [40]. At the end of the intervention, significant group by time interactions were
reported for the GMFM-66 (p<0.001); COPM performance and satisfaction scores
(p<0.001); six minute walk test (p=0.026); and PEDI (self-care domain; p=0.001) for the
intervention group, but not for the control group [40]. Post-hoc tests also demonstrated
clinically meaningful and significant improvements of 3 points on the GMFM, and 4.1
and 4.8 points for COPM performance and satisfaction ratings at post-training compared
to baseline for the intervention groups. Combined with the findings of Lowing, Bexelius
and Carlberg [38], these results reinforce the importance of a goal-directed and
individualised approach to improve function in children with CP across different levels
of motor function.

A common feature of the goal-directed interventions discussed above were
opportunities for children to practice functional tasks in varied or context-specific
settings. According to the Dynamic Systems Theory, a motor control theory that is often
applied in the treatment of children with CP [42, 43], movement patterns emerge due to
the interaction of multiple factors within the person, the task and the environment [44]. A
movement is considered to be a refined ‘end product’ of many interactions between
internal subsystems, such as the central nervous system, and external factors such as the
person’s physical and social environments [42, 44]. One of the assumptions of the
Dynamic Systems Theory, therefore, is that movement cannot be isolated from the
functional context it is performed in [44]. In a practical sense, the Dynamic Systems
Theory supports a context specific approach to motor development in children with CP,

which has been adopted by earlier goal-directed interventions in this population [44].
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In general, systematic reviews and intervention studies in children with CP have
identified a lack of evidence-based interventions to improve gross motor function in
children with CP who are semi-ambulant or non-ambulant [15, 35-37]. These studies have
highlighted an obvious need for well-designed interventions that meet the recommended
training dose, are tailored to individual’s goals, and target improvements at the ICF levels
of activity and participation [15, 31, 45]. The best available evidence (although based
mainly on ambulant children) supports a goal-directed and task-specific approach as an
appropriate starting point to improve activity capacity and gross motor function in non-
ambulant children with CP [35]. Greater efforts are required to identify a wider variety of
activities that can be safely modified to allow non-ambulant children with CP to reach
therapeutic exercise intensities.

Cycling as physical activity in children with CP

Physical activity alone may not improve gross motor function, although it is
essential to improve physical fitness and capacity, which are necessary for overall health
and wellbeing [15]. Identifying modes of physical activity that are safe, accessible, and
easily modified can be challenging for clinicians who work with children with CP across
the spectrum of GMFCS levels. Adapted cycling and stationary cycling are safe,
enjoyable alternatives to traditional forms of physical activity that demand high levels of
balance and co-ordination [46, 47]. In addition to well-known health benefits such as
improved musculoskeletal and cardiovascular function, cycling is an active and enjoyable
childhood pastime [48]. According to the most recent report on Australian cultural and
leisure activities, 64% of Australian children aged 5 to 14 years cycled at least fortnightly
and 49% of children aged 2-9 years cycled within the previous week [49]. Ambulant
children with CP (GMFCS | and Il) are much less likely to ride a two-wheeled bicycle
compared to their TD peers and just 3% of children who are GMFCS level Il can

independently ride a bike by 15 years old, compared to 51% for GMFCS 1 [48]. This
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indicates that even ambulant children with CP may require special adaptations to engage
in cycling as a leisure activity.

There are few published RCTs [30, 46, 50], and no systematic reviews or meta-
analyses, investigating the functional effects of cycling-based interventions on children
and adolescents with CP. The largest RCT to date, the Pediatric Endurance and Limb
Strengthening (PEDALS) study (N=62), investigated the efficacy of a stationary cycling
intervention to improve gross motor function, locomotion and muscle strength in
ambulant children with CP (GMFCS I-111; 7-18 years)[46]. The cycle ergometer used in
the PEDALS study was unique to other stationary cycling interventions as it included a
‘cyclocentric’ loading feature; a series of elasticised bands that were added to increase
resistance while the seat of the bike was ‘unlocked’[51]. This required the user to prevent
the seat from sliding forward by extending their leg against the resistance band. Despite
the novel inclusion of ‘cyclocentric’ bands and a training dose of 30 minutes, three times
per week for 12 weeks, there was no significant differences found between the
intervention or control group for gross motor function, walking speed or isometric muscle
strength [46]. The authors did, however, note large pre-post improvements within the
intervention group, and reported moderate effect sizes for the GMFM-66 (0.38) and 600
walk-run test (0.33).

Other RCTs with smaller sample sizes reported improvements on the GMFM
standing domain (ES: 0.91) in non-ambulant children with CP (GMFCS 1V/V) following
six weeks of stationary cycling for 30 minutes, 3 times per week [30]; and knee flexor
muscle strength in ambulant children (GMFCS I/11) following 20 minutes of stationary
cycling combined with 10 minutes of sit to stand exercises, 3 times per week for 12 weeks
(ES: 0.60) [52]. Improvements in cardiorespiratory function (ES: 1.0-1.2) were reported
for the intervention group in a pre-post study following 30 minutes of stationary cycling

with 30 minutes of stretches performed 3 times a week for 8 weeks [53]. In the absence
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of a systematic review, it is challenging to interpret the overall effect of stationary cycling
in children with CP. There is however, a lack of high quality RCTs investigating the
effects of cycling interventions on children with CP and an underrepresentation of non-
ambulant children in studies that have reported quantitative outcomes [46, 50, 52, 54].
Three qualitative articles from an adapted cycling project, ‘Pedal Power’, for
children with CP discussed the potential benefits of recreational cycling for non-ambulant
children with CP [29, 55, 56]. The three-year, mixed-methods adapted cycling project,
consisting of a pilot study [29] and two qualitative evaluations [55, 56], investigated the
effects of adapted cycling on lower limb function, quality of life and activity levels in
young people with CP, GMFCS levels I-V and aged 2-18 years [55]. The Pedal Power
project utilized an existing adapted bike hire company and facilitated the participation of
children with CP by employing a paediatric physiotherapist and experienced bike
technician for the duration of the study [29]. To investigate the effects of adapted cycling
on quality of life and activity levels, two groups of children with CP were recruited: a
cycling group, who were registered to start cycling with the adapted cycle hire company
(n=17), and a control group (n=18) who were not participating in cycling at the time of
the study [55]. Following six sessions of adapted cycling over six weeks, children in the
cycling group (GMFCS I, n=4; 11, n=4; 111, n=2; 1V, n=7) reported that they had fun riding
adapted bikes and particularly enjoyed going fast and learning new skills [55]. Access to
the adapted cycle hire company provided children with CP with opportunities for social
interactions with peers and other cyclists, as well as the opportunity to involve family and
friends in the cycling experience [55]. The authors concluded that adapted cycling,
facilitated by a cycle-hire company, offers a fun activity that can enhance quality of life
in children with CP. Factors such as the cost of owning an adapted bike and difficulty
transporting and storing the equipment may present barriers to participation where cycle

hire facilities are not available.

13



Chapter 1: Introduction

A separate qualitative evaluation was conducted to explore physical activity
participation in children with CP who were not in the Pedal Power intervention group, to
determine if children would consider participating in adapted cycling in the future [56].
Eighteen children with CP (GMFCS I, n=3, Il, n=7, lll, n=5, IV, n=2, V, n=1) and their
families were provided with written information about adapted cycling. Participants
maintained physical activity diaries for six weeks and follow-up interviews were
conducted to explore the experiences documented in the diaries [56]. A thematic analysis
revealed that physical activity participation for children with CP is influenced by many
factors such as parents and carers, the community and environment, personal factors,
school related factors, the therapies received and types of physical activities available
[56]. A secondary finding was that some families used the written information provided
to them at baseline to seek out opportunities to trial adapted bikes. It was not known,
however, if children took up participation in adapted cycling beyond the study [56].

Stationary and dynamic forms of cycling provide an appropriate mode of physical
activity for children who have reduced capacity to run, jump and climb, although there
are key biomechanical considerations that should be made when developing cycling
interventions for children with CP [57, 58]. Children with CP have demonstrated poor
selective motor control when cycling compared to typically developed peers, with
increased co-contraction evident between the large lower limb agonist/antagonist muscle
groups [59]. Increased co-contraction between the quadriceps and hamstring muscle
groups and the tibialis anterior and gastrocnemius muscles while cycling can result in a
more ‘jerky’ pedalling movement and less efficient cycling technique compared to
typically developed children [59, 60]. Children with CP (GMFCS I11/1V) have reduced
force-generating capacity compared to typically developed peers; experience increased
hip and knee joint movement in the frontal and transverse planes during cycling and adopt

a less efficient ‘pulling’ rather than ‘pushing’ pedalling strategy [61]. These findings
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suggest that some children with CP may require additional support/training to achieve
independent pedalling and increase their capacity for participation in cycling [60].
Functional electrical stimulation (FES)

Muscle weakness, spasticity, associated pain and reduced range of motion in
children with CP can result in poor motor efficiency and quality of movement, which can
adversely affect participation in physical activity [58, 60, 62]. Electrical stimulation has
a wide range of therapeutic applications for people with neuromuscular impairments, and
has been used in clinical practice to prevent muscle atrophy, increase muscle strength and
improve cardiovascular fitness [63-65]; joint range of motion, quality of movement and
reduce co-contractions associated with spasticity [66-68]. It has also been postulated that
electrical stimulation can impede agonist/antagonist muscle co-contractions enabling
smoother and more purposeful movements, by activating afferent muscle fibres in the
antagonist muscle and inhibiting motor neurons in the agonist muscle [67, 69].

The evidence base to support therapeutic electrical stimulation in children with
CP has been challenging to analyse and interpret due to the inconsistent reporting of its
many applications [66, 67]. In a systematic review of electrical stimulation interventions
for children with disabilities, Bosques and colleagues [67] described four common types
of therapeutic electrical stimulation used in clinical practice: (i) Neuromuscular Electrical
Stimulation (NMES): electrical impulses applied over a peripheral nerve to elicit a motor
contraction; (i) Transcutaneous Electrical Nerve Stimulation (TENS): alternating
electrical stimulation applied over a peripheral sensory nerve for the purpose of
modulating pain; (iii) Threshold Electrical Stimulation (TES): low intensity, sensory-
level stimulation applied across the skin for a prolonged period of time; and Functional
Electrical Stimulation (FES) the application of electrical stimulation to an impaired
muscle, for the purpose of improving a functional task such as walking or cycling [67].

Functional electrical stimulation is unique to other forms of electrical stimulation as it is
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applied over the muscle group/s required to perform a specific activity, while the activity
is being performed (e.g. during a sit-to-stand).

There are distinct and important differences between a physiological muscle
contraction and an electrically induced motor response. A physiological muscle
contraction involves the preferential recruitment of type I muscle fibres, with action
potentials travelling in a single direction toward the neuromuscular junction to elicit a
smooth, fatigue-resistant motor response [67]. Electrical stimulation is thought to
generate bi-directional action potentials, with preferential recruitment of fast-fatiguing
type Il muscle fibres, as well as other motor units that lie in close proximity to the stimulus
[67, 70]. Others contend that the order of muscle fibre recruitment in an electrically-
evoked contraction is more similar to a physiological contraction than originally thought,
suggesting that the increased fatiguability seen with electrically-induced contractions is
due to an inability to alternate patterns of motor recruitment [71]. Regardless of the
mechanism, the ability to recruit motor units and generate contractions in an impaired
muscle has many clinical benefits for people with neuromuscular conditions who are at
risk of muscle atrophy and weakness due to spasticity or disuse [67, 71]. As such, FES
has been recommended as a restorative treatment option for children who present with
paralysis, muscle weakness, spasticity or impaired motor control [67].

Recent technological advances have seen the clinical applications of FES expand
from simple applications during gait-training and sit-to-stand practice to more complex
applications, where FES is integrated into robotic or orthotic devices to facilitate walking
or cycling [66, 72, 73]. The evidence to support these interventions, however, is limited
by small sample sizes, lack of well-designed RCTs and under-representation of non-
ambulant children with CP. A systematic review of RCT studies investigated the
effectiveness of FES to improve activities in children with CP compared to no FES

training, or activity training alone [74]. Just five RCTs met the inclusion criteria,
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comprising a total of 115 participants with CP, aged 7 months-16 years. Four of the five
studies applied FES during walking in ambulant children with CP (GMFCS I/11) and one
study applied FES during sitting in infants (GMFCS I-111). No RCT has investigated FES
as an adjunct to other activities such as cycling. The results suggest that FES interventions
are more effective than no intervention to improve walking performance, but no more
effective than activity training alone. The authors concluded that FES has no added
benefit to activity training alone but suggested that FES might be an appropriate
intervention for children who have difficulties completing traditional exercise programs
due to their level of disability [74]. The review was unable to determine whether children
with CP with greater physical impairments and reduced functional capacity would benefit
from FES as an adjunct to activity training.

In contrast, another systematic review and meta-analysis reported positive effects
of three types of electrical stimulation (FES, NMES and TES) on gait impairments and
activities in children with CP [66]. Seventeen studies on electrical stimulation
interventions in children with CP were included (N=386), of which four were FES
interventions (N=51). Separate meta-analyses were completed for outcomes related to
gait impairments (e.g. range of motion, torque and strength) and activity limitations (e.g.
gait symmetry, stride length, gross motor function, etc), and sub analyses were performed
for each type of electrical stimulation. Meta-analyses revealed medium effect sizes for
FES on walking impairments (ES: 0.62) and activity limitations (ES: 0.72), substantiating
qualitative reports that FES is a viable therapy option for improving gait in children with
CP [66, 75]. Each of the four FES studies included in the meta-analyses, however,
involved the application of FES during various walking tasks and assessed spatio-
temporal gait variables as primary outcomes [76-79]. No FES-study included in the meta-
analysis investigated the broader impacts of FES on activities or function (e.g. gross

motor function). Consistent with earlier reviews on electrical stimulation, conclusions
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were limited by small sample sizes (range: N=10-18), heterogeneity in the FES
parameters (frequency: 32-40Hz; amplitude: 15-100mA and pulse width: 3-350
microseconds); and the intervention dose and duration (30 trials over 2 sessions, to 12
sessions of an unspecified duration over 12 weeks) [64, 67, 75].

Functional electrical stimulation powered cycling

Functional Electrical Stimulation powered cycling may help children with CP to
reduce co-contractions and develop the lower limb muscle strength and capacity required
for participation in recreational cycling [58, 80]. Typically, FES-cycling is described as
any form of cycling (upper or lower limb) while receiving electrical impulses via surface
electrodes to the key muscle groups involved in the cycling task [62]. Electrical
stimulation is applied at an intensity and frequency that is sufficient to evoke muscular
contractions [61, 80-82]. Although it was initially developed for people with spinal cord
injuries (SCI) with impaired sensation, FES may serve multiple purposes for a person
with partial or in-tact sensation during cycling. For example, FES may provide sensory
cues to help a child initiate a motor response at an exact point in time, which may reduce
muscle co-contractions and produce a smoother pedalling arc [61]. Alternatively FES can
be applied in a more traditional manner to evoke stronger muscle contractions to help
those with impaired motor function to self-propel [60, 61].

Motorised stationary ergometers have been coupled with FES to allow users to
sustain higher training intensities and increase their cycling capacity [83]. FES-powered
cycling ergometers have been used to improve muscle strength, cardiovascular endurance
and cycling biomechanics among people with a range of conditions, including spinal cord
injuries (SCI), stroke and multiple sclerosis [64, 84-87]. Research has also been
conducted using customized ergometers among children with CP [60, 62, 81, 83]. These
studies have consisted of small sample sizes (N=1-11), focused largely on cycling related

outcomes and have lacked control groups.
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One study investigated the short-term effects of an intensive, one-week FES-
cycling intervention on three adolescents with CP (GMFCS levels Il, 111 and V) using a
customized stationary tricycle [60]. Following an intense block of ten, 30 minute sessions
over a period of 5 days, participants demonstrated improvements in peak power output,
decreased variability in cycling cadence and power (cycling variability) as well as
reduced quadriceps and hamstring co-activation when tested without FES [60].
Additionally, some participants improved the ability to cycle volitionally, without FES,
demonstrating improvements in cycling capacity. Overall, this two-part study
demonstrated the potential for short term improvements in cycling power output and
muscle co-contractions in adolescents with CP and emphasized the need for a larger trial
using a more traditional training model of 3 sessions per week over 8-12 weeks [60].

Further research on FES-cycling interventions in children with CP is required, as
the application of FES in children with CP is fundamentally different to the use of FES
in other clinical populations, such as spinal cord injury [60, 62]. There is sufficient
evidence that FES can be tolerated by children, although a greater understanding of the
parameters used in relation to different treatment goals and clinical populations are
required [67]. Researchers have called for the development of more goal-oriented
interventions, using consistent terminology to describe the type of electrical stimulation
used, and outcome measures that are appropriate for the therapy goals and clinical
population [67]. Recommendations were also made to apply FES to the lower limb
extensor muscle groups to facilitate the extension phase (pushing) of pedalling in
adolescents with CP [59, 61]; and to ensure that children are introduced to FES using
developmentally appropriate terminology to improve compliance [67].

Support for a goal-directed and multi-modal training approach
Interventions targeting improved function and attainment of activity and

participation goals, are more relevant than ever before for children with CP who are
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marginally ambulant or non-ambulant. The past decade has seen a significant decline in
the incidence of CP and the severity of associated conditions due to advances in
preventative medicine and rehabilitation [35]. This means that children with CP
experience fewer co-morbidities and less severe secondary conditions, making prospects
of independent living and future employment more tangible [35]. Regardless of
ambulatory status, people with CP have the right to access and participate meaningfully
in their communities. This right is protected by policies such as The Disability
Discrimination Act (DDA, 1992) and the United Nations Convention on The Rights of
Persons with Disabilities, which was ratified by the Australian Government in 2008 [88].
The National Disability Strategy 2010-2020, due to be reviewed in 2020, formalised the
Australian Government’s commitment to building more inclusive communities across six
priority areas, including community access and support [88]. One of the major outcomes
from this strategy was the rollout of the National Disability Insurance Scheme (NDIS) in
2016, which sought to provide people with disabilities with greater autonomy over the
use of funding to support individualised goals [88].

Therapy goals for ambulant children with CP often focus on improving task
performance for participation in everyday activities, which are addressed through a range
of activity and participation-based interventions such as gait training, task-specific or
goal-directed training [35, 89]. In contrast, therapy goals for non-ambulant children with
CP are often focused on improving care and comfort, to reduce pain, improve ease of
daily cares and reduce carer burden [35, 90]. The prioritization of care and comfort goals
over activity or leisure goals such as riding a bike is conceivable, as non-ambulant
children with CP have a higher prevalence and severity of impairments, requiring input
from a range of therapy services across the lifespan [2]. To achieve greater outcomes for

young people with CP, researchers have advocated for a shift toward strength-based
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models, focusing on building functional independence, and making environmental and
task adjustments to enhance community access [91, 92].

Stationary cycling, adapted cycling and FES cycling are all feasible interventions
for children with CP, although each have strengths and challenges that must be
considered. Stationary cycling (with or without motor support) is a relatively cheap and
accessible mode of physical activity, although it can be repetitious; laborious for those
with lower limb co-contractions; and requires therapists to be creative to maintain
children’s interest over extended periods [46, 93]. Adapted dynamic cycling provides
opportunities for children with CP to experience freedom of movement outdoors and
participate in meaningful physical activity with family and friends [55]. Adapted bikes,
however, are expensive, require support from a therapist to set-up and can be difficult for
children with greater physical impairments to self-propel [29]. FES-cycling can help
children with CP to reduce lower limb muscle co-contractions, improve movement
quality and achieve higher intensities of exercise while it is applied, although more
research is required to substantiate lasting functional benefits [60]. There is also limited
evidence that cycling-based training alone translates to improved performance of
functional tasks such as walking and wheelchair transfers [46].

Previous researchers have outlined the benefits of combining anaerobic and
aerobic based activities into training programs for children with CP, as typical childhood
activities include a range of aerobic, anaerobic and strength components [31, 94].
Verschuren [94] reported significant improvements in aerobic and anaerobic capacity, as
well as muscle strength in ambulant children with CP following a circuit training program
that combined anaerobic exercises (lasting 20-30 seconds per exercise) with aerobic
activities (lasting 3-6 minutes). The gym-based, circuit activities used in the intervention
by Verschuren [94] may not be appropriate for children classified as GMFCS levels |11

and IV, however the study findings support the inclusion of anerobic training (short, sharp
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bursts of activity) into a cycling program for children with CP. This can be achieved by
combining a series of short cycling sprints with longer periods of steady cycling.

A multi-modal therapy approach combining FES-cycling, adapted cycling and
goal-directed exercise may be necessary to target improved activity capacity and function
in children with CP across a spectrum of functional abilities. FES-cycling on a motorized
stationary ergometer can provide the means to increase exercise tolerance and capacity in
children with muscle weakness and poor selective movement. Additional task- and
context-specific practice of dynamic cycling and goal-directed functional activities may
be necessary to translate improved exercise capacity to improved performance of
everyday functional tasks, such as wheelchair transfers, or increased participation in
leisure time physical activity through adapted cycling. To ensure motivation, engagement
and program compliance, it is imperative that such programs are goal-directed, with
careful consideration given to optimising personal and environmental factors [73, 95].

Children with CP spend a considerable amount of time attending therapy
appointments and engaging in rehabilitation interventions that target improvements at the
body structure and function level, with overall goals to improve activity performance or
participation in life activities [3]. It is important, then, that children and their families are
considered at the centre of discussions around goal setting for therapy interventions, to
maximise compliance and long-term engagement. The Canadian Occupational
Performance Measure (COPM) is a useful tool to help children with CP and/or their
parents to identify and prioritise functional goals that are perceived as being important to
them [96]. The COPM is a valid and reliable measure for use in children with CP and has
excellent clinical utility as it is client-centred, and can be used to identify and evaluate
therapy goals across the ICF domains [97, 98].

In light of few evidence-based rehabilitation interventions available to children

with CP who are marginally ambulant or non-ambulant, this doctoral program sought to
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develop and implement a multi-modal training program that is goal-directed, motivating,
founded on literature and clinical experience and relevant to the target population. The
following section will outline the contents of this doctoral thesis, including specific
objectives and aims.
1.2 Thesis outline and objectives

Children with CP who are marginally ambulant or non-ambulant (GMFCS 111-1V)
require access to safe and inclusive interventions to improve gross motor function and
maintain functional independence. Adapted cycling and FES-cycling are emerging areas
of interest for clinicians who work with children with CP, however previous studies have
focused mainly on ambulant children and have reported mixed evidence for the efficacy
of cycling to improve function. Further research is required to design, develop and test
the efficacy of interventions that are appropriate for both ambulant and non-ambulant
children with CP and target improved functional outcomes and enhanced participation in
leisure activities. In order to address this issue, the objectives of this doctoral program
were to:

1. Systematically review the efficacy of cycling and FES-cycling interventions to
improve functional outcomes in children and adolescents with CP (GMFCS 1-V)
and identify components of interventions that lead to superior outcomes.

2. Design, develop and implement a randomized controlled trial to:

a. Test the efficacy of a combined program of goal-directed training, FES-
cycling and adapted cycling (Activate-CP) to improve gross motor
function and goal performance and satisfaction, in children with CP
(GMFCS 11-1V, aged 6-18 years);

b. Determine the efficacy of Activate-CP to improve sit-to-stand and cycling

capacity, participation in activities at home, school and in the community,
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and capacity to perform daily activities in children with CP (GMFCS I1-
IV, aged 6-18 years).
3. Capture the experiences of children and their carers to investigate program
feasibility and help improve the implementation of similar programs for this
population in the future.
1.3 Aims and hypotheses

The aims and corresponding hypotheses for this thesis are outlined below.
Individual hypotheses were based on current literature on goal-directed training, FES and
adapted cycling in children with CP and were guided by the biopsychosocial theory that
underpins the ICF model. The Activate-CP intervention that forms the body of this
doctoral thesis was developed to target the body function, activity, and participation
domains of the ICF and was flexible to accommodate differences in individual’s goals
and personal and environmental factors. A hypothesis was not generated for aim 4, as this
was an exploratory aim based on participant’s experiences.
Aim 1: To (i) systematically review the evidence for cycling interventions that aimed to
reduce activity limitations and/or improve function in children with CP (GMFCS I-V,
aged 2-18 years) compared to alternative therapies or no intervention and (ii) to describe
the parameters and components of individual interventions that contributed to improved
function.
Hypothesis 1: Cycling interventions are more effective than alternate or no intervention/s
to improve functional outcomes in children with CP, aged 2-18 years. Goal directed
interventions will be most effective to improve functional outcomes that can be
maintained beyond the intervention.
Rationale: A systematic review of cycling interventions for children with CP is necessary

to inform the development of effective and evidence-based interventions.
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Aim 2: To (i) determine the efficacy of Activate-CP to improve gross motor function,
goal performance and participation outcomes in children with cerebral palsy, GMFCS II-
IV, aged 6-18 years, compared to usual care and; (ii) to determine if improvements in
gross motor function and goal performance can translate to secondary improvements in
sit-to-stand and cycling capacity, participation in home, school and community activities,
and capacity to complete daily activities.

Hypothesis 2: Children who complete the Activate-CP training will have improved gross
motor function and perceived goal performance and satisfaction, with increases of at least
3 logits on the GMFM and 2 points on the COPM, respectively. Additionally, the
Activate-CP training group will have improved sit-to-stand and cycling capacity,
participation in home, school and community activities, and the capacity to complete
daily activities compared to the control group.

Rationale: Available evidence supports goal-directed and task-specific training
approaches to improve gross motor function in children with CP. An individualized, goal-
directed training program that targets improved activity capacity and provides
opportunities for context specific practice should result in improved goal performance
and functional independence for life activities.

Aim 3: To determine if improved body function, activity and participation outcomes can
be maintained by children with cerebral palsy, GMFCS II-1V, aged 6-18 years, eight
weeks after completing Activate-CP training.

Hypothesis 3: Children with CP who complete eight weeks of Activate-CP training will
retain improvements in gross motor function, goal performance and satisfaction eight
weeks after Activate-CP training is ceased. Furthermore, secondary outcome measures of
cycling and sit-to-stand capacity, participation in home, school and community activities
and capacity to perform daily activities will be retained eight weeks after Activate-CP

training concludes.
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Rationale: Improved capacity to perform activities such as sit-to-stand transfers, cycling
and stepping at the end of training should provide increased opportunities for incidental,
task-specific practice of goal activities at home. If children continue to utilize functional
gains by integrating goal activities into their daily routines (e.g. independent wheelchair
transfers), they should retain any functional improvements. Interventions that identify and
address perceived participation barriers, and consider the environmental and contextual
factors of the ICF model appear to have greater success at improving participation in
leisure activities (e.g. cycling) in children with CP.

Aim 4: To explore the experiences of children with CP and their carers in the Activate-
CP training program, investigate program feasibility, and identify facilitators and barriers
to engagement.

Rationale: Participants play an essential role in the research process as the primary
consumers of the intervention being tested. Understanding and interpreting participant’s
first-hand experiences in the Activate-CP program will provide valuable insights into
program feasibility and factors that are likely to help or hinder translation of the program
to a clinical or real-life setting. Further, a qualitative evaluation of participant’s
experiences will provide context to (and help interpret) the quantitative findings from the

primary and secondary RCT analyses.
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2.1 Abstract

Objectives: To determine: the efficacy of cycling to improve function and reduce
activity limitations in children with cerebral palsy; the optimal training parameters for

improved function and whether improvements in function can be retained.

Method: Six databases were searched (until February 2019) and articles were
screened in duplicate. Randomized or quasi-randomized controlled trials and pre-post
studies were included. Methodological quality was assessed using the Downs and Black
scale. Outcomes were reported under the International Classification of Functioning,
Disability and Health domains of body functions and activity limitations. Quantitative

analyses were completed using RevMan V5.3.

Results: 1112 articles were identified and nine studies containing data on 282
participants met full inclusion criteria. Methodological quality ranged from low (14/32)
to high (28/32). Significant improvements were reported for hamstring strength (ES:
0.77-0.93), cardiorespiratory fitness (ES: 1.13-1.77), balance (ES: 1.03-1.29), three-
minute walk test distance (ES:1.14) and gross motor function (ES:0.91). Meta-analysis
suggested that cycling can improve gross motor function (SMD: 0.35, 95% CI: -0.01,
0.70, p=0.05), however the effect was insignificant when a poor-quality study was

omitted.

Conclusion: Cycling can improve muscle strength, balance, and gross motor
function in children with cerebral palsy, however optimal training doses are yet to be
determined. There was insufficient data to determine whether functional improvements
can be retained. Conclusions were limited by small sample sizes, inconsistent outcome

measures and a lack of follow up testing.
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2.2 Introduction

Children with cerebral palsy experience varying degrees of muscle weakness,
muscle contracture, spasticity, impaired balance, and coordination that limits their
functional capacity to perform activities such as running, jumping, climbing and cycling
[5, 14]. This reduced capacity to perform typical childhood activities contributes to low
habitual physical activity and declining gross-motor function in adolescence [5, 20] and
has resulted in a global call for physical activity interventions appropriate for this

population [99, 100].

Adapted cycling offers an alternate mode of exercise for people with mobility
restrictions, including children with cerebral palsy [29]. Both stationary and dynamic
forms of cycling can be adapted to suit a variety of physical requirements, making it an
ideal form of physical activity for children who cannot participate in traditional gym-
based programs [101, 102]. Adapted cycling has also been advocated to improve
wellbeing and social participation, allowing children to keep up with friends and to
participate in family outings [29, 55, 56]. Despite the postulated benefits of adapted
cycling for children with cerebral palsy there is a paucity of literature on the efficacy of

cycling as an intervention to improve functional performance.

It is necessary to establish optimal training guidelines for adapted cycling to
ensure that programs are appropriately dosed for functional improvement and retention.
This information is important to i) assist families to weigh up the benefits of cycling in
the context of alternative therapies, ii) to help service providers to justify the time and
costs associated with delivering cycling interventions, and iii) to help clinicians advocate
for funding for families who wish to purchase cycling equipment for ongoing use in the
community. The International Classification of Functioning, Disability and Health,

known more commonly as the ICF, provides a framework to compare the efficacy
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interventions across multiple studies [103]. Within the ICF framework, outcomes related
to functional performance can be categorised according to ‘body functions’ and ‘activity
limitations’. To date, a comprehensive review of the efficacy of adapted cycling to

improve functional performance in children with cerebral palsy has not been conducted.

Our primary objective was to determine the efficacy of cycling interventions to
improve body functions and reduce activity limitations in children with cerebral palsy
compared to alternative therapies or no intervention. Our secondary objectives were to
explore the components of cycling interventions (such as frequency, intensity, duration,
type and setting) that contributed to improved function and to determine if effects are
retained beyond the immediate intervention.

2.3 Methods

Prior to conducting this review, the International Prospective Register of
Systematic Reviews was searched for existing systematic review protocols on cycling in
children with cerebral palsy. A detailed protocol was then developed and registered online

(CRD42017069603).

A comprehensive search strategy was developed with assistance from a health
research librarian and used to identify articles in SCOPUS, PubMed, CINAHL,
EMBASE, SPORTDiscus and the Cochrane Library. Each database was searched from
inception through to February 2019. The exact search strategy is provided in
Supplementary Table 2.6. The abstracts of studies identified through the database
searches were screened by two reviewers (EA, SS) and an independent full-text review
was completed for all articles that met the inclusion criteria. The reference lists of
included studies were also searched for eligible studies and forward searches were
conducted using Google Scholar. Discordance over study inclusion were confirmed by a

third reviewer (MK).
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Studies were included if: 1) the study design was a randomized or quasi-
randomized controlled trial (RCT), pre-post study with controls (n>10 in the intervention
group); or single group pre-post study (n>10) with a baseline and withdrawal phase (i.e.
A-B-A design); 2) at least 80% of participants were aged 2-18 years old with a diagnosis
of cerebral palsy [104]; 3) the intervention was any upper or lower limb cycling task (e.g.
recreational, static, dynamic, functional electrical stimulation, virtual or motor-assisted
cycling); 4) at least one outcome was related to the body function or activity domains of
the ICF and was assessed using a valid outcome measure and; 5) the intervention was

compared with standard or usual care, no intervention or an alternate intervention.

The authors chose to include pre-post study designs due to the limited number of
RCTs identified in preliminary searches. Non-RCTs should be considered for inclusion
in systematic reviews when there are limited studies available, as they can provide
meaningful information about intervention effectiveness and adverse events [105]. To
minimize the risk of bias associated with including less rigorous research designs, non-

RCT studies were only eligible if ten or more participants received the intervention.

Studies were excluded if they were reviews, letters or conference abstracts; if
participants were diagnosed with neurological conditions that were not cerebral palsy; if
cycling comprised less than 50% of the total intervention; or if the article was not

published in English.

Studies that met full inclusion criteria were assigned a level of evidence score
[106], and the methodological quality was appraised by two reviewers using the Downs
and Black Scale [107]. The Downs and Black Scale was chosen because it is valid and
reliable and designed to evaluate both RCT and non-RCT designs. The maximum

possible score was 32 points and the following cut points were used: >75% (>24 points,
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high quality), 50-74% (16 to 23 points, moderate quality), <50% (<15 points, low quality)

[107, 108].

Data extraction was completed by EA and verified by SS. Data on the research
design and participant characteristics were extracted as well as characteristics of the
intervention and comparison conditions, such as the frequency, intensity, duration, mode,
setting and length of follow up. The outcome measures reported in each study were then
mapped to the ICF domains of body structures, body functions, activities, and
participation. A third reviewer (MK) was consulted if there was disagreement over the

classification of an outcome measure.

For outcomes relating to body functions and activities, pre and post treatment
means and standard deviations were extracted. Where means and standard deviations
were missing or reported in an alternate format (e.g. 95% confidence interval), study
authors were contacted via email. If the raw data could not be obtained, the standard
deviation was estimated using the measure of variance reported (e.g. standard error or

95% confidence interval) [109].

Treatment effects for continuous outcomes were determined using post-
intervention mean differences and standard deviations. Clinical heterogeneity was
assessed by comparing the participant and intervention characteristics and outcome
measures reported in each study, and statistical heterogeneity was determined using the
I2 statistic and chi-squared test (Q-test) at p<0.1. A cut-point of >50% represented

considerable heterogeneity.

Where studies were considered similar enough to pool data, a random-effects
meta-analysis was conducted (Revman, V5.3). If a study assessed a construct using
multiple outcome measures (e.g. gross motor function assessed using two different
scales), the authors chose the outcome measure that was most relevant and/or most similar
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to the outcome measures used in other studies. In adherence with best practice
recommendations for systematic reviews, the results from non-randomized trials were not
considered for meta-analysis [105].

2.4 Results

Five hundred and thirty-three articles were identified through database searches
and screened by title and abstract. The number of articles included and reasons for
exclusion are provided in Figure 2.1. Eleven articles from nine research studies met the
full inclusion criteria, including five RCTs (seven articles) [30, 46, 50, 52, 54, 110, 111],
a quasi-RCT [112], a comparison trial [113], a pre-post study with a control group [114]
and a single-group study with a control period [114]. Agreeance between reviewers was

96% for screening by title and abstract and 100% for full-text review.

Details of the study designs and participant characteristics are provided in Table
2.1. Participants included 282 children with cerebral palsy with a mean age of 10.4 years
(standard deviation [SD] 2.3) and an even distribution of males and females (53%

females).

Downs and Black scores are presented in Table 2.2. Study quality ranged from
low (14/32) [50] to moderate (>16-23) [52, 53, 111-114] to high (>24) [30, 46] according
to Downs and Black scores. Participants could not be blinded due to the nature of cycling
interventions, however only three RCTs ensured adequate blinding of the assessors [30,
46, 111]. Randomization was violated in one study as some participants were too small
to use an elliptical device and were subsequently re-allocated to the cycling group [113].
Greater than 70% adherence to the intervention was reported in five studies [30, 46, 52,
113, 114], while the remaining four did not report compliance. Adequate adjustment for
confounding variables was unclear due to poor reporting or because final analyses were

based on analysis of treatment rather than intention to treat. Just three studies achieved
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greater than 70% power to detect statistical significance on the primary outcome measures

[30, 50, 53].

The intervention, control and comparison group content for each study are
summarized in Table 2.3. Cycling interventions utilised semi-recumbent bikes with
lower-limb loading functions [46, 54], upright exercise bikes [53] with postural supports
[30, 114], virtual reality cycling system [52, 110], and motorized stationary bike [113].
One RCT compared two modes of cycling (dynamic and stationary) to a control condition
[50]; another included upper limb stationary cycling [112] and one investigated
simultaneous upper and lower limb passive cycling [111]. Three articles on adapted

dynamic cycling were identified, however only qualitative data were reported [29, 55].

As an adjunct to cycling, some interventions incorporated gross motor activities
[111], sit-to-stand exercises [52, 110], conventional exercises [50] and gait training [112].
Study aims included increasing gross motor function [30, 46, 111, 114], improving
aerobic capacity [53], muscle strength and bone mineral density [52, 110], cardiovascular
endurance, mobility and balance [50], gait function [113] and arm swing during gait

[112].

Interventions were delivered in participant’s schools [30, 53, 114], homes [52,
110, 113], community-based clinics [46], a rehabilitation training and research institute
[50] and an unspecified setting [111]. Interventions were led by physiotherapists [30, 46,
53, 111, 114], or supervised by a parent or guardian [52, 110, 113]. The mode of delivery
was not specified in two studies [50, 112]. The duration of intervention programs ranged
from 4 weeks to 6 months, frequency ranged from 3-5 days per week and session duration

ranged from 20-90 minutes. The overall dose of cycling ranged from 3-20 hours.

Comparison conditions included usual physiotherapy sessions [30], general
physical activity [46], structured intensive training [111], conventional exercises [50],
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gait training [112] and a specified level of physical activity [52, 110]. One study included
a second intervention arm of treadmill training [30] and another had two control groups,
including one group of children with cerebral palsy and another group of typically
developed children [53]. The frequency, duration and type of physical activity was
described for able-bodied participants, but not for the cerebral palsy control participants

[53]. Two studies did not include control groups [113, 114].

Except for bone mineral density, which was classified under the heading ‘body
structures’, all extracted outcomes assessed body functions or activities. Participation-
based outcomes were not reported in any study. Six studies (seven articles) assessed body
functions using measures of muscle strength, cardiovascular fitness, selective motor
control and balance [46, 50, 52, 53, 110, 111, 113]. Activity measures were reported in
eight studies (ten articles) and included measures of gross motor function, mobility,

activity capacity and functional ability [30, 46, 50, 52, 54, 110-114].

Quantitative results for body function measures are presented in Table 2.4.
Isokinetic dynamometry was the preferred method to assess lower limb muscle strength
bilaterally[46] and on the impaired side [46, 52, 110, 113]. One moderate quality study
(in two articles) reported significant improvements in knee flexor strength when tested at
90 and 120 degrees per second [52, 110], although another moderate quality study [113]
and one high quality study [46] did not report any significant improvements in muscle
strength (Table 2.4). Consequently, there is weak evidence to support using stationary
cycling to improve knee flexor strength of the impaired limb [54, 110]. A meta-analysis
was not performed for muscle strength due to high variability in testing methods and

angular velocities.

One moderate quality, pre-post study reported significantly improved peak heart

rate, oxygen intake, respiratory minute volume and power after eight weeks of aerobic
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cycling training (Table 2.4) [53]. Significant reductions in resting HR were also reported
in a low quality RCT after 6-weeks of dynamic cycling and conventional exercises, but
not stationary cycling [50]. A third study, a moderate quality RCT, reported no significant
cardiovascular improvements, however participants cycled against no resistance and the
training parameters were poorly described [50]. These results demonstrate weak evidence
in support of stationary and dynamic cycling interventions to improve cardiorespiratory

outcomes in children with cerebral palsy.

Just one low quality RCT assessed balance as an outcome and reported
significantly improved Paediatric Balance Scale scores following both dynamic and
stationary cycling interventions (Table 2.4) [50]. In the absence of more rigorous trials,
there is limited evidence to support using cycling as a tool to improve balance in this

population.

The quantitative results for activity-based outcomes are presented in Table 2.5.
Gross Motor Function assessed using the Gross Motor Function Measure (GMFM) was
most frequently reported (Table 2.5), and sufficient data was available for meta-analysis
(Figure 2.2). One study reported a combined GMFM section D (standing) and E (walking,
running and jumping) score [46] and another reported scores separately [50]. In this case,
a combined section D and E score was calculated in order to pool data for meta-analysis
[50]. Insufficient data was available to perform subgroup analyses by age or GMFCS

level.

When GMFM data from four studies [46, 50, 110, 111] on stationary cycling were
pooled (n=63 intervention; n=64 control participants), cycling interventions were
significantly more effective at improving gross motor function compared to control
conditions (Figure 2.2). When a low quality RCT was excluded from the analysis, the

standard mean difference was no longer significant, indicating bias of the low-quality
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RCT [50]. These findings present inconclusive evidence that cycling improves gross
motor function in children with CP, however it should be noted that all of the
interventions were stationary cycling, and no conclusions can be drawn on the effects of

other modes of cycling (e.g. adapted cycling) in this population.

The Pediatric Endurance and Limb Strengthening (PEDALS) study was the
largest RCT (n=58), contributing 45% of the total participants in the meta-analysis [46].
The PEDALS study only included ambulant children with CP and a ceiling effect was
reported on the GMFM [46]. In contrast, the two studies including non-ambulant children
reported large improvements in the standing domain, [30] and the walking, running,
jumping domain [30],[114] of the GMFM. The GMFM assesses skills that are expected
of a typically developed five year old [12], and may be less sensitive to changes in

children who function above this level [115].

Mobility and gait-related outcomes included the 30 second walk test [46], 600
yard walk run test [46], self-selected and fastest gait speed [113], a three minute walk test
[50] and angular displacement of arm swing during gait (Table 2.5) [112]. Three-minute
walk test times were significantly improved after stationary cycling, but not dynamic
cycling in one study [50] and another reported improvements in upper extremity angular
displacement following a combined intervention of upper limb cycling and gait training
[112]. Self-selected gait speed improved significantly for participants in an elliptical
training group, but not for participants who trained on a cycle ergometer [113]. Based on
these limited findings, there is insufficient evidence to conclude that cycling improves

mobility and gait in children with cerebral palsy.

One study comparing elliptical training with stationary cycling reported
significant improvements in favour of the elliptical group for self-selected elliptical

cadence, Pediatric Outcomes Data Collection Instrument (PODCI) scores and the
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Pediatric Evaluation of Disability Inventory (PEDI-CAT) scores [113]. These results
should be interpreted with caution, as participants who were too short to use the elliptical
device were swapped to the cycling group, which violated randomization and resulted in

lower baseline scores in the cycling group [113].

Follow up data was collected and reported in just three studies [30, 113, 114]. One
RCT reassessed outcomes at 6 and 12 weeks post-intervention, noting a significant
reduction in GMFM-D (standing) scores for the cycling group, but not the control group,
indicating a detraining effect [30]. The single group study reported data at 6-weeks post-
intervention, with no significant detraining observed [114]. One study included a 12-week
no-training period, although the order of the training vs no-training period depended on

the availability of equipment [113].

Adverse events (or lack of adverse events) were reported in five studies (Six
articles) [30, 46, 52, 110, 113, 114]. Twenty-eight mild adverse events were reported in
a single study, which included six falls, 17 complaints of mild pain, four reports of fatigue
and one report of skin rash from a heart rate sensor [46]. Four studies (five articles)
indicated no adverse events [30, 52, 110, 113, 114] and four failed to report adverse events
altogether [50, 53, 111, 112].

2.5 Discussion

The objective of this systematic review was to determine the efficacy of cycling
interventions to improve functional performance in children with cerebral palsy and to
determine factors that lead to superior outcomes. To facilitate literature comparisons, we
categorised functional performance according to the ICF domains of body functions and
reduced activity. Overall, the results for the body function domain indicated weak
evidence for improved knee flexion (but not extension) strength, aerobic capacity and

balance as assessed by the Paediatric Balance Scale. Results for the activity limitation
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domain indicated strong evidence, supported by meta-analysis, for improved gross motor
function following stationary cycling interventions, however, the effect was insignificant

when a lower quality study was removed from the meta-analysis.

Due to the heterogeneity of the reported cycling interventions, a thorough
evaluation of study quality and functional performance outcomes was required to identify
specific components of cycling interventions that led to superior outcomes in children
with cerebral palsy. Indeed, of the moderate to high quality studies in this review, only
two met all [46, 53], and four met most [30, 52, 113, 114] of the recommended training
guidelines for people with cerebral palsy [31]. Of the two interventions that met the
guidelines for cardiorespiratory training, one was associated with improved aerobic
capacity [53]. This study demonstrated that children with mild cerebral palsy are capable
of achieving levels of fitness that are comparable to able-bodied peers, after 8 weeks of
stationary cycling for 30 minutes, 3 days per week at a starting intensity of 50% VO, max
[53]. In contrast, the PEDALS study did not report significant improvements in the 600
yard walk-run test, used as an estimate of cardiorespiratory fitness. An obvious
explanation for the lack of improvement in the PEDALS study was that participants
struggled to achieve the target training intensity of >70% HR max, reflected by an average
training intensity of 52.2% of HR max. Consequently, the actual training intensity was
likely insufficient to result in cardiorespiratory improvements. To assist children with
cerebral palsy to achieve and maintain higher intensities of exercise while cycling, future
studies might consider employing adaptations such as motorized support or functional

electrical stimulation [60, 73].

Despite not meeting the recommended training guidelines for cardiovascular
fitness, one study reported significantly improved resting heart rate following outdoor

dynamic cycling, but not stationary cycling [50]. The stationary cycling group cycled in
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an indoor clinical environment with no resistance, and the dynamic group cycled outdoors
on paths around a research campus. In adults, outdoor cycling promotes greater task
endurance compared to indoor cycling, because the environment is more engaging and
can shift the rider’s focus away from the exercise task [116]. Dynamic cycling may also
be more physiologically taxing than stationary cycling, as it has been linked to increased
hip and knee flexor muscle activity, [117] increased lower limb power and training heart
rates while cycling at the same level of perceived exertion [118]. It is possible, therefore,
that the outdoor cycling group trained at a higher intensity than the stationary group due
to the increased physiological demands of outdoor cycling and potentially, a more
stimulating exercise environment. Future studies should consider monitoring exercise
intensity throughout training sessions to help inform the best choice of cycling mode for

improved cardiovascular fitness.

Interventions associated with improved muscle strength or balance, included
exercise programs that aligned with the intervention goals, which is common in therapy
interventions for children with cerebral palsy (e.g. increased strength or balance) [50, 52,
110]. A combined cycling and sit-to-stand intervention that was based on the principles
of progressive resistance training led to increased hamstring strength [52, 110]. The
program involved home-based, virtual reality cycling training that was performed for 40
minutes, 3 times per week for 12 weeks. Similarly, the cycling intervention that led to
improved balance outcomes incorporated an exercise program that challenged
components of static and dynamic balance [50]. The intended total exercise dose in this
study (30 hours) was relatively high and was delivered over a relatively short period of
time (6 weeks). The intensity of the cycling training was poorly defined and the actual

dose completed was not reported [50].
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Two interventions that reported no improvement in muscle strength, involved
cycling only [46, 113]. The cycling focussed PEDALS study, attempted to incorporate a
resistance training component by using elasticised bands attached to a stationary bike
[46]. A ceiling effect occurred for some participants who reached the maximum load
capacity of the resistance bands before the end of the intervention. It is possible that the
actual training load was therefore insufficient to cause an increase in strength in those
participants, as training loads need to be progressive to satisfy the overload principle of
exercise training [119]. Both studies reported improved pedalling ability and cycling
endurance after the intervention, which is consistent with other studies that did not

directly measure isokinetic muscle strength [29, 30].

Studies associated with improved gross motor function were identical school-
based interventions using a stationary bike [30, 114]. Both met the current
recommendations for time, frequency and intensity, however the program duration was
limited to 6 weeks [114]. Clinically meaningful improvements in gross motor function
scores were reported in both studies despite the short training period, and one study
reported significant between-group differences for the standing domain of the gross motor
assessment post-training [30]. Improvements in gross motor function observed during the
training periods were maintained at 6 weeks follow-up in one study [114] but not at 6 or
12 weeks in another [30]. The follow-up period of just 6-weeks in the single-group study
may have been insufficient to detect a significant detraining effect in the convenience

sample of 10 participants.

The two studies that reported improved gross motor function included non-
ambulant children with CP [30, 114]. Children with more severe physical impairments
have a greater capacity for improvement in gross motor function, particularly in the

standing tasks that they do not frequently practice [120]. The lack of significant
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improvements in studies of ambulant children may be due to ceiling effects on the Gross
Motor Function Measure or insufficient training doses and lack of appropriate exercise
progression. An alternative explanation is that the interventions lacked specificity to the
gross motor tasks assessed. Careful consideration should be taken to ensure that outcome
measures are sensitive enough to detect changes in the population of interest, and to

ensure that training programs adhere to basic principles of exercise prescription.

Anecdotal reports of improved cycling performance (e.g. ability to pedal
independently) were made in some articles following cycling interventions, although
formal assessments of cycling capacity were completed in just two studies [30, 114].
Cycling speed and duration were assessed in one randomized controlled trial [30], and a
single-group study reported cycling resistance, speed and duration for each participant
[114]. The results from the pre-post study were presented in a graph and could not be
extracted for this review, although significant improvements were reported in-text for all
participants [114]. It seems reasonable that cycling training leads to improved cycling
capacity, however future efforts should be made to assess cycling-specific outcomes and

to determine optimal training parameters for improved cycling capacity and performance.

Overall, cycling is a safe and efficacious activity that can be undertaken by
children with cerebral palsy when supervised. Although twenty-eight intervention-related
adverse events were reported, the severity was considered mild and most were reports of
muscle soreness and fatigue which can be reasonably expected during a physical activity
intervention [46]. To reduce the incidence of muscle soreness in future interventions,
clinicians should take care to tailor sessions to the child’s level of ability and ensure that
adequate rest and recovery time is provided between sessions [31]. Six observed falls
were also reported, however the authors categorized these as mild events and did not

specify when or how the falls took place (e.g. during bike transfers, while cycling, etc.)
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[46]. Indeed, there are risks associated with cycling interventions, however they appear
to be minimal and are likely outweighed by benefits such as an improved sense of
enjoyment, achievement and wellbeing [55, 56]. It should be noted that the majority of
interventions included some variant of supervised stationary cycling, and less is known

about the safety of dynamic cycling in this group.

A number of considerations should be taken into account in interpreting the
findings of this review. 1) Only a limited number of RCTs have been conducted on
cycling interventions in children with cerebral palsy and therefore this review included
pre-post studies (with N>10) to provide a more detailed examination of the available
evidence. The inclusion of non-randomized trials may introduce bias, and caution should
be exercised when interpreting results from such studies. We recommend that well-
designed randomized controlled trials are developed to address the research questions and
to provide stronger evidence for the efficacy of cycling to improve function in children
with cerebral palsy, particularly those who are non-ambulant or rely on walking aids to
mobilize. 2) The heterogeneity in the quality of the reported cycling interventions
provides a challenge determining the components of cycling interventions (such as
frequency, intensity, duration, type and setting) that contributed to improved function.
Greater consistency is needed in terms of intervention and control content and care should
be taken to select outcome measures that are sensitive to change in the population of
interest. Improved reporting of usual care and control conditions will assist future
reviewers to more accurately pool data for meta-analysis. 3) Finally, this review was
limited to studies that were published in the English language and available through six

pre-defined databases.

Our comprehensive review has identified important gaps in the existing literature

that will help inform future research on the efficacy of adapted cycling in children with
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cerebral palsy. Given the extensive range of cycling interventions that are prescribed to
people with neurological impairments, future research on this topic is crucial for informed
clinical practice [64, 81, 121-124]. We found preliminary evidence for cycling
interventions to improve components of gross motor function in non-ambulant children
with cerebral palsy, and limited evidence for improved muscle strength, balance and
cardiorespiratory fitness. The meta-analysis of gross motor function results demonstrated
that cycling may improve gross motor function more than standard care or control
conditions, however the risk of bias in one of the included studies means that results must
be interpreted with caution. No consensus was reached on the optimal parameters for
improved function, although children with more severe cerebral palsy may require
additional support to achieve therapeutic exercise intensities. No conclusions could be
drawn on the retention of effects beyond the immediate intervention as few studies

included follow-up testing.
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2.6 Figures and tables

Figure 2.1: PRISMA flow diagram illustrating the process of article inclusion and
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Figure 2.2: Meta-analysis of stationary cycling interventions to improve gross

motor function compared to usual care or control conditions
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Table 2.1: Population characteristics and experimental design of included studies.

Study Study Design CPtype& GMFC Age (yrs) Male/  Cyclin  Compariso
distribution® S level? M (SD)A Female gB(n) n/
A Control®
(n)
Bar- RCT SDi: n=10 I: 4 Intervention: 8.6 14/6 10 10
Haim et Multiple AD: n=1 111 (1.9)
al. [111]  baseline design ST:n=1 IV:5 Control: 7.9 (1.6)
SQ: n=3
MQ: n=5

Bryant et RCT Bilat CP 1V: 23 Bike:14.3 (1.9) 14/21 11 Controls:

al. [30] (three groups) S:n=21 V:12  Treadmill:13.5 (2.6) 11

D: n=14 Control:13.8 (2.3) Treadmill:
9

Chen et SDi: n=20 I: 22 Cycling: 8.7 (2.1) 19/9 13 15

al. [52] SH: n=8 Il: 6
& RCT

Chen et Control: 8.5 (2.2)

al. [110]¢

Fowler et RCT SDi: n=62 1:19 Cycling: 11.1 29/33 29 29

al. [46] I: 14 (3.41)°

& 111: 29  Control: 11.6 (2.84)

Demuth

etal. [93]

Mohanty RCT (three SDi: n=30 NS Dynamic: 6.3(2.2)F 17/13 C1:10 10
[50] groups) Stationary: 6.2(2.2) C2:10

Control: 6.1 (2.2)

Hussein Quasi-RCT SH: n=48 1l: 48 Arm cycling: 18/30 24 24
etal. 5.12 (0.75)
[112] Control: 5.25 (0.72)

Damiano Comparison Bilat CP I:2 Cycling: 9.2 (2.9) 8/19 13 Elliptical:
etal. trial S: 27 I1: 15  Elliptical: 11.4 (4.0) 14
[113] (quasi- 11: 10

randomized)

Nsenga Pre/post study Hemi: n=16 1:14 Cycling: 14.2 (1.9) 18/12 10 CP
etal. with control & Dip: n=4 11:6 CP controls:14.2 controls: 10
[53] comparison (CPtype: NS) AB: 10 (1.8) AB

group AB controls: 14.1 controls: 10
(21)
Williams Single group SQ: n=7 IV: 8 Cycling: 12.58 1/10 10 0
etal. ABA design SDi: n=1 V:3 (1.33)
[114] DQ: n=3
Totals RCT:5 S: 238 1:57 Pooled mean (SD):  138/15 1408 1428
Quasi-RCT: 1 D:18 11: 93 10.37 (2.34) 3
Comparison: 1 Mixed:5 111: 50
Pre-post with NS: 20 1V:36
controls:1 AB:10 V:15
Single group NS: 30
pre-post AB: 10
design:1

A The number of participants for which data was reported at baseline; B The number of participants for which data
was reported post-intervention (may differ from the number initially randomized); © Chen et al. [110] and Chen et
al. [52] share the same study sample; PSD estimated from a 95% confidence interval; € SD estimated from the
range. Abbreviations: AB: Able bodied; C1: cycling group 1; C2: cycling group 2; CP: Cerebral Palsy; GMFCS:
Gross Motor Classification Scale; NS: Not specified; RCT: Randomized Controlled Trial; yrs: years.

CP distributions/types: AD: Ataxic Diplegia; Bilat: Bilateral CP; Dip: Diplegia; D: Dyskinetic; DQ: Dyskinetic
Quadriplegia; Hemi: Hemiplegia; MQ: Mixed Quadriplegia; S: Spastic; SDi: Spastic Diplegia; SH: Spastic
Hemiplegia; SQ: Spastic Quadriplegia; ST: Spastic Triplegia.
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Table 2.2: Methodological quality assessment of included studies
Downs and Black Scale

Study LOE Reporting/11 External Validity/3 Bias/7 Confounders/6 Power/5 Total/32
Bar-Haim et al. [111] I 9 1 5 2 0 17
Bryantetal. [30] I 11 2 6 4 5 28
Chen et al. [52] I 11 2 5 3 0 21
Chen et al. [110] I 11 2 5 3 0 21
Fowler et al. [46] I 11 3 6 4 0 24
Demuth et al. [54] I 11 3 6 4 0 24
Mohanty et al. [50] I 5 0 4 1 4 14
Hussein et al. [112] -1 8 0 4 3 2 17
Damiano et al. [113] 11-3 11 2 4 3 3 23
Nsenga et al. [53] 11-2 7 2 4 2 5 20
Williams et al. [114] -3 11 2 5 2 0 20

LOE: Levels of evidence (National Health and Medical Research Council). Note: Items 1-10 of the Downs and Black Scale assess the quality of reporting, items
11- 13 assess external validity, items 14-20 assess study bias, items 21-26 assess confounding variables and item 27 evaluates the level of power achieved. All items
were scored on a 0-1 point scale (0=no, 1=yes), with the exception of item 5 which was scored on a 2-point scale (0=no, 1=partially and 2=yes) and item 27, which
was scored on a modified 5-point scale. For item 27, post-hoc power analyses were performed for all primary outcomes in the program G*Power, using a two-tailed
test with an alpha of 0.05. The following scores were assigned based on the level of power achieved: 0= < 40%, 1= 40-50%, 2=50-60%, 3=60-70%, 4=70-80%, 5=
>80%. A total Downs and Black score was calculated out of 32 points and the following cut-points were used to methodological quality: >24 (high quality), >16 to
23 (moderate quality), > 9 to 15 (weak), 0 to 8 (very weak).
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Table 2.3: Intervention content

Study Cycling Program Intervention description Setting Duration/ Total Comparison/ FU
mode type Frequency cycling control content (wks)
Bar-Haimet  UL/LL RP + Engine-induced, RP training on a customized ergometer NS 90 min x 5 Control group: UC + -
al. [111] passive, functional (10min) + structured intensive treatment: UL/LL passive days/wk for 4 Approx  structured intensive
stationary training stretches, individualised gross motor activities related to wks. (30 hrs) .3hrs  treatment as per
cycling locomotion. intervention group.
Bryantetal. LL Mixed: Endurance: cycling at 75% of max resistance achieved during  School 30 minx 3 <9 hrs  Treadmill group: Walking 6, 12
[30] stationary  aerobic + testing. Power: Short bursts of cycling against the max days/wk for 6 program with PBWS.
cycling power resistance achieved during testing. wks. (<9 hrs) Control group: UC
Chen etal. LL Mixed: Head, neck, UL & LL stretches (5 min warm up/cool down), Home 40 minx 3 12 hrs  General PA: incl. walking, -
[52] stationary  aerobic + loaded STS exercises at 75% 1RM (2 x 10 reps), stationary days/wk for 12 running, jogging or sports
& Chenetal. cycling + progressive cycling to an interactive video workout (20 min: 2 min at wks. (24 hrs) at home or school: 30-40
[110] interactive  resistance comfortable speed, 16 mins fast cycling, 2 min at a min/day, 3 days/wk.
video. training comfortable speed).
Fowleretal. LL Mixed: Phase 1: ‘Cyclocentric’ LL cycling using tension cords PT clinic 60 min x 3 <18 hrs  Usual care: continued -
[46] & stationary  aerobic + attached to a stationary bike (10-15 mins). Phase 2: Cycling days/wk for 12 usual physiotherapy
Demuth [54]  cycling strength at 70-80% of HR max (15-30 mins). wks. (36 hrs) regimens.
Mohanty etal. Dynamic Mixed: Group 1: Conventional exercises (LL stretches, 10 x supine Research 60 min x 5 UTD Conventional exercises as -
[50] cycling aerobic + bridges, UL activity while kneeling, sitting and reaching institute days/wk for 6 per intervention groups.
and LL strength activity, STS x 20reps) + dynamic cycling outdoors. Group 2: wks. (30 hrs) No cycling.
stationary ~ program Conventional exercises + stationary cycling, no resistance.
cycling Both groups cycled as fast as possible with rests until 1hr.
Husseinetal.  Upper limb Mixed: UL cycling exercise (30 min) + gait training (60 min) using  University 90 min sessions, UTD Control group: 60 min Gait -
[112] stationary ~ Aerobic + parallel bars, obstacles, wedges, rolls and wooden stairs. PT clinic (freq NS) for 6 training as per intervention
cycling Gait training  Intensity of arm cycling: NS months. group.
Damianoetal. LL Speed- Stationary cycling at 40rpm. Motor assistance was provided Home 20 min x 5 20 hrs  Elliptical stepping 12"
[113] stationary  focused leg if cadence fell below 20rpm. Resistance was increased if days/wk for 12 program. Parameters as per
cycling training target cadence was maintained for 1 wk. wks. (20 hrs) cycling protocol.
Nsengaetal. LL Aerobic Stretches (30 min), cycling warm-up (5 min, 50rpm, 50W), School 70 min x 3 CP Controls: NS. -
[53] stationary cycling training (30 min), passive recovery (5 min). Intensity: days/wk for 8 16 hrs  AB controls: normal PE, 2
cycling 50% VOqpeax for 2 weeks and increased by 5% each fortnight. wks. (28 hrs) X 45 min/wk.
Williamsetal. LL Mixed: Endurance: cycling at 75% of the max resistance achieved School 30 minx 3 <9hrs Nil 6
[114] stationary ~ aerobic + during testing. Power: Short bursts of cycling against the max days/wk for 6
cycling strength resistance achieved during testing. wks. (<9 hrs)
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Table 2.4: Outcomes relating to body function in the included studies

Study Outcome Measurement Unit of Movement Cycling Intervention Control/Comparison Mean difference  ES p value
Measure instrument measure (95% CI)
n Mean (SD) n Mean (SD)
Strength/Power Measures
Chen et al. Isokinetic Isokinetic Nm/kg KE 60%s 13 Pre:1.53 (0.64) 15 Pre: 1.38 (0.50) 0.28 0.42 0.28
[52] strength dynamometer Post: 1.63 (0.78) Post: 1.35 (0.55) (-0.24, 0.80)
(most-affected KE 120%s 13 Pre: 1.09 (0.53) 15 Pre: 1.11 (0.45) 0.38 0.64 0.10
limb) Post: 1.42 (0.60) Post: 1.04 (0.59) (-0.08, 0.84)
KF 60%s 13 Pre: 0.50 (0.29) 15 Pre: 0.47 (0.3) 0.23 0.63 0.11
Post: 0.71 (0.40) Post: 0.48 (0.33) (-0.05, 0.51)
KF 120%s 13 Pre: 0.47 (0.26) 15 Pre: 0.48 (0.21) 0.25 0.77 0.05"
Post: 0.64 (0.37) Post: 0.39 (0.28) (0.00, 0.50)
Chen et al. Isokinetic Isokinetic Nm KE 90%s 13 Pre:36.2 (21.5) 14 Pre: 38.8 (17.6) 8.70 0.41 0.29
[110] strength dynamometer: Post: 49.0 (20.9) Post: 40.3 (21.3) (-8.04, 25.44)
Most-affected Nm KF 90%s 13 Pre:13.5(8.1) 14 Pre: 15.6 (12.8) 8.00 0.93 0.02"
limb Post: 21.3 (9.9) Post: 13.3 (7.1) (1.21, 14.79)
1-min curl- - Curl-ups/  Curl-up 13 Pre: 12.4 (9.4) 14 Pre:9.0(9.3) 4.70 0.51 0.20
up test min Post:13.4 (9.6) Post: 8.7 (8.8) (-2.59, 11.99)
Fowler etal.  Isometric Isokinetic Nm/kg KE 0%s 26 Pre: 1.24 (0.50) 26 Pre: 1.14 (0.35) 0.06 0.15 0.59
[46] strength dynamometer: Post: 1.25 (0.38) Post: 1.19 (0.41) (-0.16, 0.28)
bilateral LL
KF 0%s 24 Pre: 0.46 (0.25) 25 Pre: 0.40(0.33) 0.02 0.07 0.81
Post: 0.47 (0.26) Post: 0.45 (0.32) (-0.15, 0.19)
" N Pre: 1.05 (0.36) Pre: 1.09 (0.48) 0.08 0.19 0.48
0
Isokinetic Isokinetic . Nm/kg KE 30%s 29 Post: 1.09 (0.36) 29 Post: 1.01 (0.48) (-0.14, 0.30)
strength dynamometer:
bilateral LL
KE 60%s 28  Pre: 0.88(0.29) 29 Pre: 0.88 (0.43) 0.03 0.13 0.77
Post: 0.89 (0.32) Post: 0.86 (0.45) (-0.18, 0.24)
KE 120%s 26 Pre: 0.66 (0.22) 26 Pre: 0.72(0.29) 0.00 0.00 1.00
Post: 0.75 (0.26) Post: 0.75 (0.41) (-0.19, 0.19)
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KF 30%s 28  Pre: 0.30(0.18) 26  Pre: 0.34 (0.27) 0.00 0.00 1.00
Post: 0.35 (0.20) Post: 0.35 (0.26) (-0.13,0.13)
KF 60%s 25  Pre: 0.29(0.16) 27 Pre: 0.28(0.22) 0.02 0.09 0.74
Post: 0.29 (0.18) Post: 0.27 (0.24) (-0.10, 0.14)
KF 120%s 21 Pre: 0.21(0.11) 22 Pre: 0.20 (0.16) -0.02 -0.10 0.73
Post: 0.26 (0.14) Post: 0.28 (0.23) (-0.14, 0.10)
Damiano et  Isokinetic Isokinetic Nm KE 30%s 13 Pre: 0.79 (0.55) 14 Elliptical group 0.04 0.09 0.82
al. [113] strength dynamometer: Post: 0.84 (0.57) Pre: 0.75 (0.29) (-0.31, 0.39)
Post: 0.80 (0.27)
(most-affected KE 90%s 13 Pre: 0.49 (0.30) 14 Elliptical group 0.20 0.66 0.10
limb) Post: 0.69 (0.37) Pre: 0.47 (0.20) (-0.04, 0.44)
Post: 0.49 (0.23)
Cardio-respiratory/Endurance measures
Bar-Haim et Stair- Cosmed K4b? % - 10  Pre: 1.67 (1.49)8 10 Pre:3.21(2.59)B 0.40 -0.38 0.40
al. [111] climbing Post: 2.38 (1.61)"8 Post: 2.95 (1.36) B (-1.97,0.83)
test: MEg
Mohanty et RestingHR NS bpm - 10 Dynamic cycling: 10 Pre:90.2 (6.73) -9.00 (-14.98, - -1.41 0.01**
al. [50] (Pulse rate) Pre: 91.9 (5.38) Post: 89.7 (6.98) 3.02)
Post: 80.7 (5.69)
10  Static cycling: -4.90 (-11.67, -0.68 0.15
Pre: 88 (6.91) 1.87)
Post: 84.8 (7.42)
Nsengaetal. Peak HR Cosmed K4b? Beats/ - 10  Pre:181.1(10.2) 10 Pre: 181.1 (10.0)* 10.20 1.13 0.02*
[53] (Rome, Italy) Mint Post: 197.4 (8.7) Post: 187.2 (9.3) (1.74, 18.66)
Peak VO, Cosmed K4b? mi/kgy - 10 Pre: 35.6 (5.6) 10 Pre: 34.9 (6.4) 7.70 1.40 0.01**
min-t Post: 43.4 (4.7) Post: 35.7 (6.2) (2.53,12.87)
Peak VE Cosmed K4b? I/mint - 10  Pre:52.5(5.0)¢ 10 Pre:52.5 (2.5)¢ 7.00 1.77 0.00**
Post: 63.0 (5.0) € Post: 56.0 (2.5) © (3.29,10.71)
Peak Power  Monark cycle Watts - 10 Pre: 151 (5.25) © 10 Pre: 151.25 (5.25) € 7.50 1.29 0.01**
(Vansbro, Post 160 (6.5) © Post: 152.5 (5.0) © (2.05, 12.95)
Sweden)
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Other measures

Damianoet  SCALE Therapist- Score/10
al. [113] administered points
assessment
PODCI- Computer- 0-100
pain based, Parent- scale
proxy version.
Mohanty et ~ PBS Therapist %
al. [50] administered
assessment

5 standardized
LL joint
movements

13

13

10

10

Pre: 7.0 (2.6)
Post: 6.31 (2.6) P

Pre: 87.15 (11.63)
Post: 83.25 (20.13)

Dynamic cycling
Pre: 29.89 (13.80)
Post: 45.50 (17.94)

Stationary cycling
Pre: 43.99 (30.71)
Post: 49.77 (29.55)

14 Elliptical group 4.8 (-6.74,-2.86)  -1.96
Pre: 10.4 (2.3)
Post: 11.11 (2.3)P

14 Pre: 85.64 (15.90) -2.67 -0.13
Post: 85.92 (20.55)  (-18.81, 13.47)

10  Pre: 23.72 (8.91) 18.41 (4.95, 1.29
Post: 27.09 (9.41) 31.87)

22.68 (2.08, 1.03
43.28)

0.00**

0.74

0.01**

0.03*

Key:* Nsenga et al: data was available for able-bodied and CP controls. Only the CP data is presented here; B SD estimated from the standard error of the mean (SEM); ¢ Mean and

SD estimated from graph with SD bars; P Post-intervention scores for the SCALE assessment were estimated from baseline and change scores with SD carried forward from

baseline.

Abbreviations: Cl: Confidence interval; ES: Effect size; HR: heart rate; KE: Knee extension; KF: Knee flexion; kg: kilogram; LL: Lower Limb; MEg: Mechanical Efficiency; min:
minute; ml: Millilitres; Nm: Newton meters; PBS: Pediatric Balance Scale; PODCI: Pediatrics Outcomes Data Collection Instrument; SCALE: Selective Control Assessment of the Lower
Extremity; SD: Standard deviation; VE: Respiratory minute volume; VO2: Oxygen consumption.
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Table 2.5: Outcomes relating to Activity Limitations in the included studies

Study Outcome Measure Unit of measurement Cycling Intervention Control/Comparison Mean difference ES  pvalue
n Mean (SD) n  Mean (SD) (95% CI)
Gross Motor Function
Bar-Haim et al. [111] GMFM-66 0-100 (% score) 10 Pre: 55.5 (10.44)» 10 Pre:56.7 (13.6)* -1.00 (-12.6, 10.60) -0.08 0.86
Post: 56.6 (10.12)» Post: 57.6 (14.23)»
Bryant et al. [30] GMFM-66 % score 11 Pre: 39.65 (6.08) 11 C:Pre:34.13 (10.24)  6.38 (-1.08, 13.84) 0.76  0.09
Post: 40.64 (7.36) Post: 34.26 (9.30)
9  Treadmill:
Pre: 34.59 (12.31) 1.40 (-6.07, 8.87) 0.18 0.70
Post: 39.24 (8.54)
GMFM-88D % score 11 Pre: 1.54 (1.32) 11 CG Pre: 1.71 (2.52) 5.33 (0.10, 10.56) 091  0.05*
Post: 7.43 (7.59) Post: 2.10 (3.41)
9  Treadmill:
Pre: 2.56 (2.89) 0.59 (-6.15, 7.33) 0.08 0.86
Post: 6.84 (6.54)
GMFM-88E % score 11 Pre: 1.67 (2.91) 11 CG Pre: 2.43 (4.47) 1.39 (-2.80, 5.58) 030 0.50
Post: 4.17 (4.77) Post: 2.78 (4.65)
9  Treadmill:
Pre: 2.66 (4.79) 0.0 (-4.69, 4.69) 000 1.0
Post: 4.17 (5.20)
Chen et al. [52] BOTMP- gross motor ~ Standard score 13 Pre: 30.6 (13.2) 15 Pre: 26.8 (10.0) 11.30 (-2.88, 25.48) 062 0.11
composite Post: 34.2 (23.2) Post: 22.9 (12.4)
Chen et al. [110] GMFM-66 % score 13 Pre: 82.2 (12.8) 14 Pre: 77.5(9.4) 3.20 (-4.97,11.37) 031 0.43
Post: 84.2 (11.7) Post: 81.0 (8.8)
Fowler et al. [46] GMFM-66 D&E % score 29 Pre:69.6 (11.1) 29 Pre:68.8 (11.1) 1.50 (-4.13,7.13) 0.14 0.60

Post:70.8 (10.9)

Post:69.3 (10.5)
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Mohanty et al. [50] GMFM-66D % score 10 Dynamic Cycling 10 Conventional 12.02 (-5.37, 29.41) 0.65 0.16
Pre: 40.45 (18.31) Exercise
Post: 57.89 (18.14) Pre: 38.41 (19.11)
Post: 45.87 (18.87)
10 Stationary Cycling 8.77 (-11.28, 28.82) 041 037
Pre: 46.23 (24.10)
Post: 54.64 (23.56)
GMFM-66E % score 10 Dynamic Cycling 10 Conventional 2.99 (-5.60, 11.58) 0.33 047
Pre: 17.03 (3.35) Exercise
Post: 26.14 (8.26) Pre: 19.57 (9.02)
Post: 23.15 (9.95)
10 Stationary Cycling 13.01 (-1.80, 27.82) 0.83 0.08
Pre: 30.9 (19.39)
Post: 36.16 (19.95)
Williams et al. [114]® GMFM-66 Interval scale 10 Post-intervention: 10 Post-control period: 2.94 (-1.32, 7.20) 065 0.16
0-100 42.39 (4.06)¢ 39.45 (4.96)¢
GMFM-88D % score 10 Post-intervention: 10 Post-control period: 4.34 (0.42, 8.26) 1.04 0.03*
8.45 (4.47)°¢ 4.11 (3.85)°¢
GMFM-88E % score 10 Post-intervention: 10 Post-control period: 3.70 (1.2, 6.20) 139  0.01**
4.81 (3.35)¢ 1.11 (1.73)¢
Gait-related outcomes
Fowler et al. [46] 30sWT m/min 29 Pre: 66.9 (21.7) 29 58.7(20.3) 5.90 (-4.67, 16.47) 0.29 0.27
68.0 (20.1) 62.1(20.1)
600 yard walk/run m/min 27 Pre: 85.0 (39.9) 28 81.6(40.7) 6.50 (-15.44, 28.44) 0.16 0.55
test Post: 90.6 (38.3) 84.1 (42.6)
Damiano et al. [113] Gait speed — self m/minP 13 Pre: 48.6 (17.4) 14 Elliptical -12.00 (-22.68,-1.32) -0.89  0.03*
selected Post: 48.6 (18.6) Pre: 55.2 (14.4)
Post: 60.6 (5.4)
Gait speed — fast* m/minP 13 Pre: 70.8 (11.4) 14  Elliptical -13.20 (-31.19,4.79) -058 0.14

Post: 70.8 (26.4)

Pre: 82.2 (19.8)
Post: 84.0 (18.60)
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Mohanty et al [50] 3SMWT Metres 10 Dynamic cycling 10 Pre: 35.26 (13.14) 5.95(0.-12.85, 24.75) 0.30 0.51
Pre: 31.6 (21.69) Post: 38.09 (13.08)
Post: 44.04 (25.10)
10 Stationary cycling 21.97 (3.85, 40.09) 1.14  0.02*
Pre: 51.37 (26.14)
Post: 60.06 (23.93)
Hussein etal. [112] UE angular Degrees Pre: 1.17 (11.06)F Pre: 0 (11.15)E 5.86 (0.07, 11.65) 059  0.05*
displacement during Post: 5.86 (9.95) & Post: 0 (9.99) E
gait.
Multi-domain/other outcomes
Bryant et al. [30] Speed of exercise Kph 11 Pre: 6.1 (4.0) 9  Treadmill 7.04 (4.13,9.95) 2.28  0.00**
Post: 8.9 (4.1) Pre: 1.35 (0.4)
Post: 1.86 (0.6)
Duration of exercise ~ Minutes 11 Pre: 2.2 (1.8) 9  Treadmill -1.60 (-4.85,1.65) -047 031
Post: 5.8 (2.8) Pre: 2.2 (1.6)
Post: 7.4 (4.1)
Demuth et al. [54] PedsQL- physical 0-100 scale 28 Pre: 67.2 (27.13)F 29 Pre: 65.9 (21.02)F 0.50 (-10.27, 11.27) 0.02 0.93
functioning Post: 70.4 (23.08)F Post: 69.9 (17.17)F
PODCI 0-100 scale 27 Pre: 74.8 (12.06)F 29 Pre: 75.1 (13.05)F -0.20 (-6.96, 6.56) -0.02 095
Global Post: 75.2 (12.86) Post: 75.4 (12.36)
Damiano et al. [113] Cycling cadence — Rpm 13 Pre: 87.5 (34.4) 14  Elliptical -14.20 (-38.26,9.86) -0.47 0.24
self selected Post: 114.8 (28.4) Pre: 116.7 (15.9)
Post: 129.0 (32.0)
Cycling cadence — Rpm 13 Pre: 113.1 (50.1) 14  Elliptical -30.60 (-64.00, 2.8) -0.73  0.07
fast* Post: 155.8 (41.1) Pre: 175.3 (33.0)
Post: 186.4 (43.0)
Elliptical cadence — Rpm 13 Pre: 23.2 (28.5) 14  Elliptical -49.50 (-70.51,-28.49  -1.87  0.00**

self selected

Pre: 35.0 (29.9)

Pre: 53.9 (22.6)
Post: 84.5 (22.9)
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Elliptical cadence — Rpm 13 Pre: 29.9 (38.7) 14  Elliptical -76.70 (-106.80,- -2.02 0.00**
fast* Pre: 42.5 (40.9) Pre: 77.9 (34.8) 46.60)
Post: 119.2 (35.0)
PEDI-CAT Self-care  0-100 scale 13 Pre: 49.03 (6.23) 14  Elliptical -7.41 (-12.60,-2.22) -1.13  0.01**
Post: 49.99 (6.25) Pre: 56.59 (8.35)
Post: 57.40 (6.79)
PEDI-CAT 0-100 scale 13 Pre: 44.21 (7.51) 14  Elliptical -6.42 (-12.97, 0.13) -0.78  0.05*
Mobility Post: 44.25 (7.97) Pre: 50.20 (8.31)
Post: 50.67 (8.51)
PODCI Global 0-100 scale 13 Pre: 62.54 (12.37) 14  Elliptical -13.73 (-24.90,-2.56)  -0.97  0.02*
Post: 62.58 (14.17) Pre: 75.79 (12.78)
Post: 76.31 (14.01)
PODCI Transfers 0-100 scale 13 Pre: 67.92 (20.29) 14  Elliptical -19.73(-36.92,2.54)  -0.91 0.03*
Post: 66.42 (25.85) Pre:85.14 (17.84)
Post: 86.15 (16.91)
PODCI Sports 0-100 scale 13 Pre: 37.92 (19.16) 14  Elliptical -15.75 (-29.43,-2.07)  -0.91 0.03*
Post: 40.17 (21.34) Pre: 55.86 (11.88)
Post: 55.92 (12.30)
PODCI 0-100 scale 13 Pre: 57.00 (23.99) 14  Elliptical -16.96 (-33.64,-0.28) -0.81  0.05*
UE Post: 60.58 (24.06) Pre: 76.5 (17.72)

Post: 77.54 (17.78)

Key: A SD values for Bar-Haim et al. were calculated using the standard error of the mean (SEM); B Participants in the Williams et al. study underwent a 6 week control period prior
to the intervention. This data is reported as ‘control group’ data; © SD values for Williams et al. were estimated from the range (SD=R/4). Scores taken at the end of a 6-week control
period have been included as ‘control group’ data, as this study followed an ABA design; P Gait speeds reported by Damiano et al. were converted from m/s to m/min; & Hussein et
al. presented kinematic data for five joints across eight phases of gait. A combined metric for the UL was calculated for this table. ¥ SD calculated using 95% CI. *significant result
(P<0.05); **significant result (p<0.01).

Abbreviations: ES: Effect size; CG: Control group; Cl: Confidence interval; SD: Standard deviation; GMFM: Gross Motor Function Measure; %: Percent: BOTMP: Bruininks-

Oseretsky Test of Motor Proficiency; 30 sec WT: 30-second Walk Test; m/min: Meters per minute; Fast™: fastest voluntary cadence; PedsQL: Pediatric Quality of Life Inventory; PODCI:
Pediatric Outcomes Data Collection Instrument; Rpm: Repetitions per minute; PEDI-CAT: The Pediatric Evaluation of Disability Inventory Computer Adaptive Test; UE: upper extremity.
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Supplementary Table 2.6: Search strategy

Search strategies were completed using combinations of the following MESH headings or key

words:

1 Cerebral Palsy OR "neuromuscular impair*" OR "CNS disorder" OR "central nervous

system disorder" AND
2 child* OR adolescen* OR youth OR “young adult” AND
3 cycl* OR bicycle* OR tricycl* OR bike OR “bike rid*”” OR ergomet* AND

4 “body function” OR activity OR function®* OR ICF OR “Gross motor” OR gait OR “sit
to stand” OR PEDI OR GMFM OR 10MWT OR “ten met* walk test” OR 6MWT OR
“six-minute walk test” OR wingate OR acceleromet* OR muscle strength OR ashworth
OR Electromyography OR Cosmed OR WeeFIM OR Bruininks-Oseretsky OR TUG
OR “timed up and go” OR “600 yard” OR “30 second walk” OR TGMD-2 OR “test of

gross motor development”
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3.1 Abstract

Introduction: Children with cerebral palsy (CP) experience declines in gross
motor ability as they transition from childhood to adolescence, which can result in the
loss of ability to perform sit-to-stand (STS) transfers, ambulate or participate in leisure
activities such as cycling. Functional Electrical Stimulation (FES) cycling is a novel
technology that may provide opportunities for children with CP to strengthen their lower
limbs, improve functional independence and increase physical activity participation. The
proposed randomised controlled trial will test the efficacy of a training package of FES-
cycling, adapted cycling and goal directed functional training to usual care in children
with CP who are susceptible to functional declines.

Methods and analysis: Forty children with CP (20 per group), aged 6-18 years
and classified as Gross Motor Function Classification System (GMFCS) Levels I1-1V will
be recruited across South East Queensland. Participants will be randomized to either an
immediate intervention group, who will undertake 8-weeks of training; or a waitlist
control group. The training group will attend two one-hour sessions per week with a
physiotherapist, consisting of FES-cycling and goal-directed, functional exercises and a
one-hour home exercise program per week, consisting of recreational cycling. Primary
outcomes will the Gross Motor Function Measure (GMFM) and Canadian Occupational
Performance Measure (COPM), and secondary outcomes will include the five-times sit-
to-stand test, habitual physical activity (Actigraph wGT3X-BT), power output during
cycling and Participation and Environment Measure-Children and Youth (PEM-CY).
Outcomes will be assessed at baseline, post-intervention (8 weeks) and 8 weeks following
the intervention (retention).

Ethics and dissemination: Ethical approval has been obtained from Griffith
University (2018/037) and the Children’s Health Queensland Hospital and Health Service

(CHQHHS) Human Research Ethics Committee (HREC/17/QRCH/88). Site specific
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approval was obtained from CHQHHS research governance (SSA/17/QRCH/145).
Results from this trial will be disseminated via publication in relevant peer reviewed
journals.

Trial Registration Number: ACTRN12617000644369p

3.2 Introduction

There is a paucity of evidence for interventions to improve gross motor function
in children with Cerebral Palsy (CP) who are marginal or non-ambulant [15, 125]. This
is concerning as children classified as Gross Motor Classification Scale (GMFCS) levels
I11-V experience a steady decline in gross motor function as they transition from
childhood to adolescence, leading to a loss of ability to independently ambulate and self-
transfer [5, 14]. A decline in gross motor function can have a profound impact on families
if they are required to purchase assistive devices, make modifications to vehicles or forfeit
paid employment to provide full-time care [126, 127]. Access to leisure activities,
transport and community-based services become increasingly challenging as gross motor
function declines. This randomized controlled trial (RCT) will address a major problem
in CP, by testing the efficacy of a training package of functional electrical stimulation
(FES) cycling, goal directed functional training and recreational cycling to improve gross
motor function, sit-to-stand (STS) performance and habitual physical activity (HPA) in
children with CP (GMFCS II-1V). In preparation for a large multi-site trial, this study will
also establish the validity of activity monitors to detect HPA in children with CP who use
wheelchairs or walking aids.

Training for improved gross motor function can be challenging for youth with
impaired mobility due to a lack of appropriately tailored programs and adapted exercise
equipment. Cycling using stationary or adapted bikes is a logical and enjoyable means to
improve exercise capacity and function in children with CP because it does not require

high levels of balance and co-ordination compared to traditional gym-based programs.
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Despite its popularity in therapy programs for children with CP, few studies have
investigated the effects of cycling on gross motor function[47]. Of the limited studies
available, significant, positive improvements were reported on the standing domain of the
gross motor function measure (GMFM) for non-ambulant children following two
stationary cycling interventions, delivered over three sessions per week for six weeks[30,
114]. Others have reported improved hamstring muscle strength and balance following
interventions that incorporated resistance training as an adjunct to cycling training [50,
52].

Children with CP who participated in adapted cycling programs reported that
cycling allows them to ‘go fast’, keep up with friends and participate in family outings
[55]. Adapted cycling refers to cycling on a bicycle or tricycle that has been modified to
accommodate the needs of the rider. Common adaptations include backrests or chest
supports for stability, foot straps, and adapted handlebars. Some children, however, still
lack the muscle strength, co-ordination or selective motor control to volitionally pedal or
to achieve a sufficient workload for training effects. Even if children with CP can
volitionally pedal, there are key differences in lower limb alignment and muscular control
compared to typically developing (TD) peers, suggesting that further adaptations may be
necessary to enable participation in cycling [58, 61, 80].

FES-cycling provides a solution for children with CP who have limited ability to
pedal due to muscle weakness, spasticity and deconditioning [61, 80, 81]. FES refers to
electrical impulses that are delivered to the muscles via surface electrodes at an intensity
that is sufficient to evoke muscular contractions[82]. When applied during cycling, FES
can provide sensory cues to help children contract their muscles at the correct point in the
cycling phase, with the aim to improve the timing and synergy of contractions [61].
Alternatively, it can evoke stronger muscle contractions to help the child achieve full

cycling revolutions [60, 61].
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Pilot research on adolescents with CP have demonstrated that FES-cycling can
lead to immediate improvements in cycling performance such as increased cadence,
power output and heart rate [60, 62], as well as improved lower limb strength, oxygen
expenditure and lower limb co-contraction after training for 30 minutes, 3 days per week
for 7 weeks [81, 128]. The preliminary data supports feasibility for participants to
generate higher power outputs and reach higher training intensities to result in training
effects [60, 62, 73]. It is unknown if increases in force-generating capacity from FES-
cycling translate to improved gross motor function or performance of non-cycling related
activities.

There is evidence that strength training can improve muscle strength in children
and young adults with CP, however there is conflicting evidence on its efficacy to
improve functional outcomes [129-133]. Despite following progressive resistance
training principles, one well-designed RCT reported improvements in strength but not
walking function after completing circuit exercises three times a week for twelve weeks
[129, 134]. The authors attributed the lack of functional improvement to a lack of
specificity to participant’s goals and suggested an individualised, goal-directed approach
to strength training [129]. Indeed, Goal directed approaches have been incorporated
effectively into intensive exercise interventions for children with CP [39, 132, 135]. Goal-
directed training has therefore been incorporated into the present protocol to ensure that
participants experience the health benefits of cycling as well as improvements in
functional tasks that are of life-long importance to children classified as GMFCS levels
1-1V.

A key feature of goal directed approaches is that training goals are developed in
collaboration with the child and their parent and are used to drive the content of the
intervention[39]. In general, the literature on strength training and cycling training in

children with CP has predominantly focused on children who are ambulant (GMFCS
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levels I-11) whose mobility and activity goals differ from children who ambulate with
walkers or manual wheelchairs. For example, a mobility goal for a child classified as
GMEFCS level Il may be to increase running speed or reduce falls, while a child classified
as GMFCS Il or 1V may wish to increase upper limb strength to improve wheelchair
propulsion. A goal directed approach will ensure that individual participants are able to
practice tasks that are meaningful and relevant, despite their level of gross motor function.
In addition to goal-directed activities, some variation of a sit-to-stand and step up activity
will be incorporated into the program for all participants, as these tasks are important to
maintain independence in activities of daily living, such as transferring to and from chairs
or wheelchairs, toileting and getting in and out of a car [136, 137].

This study will deliver an original training program that incorporates goal-
oriented exercises with a program of FES-cycling and recreational cycling. Participants
will be engaged in setting meaningful training goals, which will shape the content of their
individualised training program, and context-specific practice will be encouraged through
a home-training component. The individualised program was developed on the
assumption that tailoring training activities to children’s specific goals and incrementing
the exercises using the training principles of overload and specificity may lead to the
attainment of mobility, transfer and cycling goals in children with CP who are classified
as GMFCS levels 1I-1V.

A major challenge in CP research is selecting outcome measures that are valid,
reliable and sensitive to change across GMFCS levels [15]. The Gross Motor Function
Measure (GMFM) is the best available tool to assess gross motor function in children
with CP, however it is prone to ceiling effects in independently ambulant children and is
less sensitive to changes in those with more severe motor impairments [12, 138]. To
provide a comprehensive and meaningful overview of function, the GMFM should be

used in conjunction with other activity and participation measures [138]. In this study,
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gross motor function will be assessed in conjunction with participant’s goal performance,
STS and activity capacity, cycling performance, HPA as well as participation in home,
school and community activities.

Previous studies on cycling for children with CP (GMFCS levels I-V) have almost
exclusively focused on stationary cycling and reported unclear evidence for the efficacy
of cycling to improve functional outcomes such as muscle strength, walking speed and
gross motor function [47]. This study will address a substantial gap in the literature by
delivering an 8-week training package of FES cycling, adapted dynamic cycling and goal-
directed functional training to children with CP (GMFCS levels II-1V) with the aim to
improve gross motor function, cycling ability, physical function and habitual physical
activity. To our knowledge, no well-designed RCT has been conducted on FES cycling
combined with recreational cycling and goal-directed functional training among children
with CP whom are GMFCS II-IV.

3.3 Methods
Aims and hypotheses

The broad aim of this randomized wait-list controlled trial is to determine the
efficacy of an 8-week program of FES cycling, goal-directed functional exercises and
recreational cycling to improve gross motor function (GMFM), perceived performance
and satisfaction of functional mobility and cycling-related tasks (COPM) in children with
CP (GMFCS 11-1V) compared to usual care. Secondary aims are to determine the efficacy
of the intervention to improve cycling capacity (power output), STS performance,
functional activity capacity, habitual physical activity, participation in home, school and
community activities; and to determine if training effects are retained at follow up. A
qualitative evaluation will independently examine engagement of children and their
families in the program.

Primary hypotheses:
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Compared to participants in the waitlist control group (usual care), children in the
immediate intervention group will have:

1. Significantly improved gross motor function according to the GMFM-88 goal
dimension and total scores and GMFM-66 immediately following the 8-week
intervention (T2).

2. Greater perceived performance and satisfaction ratings (by > 2 points) for
achievement of child and/or caregiver identified mobility and transfer related
functional goals identified using the Canadian Occupational Performance
Measure (COPM), at T2.

Secondary hypotheses:
Compared to children in the usual care group at T2, children/youth with CP
(GMFCS 11-1V) who participate in the training program will:

1. Significantly improve their capacity to cycle (increased peak power output).

2. Score significantly faster times on the Five-times STS test. [137]

3. Have significantly higher levels of habitual physical activity (HPA) and spend less
time in sedentary activities (Measured by accelerometers over a minimum of 2
weekdays and 2 weekend days).

4. Have greater capacity to perform functional activities as measured by the PEDI-

CAT.

Participants (waitlist and immediate training groups) who complete the training
program will:
5. Demonstrate improved participation in the home, school and community

following the intervention compared to baseline, as measured by the PEM-CY.
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6. Have greater capacity to cycle on the RT300, demonstrated by increased cycling
duration, resistance, average and peak power output and average pulse rates at
week 4 and 8 compared to week 1.
7. Have improved tolerance to stimulation at weeks 4 and 8 compared to week 1.
8. Have retained improvements on the GMFM, COPM, PEDI-CAT, Five Times STS
Test, PEM-CY and habitual physical activity levels above baseline scores at 8
weeks post-intervention (T3 for the immediate training group, T4 for the control
group).
Ethics

Full ethical approval for this study was obtained from the Children’s Health
Queensland (CHQ) Ethics committee (HREC/17/QRCH/88) and site-specific approval
was granted for both sites (SSA/17/QRCH; GU: 2018/037) (Appendices A-C). Written
and informed parent/guardian consent will be obtained prior to study enrolment by the
study investigator and witnessed by a person who is not directly related to the study.
Verbal assent will be obtained from children under the age of 12 and written assent will
be obtained from children who are 12 years and older. This trial is registered with the
Australian New Zealand Clinical Trials Registry (ACTRN12617000644369p) and the
study protocol is reported according to the SPIRIT (Standard Protocol Items:
Recommendations for Intervention Trials) statement®. Changes to the study protocol will
be communicated to the ethics committee and updated on the trial registry.
Study sample and recruitment

Children with CP who are classified as GMFCS levels 11-1V, aged between 6 and
18 years and live within 100km from the Queensland Children’s Hospital will be
identified through a patient database at the Queensland Paediatric Rehabilitation Service
(QPRS) and invited to participate via email or mail out. The study will run from

December 2017 to August 2019. A follow up phone call will be made to ensure that
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potential participants received the study information. The study flyer and information

sheets will also be made available in treatment and waiting rooms at QPRS and through

newsletters that are mailed to families who attend QPRS.

Inclusion criteria

This study will include children and adolescents with CP who at study entry

are/have:

Aged 6-18 years;

Classified as functioning at GMFCS levels 11, 111 or 1V, as these groups are most likely
to have functional goals that align with a STS transfer, mobility and cycling
intervention;

Goals to improve functional mobility, cycling ability or STS, stepping transfers
developed in collaboration with the child, parent and therapist;

Adequate range of motion (ROM) in their hips, knees and ankles to complete a full
revolution of the RT300 cycle (Restorative Therapies Inc., Baltimore) crank arm;
Able to understand and follow instructions for GMFM testing;

Able to actively engage in up to 45 minutes of physiotherapy;

Able to verbally or non-verbally communicate pain or discomfort;

Able to attend training, testing and follow-up sessions at one of our training facilities.

Exclusion criteria

Unable to remain in a comfortable position to use the cycling equipment for up to 30
minutes;

Hypersensitivity to touch or unable to tolerate electrical stimulation;

Hip displacement that causes severe pain and would prevent the child from
participating in a cycling or sit-to-stand intervention;

Lower limb joint contracture, severe spasticity or severely reduced ROM that could

limit the child’s ability to complete a full cycling revolution;
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e Surgery, trauma or fractures in the preceding 12 months without medical clearance to
participate in the 8-week intervention;

e Orthopaedic surgery or serial casting scheduled during the study period,;

e Any contraindication for FES, including cardiac demand pacemakers, pregnancy or
skin damage that may interfere with electrode placement;

e Any children with known cardiovascular or pulmonary diseases that have not received
medical clearance to participate in the 8-week cycling intervention;

e Uncontrolled seizures or epilepsy.

Sample size determination (according to CONSORT Guidelines)

Sample size calculations have been estimated based on studies that have reported
minimal clinically important differences (MCIDs) for the GMFM [139-141] as well as
GMFM-66 change scores reported in children with CP following (i) stationary cycling
(N=11, GMFCS level IV and V, GMFM-66 change = 2.94, SD 2.8) [114], (ii) a goal-
directed, activity-focused training program (N= 22, GMFCS levels I-V, GMFM-66
change = 3.8, SD 4) [142] and (iii) intensive upper and lower limb training, including
transfer tasks (N=20, GMFCS levels II-1V, GMFM-66 change = 3, SD 2) [40]. Taking
into account the proposed treatment dose of 24 hours and the severity level of participants
(GMFCS levels 11 - 1V), a mean GMFM-66 change score of 3 (100pt scale) is proposed
as the minimum difference likely to indicate a meaningful clinical improvement. A
sample size of 34 participants (17 in each group) are required per group to detect a mean
change score of 3 points with 80% power (2-sided test at p<0.05). Forty children (20
participants in each group) are required to account for any attrition.

Randomisation

Participants will be randomly allocated by the Griffith University randomization

service to the intervention group or waitlist control group using computer generated block

randomisation. Participants will be stratified by individual GMFCS level (I1, 11, V) to
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minimize confounding bias and a randomly varied block size will be used. Randomisation
will occur after baseline testing is complete.
Blinding

Participants and the treating therapist will be blinded to group allocation until after
baseline testing (T1). Due to the nature of the intervention, treating therapists and
participants cannot be blinded to group allocation after baseline testing. The primary
outcome measure (GMFM) will be video-recorded and scored by a blinded
physiotherapist (MK) who is trained in GMFM scoring. The assessor will also be blinded
to the order in which the videos were filmed (i.e. T1, T2 or T3). Qualitative interviews at
the end of the training program will be conducted by an independent interviewer.
Safety and adverse events

To monitor adverse events, all participants and their parents will be questioned by
the principal investigator at weekly therapy sessions and all adverse events will be
recorded on an excel spreadsheet. Minor adverse events refer to conditions such as muscle
soreness, muscular fatigue or mild injuries that do not require medical attention. Major
adverse events are conditions that require medical attention, such as a fracture, and would
likely result in the child discontinuing the training program. All adverse events, regardless
of their severity, will be documented and reported to a senior study advisor and if serious,
escalated to the ethics committee with information reported to the child’s treating
physician as necessary. Risk assessments, including strategies to minimize adverse
events, will be completed prior to participation in the home program, which includes
cycling on an adapted tricycle under the direct supervision of a parent or guardian. For
all onsite treatments, participants will be directly supervised by a physiotherapist who is
trained to deliver first aid and CPR. A data monitoring committee is not required as this

study is not a drug related trial.
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A physical activity readiness questionnaire will be included in the screening
process to allow parents to report any medical conditions or medications that may impact
their child’s participation in an exercise program and/or medication that may be relevant
to PA participation (e.g. asthma inhalers).

Study procedure

This study will employ a mixed-methods design, including pilot RCT arm and a
qualitative, descriptive study arm. The quantitative study arm will be conducted in
accordance with the CONSORT guidelines (Figure 3.1) and will explore the comparative
effectiveness of the training program and usual care [143]. The waitlist design ensures
that participants who are ‘controls’ have the opportunity to access the treatment
immediately following the RCT period (T2).

Participants will be recruited after trial registration and ethical approval have been
obtained. Potential participants will be screened against the inclusion criteria over the
phone and required to attend a further screening and baseline assessment session at the
Queensland Children’s Hospital in Brisbane or Griffith University at the Gold Coast.
Following baseline testing (T1), eligible participants will be randomised into one of two

groups:

1. Intervention group: Participants will immediately commence FES cycling and
goal-oriented functional exercise training (2 sessions per week for 8 weeks) and a
goal-directed home exercise program in addition to continuing standard care
(including routine physiotherapy, occupational therapy, intramuscular Botulinum
Toxin-A injections, etc.). The same measures will be completed at baseline testing
(T1, week 1) prior to commencement of the training program and then will be

repeated immediately following the 8-week training period (T2, week 10) and
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again following an 8-week maintenance period (T3, week 18). Participants will

exit the study following T3.

2. Control group: after base-line testing and random allocation participants will
continue to receive usual care (including routine physiotherapy, occupational
therapy, intramuscular Botulinum Toxin-A injections, etc.). The same measures
completed at baseline testing (T1, week 1) will be repeated immediately following
the wait-list control period (T2, week 10). The control group will commence
training in week 11, following T2 and outcomes will be reassessed at the end of
the 8-week training period (T3, week 18). A final testing point (T4) will be
completed following an 8-week maintenance period.
Home visit

At baseline, a home visit will be conducted by the primary therapist for all
participants. The purpose of this visit is to i). establish the child’s and parent’s specific
and functional training goals, ii) identify possible barriers and facilitators to participation
and strategies to improve compliance, iii) conduct an environmental screen to facilitate
the development of an individualised home exercise program that utilises existing
equipment and space, iv) and to provide an opportunity to trial, assess, modify and adapt
cycling equipment as necessary. Goal setting will be completed using the self-care and
leisure domains of the Canadian Occupational Performance Measure (COPM) and will
be focused around the areas of mobility, transfers and cycling. Where possible,
participants will be included in the goal setting process to ensure goals are meaningful to
the individual [144]. The goals established at the home visit will inform the goal-directed
training component of the intervention.

Intervention group: FES cycling, recreational cycling and functional exercise training
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The intervention group will complete 3 x 60 minute training sessions per week on
non-consecutive days for 8 weeks (a total of 24 sessions, total dose of 24 hours). Two
sessions per week will be conducted by a qualified physiotherapist at the Queensland
Paediatric Rehabilitation Service (QPRS) at the Queensland Children’s Hospital (QCH),
or the Menzies Health Institute Queensland (MHIQ) at Griffith University (16 hours of
direct contact over 8 weeks). The third session each week will be completed as a home
program, supervised by a parent or guardian (8 hours over 8 weeks). Onsite visits will
consist of 30 minutes of goal-directed exercises, using a variety of functional and transfer-
related tasks, followed by up to 30 minutes of FES cycling. The home exercise program
will consist of 30 minutes of outdoor cycling using an adapted bike and 30 minutes of
functional exercises. Training days will be separated by at least 24 hours, to ensure
adequate recovery time [31, 119].

Two on-site sessions per week were chosen instead of three, as parents of school-
aged children with CP are known to have little free time and experience high levels of
physical, emotional and financial stress [145]. The weekly home exercise program will
ensure that participants achieve an adequate training dose and will reduce the time-
pressures associated with travelling to a treatment facility. Further to the training
program, participants will be encouraged to increase the frequency of STS transfers at
home and school to consolidate training effects and to maximize context-specific practice.
Treatment adherence and PA participation will be monitored with training logs, and
follow up phone calls will be made if sessions are missed. If sessions are missed, make
up sessions will be offered to optimise the minimum training dose. A target adherence of
80% (13/16) for onsite sessions will be set to allow for missed sessions due to unforeseen
circumstances.

Onsite training program:
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Onsite visits will be divided into two parts, including a goal-directed functional
program and FES-cycling. Goal directed functional exercises will be completed prior to
FES cycling, as it is anticipated that fatigue following the cycling training may contribute
to an increased falls risk for standing exercises. An allied health assistant (AHA) or
physiotherapy student will assist the principal investigator during sessions as required.
PART 1: Goal-directed functional training (30 mins)

The first 30 minutes of each onsite session will consist of at least four functional
exercises, two of which will be directed by participant’s transfer and mobility related
Canadian Occupational Performance Measure (COPM) goals. An example COPM goal
is to independently stand from a wheelchair and complete 3-5 steps to get into the car.
Table 3.1 outlines an example summary of the functional exercise program.

Training loads for the STS and step-up exercises will be determined by an 8RM
STS test using a weighted vest, as a 1RM test may be too intense for some children
classified as GMFCS levels Il and IV [146]. The 8RM STS test has been used in previous
functional strength training research in children with CP and is thought to be equivalent
to 80% of 1RM [134, 146]. During initial sessions, all exercises will be completed with
no load to allow participants to familiarise themselves with the correct technique [133].
When participants can comfortably complete 8 STS repetitions with good technique, an
8RM test protocol will be initiated to determine the training loads for subsequent sessions.
As RM tests are time intensive, the 8RM test will be repeated twice (weeks 3 and 5) and
training loads in-between testing weeks will be increased in increments of 0.25-1kg if the
participant can comfortably complete 8 repetitions of the exercise at the current load.

Guidelines for the predicted 8RM (loaded STS) have been established for children
with ambulant CP, which are 35%, 30% and 25% of the body weight for GMFCS levels
I, 11 and Il respectively [134, 146]. A predicted 8RM has not been established for

GMFCS levels IV, so 20% of the body weight was chosen as a starting point for
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participants in this study who are GMFCS level 1V. The predicted 8RM loads will be
used to determine warm up loads for the actual 8RM test. As per methods described by
Scholtes et al. [146], the 8RM test will begin with three sit-to-stands through participant’s
full available range of motion with no load. Two additional warm-up trials of three
repetitions will be completed at 50% and 70% of the predicted 8RM before undertaking
the actual trial at 100% of the predicted 8RM. If participants complete less than 6 or more
than 10 repetitions before fatigue, weights will be removed or added to the weighted vest,
ensuring that weight is evenly distributed across the front, back and sides [146]. Trials
will be separated by 2 minutes of rest.

A standardized starting position will be used, with hips and knees at 90 degrees
and feet as flat as possible on the floor. Hands will be placed on the child’s lap, crossed
against their chest, or on the chair arms or assistive device if normally required for a STS.
To count as a successful STS, the child must move from the seated to standing position,
stand for 1-2 seconds and lower themselves into sitting without losing control (no falling)
[133]. Flexion and extension movements during the STS task should be completed in
approximately 2-3 seconds each [146]. Participants will wear normal footwear, including
orthotics if these are normally worn for transfers. A detailed description of the goal-
oriented functional exercise program according to CERT guidelines is included in
Supplementary Table 3.2 [147].

PART 2: FES cycling training (30 mins)

Following the goal-oriented functional exercise program, participants will
complete up to 30 minutes of FES-cycling. Prior to randomization, participants will have
the opportunity to attend a familiarisation session to trial the equipment, get used to the
sensation of FES and allow the therapist to determine the optimal starting parameters for

the FES. All FES cycling training will be completed on an RT300-SLSA or RT300-SL
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cycle (Restorative Therapies Inc., Baltimore), which allows users to cycle from their own
wheelchair or chair (Figure 3.2a) [148].

The RT300 system is designed so that the clinician selects a target speed, and the
internal software adjusts the level of motor support and resistance depending on the user’s
ability to maintain this speed. If the user cannot maintain the target speed, motor support
is automatically initiated. If the user exceeds the target speed, the level of resistance
increased. Due to the expected variability in participant’s cycling abilities, power output
(PO) will be used to determine target training intensity, as PO is a product of speed and
resistance and is displayed on the RT300 monitor. To ensure that participants achieve a
therapeutic training intensity, heart rate will be monitored by a polar M600 HR monitor.
If a participant becomes visibly fatigued or severely short of breath, the session will cease
until the participant feels they can re-commence cycling.

Cycling sessions will be divided into three, ten-minute phases (Figure 3.2b). In
phase | and Ill, participants will aim to cycle at 50-60% of the maximal PO achieved
during a cycling performance test. Target PO will be achieved first by increasing the
speed and then by adding resistance if the child is able to cycle faster than 20 rpm. In
phase 11, participants will complete up to six, 30 second sprints at 80-100% of their
maximal PO, against the highest resistance achieved during phase I. Resistance will be
increased further if participants exceed 45 rpms during the sprints, as the stimulation is
thought to be less effective at increasing PO above this cadence. A target HR for phase |
and 111 will be >60% of the age-predicted maximum and >80% of the age-predicted
maximum for phase 11 sprints. If a participant cannot complete 30 minutes of continuous
cycling initially, they will be encouraged to cycle as long as they can (up to 10 mins) in
phase I and Il and to complete as many sprints as they can (up to 6) in phase Il, with the

aim to increase cycling endurance in future sessions.
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To determine the target training PO each week, participants will complete 3 x 10
second maximal cycling sprints. Cycling bouts will be separated by 30 second breaks and
the average peak PO will be calculated. A detailed description of the cycling program
according to CERT guidelines is included in Supplementary Table 3.3[147].

FES parameters

Adhesive surface-electrodes (PALS neurostimulation electrodes, Axelgaard, CA,
USA) will be applied bilaterally to the quadriceps, hamstrings, gluteal, tibialis anterior
and gastrocnemius muscle groups (if tolerated) according to the manufacturer’s
recommendations. All participants will receive a personal set of electrodes (electrode
sizes will depend on the size of participant’s limbs) which will be stored in air-tight bags
labelled with the patient’s identification number and used for the duration of the trial.

Much of the research on FES cycling has been conducted with people with SCI
who have impaired sensation and limited or no ability to pedal volitionally [64]. Children
with CP tend to have intact or slightly reduced rather than severely impaired sensation
and have the capacity to contribute some volitional effort during cycling [60]. For these
reasons, stimulation parameters used in training programs for people with SCI are not
appropriate for children with CP. The stimulation parameters for the FES cycling group
in this study will be similar to those used in preliminary feasibility research on adolescents
with CP and adjusted based on the participant’s tolerance [60, 62, 81].

A global starting frequency of 40Hz - 50Hz will be used for all muscle groups
[60]. 40Hz is the default frequency on the RT300 cycle ergometer, however Harrington
(2011) found that 50Hz was well tolerated by adolescents with CP [60]. A frequency of
50Hz falls close to the beginning of the plateau of the force-frequency curve for the
quadriceps and hamstrings of children with CP [60, 149]. In theory, this should allow for
a rapid increase in force without causing the unnecessary fatigue associated with higher

frequencies that also coincide with the plateau phase [60, 149]. For smaller muscle groups
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(e.g. the tibialis anterior and gastrocnemius), a frequency closer to 40Hz may be more
feasible.

Earlier studies on FES cycling in adolescents with CP found that an amplitude of
40mA and pulse-width of 90-200us was well tolerated in large muscle groups (e.g.
quadriceps) [60, 62, 83]. Based on feedback from clinicians at our treatment facility, some
children tolerate a low pulse-width and higher amplitude while others prefer a high pulse-
width and low amplitude. Pulse-width and amplitude will be adjusted based on
participant’s tolerance, while ensuring that the overall intensity is sufficient to induce a
motor response. If participants cannot tolerate the minimum amplitude and pulse-width
that are required to induce a palpable contraction, stimulation will be set to the highest
tolerable level, with the aim to improve tolerance throughout the intervention.

For each training session, the FES parameters, level of motor support, cycling
duration, resistance and power output will be automatically recorded on the ergometer’s
custom software which is linked to an online database (and part of the system’s usual
function).

Home exercise program (HEP)

In line with the onsite training sessions, the 60 min HEP will be divided into 30
minutes of functional exercises and 30 minutes of adapted dynamic cycling. The
functional HEP will consist of similar exercises to those practiced onsite, however they
will be supervised by a parent or guardian and performed in a context-specific
environment. The cycling component will be completed using adapted tricycles or
recumbent bikes at the child’s home or in their community. Compliance with the HEP
will be monitored with a weekly exercise diary.

The purpose of including adapted cycling in the home exercise program is to
bridge the gap between cycling in a clinical setting (FES cycling) and cycling in a

functional, community-based context. Prior to randomization, the treating physiotherapist
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will conduct a home visit to fit an adapted bike to the individual or to assess the
participant’s own equipment and organise any necessary modifications. Modifications
may include simple adjustments such as changing the seat or handlebar heights, or more
complex modifications such as adding trunk supports, rear-steering systems and modified
foot plates. This assessment by a physiotherapist was considered a major facilitator in a
previous study of adapted cycling in children with CP [29]. If participants do not own
their own bike and helmet, they will be provided one on loan for the duration of the study.
If participants are interested in purchasing their own, the treating physiotherapist will
assist the family to apply through appropriate community funding schemes. Some
examples of the bikes available for loan are provided in Figure 3.3.

Due to the variability in function between and within GMFCS levels, it is not
possible to standardise the equipment used for the home cycling and exercise program.
For this reason, the exact type of bike and the modifications used for each child will be
recorded in detail. The prescribed dose of cycling will be consistent, and participants will
be required to record the amount of time cycled each week in a cycling diary, included in
the home exercise program.

Wait-list control group: usual care

Children in both groups will continue to receive ‘usual care’ for the 8-week
intervention period. Usual care refers to any therapeutic treatment or service that the child
would normally receive outside of the intervention study. This can vary greatly from child
to child and may include no therapy at all, the occasional school-based session with a
physiotherapist or occupational therapist, medical treatments such as lower limb
intramuscular Botulinum Toxin-A injections, weekly hydrotherapy sessions or routine
visits to a community-based provider such as a private physiotherapy or speech therapy
clinic. A usual-care log will be used to record in detail, the types and frequencies of

interventions being received by all participants throughout the duration of the study. It is
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expected that most participants in this study will not access additional therapy on a regular
basis [150].
Validation of activity monitors in children classified as GMFCS levels 11l and IV

Habitual physical activity (HPA) refers to any physical activity that a person does
as part of their everyday life [151]. Currently, there are no accurate methods to detect
HPA in children with CP who use wheelchairs or gait aids to mobilize. This project will
employ a machine learning approach to identify patterns in the data and make predictions
based on activity type (e.g. walking, cycling, upper limb activity). It will also determine
the best placement of activity monitors to detect activities in children with CP who use
wheelchairs or walking aids (GMFCS levels Il and 1V). The use of machine learning
algorithms is a highly innovative approach that supersedes earlier cut-point methods that
were based on activity intensity. [151] Machine learning algorithms can be used to
identify patterns in the accelerometer data in order to predict the activity type, which can
be more informative than the activity intensity alone. Establishing the validity of activity
monitors in this group of participants is necessary to accurately quantify free-living
activities in future trials of marginal or non-ambulant children with CP.

Prior to group allocation, a subset of 10 participants will complete a once-off
assessment while wearing four Actigraph GT3X activity monitors (ActiGraph
Corporation, Pensacola, FL). The monitors will be positioned on the dominant or least
affected side, on the i) dorsum of the wrist, ii) lateral hip, in the mid-axillary line iii)
anteriorly on the mid-thigh and iv) 1-3cm superior to the lateral malleolus of the ankle.
Participants will complete up to six activities, lasting five minutes each. Activities will
increase in difficulty and include lying supine, sitting at a desk and colouring,
throwing/catching a ball, sit-to-stands, propelling a wheelchair (if able), walking briskly
(if able) and cycling. Heart rate will be monitored using a Polar M60 wrist monitor and

all trials will be video-recorded. ActiGraph data will be collected at a frequency of 30hz
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and analysed to determine the optimal placement of monitors and to investigate the
validity of the ActiGraph to detect PA intensity and activity-type in children classified as
GMEFCS levels 1l and IV.

Training and treatment fidelity

Training fidelity

The treating therapist will be a physiotherapist registered under the Australian
Health Practitioner Regulation Agency. The physiotherapist will also have a formal
qualification in Adapted Physical Activity and experience working with children with
disabilities in community-based and clinical settings. The therapist will be trained in the
administration of the Gross Motor Functional Measure (GMFM-66) by a senior therapist
who is a qualified GMFM assessor, as formal training workshops for this measure are no
longer available. A qualified GMFM assessor who is blinded to treatment allocation will
conduct the scoring of the GMFM assessments from video tape recordings of the testing
sessions. The study therapist will also have completed a comprehensive online COPM
training module in addition to being trained informally by a senior therapist.

The treating therapist will have completed all necessary online-training modules
for the RT300-SLSR (Restorative Therapies Inc., Baltimore) in addition to attending
multiple workshops and demonstrations run by an experienced physiotherapist through
QPRS. Physiotherapy students or research students who assist the treating physiotherapist
will be required to complete RT300 online training prior to assisting with the treatment
sessions. To maximize participant’s engagement in the home program, the treating
therapist will have appropriate knowledge of adapted cycling equipment, community
funding for this equipment or modifications and attachments that may be necessary for
participant’s existing equipment. Where additional input is necessary, the treating
physiotherapist will have contact with other therapists who have experience with

adjusting and modifying bicycles for children with CP.
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Treatment fidelity
The following strategies will be undertaken to ensure treatment fidelity:
e Training sessions will be video recorded intermittently (with parent/caregiver
consent) and reviewed by a senior author to ensure compliance with the training
protocol.
e Where possible, all sessions will be conducted by the same therapist to ensure
consistency across sessions. Due to the nature of the goal-based training, the
content of the functional-exercise program may differ between participants,
although efforts will be made to ensure a similar exercise dose.
e Exercises, activities and progressions will be developed in consultation with a
team of experienced paediatric physiotherapists.
e The training program has been developed to meet the recommended training dose
(intensity, frequency, time and type) for children with CP [31].
e Training and usual care logs will be completed by each participant or parent to
track the home exercise training dose in addition to other training or therapeutic
activities completed throughout the week.
Patient and consumer involvement

The research questions, design of the training program and choice of outcome
measures were directed by a literature review, with input from a therapist who had
extensive experience delivering FES-cycling programs to children with neurological
disorders. Patients were not directly involved in the process of study design, however
they will be involved in the goal setting process prior the training program and will be
provided opportunities to assess the burden of the intervention through a qualitative

interview at study completion.
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Participant and data management

The percentage of eligible participants successfully recruited, and numbers of
eligible participants who choose not to participate will be recorded. Participant retention
will be recorded throughout the trial period. All data will be analysed by intention to treat,
whereby a participant’s assessment from the last available time-point is carried forward
in the event of study withdrawal or loss to follow-up. Treatment dose is automatically
recorded by the FES cycling program and will be monitored by the therapists. Where
participants are not completing the required dose of FES cycling, participants will be
alerted, and efforts will be made to increase compliance (using behaviour enhancing
strategies).

Paper documents and files will be de-identified, labelled with a 4-digit participant
identification code and stored in a locked filing cabinet at the CCHR. Consent forms and
demographic information will be kept separately, also in a locked filing cabinet at CCHR.
The list of patient identification codes and all other electronic data will be stored securely
through the Griffith University database.

Classification measures and screening assessments

Prior to randomization, participant’s demographic details will be collected and
with permission, the patient files will be accessed to confirm a clinical diagnosis of CP,
the GMFCS level (at last visit) and to screen for any conditions that may require medical
clearance prior to participating in moderate to vigorous PA. The following screening and
assessment tools will be completed prior to baseline testing:

Participant and family details questionnaire: This questionnaire has been
developed for the purpose of this RCT and will collect important demographic details and
information that is relevant to the intervention, such as the parent’s details, known co-
morbidities and regular medications, access to flat, open and safe areas to cycle, whether

or not the child owns a bike, etc. This tool will also screen for underlying health
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conditions that may exclude participants from the program (e.g. uncontrolled epilepsy) or
conditions that may require medication to be on hand during training sessions.

Functional severity: The Gross Motor Function Classification System — Expanded
and Revised (GMFCS-E&R) is a valid and reliable 5-level scale used to classify children
with CP aged 2-18 years according to gross motor function [8]. The specific classification
descriptors for each level are different depending on the age of the child, however the
broad headings range from level I (the child walks with no limitations) through to V (the
child is transported in a manual wheelchair). Participants will be classified by the treating
therapist at baseline to ensure that all classifications are up to date and to help stratify
children prior to random allocation.

Motor type and distribution: The Surveillance of CP in Europe (SPCE) guidelines
will be used to classify participant’s motor type as spastic, dystonic, ataxic, hypotonic,
choreoarthetosis, mixed CP or unclassifiable [152]. Distribution will be classified as
unilateral or bilateral distribution and by the number of involved limbs (hemiplegia,
diplegia, triplegia, quadriplegia).

Height and weight: Height and weight will be recorded for all participants at
baseline to identify potential confounding variables between the intervention and control
groups.

FES-familiarisation session: Prior to baseline assessments, potential participants
will be invited to attend an FES familiarisation or trial session to screen for participant’s
tolerance to FES. Routine safety warnings for electrical stimulation will be given and
sensation testing will be completed prior to trialling FES, which is a standard
physiotherapy practice.

Outcome measures
The following outcome measures will be assessed across the World Health

Organisation’s International Classification of Functioning, Disability and Health (ICF)
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domains, including body structures and functions, activity and participation (see Figure
3.4).
Primary assessments

1. Gross Motor Function Measure (GMFM-88 Goal Total, GMFM-88 Total and
GMFM-66): The GMFM will be the primary outcome measure to detect gross motor
function change in this study [12]. Two versions of the GMFM are valid to assess gross
motor function changes in children with CP [138, 153]. The original version (GMFM-88)
is an ordinal scale, made up of five ‘goal’ dimensions that can be analysed separately or
combined to produce a total GMFM-88 score. The five dimensions are: (A) lying and
rolling, (B) sitting, (C) crawling and kneeling, (D) standing and (E) walking, running and
jumping [12]. GMFM-88 goal dimensions are typically chosen based on the child’s age
and GMFCS level and the raw scores are converted into a percentage ‘goal total’ score[12,
141]. All items are scored on a four-point scale, with a higher score indicating better
function. The GMFM-66 contains 66 items from the original version and is scored on an
interval scale using the Gross Motor Ability Estimator (GMAE) software. The GMFM-
66 cannot provide individual dimension scores and is therefore less sensitive to gross
motor improvements in children with more severe CP (i.e. GMFCS levels I111-V).

GMFM-88 goal total scores are sensitive to functional changes in children with
CP regardless of severity, with effect sizes exceeding 0.88 for all GMFCS groups (I/11,
Il and IV/V) [141]. Although the GMFM-88 goal total score correlated highly with the
GMFM-66 (correlation coefficient: 0.7), they shared only 50% of the variance, indicating
that the two measures assess slightly different aspects of gross motor function in children
with CP [141, 154]. This study will therefore report the GMFM-88 goal total, GMFM-88
total score and GMFM-66 score to provide a more holistic picture of gross motor function
in children with CP across different GMFCS levels. Gross motor goal dimensions will be

chosen by the treating therapist, in collaboration with parents and child, while taking into
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account the participant’s age and GMFCS level. For example, a participant classified as
GMEFCS level 111 might score well on the lying and rolling (A) and sitting (B) dimensions
of the GMFM, but have goals to improve their ability to crawl and kneel (C) and stand.
Their goal dimensions would therefore be dimensions C (crawling) and D (standing). All
GMFM assessments will be filmed and later scored by a senior physiotherapist who is
blind to group allocation and the order that assessments were filmed (T1, T2 or T3) [155].
All results will be reported as percentage scores.

Minimum clinically important differences (MCIDs) for the GMFM-66 and
GMFM-88 have been reported for children with CP [139-141]. In a study of 65 children
with CP (0.5 - 9.4 yrs, GMFCS levels I-V), changes in gross motor function were assessed
using the GMFM-66 and GMFM-88 over a 3 month period [140]. Participants who were
perceived by their therapist to have demonstrated great improvement compared to
moderate or no improvement had a mean change of 3.71 logits on the GMFM-66, and
those who demonstrated a clinically meaningful improvement on the GMFM-66
compared to no improvement had a mean change of 1.58 logits.

Another study has reported the MCID for the GMFM-66 in ambulant children
with CP aged 4-18 years for GMFCS levels I-111 [139]. The MCID for the GMFM-66 in
children classified as GMFCS level 111 was established based on longitudinal data from
55 participants who underwent usual care without surgical intervention (with an average
of 1 year and 5 months between assessments). The resulting MCIDs for this cohort were
0.7 logits for a medium effect size and 1.2 logits for a large effect (0.7). A third study
reported MCID values for the GMFM-88 goal total, GMFM-88 total and GMFM-66
based on three levels of functional severity (GMFCS I/Il, 11l and 1VV/V) following 6
months of goal-directed physiotherapy [141]. MCIDs for the GMFM-66 were 2.37, 1.23

and 2.88 for GMFCS levels I/11, 11 and 1VV/V respectively. For the GMFM-88 Goal total,
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MCIDs were 2.73, 4.35 and 4.83 and for the GMFM-88 total, MCIDs were 3.57, 3.03 and
4.27 for GMFCS levels I/11, 111 and IV/V respectively [141].

2. Canadian Occupational Performance Measure (COPM): The COPM is a
client-centred measure that has been adapted for use by children to identify occupational
goals across the areas of self-care (personal care, functional mobility and community
management), productivity (play/school) and leisure (quiet recreation, active recreation
and socialisation) [97]. The COPM has demonstrated evidence of validity, reliability and
clinical utility in children with CP [96, 98].

The COPM will be administered during a home visit at baseline and the goals will
be used to inform the content of the goal-oriented functional training program. In
collaboration with the treating therapist, participants will be asked to develop 3-5 transfer,
mobility and/or cycling-related goals that are relevant to the self-care and leisure domains
of the COPM (other domains will not be assessed in this RCT). Using a 10-point scale (1
being the lowest), participants will be asked to assign separate ratings of performance and
satisfaction, to each goal [96]. If children have difficulties with speech and
communication, the semi-structured interview will be completed by the child’s parent or
guardian. The COPM has been adapted for use with children, using parents and guardian’s
as proxies [97] and has demonstrated acceptable interrater reliability when completed by
parents of children with disabilities [156]. A change in 2 points on the COPM scale is
considered clinically significant [157].

Secondary assessments

1. Five times Sit to Stand Test (FTSST): The FTSST is a functional assessment of
lower limb strength and balance and is valid for detecting improvements following task-
specific training in children with CP [136, 137, 158]. It has high test-retest and inter-rater
reliability and moderate concurrent validity with the Berg balance scale (BBS), Timed up

and go test (TUG), Paediatric Balance Scale (PBS) and seated Functional Reach Test
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(FRT) [136, 158]. Although it has not yet been validated for use with children classified
as GMFCS level 1V, it has been used to assess STS function among children with CP
classified as GMFCS level Il and GMFCS level 111, who use assistive devices to stand
[158]. In the absence of a gold standard measure for this group of children, the FTSST is
an appropriate assessment of lower extremity functional strength for the intended study
sample. Alternate tests such as a step-up or lateral step-up test are not appropriate for all
children classified as GMFCS levels Ill and 1V as they are less easily modified to
accommodate lower levels of function.

The FTSST requires participants to sit-to-stand five times as quickly and as safely
as possible. The test will be timed from the moment the therapist says the word “go” to
the time when the participant’s bottom touches the chair following the fifth repetition.
This test will be repeated three times and the average time will be used as the final
outcome [158]. If needed, participants will be allowed to use gait aids and arm rests to
achieve a sit-to-stand and they will be able to rest between FTSST trials. Trials will be
video recorded so that times can be checked at a later date and to ensure that the set up
can be replicated during follow up tests.

2. Cycling sprint test - Peak Power Output (PO): Each week, participants will
undertake three, ten-second sprints on the RT300 cycle ergometer (no stimulation or
motor support) and the peak PO will be recorded from the ergometer’s display panel.
Participants will start cycling at a comfortable speed for 10-30 seconds and resistance
will be set at the minimal level of 0.5Nm unless participants are able to reach a velocity
of 20RPM or participant’s feel as though their feet are flying off the pedals. Participants
will then be asked to cycle as hard and as fast as possible for three 10 second sprints,
separated by 30 seconds of passive cycling. The average peak PO from the sprints will be
used to determine the target training PO for subsequent sessions and will also be used as

a measure of functional cycling performance. In subsequent tests, the sprint resistance
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will be set to the highest level achieved during the previous cycling session. If participants
require motor support to initiate or maintain a constant pedalling motion, the PO reflects
the amount of work completed by the individual above the level of work completed by
the motor.

3. Cycling performance measures: At the end of each cycling session, the RT300
automatically synchs data from the cycling session to RTI datalink, a secure online
database. This data is only accessible to clinicians who are involved in the project who
have assigned login usernames and passwords. To ensure patient confidentiality, patients
are assigned a unique code and pin number prior to their first session which is used to
identify cycling details in RTI datalink. To monitor cycling progress, peak and average
PO, peak and average pulse rate, cycling duration, cycling distance and stimulation
intensity will be recorded for each session on RTI link. Data from the last cycling session
in weeks 1, 4 and 8 of the training program will be compared and analysed.

4. Pediatric Evaluation of Disability Index — Computer Adapted Test (PEDI-
CAT): The PEDI evaluates self-care, mobility and social abilities in children with CP,
based on caregiver report [159]. The PEDI-CAT is a refined, computer-based version of
the original PEDI and is suitable for children from 0-21 years [160, 161]. Functional
ability (activity capacity) is assessed across four domains: daily activities, mobility, social
/ cognitive, and responsibility. The PEDI-CAT software uses statistical models to tailor
each item based on responses to previous items, to minimize irrelevant questions. A
scaled score is automatically generated, from 0-100, with higher scores reflecting greater
function [113].

5. Habitual Physical Activity (HPA) Levels: HPA will be recorded by triaxial
accelerometers (Actigraph GT3X, Pensacola, FL, USA) [162], which are watch-sized
activity monitors designed to measure acceleration in three planes of movement.

ActiGraph accelerometers demonstrate good concurrent validity with oxygen
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consumption (VO2) for detecting PA intensity in adolescents with CP (GMFCS I-111)
[163, 164] and have good to excellent reliability when HPA is monitored over consecutive
days [163]. Activity monitors will be fitted by a therapist and worn over seven
consecutive days during the waking hours, except during water-based activities [162]. A
phone call, text message or email will be used to remind participants to wear the
Actigraph for a minimum of three weekdays and two weekend days. Raw ActiGraph data
will be validated against a PA log and will be used as a measure of activity performance
at the activity level of the ICF.

Actigraph data can be collected at a pre-set frequency of 30-100hz (default is
30hz) and at epochs as small as one second. When uploaded to the Actigraph’s data
analysis software platform, the raw data is converted into activity counts. To gain a
greater understanding of the intensity of HPA for participants, time spent in sedentary,
low, moderate and vigorous PA will be determined using the most accurate GMFCS-
specific cut points at the time of data analysis [165]. If an appropriate algorithm can be
determined to distinguish between activity types (e.g. upper limb tasks vs transfers vs
cycling), the data on activity type will also be reported. The number of days worn, wear-
time, active vs sedentary activity, intensity of HPA and activity types (if algorithm is
available) will be reported. Actigraph data will be collected at a frequency of 30hz and
accompanied by a seven day activity log.

6. Physical activity and training log: All participants will be required to complete
a PA and training log, developed for this RCT, as a measure of training compliance and
to assist with the interpretation of Actigraph® data. Data from the training logs will also
enable the primary investigator to calculate total training dose for each participant and
the end of the trial. Participants or parents will be asked to maintain a detailed record of
PA participation outside of the intervention as well as recording the total sets, repetitions

and time spent completing the home exercise program. For participants in the training
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group, a printed list of individualized exercises from the participant’s home exercise
program will be included in the log book, with designated spaces to easily record the
number of sets and reps completed and the total training duration.

7. Usual care log: A usual care log book that has previously been used in research
with children with CP will be provided for participants (or parents) to record any
therapeutic activity that took place in addition to the new training program [165].
Therapeutic activities might include visits to a community-based allied health
professional, therapy sessions that occurred at school, Botulinum Toxin-A injections,
hydrotherapy sessions and stretching or strengthening regimes completed as part of
routine therapy.

8. Participation and Environment Measure — Children and Youth (PEM-CY): The
PEM-CY is a parent-report questionnaire that explores participation and environmental
factors for children aged 5-17 years at home, school and in the community [166]. For
each setting, parents are rate: 1) their child’s level of participation in various activities on
an 8-point scale (never to daily); ii) how involved their child is when doing the activity,
using a 5-point scale (minimally to very involved) and iii) whether change is desired (yes
or no). If yes is checked, parents also choose one of five options to indicate the type of
change they would like to see (e.g. be more or less involved). For each setting, parents
also respond to questions about the child’s environment, including questions about
physical layout, social demands, resources and strategies to promote participation [166].

9. Qualitative Semi-Structured Interview: As part of the qualitative study arm, a
semi-structured interview will be conducted by a senior or new graduate therapist who is
not the treating therapist and have a solid understanding of the study and training protocol.
This qualitative study arm is optional for participants and will be completed after the
participants have finished training. The purpose of the interview will be to capture the

voices of participants and/or parents of participants who took part in the training program
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and to gain feedback that may help to improve the provision of similar programs in the
future. In order to assist with data analysis, all conversations will be voice recorded with
parental consent. A copy of the interview questions are provided in Supplementary Table
3.4.

Statistical analysis

An experienced biostatistician will provide expert input for the data analysis.
Standard principles for RCTs will be followed, using two-group comparisons on all
subjects on an intention-to-treat basis. Imputation techniques will be employed to avoid
any bias as a result of missing data during follow up. The primary comparison will be
after 8 weeks of training (at T2) on the GMFM between groups using general linear
models, with terms included for stratification and confounding variables (e.g. functional
severity at baseline). Similar methods will be used to determine between group
differences at 18 weeks, following an 8-week no training period. For dichotomous
outcomes, comparison will be by chi-square tests. Where continuous data exhibit
skewness not overcome by transformation, non-parametric methods (Mann-Whitney U)
will be used for simple comparisons.

Actigraph data collected from the subset of 10 participants during activity trials
will be validated against the video recordings and coded for activity type. The process
used to determine the optimal placement of activity monitors and best method of analysis
will be similar to that published in an earlier paper [167]. Raw accelerometer data for
each monitor (hip, wrist, thigh and ankle) will be used to create two data sets, including
an xyz data series and a vector magnitude data series (where X, y and z accelerations are
combined). The statistical analysis software ‘R’ will be used to extract various features
from the two series, such as the means, standard deviations and interquartile ranges of the
accelerations. The two data series will then be analysed using different sampling epochs

(e.g. 10 second and 15 second windows) to determine the optimal sampling time for data
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analysis. Four different types of machine learning algorithms, including decision tree,
random forest, support vector machine and logistic regression will then be applied to each
data series (xyz and vector magnitude) for each location (hip, wrist, thigh and ankle) and
sampling window (15 seconds and 10 seconds) to generate a series of models. These
models will be analysed to determine which is the most accurate to detect activity type
(e.g. walking, cycling, wheelchair propulsion) in children with CP who use wheelchairs
or walking aids to mobilize. Feature fusion techniques will be used to combine data from
different monitor placements (hip, wrist, thigh and ankle) to help inform the best
placement and optimal number of monitors to detect physical activities in this population.
Qualitative analysis

The qualitative interviews will be transcribed, and any identifiable information
such as participant and school names will be removed. Pseudonyms will be used to
replace participant’s real names. A thematic analysis approach will be taken to interpret
the qualitative data obtained during the interviews. Transcripts will be read multiple times
by the principal investigator and then coded for repeating, relevant or interesting
comments and feedback. Similar codes will be grouped to create larger categories or
themes. For example, comments that relate specifically to participating in cycling in the
community can be grouped into the theme ‘community participation’. Themes will be
labelled and ordered in terms of importance or relevance. A theme’s importance and
relevance will be determined by separate reviewers and based on factors such as the
frequency of comments relating to each theme. Major themes will be compared, and the
connections between them explored by the principal investigators and considered in

context with the research questions and existing literature.
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Ethics and dissemination

The results of this study will be disseminated via publication in academic journals
and through national and international conferences targeted at health care professionals
who work in the field of paediatric rehabilitation.

3.4 Discussion

This study protocol describes a waitlist RCT study design which will test the
comparative effectiveness of a new physiotherapy training program and usual care. The
new training program is designed to help children with CP aged 6-18 years who are
classified as GMFCS levels II, 11l and 1V to improve gross motor function; sit-to-stand
transfer performance; improve cycling ability and increase habitual PA and participation
in life activities. The intervention has been designed to meet the PA recommendations for
children with CP and will be tailored to individual participants based on self-identified
transfer, mobility and cycling goals. Outcome measures have been selected across all ICF
domains to address the primary and secondary study aims and hypotheses. To our
knowledge, this study will be the first to investigate the effects of an FES cycling, adapted
cycling and goal-directed functional training program on activity and participation
outcomes that are relevant to children and adolescents with CP. It is hoped that findings
from this research will be published and disseminated in an internationally recognised,
peer-reviewed journal.

Every effort will be made to control for the training dose, however it is not
pragmatic to standardize each element of the intervention due to the variable nature of CP
and goal-directed interventions. Children with different levels of function are likely to
require individualised adaptations to successfully cycle, and participant’s functional goals
are likely to differ depending on their individual needs, level of function and personal
preferences. For this reason, results will be stratified according to GMFCS level and

individual training programs will be recorded and monitored closely by the principal
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investigator. The home visit will allow the therapist to design programs that are suited to
the individual and their home environment in an effort to improve training compliance.
Finally, the training program combines three elements which are targeted to improve
functional goals relevant to children classified as GMFCS level II-1V. A limitation with
this packaged approach is that it will not be possible to differentiate between the effects
of the three individual elements.
3.5 Important updates to the protocol since publication

The physical activity trials described in this protocol were conducted on a subset
of 11 children with CP (GMFCS IlI: n=5; IV: n=6) prior to group allocation. A thorough
analysis of the activity monitor data revealed that further work was required to validate
the use of multiple activity monitors to assess habitual physical activity in marginally
ambulant and non-ambulant children with CP [168]. For this reason, habitual physical
activity was not included as an outcome measure in the Activate-CP RCT. The detailed
analysis of the physical activity trial data was published in a peer reviewed journal and is
included in Appendix E of this thesis.

Minor changes were made to Table 3.2 and 3.3 after publication, to clarify the use
of ankle foot orthoses in the study protocol. These changes do not drastically alter the

meaning or content of the original manuscript.
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3.6 Figures and tables

Figure 3.1: Experimental design according to CONSORT guidelines

Eligible children: 6- 18 years with
CP, GMFCS I, 11, 1V,

Mot eligible/not interested,

Mo further contact.

Baseline (T1) n=40 Baseline Measures (T1)

Physical activity readiness questionnaire,
Parent questionnaire, GMFCS, height,
weight, BMI, GMFM-88, 66 and goal total
scores, COPM, FTSST, cycling peak PO, HPA
(actigraphs), PA and usual care logs, PEDI-
CAT, PEM-CY. Activity monitor trials®

|

Central stratification for GMFCS

and study site, then randomize.

1 1

Immediate training Waitlist control group
group (n=20) (n=20)

| |
Primary outcome data collection

Assessment at week 10 (T2)
Following 8 weeks of training

I (T2, week 10} I Structure/function: FT5TS, cycling peak PO
. - Activity/Participation: GMFM-88, 66 and
8 weeks no training. Commence training goal total scores, COPM, PEM-CY, PEDH
L.|5I.IEII| care 24 hours ﬂ:‘re{ 8 weeks CAT, PA log, HPA (triaxial accelerometers).
Secondary retention Post-intervention
after 8 weeks (T3) testing (T3) Assessment at week 18/26 (Y3/74)
: Following & weeks of no-training
Exit week 18 8 weeks no training. Structure/function: FTSTS, cycling peak PO
Usual care Activity/Participation: GMFM- 88, 66 and
I goal total scores, COPM, PEM-CY, PEDI-
Secondary retention CAT, PA log, HPA (triaxial accelerometers).
after 8 weeks (T4) Other: qualitative interview
Exit week 27

Mote: * Additional accelerometer data will be eollected from asubset of 10 participants at baseline
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Figure 3.2A (left): A study investigator providing a demonstration on the RT300
FES cycle ergometer (Restorative Therapies, Baltimore).

Figure 3.2B (right): Graphical representation of an FES-cycling session including
two steady cycling phases (phase I and I11) and a sprint phase (phase I1).

100% Phase I1
Peak power
output 50% Phase | Phase 1
/ Motor support \
0 10 20 30

Duration (minutes)

Figure 3.3: Examples of adapted bikes to be used in the training program

3a: 20 inch upright tricycle (Body Cycles Australia, SA, Australia) with rear-steering attachment, back rest, pommel seat, pedal
levellers and adjustable handlebars; 3b: Schuchmann Momo Therapy Bike (Schuchmann GmbH & Co. KG, Hasbergen,
Germany) with large training wheels and a low frame to facilitate transfers; 3c:Greenspeed GT20 recumbent trike
(Greenspeed, Knoxfield, VIC, Australia).
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Figure 3.4: Study outcomes organised within an ICF framework

Health Condition
Cerebral Palsy

r 3

¥ ¥ ¥
Body Functions and Activities Participation
Struct ures « GMFM-G6, 88 and goal domains « COPM
+* GMFM-BE, 88 and goal * COPM « PEMLCY
damains # HPA log and activity monitors « HPA log
& SRM test at bazeline, week 4 # Peak PO, HR, resistance and speed
® FT5TS test
4 4 r )
Environmental Factors Personal Factors
* PEM-CY * Age, BMI, GMFCS level,

Demographic details

Abbreviations: COPM: Canadian Occupational Performance Measure; FTSTS: five times sit-to-stand test ; GMFCS: Gross Motor
Function Classification Scale; GMFM: Gross Motor Function Measure; HPA: habitual physical activity; HR: heart rate; PEM-CY':
Participation and Emvironment Measure-Children and Youth; PO: power out put; RM: repetition maximum.
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Table 3.1: Example summary of the goal-directed functional exercise program

Exercise Load Setsx  Rest Progressions  Adaptations/Modification
reps S
1. Loaded 80-100% 2-3x8 90sec Adjusted Weighted vest will be
STS, 8RM according to  used only if participants
(weighted 8RM test* can complete 8 successful
vest) (~60-80% STS repetitions with body
1RM) weight only. Participants

can use assistive devices
if required for safety

2.Loaded 80-100%  2-3x8 90sec Adjusted Exercise will depend on
step up, 8RM accordingto  the child’s functional
lateral (approx. 8RM test* ability. Body weight only
step-upor  60-80% if unable to complete 8
stairs 1RM) reps unloaded.

Participants can use
assistive devices/support
at hands if required for
safety. Reduce stair height
if required. Part task
training if unable to
complete the full task.

3. Goal- Unloaded  Specific to participant’s goals.  Activity will be adapted

related Exact dose will be recorded. to be context and goal

activity 1 specific. Part task training
if unable to complete full
task.

4. Goal Unloaded  Specific to participant’s goals. Activity will be adapted

related Exact dose will be recorded. to be context and goal

activity 2 specific. Part task training
if unable to complete full
task.

* 8RM test will be repeated twice during the 8 week program. In between testing weeks,
load will be increased by the therapist if participants can comfortably complete more
than 8 repetitions before reaching temporary muscle fatigue.
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Supplementary Table 3.2: Functional Goal-directed Exercise Training
According to CERT guidelines [147].

Description of
equipment

Standard chair with arm rests

Height adjustable plinth

10-20cm wooden step or plastic exercise step

Weighted vests with removable weights

Parallel bars

Other assistive devices as required. E.g. Return-stand, sit-to-stand
ladder.

Description of the
exercise

A functional training session including two functional loaded tasks and
two goal-directed tasks. Goal-directed exercises will be determined
based on participant’s mobility and transfer related goals. Examples
include practicing transfers from different chair heights (incremented for
difficulty from a high chair height to harder stool heights) and
transferring onto different surfaces (i.e. hard plinth vs a soft couch).
Functional loaded exercise will include a STS and lateral step-up, or
variants of these exercises (refer to adaptations).

Starting position

1. Sit-to-stand (STS) exercise: Seated on a standard chair with arm rests
or height adjustable plinth (refer to adaptations), hips and knees at 90
degrees, feet as flat on the floor as possible, hands in lap, crossed over
chest or positioned on a gait aid or rail if these are normally required for
a STS.

2. Step-up: Forward step-up: standing with feet hip-width apart and
facing a 10-20cm exercise step with a rail, sturdy surface, parallel bars
or gait aid for support if required. Lateral step-up: Standing with feet
hip-width apart, facing a rail or sturdy surface with the step positioned
parallel to the stepping foot.

3&4. Goal-directed functional activities: starting positions will
depend on individual goals and training tasks.

Frequency and
duration

The functional exercise program will be performed 3 times per week for
8 weeks. The exercises should be completed within 30 minutes, prior to
FES-cycling or recreational cycling.

Exercise intensity

1. STS exercise: 3x8-12 repetitions (reps) at 80-100% 8RM (60-80%
1RM)

2. Loaded step-up: 3 x 8-12 reps at 80-100% 8RM (60-80% 1RM)

3. Goal-directed exercise 1: unloaded

4. Goal-directed exercise 2: unloaded

Monitoring intensity

Training loads, sets and reps will be recorded in a spreadsheet after each
session. Participants will be monitored closely to ensure the training load
is appropriate and safe.

Therapists’
gualifications

Sessions will be led by a graduate level physiotherapist with or without
assistance from an allied health assistant, physiotherapy students or
parents.

Individual or group
program

Participants will train one-on-one with the physiotherapist.

Level of supervision

Onsite sessions: (2 x per week): Close supervision by a qualified
physiotherapist with or without an allied health assistant and/or student
physiotherapist.

Home program: (1 x per week): Close supervision by a parent or
guardian.

Monitoring and
reporting adherence

Attendance and training dose will be recorded by the treating therapist
at each session. The target adherence rate will be 80% for the entire
training program (minimum of 20 sessions) to allow for missed sessions
due to illness or unforeseen circumstances.
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Motivation strategies

Verbal encouragement, sticker charts and music will be used to enhance
motivation as appropriate. A progress board (same as cycling sessions)
will be displayed with details such as goal progress, peak STS loads,
total number of transfers completed, etc. Participants will select their
own alias (e.g. a super hero) for the progress board to maintain
anonymity. Motivation strategies will be tailored to the child and
recorded.

Exercise progressions
/regressions

STS exercise: Increase training load (weighted vest) and decrease chair
height to increase difficulty. Reduce training loads and increase
chair/plinth height to decrease difficulty. Participants may use arm rests
or gait aids if required.

Step-up: Increase step height and load to increase difficulty or perform
lateral step-up instead of a forward step-up. Decrease step-height and
training load to decrease task difficulty.

Goal directed exercises: Dependent on individual’s goals and training
tasks. Progressions will be documented each week in the treatment
notes.

Rules for
determining exercise
progression

STS and step-up exercises: Load will be increased each week up to a
maximum of 10kg if 8 successful repetitions can be completed at the
current training load.

Goal-directed activities: Increase difficulty when goals are met. E.g.
Progress part-tasks to full tasks if participants can successfully complete
all elements of the full task.

Home program
components

A home training program will be prescribed to supplement on-site
sessions. 30 minutes of the 60 minute home-exercise program will
consist of the same 4 exercises described here, or variations of these
exercises if equipment is not available at home.

Non-exercise
components

Recovery periods between STS and step-up exercise sets (90 seconds)

Method of reporting
adverse events

Recorded by the therapist in participant’s individual exercise training
spreadsheets and reported in the final write up.

Exercise setting

An outpatient physiotherapy gym located in a tertiary paediatric
hospital.

Tailoring of the
exercise to the
individual

Exercises 3 and 4 will be based on individual transfer and mobility
related goals; motivation techniques will be tailored to suit individual
children; training loads for STS and step-up exercises will be determined
based on participant’s 8RM. Home exercise programs will be tailored to
suit the home environment, utilizing the available equipment.

Rules for
determining starting
level

Participants will initially complete the exercises with no load to
familiarize themselves with the protocol and to ensure good technique.
An 8RM STS test will be completed after the initial session to determine
training loads, only if the participant can complete 8 successful STS
repetitions with no load. A successful STS repetition is defined as
standing up from a standardized sitting position (hips and knees at 90
degrees, feet as flat as possible) through the full available range of
motion; standing for 1-2 seconds before lowering back down to the
starting position without losing balance or control (no falling). Weights
will be added (0.5-4kg at a time) evenly distributed across the front, back
and sides. Initial training loads for the goal directed exercises will be
guided by participant’s level of ability and the type of training task.

Adaptations/
deviations from the
protocol

Assistive devices or orthotics will be used if normally required for
transfers, STS, step-up activities or outdoor cycling to maintain
biomechanical alignment. Training in pairs may not always be feasible
due to families having different commitments, routines and schedules or
availability of AHA staff. In these cases, sessions will be completed
individually.
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Supplementary Table 3.3: FES-Cycling Protocol

Description of
equipment

RT300-SLSA or RT300-SL FES-powered cycle ergometer (Restorative
Therapies Inc., Baltimore)

Starting position

Seated position on a standard chair with arm rests (see adaptations). Feet
strapped into the pedals with the most extended knee in approximately 10
degrees of flexion. Hands positioned on the handlebars, on the arm rests
of the chair or wheelchair or in the lap. Ankle foot orthoses will not be
worn for FES-cycling as muscles need to be exposed for optimal
placement of the FES-electrodes.

Description of the
exercise

Sessions will consist of 3 x 10 minute phases. Phase | and 111: cycling at
a self-selected cadence speed with the aim to progress speed, resistance
and power output each session. Phase I1: 6x30 second sprints, separated
by 30 second periods of active recovery. Aim to increase peak power
output each session.

Frequency and
duration

2 x 30 minutes per week for 8 weeks. Cycling completed after 30 mins of
goal-directed transfer training.

Exercise intensity

Phase | and Ill: Target speed set at self-selected cadence up to a
maximum of 45 rpm; Resistance will be added if participants can cycle
faster than 20rpm and will be set to a level that is challenging, but allows
the participant to complete 10 minutes of cycling per phase. Phase II:
sprints completed at 80-100% of the maximum power output; resistance
set to the highest level achieved in phase I, and further increased if the
participant cycles faster than 45rpm. Active recovery periods: self-
selected, comfortable cadence with minimal resistance (0.5-2Nm).

Monitoring
intensity

Monitored by a polar M60 HR wrist monitor, with the aim to maintain a
HR of >60% of the age-predicted HR max in phase I and Il and to reach
>80% during phase Il sprints. Cycling will temporarily cease if
participant’s show visible signs of exertion or severe SOB and will re-
commence when the participant feels able or when the HR returns to
within 20 bpm of the resting value.

Motor support

Motor support will be initiated if cycling cadence falls approximately
20-25% below the target speed.

Illustration of cycling program

100%

Power Output
(% max)

Motor Support I:]
Volitional cycling I:l

50% /

\ / \

Phase

Phase Il Phase 111
>60% HR >60% HR

>80% HR
10 20 30

Duration (mins)

Muscles stimulated

A maximum of 10 muscle groups will be stimulated depending on
individual tolerance. Muscle groups will include bilateral gluteal,
hamstring, quadricep, gastrocnemius and tibialis anterior muscles.
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Stimulation
parameters

Frequency: 40-50Hz

Pulse-width: 90-250 ps

Amplitude: 10-50mA

Adjusted to induce a palpable muscle contraction. If unable to tolerate the
minimum pulse width and amplitude to achieve a palpable contraction,
stimulation will be set at the highest tolerable level with the aim to
increase stimulation intensity each session. If stimulation is not tolerated
at all in a certain muscle group, the muscle will not be stimulated. As a
minimum, participants must tolerate stimulation in two muscle groups
(e.g. hamstrings and quadriceps) to be included in baseline testing.

Therapists’
qualifications,
expertise and
training

Sessions will be led by a graduate level physiotherapist. All therapists and
assistants will have completed online theoretical training and attended a
practical training workshop in the use of the RT300 cycle ergometer.

Individual or group
program

Participants will be given the opportunity to train in pairs, where possible.
See adaptations.

Level of supervision

All sessions will be supervised by a qualified physiotherapist with or
without an allied health assistant and/or student physiotherapist.

Monitoring and
reporting
adherence

Attendance, stimulation and cycling parameters, number of muscles
stimulated and tolerance to the exercise program will be recorded in an
excel spreadsheet by the treating therapist at each session. The target
adherence rate for the entire training program will be 80% (a minimum of
20/24 sessions to allow for sessions missed due to illness or unforeseen
circumstances).

Motivation
strategies

Verbal encouragement and music will be used to enhance motivation
during cycling sessions. A progress board will be displayed in the cycling
gym with details such as total distance cycled, top speeds and goals met.
Participants will select their own alias (e.g. super hero) to maintain
anonymity.

Rules for
determining
exercise progression

Power output will be determined based on a sprint test at the beginning of
each week. Resistance will be increased if feet are flying off the pedals or
if the target speed is maintained but heart rate is below the target training
level.

Exercise
progressions

Progress by first by increasing target speed, followed by resistance (if
target speed is maintained). If participants rely on motor support to pedal,
exercise will be progressed by reducing the level of motor support
required to maintain the target speed. Progress will be determined by
average and peak speeds, level of resistance, total and peak power outputs,
level of motor support, stimulation level (and tolerance) and training
pulse-rates for the last training session in weeks 1, 4 and 8.

Home program

A home training program will be prescribed to supplement on-site

components sessions. FES-cycling is not included in the home exercise program.
Non-exercise Equipment set-up and transfers to and from the cycling chair or plinth (if
components wheelchair is not used)

Method of All adverse events (related and unrelated to the training program) will be

reporting adverse
events

recorded by the therapist in participant’s individual exercise training
spreadsheets and reported in the final write up.

Exercise setting

An outpatient physiotherapy gym located in a tertiary paediatric hospital.

Tailoring of the
exercise to the
individual

Seating and start positions will be tailored to the individual’s needs;
exercise intensity will be based on individual test results; stimulation
intensity and number of muscles stimulated will depend on participant’s
tolerance; motivation techniques will adjusted to suit individual children.

Rules for
determining
starting level

A cycling performance test will be completed at the beginning of each
week. Participants will cycle for 30 seconds at a comfortable cadence and
resistance will be increased gradually to a level that is challenging, but
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allows the participant to maintain at least 20rpm. If participants cannot
achieve 20rpm, resistance will be set to the minimum of 0.5Nm.
Participants will then undertake 3 x 10 second maximum sprints,
separated by 30 seconds of rest. The peak power output will be recorded
for each trial from the RT300 display panel by the therapist and the
average peak power outputs will be used to determine target training
intensity.

Adaptations or

deviations from the

protocol

e Positioning: If unable to maintain a comfortable, supported position
in a standard chair, participants will cycle while sitting in their own
wheelchair. If neither are suitable, a plinth will be used with a
therapist or assistant seated directly behind the child to provide
support.

e Intensity: a low resistance (0.5-1Nm) will be used in the
familiarisation session to allow participants to become familiar with
the FES and protocol. If participants cannot maintain 20rpm, the
target speed will be reduced to a level that is manageable, with the
aim to increase target speed during the program.

e Cycling in pairs may not always be feasible due to families having
different commitments, routines and schedules. In these cases,
sessions will be completed individually.

Table of RT300 Interval Training Parameters (example only)

Interval # Content Duration  FES Target speed Motor support Resistance (Nm)
(min) (on/off) (RPM) Speed offset (RPM)

Interval 1 Warm up 1 20% 20 0 0.5-1 Nm
On Self-selected up to Adjust for

Interval 2 Continuous 10 (100%) 35 rpm -10 target PO*

Interval 3 Rest 1 20% 20 0 As per phase 1
On 100% max up to 35

Interval 4 Sprint 1 0.5 (100%) rpm -20 As per phase 1

Interval 5 Rest 0.5 20% 20 0 As per phase 1
On 100% max up to 35

Interval 6 Sprint 2 0.5 (100%) rpm -20 As per phase 1

Interval 7 Rest 0.5 20% 20 0 As per phase 1
On 100% max up to 35

Interval 8 Sprint 3 0.5 (100%) rpm -20 As per phase 1

Interval 9 Rest 0.5 20% 20 0 As per phase 1
On 100% max up to 35

Interval 10 Sprint 4 0.5 (100%) rpm -20 As per phase 1

Interval 11 Rest 0.5 20% 20 0 As per phase 1
On 100% max up to 35

Interval 12 Sprint 5 0.5 (100%) rpm -20 As per phase 1

Interval 13 Rest 0.5 20% 20 0 As per phase 1
On 100% max up to 35

Interval 14 Sprint 6 0.5 (100%) rpm -20 As per phase 1

Interval 13 Rest 0.5 20% 20 0 As per phase 1
On Self-selected up to

Interval 2 Continuous 10 (100%) 35 rpm -10 As per phase 1

Interval 17 Cool down 2 20% 20 0 0.5-1 Nm

Total 30

NOTE: Resistance in phase 1 and 3 will be adjusted to a level that is challenging, but allows the participant to complete 10
mins of continuous cycling. A low resistance (0.5-1Nm) will be used in the familiarisation session to allow participants to
become comfortable with the protocol and FES. This resistance will be maintained for phase 2. If participants require
motor support, resistance will be set to the lowest possible setting (0.5Nm). If participants can cycle faster the 45 rpm
during sprints, resistance will be increased further.
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Supplementary Table 3.4: Semi-structured Interview Questions

1.

10.

Why did you choose to participate in the cycling study?

Were you/your child able to ride a bike before participating in the
study?

Have you noticed any changes in your/your child’s riding ability
since participating?

Have you noticed any changes in your/your child’s ability to do
other activities? Please explain

Was this your/your child’s first experience cycling on an FES bike?
Were there any challenges to participating in the study?

Were there factors that made it easier to take part in the program?
What was your/your child’s favourite part of the training program?

What was your least favourite part of the training program?

Do you have any other feedback for the study investigators that
might help to improve similar programs in the future?
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4.1 Abstract

Aim: This randomized controlled trial tested the efficacy of Functional-Electrical-
Stimulation (FES) cycling, goal-directed training and adapted cycling, compared with
usual care, to improve function in children with cerebral palsy.

Method: The intervention was delivered between 2017-2019 and included 3
sessions per week for 8 weeks (2x1-hour sessions at a children’s hospital, and 1-hour
home program/week). Hospital sessions included 30 minutes of FES-cycling and 30
minutes of goal-directed training. Home programs included goal-directed training and
adapted cycling. The comparison group continued usual care. Primary outcomes were
gross motor function assessed by the Gross Motor Function Measure (GMFM) and goal
performance/satisfaction assessed using the Canadian Occupational Performance
Measure (COPM). Secondary outcomes were sit-to-stand and activity capacity,
participation in home, school and community activities and power output. Linear
regression was used to determine the between-group mean difference (MD) immediately
post-training completion after adjusting for baseline scores.

Results: 21 participants (mean age=10yrs 3mo, SD=3yrs; GMFCS 11=7, 111=6,
I\VV=8) were randomized to the intervention (n=11) or usual care group (n=10). Between-
group differences at T2 favoured the intervention group for GMFM-88 (MD=7.4;
95%Cl:2.3-12.6;p=0.007), GMFM-66 (MD=5.9; 95%CI:3.1-8.8;p<0.001), COPM
performance (MD=4.4; 95%CI:3.9-5.3;p<0.001) and satisfaction (MD=5.2; 95%Cl:4.0-
6.4;p<0.001).

Interpretation: Children with cerebral palsy achieved meaningful functional

improvements after FES cycling, goal directed training and adapted cycling training.
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4.2 Introduction

Stationary and dynamic forms of cycling are frequently included in training
programs for people with cerebral palsy (CP) because they engage large muscle groups
and can be modified to suit the individual’s level of function [29, 46]. Children with CP
with spasticity and reduced muscle strength can have challenges learning to pedal
independently and reach therapeutic exercise intensities [58, 61, 80]. Motor-assisted
Functional Electrical Stimulation cycling (FES-cycling) can assist people with impaired
motor function to achieve full crank rotations and higher power outputs during cycling
[62, 64]. Electrical stimulation at higher intensities has the added benefit of increased
muscle fibre recruitment, resulting in stronger contractions and higher cycling power
outputs [60, 62, 73]. Even at sub-motor threshold intensities, alternating patterns of
muscle stimulation may provide sensory cues to promote more fluid pedalling movements
[61]. Nonetheless, research on the application of FES-cycling to improve cycling ability
in children with CP is limited.

FES-cycling is a safe and feasible form of exercise that can be tolerated by people
with central neurological conditions who are sensate, including adolescents with CP [60,
169, 170]. Previous FES-cycling case series in people with CP have reported immediate
improvements in cycling performance when FES was applied (for example increased
cadence and power output), as well as longer term improvements in lower limb muscle
strength, oxygen expenditure and reduced muscle co-contractions [60, 62, 81, 128]. These
results suggest that FES-cycling may be a useful inclusion to therapy programs for people
with mobility restrictions, as it may allow individuals to train at higher intensities and
subsequently increase their exercise capacity. To date, no RCT has tested the efficacy of
FES-cycling combined with other forms of exercise to target improved functional

outcomes in children with CP.
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Community-based cycling using an adapted bike is an enjoyable and inclusive
mode of exercise for children with CP, however, these bikes are expensive and often
require technical expertise for initial set up [29]. Furthermore, in contrast to stationary
cycling, adapted cycling requires the child to overcome ground resistance, navigate
obstacles and master technical skills such as steering and braking. The transition from
stationary cycling to adaptive cycling can be significant, especially for children with CP
classified as GMFCS 11l and IV, and for this reason additional goal-directed training
might be indicated. No previous studies have investigated the benefits of a combined
program of clinic-based FES stationary cycling, goal-directed training and community-
based adapted cycling.

The purpose of this RCT was to determine the efficacy of an eight-week program
of FES-cycling, goal-directed training and adapted cycling training to improve activity
capacity and functional outcomes for ambulant and non-ambulant children with CP,
classified as Gross Motor Function Classification Scale (GMFCS) levels II-1V. The
intervention was designed to address the paucity of evidence-based programs that target
function, activity capacity and physical activity levels in children with CP, particularly
those who are not independently ambulant. It was hypothesised that the intervention
would result in significantly higher gross motor function, goal performance and
satisfaction, activity capacity and participation compared to usual care.

4.3 Methods

This parallel-group RCT investigated the effectiveness of a training package of
FES-cycling, goal-directed training and adapted cycling compared to usual care in
children and adolescents with CP in Brisbane Australia between December 2017 and
August 2019. Ethical clearance was obtained (GU2018/037; HREC/17/QRCH/88;
SSA/17/QRCH/145). Written consent was gained from parents and children over 12 years

old, and verbal assent from younger children. The study was registered with the
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Australian New Zealand Clinical Trials Registry (ACTRN12617000644369p) and any
changes to the methods after trial commencement were reported. A published study
protocol is available [171].
Participants

Children with CP classified as GMFCS levels I1-1V, aged 6-18 years and living
within 100km from the training facility were invited to participate. Additional inclusion
criteria were: goals to improve functional mobility and cycling; able to tolerate 45 minutes
of physiotherapy and communicate discomfort; and able to attend training and testing
sessions. Participants were excluded if they: were unable to tolerate any level of FES-
stimulation at baseline; had joint contractures, severely reduced range of movement or
hip displacement that would prevent participation in cycling; surgery, trauma or fractures
in the preceding 12 months or surgery/serial casting scheduled during the study period;
had any contraindications for FES; known cardiovascular or pulmonary conditions; and
uncontrolled epilepsy.
Study procedure

Following baseline assessments, participants were randomly allocated to the 8-
week intervention or usual care. Participants were stratified by GMFCS level and
randomized by an independent randomization service using computer generated,
randomly varied block sizes that ranged from 2 to 4. Due to the nature of the cycling
intervention, blinding of the participants or therapist was not possible. The assessor who
scored the GMFM via video recordings was masked to group allocation. The primary
analysis was between-groups immediately post-intervention.
Intervention group

The intervention consisted of two one-hour sessions per week at a tertiary
children’s hospital and a one-hour home exercise program (HEP) per week for a period

of eight weeks (total dose 24 hours). Training sessions were led by a physiotherapist and

109



Chapter 4: Activate-CP Randomized Controlled Trial

included a 30-minute goal-directed training program informed by Canadian Occupational
Performance Measure (COPM) goals, and up to 30 minutes of FES-cycling. Weekly
HEPs were supervised by a parent or guardian. Both groups of participants continued any
usual physiotherapy or occupational therapy sessions throughout the study, which were
recorded in a usual care diary. A full description of the intervention, including goal-
directed training and FES-cycling parameters is reported in the protocol [171].

Individualised training programs included at least two functional exercises aimed
at improving lower limb strength (e.g. loaded sit-to-stand, step-up, supine bridges) and
two activities that were tailored to participant’s targeted COPM goals (e.g. transfer
practice). Weighted vests were used to progress sit-to-stand (STS) and step-up exercises
if the participant could complete 8-12 unloaded repetitions. No weight was added in the
first week of training. In subsequent weeks, weight was added in increments of 0.5-1kg
(Supplementary Table 1).

FES-cycling sessions were completed on a stationary, motorised FES-bike
(RT300-SL cycle, Restorative Therapies Inc., Baltimore) [171]. Adhesive surface
electrodes were placed bilaterally on participant’s quadricep, hamstring, gluteal,
gastrocnemius and tibialis anterior muscles. Stimulation frequency was 40-50Hz, pulse
width 200-250us and amplitude was adjusted based on tolerance [171]. Participants were
encouraged to cycle at a steady pace for the first and last third of each 30-minute session
static FES cycling session, aiming to maintain 50-60% of their maximum Power Output
(PO). In the middle third, participants completed 10-30 second cycling sprints, aiming for
80-100% of their maximum PO. A cycling test was conducted at baseline and at week 4
to determine maximum PO. In-between cycling tests, targets were adjusted based on the
highest PO achieved during preceding sessions. Intensity was monitored using a Heart

Rate wrist monitor [171].
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Weekly HEPs consisted of 30 minutes of adapted cycling and a goal-directed
training program. lllustrated HEP handouts were updated fortnightly and exercises were
taught during hospital sessions.

Usual care group

The usual care group continued any usual physiotherapy, occupational and speech
therapy. The type and content of therapy was recorded. At the end of the 8-week study
period participants allocated to the usual care group were offered the intervention
program.

Outcome measures

This study reports data collected at baseline (T1) and immediately following the
intervention at 8-weeks (T2). Primary outcomes were (i) gross motor function, measured
on the Gross Motor Function Measure (GMFM) 88 and 66 and (ii) goal performance and
satisfaction measured using the COPM, where participants set three activity or
participation goals related to the mobility or leisure domains. The minimal clinically
important difference (MCID) ranges from 2.05-4.8 logits on the GMFM®66; 5.05-7.1
logits on the GMFM88 and 4.5-8.05 logits for the GMFM goal score total. A change score
above 2 points on the COPM is considered clinically meaningful [97]. Secondary
outcomes included sit-to-stand capacity, assessed using the Five Times Sit-to-Stand test
(FTSTS); Participation in life activities as assessed by the Participation and Environment
Measure — Children and Youth (PEMCY); Children’s capacity in the areas of daily
activities, mobility, social cognitive and responsibility, measured by the Pediatric
Evaluation of Disability Inventory Computer Adaptive Test (PEDICAT); and peak
cycling PO, assessed using a cycling sprint test [171].

Statistical methods
Sample size was calculated using the statistical package G*Power3 [172]. An

expected change score of 3 logits (SD=3) was estimated based on studies that reported
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minimal clinically important differences for the GMFM [139-141] and studies that
investigated stationary cycling [114], goal-directed [142] and intensive therapy [40]
interventions in children with CP. With 80% power and 2-sided alpha=0.05 (no
adjustment for two primary outcomes), a sample of 34 participants (17 per group) was
required to detect a between-group difference of 3 points or greater.

Data are summarised as mean (standard deviation) for continuous data and
frequency (percentage) for categorical data. Continuous data were analysed using a linear
regression model with treatment group included as the main effect and baseline value of
the outcome entered as a covariable Outcome data was checked to ensure it fulfilled the
conditions for linear regression. Effect estimates are presented as mean difference (95%
confidence interval (Cl)). Effect size (ES), which provides an indication of the magnitude
of the difference between groups, was calculated as the adjusted between-group
difference at follow-up divided by the pooled standard deviation at baseline for the
primary outcomes. FTSTS data did not meet linear regression assumptions and were
analysed using quantile regression. Effect estimates are presented as median difference
(95%Cl). Analyses were conducted on an intention-to-treat basis, with participants
analysed in the groups they were allocated to. Statistical significance was set at p<0.05.
Data analysis was completed using Stata I/C v14.2 (StataCorp, College Station, TX,
USA).

4.4 Results

Twenty-one children were recruited and randomized to the intervention (n=11) or
usual care group (n=10), fewer than the target of 34 participants. Participant flow (Figure
4.1) and characteristics (Table 4.1) are reported. At baseline, Body Mass Index was
significantly greater in the usual care group (MD=5.64, 95% CI 0.07-11.21; p=0.05),
although this should be interpreted carefully due to the imprecision of the estimate. There

were clinically meaningful differences in GMFM scores between groups at baseline,
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although the standard deviations were large and the differences were not statistically
significant. Regression diagnostics were checked and confirmed to be appropriate for all
variables except FTSTS.

Retention and compliance

Participant retention was 100%. Average attendance was 91% (160/176 sessions)
with non-attendance due to illness (n=9), school camps (n=2), lack of support workers
(n=2), other commitments (n=2) and inclement weather (n=1). On average, 70% of the
gym session content was goal directed training and 30% included resistance-based
exercises. For FES-cycling, the average time cycled per session was 24 minutes (SD=5.6)
and average distance per session was 3.4 km (SD=1.2). An example training program is
provided in Supplementary Table 4.4.

Stimulation tolerance and number of muscles stimulated was variable
(supplementary figures 4.2 and 4.3). Quadriceps were stimulated in 89% of FES-cycling
sessions; hamstrings and tibialis anterior in 78%; gastrocnemius in 82% and gluteals in
only 16%. Participants tolerated a frequency of 40-50Hz and a pulse width of 200-250us.
A median amplitude of 21mA (range=7-35) was tolerated for the quadriceps, 22mA (7-
33) for the hamstrings, 18mA (5-33) for the tibialis anterior, 17mA (7-32) for the
gastrocnemius and 12mA (6-25) for the gluteal muscles.

Compliance with adapted cycling was high, with some exceeding the prescribed
30 minutes per week. Average time cycled at home was 50 minutes per week (SD=38.8).
Details of the adapted bikes used for the HEP are provided (Supplementary Table 4.6).
For the exercise component of the HEP, participants completed 70% (SD=38.0) of the
prescribed exercises. Reasons for missed HEPs were a lack of time or motivation and
preference for cycling over structured exercise. During the eight-week period, usual care

consisted of a mean of 3.8 hours (SD=3.6) of therapy (Supplementary Table 4.5).
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Primary and secondary outcomes

The primary outcomes at baseline (T1) and immediately following the
intervention (T2) are reported (Table 4.2). After adjusting for baseline, significant and
clinically meaningful between-group differences were found favouring the intervention
group on the GMFM-88 (MD=7.7, 95% CI 2.3-12.6; p=0.007; ES=0.32; R?=0.95),
GMFM-66 (MD=5.9; 95% CI 3.1-8.8; p<0.001; ES=0.51; R?>=0.95), GMFM goal scores
(MD=13.5; 95% CI 5.9-21.0; p=0.001; ES=0.85; R?=0.80), COPM goal performance
(MD=4.4; 95% CIl 3.9-5.3; p<0.001;ES=3.32; R2=0.83) and COPM satisfaction
(MD=5.2; 95% CI 4.0-6.4; p<0.001; ES=3.89; R?>=0.81). The scatter plots with regression
lines for the primary outcome measures are provided as a supplementary figure
(Supplementary Figure 4.4).

Of the 63 COPM goals, 37 (59%) were activity focused and 26 (41%) were
participation focused. The intervention group set a slightly higher proportion of activity
(67%) versus participation (33%) goals compared to the control group. Thirty-one goals
(49%) were related to cycling, 18 (29%) to mobility goals and 14 (22%) to transfers.

Secondary outcomes are reported in Table 3. The intervention group had a
significantly higher peak cycling resistance (MD=3.4; 95% CI 1.0-5.8; p=0.009), but not
power output at T2. There were no between-group differences for PEDI-CAT or PEM-
CY. Three participants in the intervention group could not complete the FTSTS test at
baseline and two were unable to complete it at follow-up. These participants were given
a score of 83 seconds, one standard deviation slower than the slowest time recorded from
successful trials [173]. Following baseline adjustment there was not a significant between
group difference for the FTSTS at T2 (median difference: —5 seconds; 95% CI: —12.3-

2.8; p=0.20).
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Adverse events

Four minor adverse events were reported during the intervention, including post-
training muscle soreness, general muscle fatigue, inner-thigh chaffing and a low-speed
fall while cycling at home. All events were mild, requiring no medical intervention.

4.5 Discussion

This RCT demonstrated that a program of FES-cycling combined with goal-
directed training and adapted cycling can lead to improvements in gross motor function,
goal performance and satisfaction and peak cycling resistance in children and
adolescents with CP (GMFCS 11-1V). Our results reinforce that children and adolescents
with CP can experience meaningful functional improvements when provided with
appropriate environmental modifications and opportunities to participate.

Previous stationary cycling studies in children with CP have reported mixed
effects on gross motor function [47]. The PEDALS study, an RCT on 62 ambulant
children (GMFCS I-I1) with CP aged 7-18 years, reported no between-group difference
for gross motor function following 30 hours of stationary cycling over 12 weeks [46].
Another RCT including 35 non-ambulant children (GMFCS 1V-V) with CP found
significant differences on the GMFM standing domain after 9 hours of stationary cycling
over six weeks; less than half the dose in the PEDALS study [30]. In contrast, the current
RCT included both ambulant and non-ambulant children (GMFCS 11-1V) and the training
dose was 60 minutes, three times per week for eight weeks. The large treatment effects
for the primary outcomes (ES range 0.3-3.9) observed in the current study are likely due
to some key distinctions in the intervention and study methodology that included FES-
cycling, goal directed training and adapted cycling.

A major strength of our intervention was the individualized intervention approach
utilising self-identified COPM goals. There is compelling evidence to support the efficacy

of goal-directed approaches to improve activity and participation outcomes in children
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with CP [26, 34, 174]. Children are more likely to engage in therapy programs that align
with their preferences and goals [175]. In the current study, children and parents were
equally engaged in setting therapy goals and identifying perceived barriers and facilitators
to their participation in the program. A prerequisite for study participation was to have
goals to ‘ride a bike’ or ‘improve function and mobility’. As such, participants had a pre-
existing motivation or desire to improve. These factors likely contributed to participant’s
high compliance, retention and willingness to engage in the training program.

A further point of difference from previous interventions was the addition of
motor assistance and FES. A challenge when working with children with CP is finding
activities that allow them to reach therapeutic exercise intensities. In the PEDALS study,
participants who were unable to complete full pedalling revolutions were provided
manual assistance by a therapist [46]. The ergometer used in the current study provided
automatic motor assistance to those who were unable to pedal independently, allowing
participants to contribute as much volitional effort as possible and have periods of active
recovery when their pedalling cadence fell below a target speed. The addition of FES may
have assisted participants to initiate pedalling or achieve more fluid pedalling movements,
although participant’s tolerance of FES was highly variable. Higher amplitudes were
tolerated in larger muscle groups (quadriceps and hamstrings) compared to smaller
groups (tibialis anterior and gastrocnemius) and participants tolerated electrodes placed
on the larger muscle groups. We recommend trialling a smaller pulse width and
frequency, particularly in smaller muscle groups to improve overall tolerance and
comfort.

Participant’s tolerance of the electrodes was also highly variable. Several children
complained about the stickiness of the electrodes and many refused to trial FES on their
gluteal muscles, potentially out of embarrassment/discomfort. Clinicians need to be aware

of hypersensitivity issues when considering FES-cycling for children with CP and may
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consider offering familiarization sessions with low levels of stimulation and teaching
parents to apply gluteal electrodes. Regardless of the variable FES and electrode
tolerance, this study found significant functional improvements in the intervention group,
suggesting that benefits can be gained even from sub-motor levels of stimulation.
Collectively, we re-emphasize the need for FES-cycling programs to be highly
individualized.

A final important feature of the intervention was the use of adapted cycling as an
adjunct to FES-cycling training. Some children were hyper-compliant with the adapted
cycling component of the intervention, with one participant completing eight times the
prescribed dose in the first week of training. In this case, the participant’s parents reported
that she was so excited to receive a bike that she could actually ride, and was motivated
to ride every day with her able-bodied sibling. This confirms that adapted cycling is more
motivating than stationary cycling and provides opportunities to experience freedom of
movement, keep up with peers and improve their sense of wellbeing [29, 55]. Cycling is
an enjoyable activity, and ‘enjoyment’ is a strong predictor of long-term engagement in
physical activity [176]. A qualitative evaluation may provide greater insights into the link
between enjoyment and engagement with the intervention.

At T2, the between-group difference for cycling PO was not significant, although
the intervention group experienced a within-group improvement of 14.6W compared to
only 5.3W in the control group, and the intervention group achieved a significantly higher
resistance. There are no previous studies to compare peak PO, however improvements in
cycling resistance are consistent with a stationary cycling study in 10 non-ambulant
children with CP, suggesting that stationary cycling may have positive effects on lower
limb strength [114]. Given muscle strength was not directly tested, an alternative
explanation is that a practice or learning effect occurred in the intervention group [114].

It is also possible that this test was confounded by a lack of understanding, behavioural
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issues and low motivation to complete maximum sprint efforts in some cases in both
groups of participants.

The intervention did not lead to improvements on the PEDI-CAT or PEMCY. A
lack of change on the responsibility and social/cognitive domains of the PEDI-CAT was
expected as the intervention specifically targeted physical functioning and mobility. A
lack of change on the mobility or daily activity PEDI-CAT domains despite
improvements in goal performance on the COPM, may however reflect that the PEDI-
CAT is a measure of what the child can or can’t do (capacity) rather than performance
[177]. The PEDI-CAT daily activity and mobility items cover a broad range of activities
that are applicable to children with CP, but were not the focus of the intervention. It is
likely that improvements in the performance of mobility and cycling goals did not
translate to general improvements in the capacity to perform other mobility tasks or
activities of daily living.

There are some potential limitations to consider when interpreting our results. The
sample size was small, and the combined therapies approach limits the extent to which
conclusions can be drawn on individual study components. Although the actual sample
size was smaller than the intended sample size of 34 participants , 21 participants (11 in
the intervention and 10 in the control group) was sufficient to detect between-group
differences at follow-up of 7.4 and 5.9 points on the GMFM 88 and GMFM®66, after
adjusting for baseline GMFM scores. These results were both statistically significant and
clinically meaningful. Another factor that should be considered is the clinically
meaningful between-group difference in GMFM scores that occurred at baseline.
Although, this difference was not statistically significant, and our analysis method
adjusted for the baseline value of the GMFM score. This difference in baseline GMFM
scores was a product of randomisation, and likely emphasized by the small sample size.

Finally, several participants had parent-reported secondary conditions such as attention
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deficits and intellectual disability, which may have influenced individuals’ engagement
in the study [178]. Despite the large treatment effects detected in this study, replication
of our results in a larger sample is needed.

This RCT demonstrated that a combined program of FES-cycling, goal-directed
training and adapted cycling can lead to meaningful functional improvements in children
with CP (GMFCS 1I-1V), including those who are non-ambulant. Our results reinforce
the importance of an individualized approach to FES combined with goal directed training
and adapted cycling programs in children with CP. The goal-directed focus of the
intervention, addition of FES and motor support and adapted cycling may explain the
large treatment effects found in the current study compared to previous stationary cycling
interventions for children with CP [47].
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4.6 Figures and tables

Figure 4.1: Participant flow diagram reporting the flow of participants from
recruitment through to randomization and study completion.

Identified via clinical

database (n=192) E>_<cluded (n:_13) ) .
| Did not meet inclusion criteria

(n=6)
Declined to participate (n=3)
Participating in other studies (n=4)

Assessed for eligibility

v

Enrolled in study (n=22)

| Withdrew prior to randomisation for

T1 Baseline, wk 1 (n=21) personal reasons (n=1)

v

Randomized, stratified by
GMFCS 11 (n=7), lll (n=6)

and IV (n=8)
[ [
Intervention, 8 wks Waitlist control, 8 wks
(wk 2-9, n=11) (wk 2-9, n=10)
| |
T2 wk 10 (n=11) T2 wk 10 (n=10)
Retention 100% Retention 100%
Analysis (Maximum Analysis (Maximum
cases available T1-T2) cases available T1-T2)
GMFM n=11 GMFM n=11
COPM n=11 COPM n=11
FTSTS n=11 FTSTS n=10
Cycling PO n=11 Cycling PO n=8
PEDI-CAT n=11 PEDI-CAT n=10
PEMCY n=11 PEMCY n=10
HPA* n=10 HPA* n=10

*HPA data will be analyzed separately and are not reported in this paper.

Abbreviations: COPM: Canadian Occupational Performance Measure; FTSTS: Five times sit-to-
stand test; GMFCS: Gross Motor Function Classification Scale; GMFM: Gross Motor Function
Measure; HPA: Habitual Physical Activity; PEDI-CAT: Pediatric Evaluation of Disability
Inventory Computer Adaptive Test; PEM-CY: Participation and Environment Measure Child
and Youth; PO: power output; wk: week.
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Table 4.1: Baseline characteristics of participants who enrolled in an 8-week
randomized controlled trial investigating the efficacy of an FES-cycling, adapted-
cycling and goal-directed training.

Participant Characteristics Intervention group Control group (n=10)
(n=11)
Demographics
Mean age in years/months (SD) 9yrs 10mo (3yrs 2mo)  10yrs 10mo (2yrs 7mo)
Males, n 5 (45%) 3 (30%)
Anthropometrics
Mean height (SD), cm 135 (10) 134 (20)
Mean mass (SD), kg 30.39 (9.5) 41.3 (20.3)
Mean BMI (SD) 16.45 (3.4) 22.09 (8.1)2
GMFCS level (Stratified), n
1 3 (27%) 3 (30%)
11 3 (27%) 3 (30%)
v 5 (45%) 4 (40%)
Topographical involvement, n
Unilateral 3 (27%) 2 (20%)
Bilateral 8 (72%) 8 (80%)
Predominant motor type, n
Spastic 9 (81%) 10 (100%)
Other 2 (18%) 0
Primary mobility aid, n
Nil aid 3 (27%) 3 (30%)
Walking frame 1 (9%) 0 (0%)
Manual wheelchair (self-propels) 2 (18%) 2 (20%)
Manual wheelchair (does not self-propel) 5 (45%) 1 (10%)
Power wheelchair 0 (0%) 4 (40%)
Relevant medical history, n
Attentional/behavioural problems 5 (45%) 1 (10%)
Intellectual disability® 7 (63%) 3 (30%)
Non-verbal 4 (36%) 0 (0%)
Visual impairment 4 (36%) 1 (10%)
Hearing impairment 0 (0%) 1 (10%)
Epilepsy (controlled with medication) 4 (36%) 1 (10%)
Selective Dorsal Rhizotomy (>12 months 1 (9%) 1 (10%)
ago)
Cycling experience and equipment, n
Previous FES-cycling experience 1 (9%) 4 (40%)
Previous cycling experience 9 (81%) 9 (90%)
Participated in cycling at the time of 3 (30%) 2 (20%)
study enrolment
Owned an appropriate bike at study 3 (30%) 3 (30%)
enrolment

Data are n (%) unless otherwise stated. 2Body mass index (BMI) was significantly higher in the
control group compared to the intervention group (mean difference=5.64; 95% C1=0.07-11.21;
p=0.05). GMFCS, Gross Motor Function Classification System. "Intellectual disabilities were
determined by parent report or attendance at a special school. No formal 1Q testing was
performed.

121



Chapter 4: Activate-CP Randomized Controlled Trial

Table 4.2: Results from the primary outcome measures at baseline and follow up, including the Gross Motor Function Measure and
Canadian Occupational Performance Measure.

Outcome Measure Intervention Group Control Group Between-group difference at T2
n=11 n=10 after baseline adjustment
Mean (SD) Mean (SD) MD (95% CI); p
Baseline (T1) Follow-up (T2) Baseline (T1) Follow-up (T2)

GMEM

GMFM-88 52.8 (22.3) 62.6 (24.7) 61.3 (23.6) 63.8 (22.8) 7.4 (2.3,12.6); 0.007*
GMFM-66 49.9 (9.84) 56.3 (11.60) 55.0 (13.4) 55.8 (13.9) 5.9 (3.1, 8.8); <0.001*
Goal score 46.4 (10.9) 63.0 (14.4) 57.0 (19.0) 60.0 (18.9) 13.5 (5.9, 21.0); <0.001*
COPM

Performance 22 (1.1 7.0(1.2 2.7 (1.6) 29 (1.4 4.4 (3.9, 5.3); <0.001*
Satisfaction 24 (1.1 7.6 (1.6) 3.1(1.6) 3.0(1.7 5.2 (4.0, 6.4); <0.001*

Note: *Statistically significant result (p<0.05); There was no missing data for primary outcome measures at baseline or follow-up;
Abbreviations:SD, standard deviation; Cl, confidence interval.
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Table 4.3: Results from the secondary outcome measures at baseline and follow up, including peak cycling power and resistance, the
Pediatric Evaluation of Disability Inventory and Participation and Environment Measure Child and Youth.

Outcome Measure

Intervention Group

Mean (SD)

Control Group
Mean (SD)

Baseline (T1)

Follow-up (T2)

Baseline (T1)

Follow-up (T2)

Between-group difference at
T2 after baseline
adjustment
MD (95% CI); P

Cycling Test” n=11 n=11 n=8 n=8

Peak Power' 17.3 (19.2) 31.9 (20.1) 26.6 (21.8) 31.9 (21.8) 8.0 (-4.0, 20.0); 0.18
Peak Resistance’ 3.9(2.8 7.2(4.4) 5.7 (2.7) 5.8(2.4) 3.4 (1.0, 5.8); 0.009*
PEDI-CAT n=11 n=11 n=10 n=10

Daily Activities 50.6 (4.2) 51.5 (4.7) 54.0 (4.2) 54.4 (5.5) 0.8(-1.4,2.9);0.48
Mobility 57.3(5.1) 56.6 (5.7) 56.6 (6.7) 56.0 (7.1) -0.2 (-3.5,3.2); 0.93
Social 64.8 (5.6) 64.5 (6.3) 67.9 (4.1 67.8 (3.9 -0.3(-2.1,1.6); 0.77
Responsibility 45.6 (7.1) 45.8 (5.4) 51.1 (4.0) 51.0 (4.6) -1.2(-3.9,1.4);0.34
PEMCY Home n=11 n=11 n=10 n=10*

Participation 4.7 (1.4 5.1 (0.8) 5.9 (0.6) 5.4 (1.1) 0.5 (-0.3, 1.2); 0.20
Involvement 3.1(1.2 3.3(L.2 4.1(0.4) 4.0 (0.4) 0.2 (-0.2,0.6); 0.35
Environmental Support 49.2 (25.1) 53.8 (24.5) 60.0 (20.3) 55.0 (19.7) 5.8 (-10.3, 22.0); 0.46
Environmental Barriers 12.1 (15.5) 9.1 (12.6) 15.0 (13.5) 10.8 (10.4) 0.2 (-5.3,5.8); 0.93
PEMCY School

Participation 3.7(1.4) 3.4 (0.9) 3.2(1.4) 3.4 (1.6) -0.4 (-1.3,0.5); 0.33
Involvement 3.0 (1.0) 3.1(1.4) 3.9 (1.0) 4.0 (1.1) -0.1 (-0.8, 0.6); 0.73
Environmental Support 57.2 (20.3) 63.1 (22.9) 65.9 (20.3) 55.9 (21.3) 13.7 (-0.3, 27.7); 0.06
Environmental Barriers 12.8 (10.1) 8.0 (11.8) 8.8 (10.1) 11.2 (12.8) -6.5 (-14.3, 1.3); 0.10
PEMCY Community

Participation 2.1(1.1) 2.4 (0.7) 2.4 (1.1) 2.2 (1.3) 0.5(-0.2, 1.1); 0.13
Involvement 3.0(0.8 3.5(0.8) 3.8(0.8) 4.1 (0.8) -0.4 (-1.1,0.3); 0.27
Environmental Support 36.4 (19.6) 43.8 (29.4) 35.6 (19.6) 50.0 (22.8) -6.9 (-25.4,11.7); 0.45
Environmental Barriers 27.3 (18.2) 15.9 (20.0) 20.6 (18.2) 18.7 (20.6) -8.3 (-21.5, 4.8); 0.20

Abbreviations: ClI: Confidence interval; MD: Mean difference; PEDI-CAT: Pediatric Evaluation of Disability Inventory Computer

Adaptive Test; PEMCY: Participation and Environment Measure Child and Youth; SD: Standard deviation

Notes: +Cycling test data is missing for two participants in the control group due to technical issues at baseline; # A PEMCY baseline
score was carried forward for one participant in the intervention group as a questionnaire was not returned at follow up.
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Supplementary Figure 4.2: Muscles stimulated as a percentage of total sessions

100%

PERCENTAGE OF TOTAL SESSIONS

90%
80%
70%
60%
50%
407%
30%
20%
10%

0%

89%
87% 8% 7oy

75%

16% 16%

Left Right| Left Right| Left Right| Left Right| Left Right

Quads Hamstrings | Tibialis Gastrocs Gluteals

Anterior

Supplementary Figure 4.3: Median level of stimulation tolerated across all sessions
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Supplementary Figure 4.4: Scatter plots and regression lines for primary outcomes
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Supplementary Table 4.4: Example individualised exercise program to address
participant’s COPM goals

Exercise Sets/reps, load  Activity Description
1. Loaded sit- 3 x 8 reps with Starting position was sitting on a bench with hips and
to-stand 4kg weighted knees at 90 degrees, hands resting on the cross-bar of the
(STS)* vest standing aid. Therapist was positioned in front of the
standing aid to provide a counter weight. Participant was
Equipment: instructed to stand tall (1-2 seconds) and then sit with
Therapy without ‘flopping’ (2-3 seconds). They were encouraged
bench, to use their legs as much as possible (i.e. arms for stability
Standing Aid, and balance only, and not to pull themselves into
Weight vest standing). Progressions: Decreased chair height,
increased load.
2. Loaded 3x10reps/leg  Starting position was standing next to a 10cm wooden
lateral step-up  with 4kg step, two hands holding onto one side of the parallel bars

Equipment:
10cm wooden
step, parallel
bars, therapy
bench

weighted vest

for support, with a therapy bench directly behind the child
for rest breaks as needed. The participant was instructed to
plant the leading foot on top of the step, then step up using
their leading leg (arms for stability only), pause at the top
and then lower back to the starting position with control.
The therapist was positioned in front of the child on a
stool to provide cues at the pelvis as required.
Progressions: Task difficulty was increased by increasing
step height, load and incorporating a step-up-and-over
task.

3. Goal 2repsofa Eight to ten chairs/stools were arranged in a close circle
directed circuit, unloaded that included the participant’s wheelchair. The participant
activity 1: was asked to transfer as quickly and safely as possible
‘Conference from their wheelchair to the adjacent chair, and so on,
transfers’ until a full circuit had been completed. After a 1 minute
rest, the activity was repeated in the opposite direction.
Equipment: Progressions: Task difficulty was increased by aiming to
8-10 chairs of beat previous time records, increasing the height
varying difference between adjacent chairs and reducing the
heights support from the therapist.
4. Goal As many lapsas A cycling skills course was set up in a large open space,
directed possible within including stop/go, keep left/right signs and cones to
activity 2: 10 minutes, practice steering. The participant was instructed to
Cycling skills  unloaded complete the course as accurately and quickly as possible.
circuit Progressions: Task difficulty was increased by timing the

course, moving obstacles closer together, reducing the
support provided by the therapist and progressing to rides
outside the hospital and around the hospital precinct.

* Training loads for the STS and step-up tasks were initially determined using an 8RM test and
were adjusted from week to week if participants could comfortably complete more than 8
repetitions before reaching temporary muscle fatigue.
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Supplementary Table 4.5: Amount and content of usual care

Usual Care Characteristics Intervention (n=11) Waitlist (n=10)
Physical therapy sessions in 8 wk, n

None 3 4

1-2 sessions 3 2

>3 sessions 5 4

Physical therapy content, n

Exercise therapy 5 1
Musculoskeletal 3 5
Equipment prescription 2 0
Hydrotherapy 2 1
Occupational therapy sessions in 8 wk, n

None 8 8
1-2 sessions 0

>3 sessions 3 0
Speech therapy sessions in 8 wk, n

None 10 9
1-2 0 0
>3 1 1
Botulinum toxin A in 8 wk, n

None 10 10
Upper limb 1% 0
Lower limb 0 0

#One participant in the intervention group had Botulinum toxin injections to the following right
upper limb muscles during week 4. Units are reported as units of BONTA: Adductor Pollicis: 5
units; Opponens pollicis: 5 units; Flexor digitorum profundus: 20 units; Flexor digitorum
superficialis: 20 units.
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Supplementary Table 4.6: Description of the bikes and trikes used by the intervention
group, including specific attachments, modifications and adaptations.

GMFECS Motor Bike/Trike Details  Specific attachments and
level Distribution modifications
v Quadriplegia Body Cycles Pommel seat, a longer seat post was
Australia 20” Edge  added, backrest with trunk support and
Tricycle seatbelt, adapted handlebars, pedal
levellers, rear steering handle.
i Diplegia Ride Free Adult Pommel seat with attached backrest
Tricycle 24” and seatbelt, foot cups with foot straps,
pedal levellers.
v Quadriplegia Body Cycles Pommel seat, backrest, adapted
Australia 20” Edge  handlebars, pedal levellers and rear
Tricycle steering handle.
v Quadriplegia Body Cycles Pommel seat, backrest, adapted
Australia 20” Edge  handlebars, pedal levellers and rear
Tricycle steering handle.
i Diplegia Body Cycles Pommel seat, backrest with trunk
Australia 16” Edge  support, adapted handlebars, pedal
Tricycle levellers and rear steering handle.
Il Hemiplegia  Technical Aids for  Stabilizer wheels, foot cups with straps,
the Disabled back-pedal break and a rear handle
(TAD) (handle does not steer).
Queensland:
Freedom wheels
two-wheel
modified bicycle
v Quadriplegia Body Cycles A pommel seat, backrest, adapted
Australia 20” Edge  handlebars, pedal levellers and rear
Tricycle steering
Il Hemiplegia  Schuchmann Easy transfer frame, looped handlebars,
MOMO therapy backrest with side support, steering
bike dampener, foot plates with fasteners,
stabilizer wheels, parking brake, back
pedal brake.
i Diplegia Body Cycles A pommel seat, backrest, adapted
Australia 20” Edge  handlebars, pedal levellers and rear
Tricycle steering handle. Modified pedals with
straps fixed positioned to stop the
ankles from rubbing on the crank arm
due to dystonia.
v Quadriplegia Body Cycles A pommel seat, backrest, adapted
Australia 20” Edge  handlebars, pedal levellers and rear
Tricycle steering handle.
I Hemiplegia  Technical Aids for  Stabilizer wheels, foot cups with heel
the Disabled straps. Back pedal brake.
(TAD)
Queensland:
Freedom wheels
two-wheel

modified bicycle

Abbreviations: GMFCS: Gross Motor Function Classification Scale
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5.1 Abstract

Aim: This pre-post cohort study tested retention of effects following a program of
Functional Electrical Stimulation cycling, goal-directed training and adapted cycling
(Activate-CP) in children with cerebral palsy (CP).

Method: Activate-CP included 2 one-hour sessions of FES-cycling and goal-
directed exercises, and a home program of adapted cycling and goal-directed exercises
each week for eight weeks. Primary outcomes were Gross Motor Function (GMFM) and
Canadian Occupational Performance Measure (COPM). Secondary outcomes were the
Five Times Sit-to-Stand Test (FTSTS), Participation and Environment Measure—Children
and Youth (PEM-CY), Pediatric Evaluation of Disability Inventory Computer Adaptive
Test (PEDI-CAT), peak cycling power output and resistance. Outcomes were assessed at
baseline (T1), after 8 weeks training (T2) and a further eight-weeks follow-up (T3).
Between-timepoint changes were calculated using mixed effects linear regression models.

Results: Twenty children with CP participated (mean age 10ys 3mo, SD=2yrs
11mo; GMFCS I1I=5, 111=6, IV=9). Improvements were retained above baseline scores at
T3 on all primary outcomes: GMFM (MD=6.4; CI:4.5-8.2; p=<0.001), COPM (MD=4.5;
Cl:3.8-5.1; p=<0.001). Improvements in cycling power output and resistance, PEDICAT
daily activities, PEMCY environmental barriers and FTSTS were retained at follow-up.

Interpretation: Activate-CP ‘Let’s Ride a Bike!” resulted in lasting and clinically

important functional improvements in children with CP.
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5.2 Introduction

Young people with cerebral palsy (CP) are capable of improving gross motor
function when they are provided with appropriate environmental accommodations and
meaningful opportunities to participate in goal directed physical activity [15, 36, 114].
Goal-directed training approaches to improve gross motor function in children with CP
have been substantiated by high quality research [15, 35]. There has however been limited
follow up data to determine the retention of effectiveness of goal-directed interventions
[15, 179]. Small gains in gross motor function for people with CP may lead to positive
changes in their functional independence [5]. Following the concept that functional gains
are something to ‘use or lose’, children should retain functional improvements if they
continue to utilize their increased functional capacity beyond the intervention period. If
functional gains are not maintained, this brings into question the value of the intervention,
and contextual factors that might restrict functional independence once the intervention
has ceased.

Activate-CP was a randomized controlled trial (RCT) conducted to test the
efficacy of a goal-directed training program which led to significant and clinically
important improvements in gross motor function and goal performance and satisfaction
in children with CP (GMFCS 11-1V) immediately post intervention [171]. The eight-week
intervention consisted of functional electrical stimulation (FES) cycling, goal-directed
exercises and adapted cycling [171, 180]. The study methodology incorporated a
collaborative goal-setting process and discussions about the contextual factors that were
likely to facilitate or hinder participation in the program and adapted cycling in the
community. By addressing perceived barriers early in the intervention, it was anticipated
that children would be more likely to engage in their goal activities beyond the

intervention and maintain or build upon any functional improvements [181, 182].
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The aim of this study was to assess the retention of effects over eight weeks
following delivery of the Activate-CP program, on the primary outcomes (gross motor
function, goal performance and satisfaction) and secondary outcomes (sit-to-stand and
cycling capacity, capacity to complete daily activities, and participation at home, school
and in the community). The primary hypothesis was that participants retained functional
improvements between the end of the intervention (T2) and at eight weeks follow-up
(T3). The second hypothesis was that participants retained functional effects at eight-
weeks follow-up (T3) that were higher than baseline values (T1). Understanding the
retention of effectiveness is important for clinicians and parents to make informed
decisions when considering a range of treatment options for children and youth with CP.
5.3 Methods

This pre-post cohort study reports the combined data from the intervention and
waitlist groups of the Activate-CP RCT to investigate the retention of effects at eight-
weeks post training. Results of the primary RCT analysis, investigating the efficacy of
Activate-CP to improve functional effects in children with CP reported significant
improvements in gross motor function, goal performance and satisfaction and cycling
resistance in the intervention group compared to the control group immediately post
training (T2). This pre-post study evaluates the retention of functional outcomes from
immediately post intervention (T2) to a further eight weeks follow-up (T3) and the
improvement from baseline (T1) to follow-up (T3). Details of the Activate-CP procedure,
trial registration and ethical clearance are reported in the study protocol.}™!]

Participants and study procedure

Eligible participants were children with CP aged 6-18 years with a diagnosis of
CP, GMFCS levels 1I-1V who lived within 100km of the training facility and had goals
to improve cycling and mobility.[171] Baseline assessments (T1) were undertaken before

participants were randomized to either immediately commence the -eight-week
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intervention or to the waitlist control group, who commenced the intervention after an
eight-week period of usual care. Regardless of group allocation, all participants
completed the eight-week intervention during the study, as well as an eight-week period
of usual care immediately following the intervention period.[171] Assessment of
intervention effect was performed immediately after completing the training program
(T2) and assessment of retention of effects was performed at 8-weeks after completing
the training program (T3).
Intervention

The Activate-CP intervention consisted of bi-weekly sessions with a
physiotherapist at the training facility and a weekly home exercise program. Sessions
lasted approximately 60 minutes, equalling a maximum training dose of 24 hours over 8
weeks. Sessions held at the training facility were divided into 30 minutes of goal-directed
exercises and up to 30 minutes of cycling on a motorized, stationary FES-cycle ergometer
(RT300-SL cycle, Restorative Therapies Inc., Baltimore). Goal-directed exercises were
tailored to individual participants and based on their self- or parent-identified goals that
were established during a home visit at baseline. Specific goals were determined in
collaboration with the child, therapist and parents using a targeted interview guided by
the Canadian Occupational Performance Measure (COPM). Home exercise programs
consisted of similar goal directed exercises and at least 30 minutes of adapted cycling
using an adapted bicycle or tricycle in the community.[171]
Outcome measures

Primary and secondary outcomes were assessed immediately prior to the
intervention (T1), immediately post intervention (T2) and eight weeks after completing
the intervention (T3). Control group participants had an additional assessment timepoint
due to an eight-week waiting period prior to starting the intervention. For the purposes of

pooling data to assess the intermediate effectiveness of the Activate-CP program, baseline
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(T1) for the control group will refer to assessments taken immediately prior to the
intervention.

Primary outcomes included (i) gross motor function on the Gross Motor Function
Measure (GMFM) 88, 66 and goal-scores[12], and (ii) goal performance and satisfaction
on the COPM.[96] Secondary outcomes included (i) sit-to-stand capacity using the Five
Times Sit-to-Stand test (FTSTS)[136]; (ii) children’s abilities in relation to daily
activities, mobility and social/cognitive tasks assessed by the Pediatric Evaluation of
Disability Inventory Computer Adaptive Test (PEDICAT)[161]; (iii) participation in
activities at home, school and in the community, using the Participation and Environment
Measure — Children and Youth (PEMCY)[166]; and (iv) peak power output (PO) and
maximum resistance achieved during a sprint test on the motorized stationary
ergometer.[171]

Statistical methods

The original sample size of 34 participants from the RCT of Activate CP (17 per
group) was estimated to detect a mean GMFM88 change score of 3 points with a SD of 3
with 80% power (2-sided test at p<0.05). A sample size of 20 patients would have
sufficient power to detect T1-T3 differences of 0.65 standard deviations or greater with
80% power (alpha=0.05).

To test the hypothesis that functional improvements were maintained at eight-
weeks post-intervention, the intervention and control group data were pooled at each of
the three time-points. Summary statistics are reported as mean (standard deviation) or
frequency (percentage). Between-timepoint changes were calculated using mixed effects
linear regression models with time included as a fixed effect, participant included as a
random effect, and assuming an autoregressive correlation with lag one between
timepoints. Results are reported as mean difference (MD) and 95% confidence interval

(C1). When data did not meet model assumptions, as assessed by inspection of boxplots
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and the Shapiro-Wilk test, it was analysed non-parametrically, with data summarised as
median (interquartile range) and between-timepoint changes calculated using quantile
regression. Data analysis was completed using Stata I/C v14.2 (StataCorp, College
Station, TX, USA). Statistical significance for all tests was set at p<0.05.
5.4 Results

Twenty-one participants completed the Activate-CP training program. Data from
one child was excluded from the analysis, as they opted to participate in just one session
per week, totalling only 8/16 sessions. The final analysis included pooled data from
twenty participants who achieved >75% of the training sessions offered. Participant flow
is reported in Figure 5.1, and participant characteristics are summarized in Table 5.1.
There were no major adverse events reported during the intervention or follow-up periods.
Minor adverse events included post-training muscle soreness (2 events), general muscle
fatigue (2 events), inner-thigh chaffing (1 event), a foot cramp during a training session
(1 event), a sore knee from a non-study related incident at home (1 event) and two low-
speed falls while cycling at home. All events were mild and reversible and required no
medical attention.
Retention of effects

Changes on the primary and secondary outcome measures between assessment
timepoints are reported in Table 2. The training program resulted in statistically
significant improvements on the primary outcomes over time. Gross motor function
significantly improved during the intervention period and improvements were maintained
between post-intervention and follow-up (GMFM66: MD=-0.4; 95%CI -2.2-1.3; p=0.62;
GMFM88: MD=-1.1; 95% CI -3.5-1.4; p=0.38; GMFM goal: MD=-0.8; 95%CI -4.6-3.0;
p=0.68). Similarly, COPM goal performance and satisfaction scores improved during the
intervention and improvements were maintained between post-intervention and follow-

up (performance: MD=-0.2; 95%CI -0.8-0.4; p=0.46; satisfaction: MD=-0.5; 95%CI -1.3-
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0.2; p=0.15). Participants scored significantly higher on all primary outcomes (GMFM-
66, GMFM-88, GMFM goal scores, COPM performance and COPM satisfaction) at
follow-up (T3) compared to baseline (T1), confirming the retention of effects at follow-
up compared to baseline.

For secondary outcomes, improvements were observed during the intervention
period (T1 to T2) for cycling power output and resistance, capacity to perform daily
activities and environmental barriers experienced at school, and in the community. These
improvements were maintained at follow-up (T3). Mobility and social/cognitive skills, as
assessed by the PEDI-CAT, were significantly improved at eight-weeks follow-up (T3)
compared to baseline (T1), but there was no difference immediately post training
compared to baseline. Participation in activities at home and at school as reported by
parents on the PEMCY did not change during intervention period however decreased
significantly during the follow-up period to below-baseline values. Parents did, however,
perceive significantly fewer barriers to their child’s participation at school and in the
community immediately post training and at eight-weeks follow-up compared to baseline.

The FTSTS data did not meet assumptions for linear regression. Median FTSTS
scores (in seconds) improved from T1 to T2 and were maintained at follow-up (Table
5.2). FTSTS scores at T3 were retained at faster-than-baseline scores. A decrease in time
on the FTSTS test is favourable.

5.5 Discussion

The Activate-CP RCT primary analysis demonstrated that the program was more
efficacious than usual care to improve gross motor function, goal performance and
satisfaction and peak cycling resistance in children with CP [180]. The present pre-post
study of the entire cohort (N=20) confirms that participants were able to retain clinically
important gross motor function improvements, eight weeks after completing the FES-

cycling, goal directed training and adapted cycling program. Children who completed the
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Activate-CP training also retained significant and clinically important improvements in
goal performance and satisfaction, cycling power output and resistance, sit-to-stand speed
and the capacity to perform activities of daily living. These results are encouraging, as
small increases in gross motor function can translate into meaningful improvements in
functional tasks such as stepping and wheelchair transfers for non-ambulant children with
CP [5, 114]. Access to interventions that improve or maintain gross motor function are
therefore important to maximise function and independence [5, 15, 16].

In agreement with our primary and secondary hypotheses, clinically meaningful
improvements in gross motor function were retained at follow-up eight weeks after the
conclusion of the training, and GMFM scores were also significantly higher at follow-up
compared to baseline. A systematic review of previous stationary cycling interventions
in children with CP reported mixed effects on gross motor function (ES= -0.08 to 1.39),
with just three studies (N=10 to 35) reporting follow-up data to investigate retention of
effects.[47] One pre-post study of 10 non-ambulant children with CP reported a
statistically significant improvement on the GMFM66 of 2.94 logits following a 6 week
stationary cycling intervention, which were maintained at six-weeks follow-up.[114] In
contrast, a larger RCT of 35 non-ambulant children with CP (GMFCS 1V-V) reported
significant gross motor function declines at six and twelve weeks follow-up after
delivering an identical stationary cycling intervention to the one tested in the pre-post
study.[30] This detraining effect is consistent with previous exercise interventions and
may be explained by the ‘reversibility’ principle of exercise training whereby athletes
quickly lose functional gains once training has ceased.[114, 129, 183]

The fact that participants retained or improved functional outcomes eight weeks
after our Activate-CP program might suggest that children continued to incorporate
independent practice of goal activities (e.g. transfers) into their daily routines.[183] This

theory is supported by the large improvements in sit-to-stand capacity that were
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maintained at follow-up, as well as modest improvements in mobility and social cognitive
capacity that occurred after training had ceased. The large improvements in sit-to-stand
capacity may have translated to improved functional independence at home, with less
reliance on parents to complete transfers and greater capacity to complete daily activities,
as reflected by PEDI-CAT daily activity scores.[158] Similarly, the improvements in
PEDI-CAT scores at eight-weeks follow up compared to baseline suggest that there was
some transfer of effects from the training program to increased mobility and social
cognitive capacity after training had ceased. Another explanation for the retained
functional outcomes is that continued participation in adapted cycling beyond the
intervention may have helped children to maintain functional capacity.

Cycling participation during the follow up period was not formally monitored,
although anecdotal reports from parents suggest that children continued to ride adapted
bikes beyond the training program. The Activate-CP program led to large increases in
peak cycling power outputs (ES=0.92) and cycling resistance (ES: 1.8) at follow-up
compared to baseline, reflecting a much greater capacity to cycle at the end of the study
compared to study entry. This improved capacity to cycle on the stationary ergometer,
coupled with the task specific adapted cycling practice, may have increased the likelihood
of children continuing adapted cycling beyond the training program. Further, children’s
enjoyment for cycling outdoors and access to loan bikes and trikes facilitated ongoing
participation in adapted cycling beyond the program, as access to equipment is a known
barrier to physical activity participation.[28, 184] The participation of 15 of the 20
participants in this study was facilitated by access to a loan library of adapted bikes with
a range of attachments that remained accessible to them during the follow-up period. This
was important to families because adapted bikes are expensive, difficult to transport and
store and require technical expertise to set-up.[29, 184] Future trials should provide loan

equipment to facilitate cycling participation beyond the intervention.
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The goal directed and individualized approach of the Activate-CP program likely
contributed to the observed maintenance of effects as well as the reduced participation
barriers perceived by parents. Careful consideration was given to personal and
environmental factors that were barriers or facilitators in the development of
individualized programs in the Activate-CP study.[171] Personal and environmental
factors are rarely considered across physiotherapy practice areas, despite a shift toward
top-down approaches where the intervention focuses on task performance within the
person’s environment.[95, 185, 186] Prior to the intervention, children and carers were
asked to identify any perceived barriers or facilitators to their participation in Activate-
CP as well as identifying their child’s likes, dislikes and potential motivating
strategies.[180] This process helped participants to overcome perceived physical activity
barriers and increased the likelihood of ongoing participation in their selected goal
activities.[181, 182, 186, 187] Further, opportunities to practice goal activities in a safe
and supportive environment during the intervention fostered improved self-efficacy and
activity competence that in turn, facilitated participant’s involvement in those activities
when the intervention had ceased.[28, 181, 188]

Sustained participation in community-based adapted cycling may be contingent
on factors such as ongoing support from a coach or community facilitator and ongoing
access to inclusive environments that provide a sense of belonging.[181] Children with
CP who participated in Activate-CP were able to sustain improvements in gross motor
function and goal activities in the intermediate term, however whether improvements
were maintained in the longer term, without the ongoing support of a therapist and access
to loan equipment. It is hoped that the reduction in perceived community barriers and a
sense of mastery from completing Activate-CP might improve children’s self-efficacy for

longer term participation in goal activities and adapted cycling.
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Decreased frequency of participation in home and school activities that was
observed during the intervention and follow-up periods was unexpected, but not
surprising. The PEMCY assesses frequency of participation and involvement across a
broad range of everyday activities that were not specific to the Activate-CP intervention,
such as arts and crafts, watching TV, doing homework and socializing using
technology.[166] The PEMCY may have been too broad to capture changes in specific
tasks or activities that we would expect to see improvement, such as adapted cycling and
selected goal activities. A promising finding was that the decrease in participation
frequency was not mirrored by a decrease in involvement, meaning that the level of
engagement in activities that children continued participate in remained unchanged. The
PEMCY was able to more broadly detect improvements in perceived barriers in the school
and community environments, which were maintained at 8 weeks follow-up (T2).

This study reported important retention of functional effects in a population of
children with CP who are underrepresented in earlier intervention studies.[15, 47] These
results inform treatment decisions for children and adolescents with CP who have goals
to improve gross motor function and functional goal performance. There are, however,
limitations with the study methodology that must be considered, such the lack of a control
group extended during the follow-up period, a relatively short follow-up period and small
sample size in the context of a doctoral program.

This retention study followed a less rigorous methodology compared to the
published RCT [180], due to the lack of control group extending through the follow-up
period. The RCT study did not find strong enough evidence to support the hypothesis that
the Activate-CP training group (n=11) would have significantly improved sit-to-stand
capacity, daily activities (PEDI-CAT) or peak cycling power compared to the usual care
group (n=10) [180]. Significant improvements, however, were found for these outcomes

when the combined pre-post training data (n=20) was analysed in this retention study. It
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is therefore important that these results are interpreted with caution. Future studies
should: extend the follow-up period to investigate longer term maintenance of effects;
and include a control group during the follow-up period to allow for a more robust
statistical analysis in a larger multisite sample.

This study confirmed that functional improvements in children with CP can be
maintained above baseline values, two months after completing the Activate-CP
intervention of FES-cycling, goal-directed training and adapted cycling. Key features of
the Activate-CP intervention such as the consideration of environmental and personal
factors and access to loan equipment during the follow-up period may have contributed
to participant’s maintenance of effects that were not observed in previous cycling
studies.[47] These findings provide further support for Activate-CP as an alternate
therapy approach to improve and retain function, which will assist clinicians to make
informed decisions about treatment options for children with CP who have identified

bike-riding or other functional goals.
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5.6 Figures and tables

Figure 5.1: A visual timeline of participant flow through the randomized
controlled trial, according to group allocation. Bolded boxes indicate timepoints
that were pooled for data analysis.

Intervention group (n=11)

Control group (n=11)

T1 Baseline assessment (n=11)

TO Baseline assessment 0 (n=10)

Intervention period, 8 weeks

Control period, 8 weeks
usual care

I

T2 Post-intervention assessment
(n=11)

T1 Baseline assessment 1 (n=10)

Follow-up period, 8 weeks
usual care

Intervention period, 8 weeks

T3 Follow-up assessment (n=11)

Included in analysis (n=11)

| Total observations available for |

i pooled analysis (N=20) across

¢ T1-T3: GMFM n=60, COPM

\ n=59, FTSTS n=51, Cycling PO
n=57, Cycling resistance n=57,

i PEDI-CAT n=59, PEMCY n=59.

Note: Data from one participant in the control group was excluded as they

T2 Post-intervention assessment
(n=10)

Follow-up period, 8 weeks
usual care

]

T3 Follow-up assessment (n=10)

Included in analysis (n=9)
Excluded (n=1): 50% attendance

attended 8/16 training sessions during the intervention period.
Abbreviations: COPM: Canadian Occupational Performance Measure;
FTSTS: Five times sit-to-stand test; GMFCS: Gross Motor Function
Classification Scale; GMFM: Gross Motor Function Measure; PEDI-
CAT: Pediatric Evaluation of Disability Index Computer Adapted Test;
PEM-CY: Participation and Environment Measure Child and Youth; PO:

Power Qutput.
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Table 5.1: Characteristics of participants who completed an eight-week training
program of FES-cycling, adapted cycling and goal-directed training

Participant Characteristics Pooled participants (N=20)

Demographics

Mean age in years/months (SD) 10yrs 3mo (2yrs 11mo)

Males, n 8
Anthropometrics

Mean height (SD), m 1.34 (0.1)

Mean mass (SD), kg 35.95 (16.5)

Mean BMI (SD) 19.36 (6.7)
GMFECS Level

1 5

i 6

v 9

Abbreviations: BMI: Body Mass Index; GMFCS: Gross Motor Function Classification Scale;
kg: kilograms; m: metre; mo: month; SD: standard deviation; yrs: years.
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Table 5.2: Assessment results at baseline, immediately post-training and at eight weeks follow up, and between-timepoint changes in
outcomes between timepoints.

Outcome Assessment Results Assessment Results
Measure Mean (SD) Mean difference (95%Cl); P

Baseline T1 Post 8 wks Follow Training period Follow-up period Baseline to follow-up

training T2 up T3 (T2-T1) (T3-T2) (T3-T1)

GMEM n=20 n=20 n=20
GMFME66 51.2(10.3) 56.1(10.5) 55.7(11.8) 4.9 (3.2,6.6); <0.001* -0.4 (-2.2,1.3); 0.62 4.4 (2.6,6.3); <0.001*
GMFM88 56.1(21.3) 63.5(21.9) 62.4(22.1) 7.5 (5.0,9.9); <0.001* -1.1 (-3.5,1.4); 0.38 6.4 (4.5,8.2); <0.001*
GMFM Goal 50.9 (13.9) 63.6(15.0)0 62.8(16.1) 12.7 (8.9,16.5); <0.001* -0.8 (-4.6,3.0); 0.68 11.9 (8.6,15.2); <0.001*
COPM n=20 n=20 n=19
COPM Perf 2.6 (1.3) 7.3 (1.3) 7.0 (1.3) 4.7 (4.1,5.3); <0.001* -0.2 (-0.8,0.4); 0.46 4.5 (3.8,5.1); <0.001*
COPM Sat 2.7(1.4) 7.9 (1.5) 74 (L.7) 5.2 (4.5,6.0); <0.001* -0.5(-1.3,0.2); 0.15 4.7 (3.8,5.6); <0.001*
Cycling Test n=18 n=20 n=17
CyclingPO w) 20.2(18.1) 445(30.6) 37.0(28.9) 24.3(16.5,32.2);<0.001* -5.5 (-13.8,2.8); 0.20 18.8 (10.7,27.0); <0.001*
Cycling res(nm) 4.3 (2.4) 8.9 (3.9) 8.6 (4.4) 4.5 (3.5,5.4); <0.001* -0.3 (-1.3,0.7); 0.52 4.12 (2.8,5.4); <0.001*
PEDI-CAT n=20 n=20 n=19
Daily Activities  51.9 (4.6) 52.8 (4.8) 51.8 (4.2) 0.9 (0.2,1.5); 0.02* -0.6 (-1.3,0.06); 0.08 0.2 (-0.5,1.0); 0.59
Mobility 56.1 (5.6) 56.3 (5.7) 57.1(5.4) 0.2 (-1.3,1.6); 0.84 1.1(-0.3,2.6); 0.12 1.3(0.5,2.1); 0.002*
Social/Cog 65.8 (4.7) 66.1 (5.4) 66.5 (5.6) 0.3(-0.3,0.9); 0.35 0.5 (-0.2,1.1); 0.15 0.8 (0.12,1.44); 0.021*
Responsibility 47.8 (6.3) 47.9 (5.5) 49.2 (7.0 0.2 (-1.4,1.8); 0.81 1.4 (-0.2,3.0); 0.08 1.6 (-0.1,3.3); 0.06
PEMCY Home n=20 n=20 n=19
Participation 5.8 (0.7) 5.9 (0.5) 5.5(0.8) 0.1(-0.1,0.3); 0.36 -0.4 (-0.6,-0.2); 0.00* -0.3 (-0.6,-0.1); 0.011*
Involvement 3.5(1.0) 3.6 (1.0) 3.6 (1.0) 0.1 (-0.03,0.3); 0.14 -0.01 (-0.2,0.1); 0.92 0.1(-0.1,0.3);0.33
Env Support % 52.9 (22.5) 53.8(26.8) 56.6 (28.4) 0.8 (-9.4,11.0); 0.87 2.3 (-8.1,12.7); 0.66 3.1(-6.1,12.4); 0.51
Env Barriers%  11.3(13.3) 9.2 (10.8) 10.5 (11.4) -2.1(-6.1,1.9); 0.31 1.5 (-2.6,5.6); 0.47 -0.6 (-4.2,3.1); 0.75
PEMCY School n=20 n=20 n=19
Participation 4.8 (1.0) 4.8 (0.7) 4.2 (1.0) -0.02 (-0.5,0.4); 0.93 -0.6 (-1.0, -0.1); 0.02* -0.6 (-1.0,-0.2); 0.003*
Involvement 3.4 (1.3 3.5(1.3) 3.5(1.3) 0.2 (-0.15,0.47); 0.31 -0.1 (-0.4,0.2); 0.53 0.1(-0.2,0.4); 0.70
Env Support % 56.5(22.9) 61.18(22.7) 62.8(23.6) 4.7 (-1.3,10.7); 0.13 0.05 (-6.1,6.2); 0.99 4.8 (-3.5,13.0); 0.26
Env Barriers%  12.6 (12.1) 7.9 (10.7) 8.7 (11.2) -4.7 (-9.3,-0.2); 0.04* 0.6 (-4.0,5.2); 0.79 -4.1 (-7.5,-0.7); 0.018*
PEMCY Com n=20 n=20 n=19
Participation 3.6 (0.8) 3.8 (0.7) 3.6 (1.0) 0.2 (-0.1,0.5); 0.15 -0.2 (-0.5,0.1); 0.30 0.1(-0.3,0.4); 0.76
Involvement 3.5(1.3) 3.7(0.7) 3.4 (1.0 0.2 (-0.3,0.7); 0.38 -0.3 (-0.7,0.2); 0.30 -0.04 (-0.5,0.4); 0.85
Env Support%  42.5(24.1) 40.9(26.2) 43.4(25.1) -1.6 (-10.7,7.5); 0.74 1.3(-7.9,10.6); 0.78 -0.2 (-11.6,11.1); 0.97
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Env Barriers % 24.1(19.5) 15.6 (19.6) 12.8 (14.5) -8.4 (-14.5,-2.4); 0.006* -3.4 (-9.5,2.8); 0.29 -11.8 (-19.7,-3.9); 0.004*
FTSTS test n=17 n=17 n=17
Median (IQR) 23.7(18.31) 13.59(6.98) 15.29(5.12) -10.1 (-16.7,-3.4);0.004* 1.7 (-5.0,8.4); 0.611 -8.4 (-15.0,-1.7); 0.015*

Abbreviations: Cog: Cognitive; COPM: Canadian Occupational Performance Measure; COPM perf: COPM performance; COPM Sat: COPM
satisfaction; Env: environmental; FTSTS: Five Times Sit To Stand; GMFM: Gross Motor Function Measure; IQR: interquartile range; MD: mean
difference; nM: newton metres; PEDI-CAT: Pediatric Evaluation of Disability Inventory Computer Adaptive Test; PEMCY: Participation and
Environment Measure Child and Youth; PEMCY Com: PEMCY Community; PO: power output; Res: resistance; SD: standard deviation; W: watt.
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5.7 Additional analyses not included in submitted manuscript

The following tables (Tables 5.3-5.5) present pre and post training results and mean

differences on the primary and secondary outcomes for all participants who completed

Activate-CP training (N=20). Separate analyses were performed according to each

GMEFCS level (l1-1V) to investigate whether the Activate-CP intervention had similar

effects across different levels of gross motor function. Paired samples t tests were

performed using IBM SPSS statistical package (v25) on all outcomes excluding the

FTSTS data, as the FTSTS data was not normally distributed.

Paired t test results and effect sizes

Supplementary Table 5.3 GMFCS I

Outcome Measure

Assessment Results for participants classified as GMFCS 11 (n=5)

Baseline Post training Mean difference (95%Cl); P Effect
(T1) (T2) size (ES)
Mean (SD) Mean (SD)

GMEM n=5 n=5
GMFM66 62.1(8.1) 68.2 (7.6) 6.1 (-0.1, 12.3); .053 0.75
GMFM88 75.2 (17.3) 86.5 (8.6) 11.2 (-1.69, 24.2); .073 0.65
GMFM Goal 60.3 (20.3) 77.4 (10.1) 17.1 (-4.4, 38.5); .092 0.84
COPM
COPM Perf 3.6 (0.5 7.34 (0.8) 3.7 (2.6,4.9); .001 6.82
COPM Sat 3.3(L3) 8.7 (1.4) 5.4 (2.6, 8.14); .006 4.15
Cycling Test
Cycling PO (W) 31.2 (19.5) 44.8 (71.4) 13.58 (-2.2, 29.4); .076 0.70
Cycling res(nM) 5.3(0.9) 8.9 (3.1) 3.7 (-0.8, 8.2); .083 4.11
PEDI-CAT
Daily Activities 53.6 (3.3) 54.2 (2.8) 0.6 (-1.7, 2.8); .501 0.18
Mobility 62.6 (1.1) 63.0 (1.0 0.4 (-0.7, 1.51); .374 0.36
Social/Cog 64.8 (2.4) 64.8 (2.9) 0.0(-1.8,1.8); 1.00 0.00
Responsibility 48.6 (3.3) 47.8 (3.9) -0.8 (-4.3, 2.8); .566 -0.24

Supplementary Table 5.4 GMFCS IlI

Outcome Measure

Assessment Results for participants classified as GMFCS 111 (n=6)

Baseline Post training Mean difference (95%Cl); P Effect
(T1) (T2) size (ES)
Mean (SD) Mean (SD)

GMEM n=6 n=6
GMFM66 54.1 (6.3) 58.7 (3.9) 4.6 (0.5, 8.7); .035 0.73
GMFM88 65.7 (10.0) 70.6 (8.0 4.9 (1.8,8.2); .011 0.50
GMFEM Goal 50.0(13.5) 60.2 (19.5) 10.2 (2.1, 18.4); .024 0.76
COPM

146



Chapter 5: Retention of Effects

COPM Perf 1.9 (0.5) 6.9 (1.2 5.0 (3.6,6.3); .000 10.00
COPM Sat 2.2(0.7) 7.1(1.6) 4.9 (3.2, 6.6); .001 7.00
Cycling Test

Cycling PO (W) 21.4 (23.0) 45.0 (44.0) 23.6 (0.5, 46.7); .047 1.03
Cycling res(nM) 4.7 (2.3) 9.4 (4.0) 4.7 (1.0, 8.3); .023 2.04
PEDI-CAT

Daily Activities 53.3 (4.9) 53.7 (4.8) 0.3(-0.2,0.9); .175 0.06
Mobility 56.5 (3.5) 57.2(3.7) 0.7 (-3.4,4.7); .688 0.20
Social/Cog 67.0 (3.3 67.0 (3.2 0.0(-1.8,1.8); 1.00 0.00
Responsibility 50.3 (6.3) 495 (6.1) -0.8 (-4.4,2.7); .571 -0.13

Supplementary Table 5.5 GMFCS IV

Outcome Measure

Assessment Results for participants classified as GMFCS 1V (n=9)

Baseline Post training (T2) Mean difference Effect size
(T1) Mean (SD) (95%Cl); P (ES)
Mean (SD)

GMFM n=9 n=9
GMFM66 43.3 (6.4) 47.7 (6.9) 4.4 (1.8, 7.0); .004 0.69
GMFM88 39.0 (15.6) 46.0 (18.7) 7.0 (3.3,10.8); .003 0.45
GMFM Goal 46.2 (7.3) 58.1(9.2) 11.9 (6.4, 17.5); .001 1.63
COPM
COPM Perf 2.5(1.6) 7.5(1.6) 5.1 (3.8, 6.3); .000 3.19
COPM Sat 2.7 (1.8 8.1(1.4) 5.4 (3.8,6.9); .000 3.00
Cycling Test
Cycling PO (W) 13.2 (11.3) 44.0 (31.4) 30.8(11.3, 50.3) .007 2.73
Cycling res(nM) 3.5(2.9) 8.2 (5.0) 4.7 (2.5, 6.9); .002 1.62
PEDI-CAT
Daily Activities 50.0 (4.7) 51.3(5.7) 1.3(0.3,2.4); .016 0.28
Mobility 52.2 (4.7) 51.9 (4.3) -0.3 (-3.5, 2.8);0.814 -0.06
Social/Cog 65.6 (6.3) 66.2 (7.5) 0.7 (-0.5,1.8); 0.22 0.11
Responsibility 45.6 (7.4) 47.0 (6.1) 5.4 (3.8, 6.9); .000 0.73

These results suggest that children classified as GMFCS |1l and IV experienced

greater pre-post improvements in gross motor function, goal performance and activity

capacity compared to ambulant children with CP (GMFCS II). The effect sizes, however,

were similar across all GMFCS levels for the primary outcomes, suggesting that Activate-

CP resulted in similar effects regardless of ambulatory status. These results must be

interpreted with caution as the study was not sufficiently powered to complete post-hoc

analyses by GMFCS level. These results will be elaborated on in the context of the

broader literature in the grand discussion.
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6.1 Abstract

Purpose: This qualitative thematic analysis aimed to capture the experiences of
children with cerebral palsy (CP) and caregivers who completed an eight-week goal-
directed cycling program, to provide insights on engagement and program feasibility.

Methods: Children with CP (6-18yrs, Gross Motor Function Classification Scale
(GMFCS) levels 11-1V) and caregivers completed semi-structured interviews at the end
of the training program. Interview transcripts were coded by two investigators and
systematically organised into themes. A third investigator reviewed the final thematic
map.

Results: 17 interviews were conducted with 29 participants (11 children: 7-14
years). Four themes emerged: facilitators and challenges to program engagement;
perceived outcomes; the Functional Electrical Stimulation (FES) cycling experience; and
previous cycling participation. Engagement was facilitated by the ‘therapist’s
connection’, ‘cycling is fun’ and ‘participant driven goal setting’, while ‘getting there’
and ‘time off school’ were identified as challenges. Participants positively linked
improved physical function to greater independence. The FES-experience was ‘fun and
challenging’, and participants had mixed feelings about electrode ‘stickiness’. Previous
cycling participation was limited by access to adapted bikes.

Conclusions: Children with cerebral palsy enjoy riding bikes. Facilitators and
challenges to engagement were identified that hold practical relevance for clinicians.
Environmental and personal factors should be carefully considered when developing

future programs, to maximise opportunities for success.
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6.2 Introduction

Interventions that seek to improve or maintain function in children with cerebral
palsy (CP) are important, as children with CP can experience declining function as they
transition into adolescents and young adults [5]. This is problematic because small
declines in functional capacity can have big impacts on a person’s functional
independence and participation in life activities [5]. Research on intensive cycling
interventions has shown promising results for improving function in children with
cerebral palsy (CP) [30, 47]. A recent randomized controlled trial (RCT) including
children with CP (Gross Motor Function Classification Scale [GMFCS] levels 11-1V, aged
6-18) reported clinically meaningful and significant improvements in gross motor
function, goal performance and satisfaction following eight weeks of adapted cycling,
functional-electrical stimulation (FES) cycling and goal-directed training [180]. These
results are encouraging, as non-ambulant children with CP are often excluded from
intervention studies, meaning there is a distinct lack of evidence verifying the efficacy of
interventions aimed at improving function in this group [15].

Although the quantitative results are promising, delivering an adapted cycling,
FES-cycling and goal-directed training program can be resource and time intensive. FES-
cycling refers to passive or active cycling on a stationary bike while receiving electrical
impulses to the lower limb muscles via surface electrodes. Engaging in FES and adapted
cycling requires access to expensive, specialized equipment and trained staff. There can
be a considerable time commitment from families to attend intensive training and for
therapists to set-up and deliver training sessions. Understanding participants’ experiences
with FES and adapted cycling may help clinicians to identify facilitators and barriers to
participation, in order to maximise engagement and outcomes in future cycling programs.

To date, one study has conducted a qualitative evaluation of the experiences and

engagement of children with CP in an adapted cycling program [29, 55]. The experiences
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of children with CP who accessed adapted bikes over six sessions enjoyed going fast and
the feeling of freedom that comes with riding a bike. Access to the bike-hire company
and experienced therapists were identified as facilitators to participation in the program.
There is a paucity of research related to the experiences of children who participate in
programs combining FES-cycling, adapted cycling and goal-directed training.

In this study, we aimed to provide a rich and detailed account of the experiences
of children with CP (GMFCS level II-1V, aged 6-18) and their caregivers who undertook
an eight-week FES-cycling, adapted-cycling and goal-directed training program. A
thematic analysis of the experiences of children and caregivers who participated may
provide valuable insights on program feasibility, level of engagement, perceived barriers
and facilitators to participation that were not captured by quantitative measures. Such
insights are important to improve the provision of future programs, ensure program
accessibility and importantly, to facilitate the translation of research into practice.

6.3 Methods

This study was conducted as part of a RCT investigating the functional effects of
FES-cycling, adapted-cycling and goal-directed training in children with CP [171]. The
RCT was prospectively registered with the Australian New Zealand Clinical Trials
Registry (ACTRN12617000644369p) with  ethics approval (GU2018/037;
HREC/17/QRCH/88; SSA/17/QRCH/145). A full study protocol is available [171].
Research design

An inductive thematic analysis using semi-structured interviews was conducted.
Compelling arguments have been made for the use of thematic analysis as a stand-alone
method to provide a rich, detailed account of a dataset when little is known about a given
topic [189]. To address criticisms that thematic analysis is an ‘anything goes’ approach,
Braun and Clarke published a six-phase guide to conducting a structured, rigorous

analysis [189]. Nowell and colleagues provide explicit examples of how trustworthiness
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criteria can be embedded into each step to instil greater confidence in the research
findings [190, 191]. Together, these guidelines provided a framework to investigate the
experiences of children with CP and their caregivers in an eight-week cycling
intervention.

An inductive (data-driven) approach was chosen to capture the voices of
participants and their caregivers. Ten semi-structured interview questions were developed
prospectively and reviewed by a panel of content experts (Supplementary Table 6.2).
Language was adapted to suit the age and cognitive stage of participants, with open-ended
prompts to encourage discussion, such as ‘can you tell me more about that?’ [192, 193].
Participants

Twenty-one children with CP aged 6-18 years who participated in an RCT study
of FES-cycling, adapted cycling and goal-directed training were eligible to take part in
the interviews [171, 180]. Twenty-nine parents or primary carers who had attended
training sessions were also invited to participate. Participation was voluntary and not
contingent on group allocation (intervention or control), as all participants received the
training program during the study [171].

Data collection

At study enrolment, participants were informed (both in writing and face-to-face) that
they would be invited to participate in a voluntary semi-structured interview at the end of
their eight-week training program. At the end of the training program, participants were
invited to complete the semi-structured interviews. The invitation was extended to
participants and their carers in person (face-to-face) during the final training week and/or
via email or phone when arranging post-training assessments. Interviews were conducted
in a quiet room at the training facility by interviewers who were not the primary therapist
but were familiar with the study. Interviewers included (i) a senior therapist from the

research team and training facility who was not involved in the delivery of training
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sessions (but was known to participants as an assistant during assessment sessions), and
(ii) a therapist from the research team who was known to four study participants after
assisting the primary therapist in some training sessions. Interviewers had received basic
instructions regarding interviewing techniques (e.g. avoid leading language) however
they were not formally trained in interviewing techniques.

Interview questions were directed at children, and primary caregivers were invited
to contribute their own response. Parent or caregiver proxies were nominated in cases
where children were unable or unwilling to participate. All interviews were audio-
recorded. Written parental consent and child assent for participation in the study was
gained, and consent was confirmed verbally prior to conducting interviews. Due to the
small number of participants, data collection was considered complete when all
participants had finished the training program and had been given the opportunity to
participate in an interview.

The eight-week training program, delivered as part of a larger RCT study,
consisted of three, one-hour training sessions per week. Two sessions per week were
delivered by a physiotherapist at a tertiary children’s hospital, consisting of 30 minutes
of FES-cycling and 30 minutes of goal-directed training (activities relating to the child’s
individualised cycling or mobility goals). A third session was completed as a home
exercise program, consisting of at least 30 minutes of adapted cycling and 30 minutes of
goal-directed exercises. Full details of the training program and RCT methodology have
been published
Data analysis

Data analysis was a recursive process, which is explained in greater detail in
Supplementary Table 6.3 [189]. Interviews were transcribed verbatim by the primary
author after data collection was complete. Transcripts were checked against original

recordings and read and re-read independently by two investigators (EA and SH). Typed
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transcripts were uploaded to NVivo 12 qualitative data analysis software (QSR
International Pty Ltd) for initial coding, which was completed independently by two
investigators. Codes were assigned based on the investigator’s interpretation of each
statement within the context of the rest of the interview, rather than coding to a pre-
existing framework. A series of meetings were then held to debrief, discuss and generate
a consolidated list of codes.

Codes were systematically analysed and organised into preliminary themes using
mind maps to aid the process, until both investigators were satisfied with the hierarchy of
themes. Data excerpts were re-checked to ensure that they fit within a given theme and
formed clear patterns. Themes were defined by revisiting raw data, annotating excerpts
and organizing them to create a logical account. A third investigator who was familiar
with the study and training program (BG) reviewed the final thematic map in detail. Team
meetings were held throughout this process until all investigators came to a consensus on
the final thematic map. Meeting logs, author notes and audit trails for code and theme
generation were maintained to demonstrate trustworthiness of the analysis [190].

6.4 Results

Seventeen interviews were conducted with twenty-nine participants, including
eleven children (3 male, 6 female) aged 7 to 14 years, GMFCS levels 11-1V and eighteen
primary caregivers. Participant characteristics are provided in Table 6.1. To protect
confidentiality, participants’ names have been replaced with pseudonyms.

Four major themes emerged from the thematic analysis:

I.  Program engagement - Facilitators and challenges
Il.  Perceived outcomes
I1l.  The FES-cycling experience

IV.  Previous participation in cycling
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Figure 6.1 provides a thematic map of key themes and subthemes that emerged
from the analysis. The largest theme, program engagement, is depicted in greater detail
in Figure 6.2.

Theme I: Program engagement

Facilitators were divided into seven subthemes: ‘therapist’s connection with
participants’, ‘cycling is fun’, ‘training sessions were fun and individualized’, ‘participant
driven goal setting’, ‘access to free therapy’, ‘motivated to improve health and function’
and ‘program convenience’.

Therapists connection with participants

Important factors identified by parents or caregivers were the therapist’s efforts to
connect with their child; a positive attitude and demeanour; willingness to adapt sessions
to suit their child’s mood and attention; encouragement and positive energy; and
promptness in resolving issues with adapted bikes.

“I think they really tried to do things that engaged him and conversed with him

and it wasn’t like they were removed from it. They treated him very

respectfully...really encouraged him, and really connected with him and that was
really good and so | think that made it a really enjoyable experience.” (Damien’s

Mum, 13 years, GMFCS IV)

Cycling is fun

Participants loved to ride bikes. A favourite part of the program for some was
riding the bike at the hospital, while others enjoyed riding outdoors. Molly (age 9,
GMFCS 1V) particularly loved to ride downhill, while her father enjoyed getting out of
the house to cycle around the neighbourhood. Robbie (age 8, GMFCS IIl) preferred
cycling over the gym activities and described the exercises as “boring, because there was
no cycling”. Another participant loved cycling so much that her mother used it as a reward

for less desirable activities such as chores and exercises.
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Training sessions were fun and individualized
Having a program that was tailored to individual’s interests and goals was
important to participants. One participant’s program incorporated exercises that aligned
with his interest in ball sports, which he claimed was his favourite part of the exercise
program. His mother, however, liked that practical tasks such as stepping and wheelchair
transfers were incorporated. Lucy viewed her exercises as 'play' rather than therapy, and
her favourite part was the ‘sit-to-stand stations’, which were themed around her favourite
cartoons. Louise especially liked that her program was individualized and challenging.
“I just think that every child is different and so for me, you work around what |
can and can’t do and that’s the good part of the study. Like I work on things that
| can get better at rather than things I'm already good at. So, I'm like, always
improving.” (Age 12, GMFCS IV)
Participant driven goal setting
There were strong links between goal setting, enjoyment and engagement in
training sessions. Participants enjoyed setting and achieving personal goals as well as
healthy competition against peers. Two participants enjoyed setting personal goals on the
FES-bike and tracking power output on the display monitor. Others preferred competing
against other participant’s records that were displayed in the gym, using avatars to
maintain anonymity.
“...it was really fun having to achieve lots of goals on the leader board...| had
the highest kilometres ridden!” (Age 8, GMFCS Il1)
Goal-setting was an important part of the process for Kate. Her tip for future participants
was:
“Set goals. That’s my tip. Because the more you set goals, the more you beat them
and the more you get better.” (Age 12, GMFCS Il1)

Access to free therapy

156



Chapter 6: Qualitative Evaluation

The prospect of free, intensive physiotherapy and specialized input regarding
adapted bikes was attractive to parents who enrolled their children in the program.
Families valued the opportunity to loan adapted bikes to achieve cycling goals and to trial
bikes before purchasing their own. Engagement was facilitated by access to a therapist
with adapted cycling experience and knowledge of adapted bikes.

Motivated to improve health and function

Participants and caregivers shared a desire to improve health and function.
Participants indicated they wanted to regain strength and help their muscles to ‘get better’.
Several participants were motivated to learn to ride, improve specific cycling skills, or
build riding confidence. Some parents hoped that cycling would improve their child’s
strength following periods of deconditioning and saw bike riding as a safe alternative to
walking or running.

Program convenience

Access to free, allocated parking and flexible appointments made the program
more convenient for families. The option for after-school and Saturday sessions were
important to minimize time missed from school, allow caregivers to share the
appointment load and to fit training around busy life schedules.

Program engagement — challenges

Perceived challenges to participants’ engagement were centred around four
subthemes: ‘personal factors’, ‘getting there’, ‘physical and environmental factors’ and
‘taking time off school’.

Personal factors

Participants’ behaviour, personal preferences, motivation and busy life schedules
were barriers to their engagement in training sessions. One participant’s preference for
riding the tricycle at the hospital made it challenging for him to participate in FES-

cycling.
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“It was challenging to get him onto the FES-bike because he just wanted to ride

the actual trike bike. That was the main challenge.” (Tom’s Mum, age 7, GMFCS

)

Another participant expressed that it was challenging to attend Saturday
appointments, as this was her day to rest and catch up on schoolwork. Her mother,
however, viewed weekend appointments as a facilitator. Some parents or caregivers
believed that poor concentration and attention limited their child’s engagement, although
the therapist’s willingness to adapt session content was a facilitator.

Getting there

The time required to travel to and from appointments, peak-hour traffic conditions
and difficulty co-ordinating family members were factors that made it challenging for
families to attend bi-weekly training sessions. Regardless, parents and caregivers believed
the program was worth it.

“Travelling from the Gold Coast [1 hour away] took a lot of organising. We had

the whole family involved, we had grandparents, our parents, and that was

probably the biggest challenge for us. It was us getting here...It was worth it,

that’s for sure.” (Robbie’s Mum, Age 8, GMFCS III)

Physical and environmental factors

The requirement for multiple people to assist with safe bike transfers and general
fatigue and tiredness were factors that made it challenging for participants to fully engage
in all aspects of the program. Two participants [GMFCS IV] required assistance from two
people to safely transfer onto their tricycles at home, which was an issue when only one
parent was available. Another participant [GMFCS IV] was able to transfer safely onto
her recumbent trike at the hospital, but her grandmother could not assist with transfers at
home or lift the loan bike in and out of their van to transport it. Some parents believed

their child’s engagement in the program was limited by fatigue, and tiredness at the end
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of the school day or school term. These parents acknowledged that flexible appointment
times were a facilitator to their child’s participation.
Taking time off school

Taking time off school or work to participate in the program was a barrier for both
participants and parents. Some participants left school early to miss traffic, and their
parents took time off work to facilitate their participation in the program. One participant
was concerned about missing fun activities at school.

“Um I didn't like taking my Monday and Wednesday off being at school... Yeah,

cause they are doing a school program for the rest of the year where they do

picture art. And I yeah, but I just really had fun with you guys.” (Lucy, Age 10,

GMFCS I1I)
Theme 11: Perceived outcomes

The second major theme ‘Perceived outcomes’ was focused around five key
subthemes: improved functional independence, participation in home, school and
community activities, improved riding competence, an acquired sense of normality, and
enhanced mood, mindset and motivation. Participants reported feeling stronger, fitter and
more flexible which they associated with improved functional independence in transfers,
walking and running, toileting and climbing stairs. One parent reported that her teenage
daughter put her shoes and socks on for the first time and another participant completed
her first independent transfer from her wheelchair to a couch. Such improvements had
positive and profound impacts on participants and primary caregivers.

“I'm allowed to do transfers [at school] now and I can go to the bathroom by

myself without the teachers standing outside the door.” (Louise, Age 12, GMFCS

V)

“Well it has taken a lot of pressure off me because she is excessively more

independent.” (Amber’s grandmother, Age 13, GMFCS IV)
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“We were having to roll him over 3-4 times per night before and we 're not doing

that now. So he’s actually rolling himself over which is amazing. ” (Max’s mother,

Age 7, GMFCS IV).

Functional independence was associated with improved participation in home,
school and community activities. Two participants were able to sit or stand with their
peers at their school desks instead of remaining in their wheelchairs. Another participant
could take her dog for walks and three children became active participants in family bike
rides. Participants perceived themselves as more competent cyclists, reporting greater
independence and confidence whilst cycling. Others experienced an acquired sense of
normality, or fitting in.

“...it’s like he’s got a whole new perspective, and people are looking at him

differently. They re like ‘hey, look at the kid on the cool bike’ rather than ‘why is

that kid in a stroller?’.” (Ashton’s Dad, Age 10, GMFCS 1V)
Parents reported improvements in their child’s motivation, mood and mindset.

“It’s usually can’t, can’t, can’t. But since she’s done this [study] she’s quite happy

to try things.” (Louise’s mum, Age 12, GMFCS V)

“So in the car on the way home after we’d do each session he’d be happy and

chatty and singing and carrying on and it was like a whole other kid.” (Max’s

mother, Age 7, GMFCS V).

Theme I11: The FES-cycling experience

Overall, participants enjoyed their experience with FES-cycling and found it to be
fun and challenging. Lucy (age 10, GMFCS I11) described the FES experience as “Fuzzy,
funny and fun.”, while Damien responded with:

“Pretty good. Pretty fun. It’s also challenging which I guess makes it fun”.(Age

13, GMFCS 1V)
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The FES-bike was perceived as being novel. One participant liked chasing after
the cycling avatar on the display monitor, while another liked that the bike had a motor
and allowed him to cycle from a reclined position. The stimulation helped one participant
to bend her knees and contract her leg muscles in alternating patterns in the same way she
would on her adapted bike.

“Um, I couldn’t fully bend my knees before and I wasn't like as strong. But the

stimulation helped me to be able to keep my patterns the same on this as | would

on my bike.” (Louise, Age 12, GMFCS 1V)

Some enjoyed the buzzing sensation of the stimulation, while others did not. One
parent suggested that the stickiness of the electrodes may have bothered her son the most,
as he did not like them even when the stimulation was turned off. When describing their
FES-cycling experiences, participants focused mainly on the ‘stickiness’ of the electrodes
and sensation of the stimulation.

“It was so sticky...It was really ticklish. Oh yeah...it made my muscles move a

lot.” (Amber, Age 13, GMFCS IV).

Theme IV: Limited cycling experience previously

A lack of access to adapted bikes, or knowledge of adapted equipment was a
prominent barrier to cycling participation prior to the training program. One parent felt
guilty that her daughter could not cycle with her twin sister, because she did not own an
appropriate bike. She described her daughter’s reaction when the loan bike arrived at the
beginning of the program.

“I didn’t tell her the bike was arriving and she got home from school and saw it

and was over the moon. She was like ‘this is the best part’. She started crying and

so | started crying. And then she started showing off to her sister that she could

ride a bike.” (Maxine’s Mum, 6 years, GMFCS III).
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Several participants owned a bike previously, but they were not appropriately
modified, or were over-modified to the point that the child felt too restricted or ‘strapped
in’. Robbie acquired a regular two-wheeled bike from a friend and described his
experience of ‘getting squashed” when he attempted to ride it. For those who did own a
bike previously, a great deal of assistance was required from parents for transfers,
steering, braking and pedalling.

“We had Velcro to strap his feet to the pedals, but he just didn’t have the power

to push with both legs to keep the momentum going. We would often have to kind

of push him a little while his legs just did the motion.” (Tom’s Mum, age 7,

GMFCS 1)

6.5 Discussion

This study explored the experiences of children with CP and their caregivers who
participated in an eight-week program of FES-cycling, adapted-cycling and goal-directed
training. Interviews revealed that the program was enjoyable and worthwhile, and that
perceived challenges to participation were outweighed by factors that facilitated
participants’ engagement. Parent and children’s engagement in therapy, defined as their
“motivational commitment or investment in the client role over the treatment process”
[194] is thought to be a strong predictor of clinical outcomes. Knowledge of factors that
influence engagement is therefore useful to clinicians who seek to implement similar
programs, or elements of the program, in their own practice.

Engagement in paediatric rehabilitation is thought to be influenced by
characteristics of the (1) client; (2) intervention and (3) service provider [195]. Although
an inductive approach was taken to identify themes in this study, the perceived facilitators
and challenges identified by participants were somewhat aligned with this model of
engagement. The participants’ motivation to improve functional outcomes and belief that

the program would be beneficial likely contributed to their readiness to participate and
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motivation to engage in the program [195]. The individualised and goal-directed training
approach appeared to influence perceptions of treatment relevance, while convenience
factors such as parking access positively influenced caregiver’s perceptions of treatment
costs and benefits [195]. The therapist’s training approach, demeanour and promptness in
resolving issues played a vital role in establishing positive working relationships with
families, which is essential for ongoing engagement in paediatric rehabilitation [194,
195]. Collectively, these factors likely had a positive influence on participants’
engagement and in turn, their clinical and perceived outcomes [195].

Our qualitative evaluation revealed an association between improved functional
independence and participation in life activities, which had profound impacts on
participants and their families. Several participants described previous declines in
function due to illness, inactivity or surgeries that prevented them from participating
independently in activities they once enjoyed or were able to do. Primary caregivers were
excited by improvements in their child’s fitness, muscle strength and flexibility because
they translated to improved independence in activities of daily living and a greater
capacity to participate in activities with peers or siblings. Children also linked perceived
improvements in strength with functional independence and participation, particularly in
the school environment. Although components of physical function were perceived as
important precursors to independence and thus participation, additional factors likely
influenced participation, such as environmental and personal factors.

Environmental factors such as a lack of access to appropriate adapted bikes were
major barriers to cycling participation previously and, in some cases, during the program.
A lack of knowledge of adapted equipment or inability of caregivers to transport bikes or
assist with safe transfers were additional barriers faced by families. Environmental and
personal factors are seldom considered by clinicians when teaching bike skills to children

with CP and yet they have a strong bearing on the child’s ability to successfully participate
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[95]. Loan trikes were a major facilitator to engagement as they allowed families to trial
equipment over a series of weeks to determine suitability, identify necessary adjustments
and gauge children’s interest in cycling as a leisure activity. Many participants reported
improved cycling skills at the end of the program, and some progressed from a tricycle to
a two-wheeled bike with stabilizer wheels. In these cases, the loan trike provided a
stepping-stone to a more affordable and portable style of bike. Access to loan bikes and
skilled therapists were previously identified as facilitators to participation in adapted
cycling and should be factored into budgets for future cycling programs [29, 55].

When describing their FES-cycling experience, children viewed the FES-bike as
novel and had mixed feelings about the sensation of the stimulation and stickiness of the
electrodes. Positive experiences on the FES-bike related to setting and achieving personal
goals and competing against peers. Negative experiences related mostly to the sensory
experience of FES, particularly the sticky feeling of electrodes on their skin. To maximize
engagement in future programs, children should be encouraged to set meaningful cycling
goals and sessions should be individualised and goal-focused to maintain engagement.

This study captured the experiences of a small sample of children with CP and
their parents who had access to a paediatric rehabilitation service. Parent proxies were
utilized in cases where children could not communicate verbally or use meaningful signs.
A limitation with this approach is that parent’s experiences, feelings or reports may differ
to those of their children. Regardless, parents were considered key stakeholders, and
provided valuable insights into program feasibility and engagement. Triangulation of data
using creative approaches such as drawings and diaries [56] would be useful to capture
the voices of younger participants in future [55].

By identifying factors that facilitated or challenged participant engagement,
researchers and clinicians may draw significant practical relevance in designing and

implementing similar programs in the future. Our results suggest that caregivers are
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willing to overcome challenges of ‘getting there’ and ‘busy life schedules’ if they are
motivated for their child to achieve functional outcomes and see the value of the program
for their children. Careful consideration should be given to program location, timing of
appointments and accessibility to ensure program convenience. When prescribing
adapted bikes and FES-cycling programs, environmental and personal factors should also

be carefully considered.
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6.6 Figures and tables

Figure 6.1: Thematic map of themes and subthemes that emerged from interviews with children and parents who participated in
an 8-week program of functional-electrical-stimulation cycling, adapted cycling and goal directed training.
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Figure 6.2: A diagrammatic representation of facilitators and challenges to program engagement as experienced by children and
parents who participated in an 8-week program of functional-electrical-stimulation cycling, adapted cycling and goal directed
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Table 6.1: Characteristics of children and parents who completed interviews after
participating in an eight-week program of FES-cycling, adapted cycling and goal
directed training.

Participant Characteristics Participants (n=29)
Total interviews completed, n 18
Interviews completed as child/parent/carer diads or triads 10
Interviews completed with child only 1
Interviews completed with parent(s)/carer(s) only 7
Total interviewees, n 29
Parents and guardians, n 18
Fathers, n 3
Mothers, n 14
Other, n 1
Children, n 11
Males, n 3
Mean age of child respondents (n=11) (SD) 11 yrs (2yrs 1mo)
Mean age of all children (n=17) (SD) 10 yrs 2 mo (2yrs 3 mo)
GMFCS levels”
1 5
i 4
\Y/ 8
Mobility Aids”
Nil aid 5
Walking frame 1
Manual wheelchair (self-propels) 3
Manual wheelchair (does not self-propel) 4
Power wheelchair 4

*GMFCS levels and mobility aid data for children who used a parent proxy (i.e. their
parent’s completed the interview on their behalf) have been included in this table.

Abbreviations: GMFCS: Gross Motor Function Classification System; mo: months; SD:

Standard deviation; yrs: years
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Supplementary Table 6.2: Semi-structured Interview Questions

10.

Why did you choose to participate in the cycling study?

Were you/your child able to ride a bike before participating in the study?
Have you noticed any changes in your/your child’s riding ability since
participating?

Have you noticed any changes in your/your child’s ability to do other
activities? Please explain

Was this your/your child’s first experience cycling on an FES bike?
Were there any challenges to participating in the study?

Were there factors that made it easier to take part in the program?
What was your/your child’s favourite part of the training program?
What was your least favourite part of the training program?

Do you have any other feedback for the study investigators that

might help to improve similar programs in the future?
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Supplementary Table 6.3: Detailed Thematic Analysis Methods

Data analysis was a recursive process, guided by the following six steps.®

1. Familiarization with the data: Interview recordings were listened to and then
transcribed verbatim by the primary author after data collection was complete.
Transcribed interviews were checked against recordings to ensure accuracy.®
Transcription by the primary author was considered a critical step in the process of
data familiarization.:: ? Transcripts were read and re-read independently by two
investigators (EA and SH) and preliminary notes and ideas were recorded in an
excel sheet.® Raw data was archived, and copies of the typed transcripts were
uploaded to NVivo 12 qualitative data analysis software (QSR International Pty
Ltd) for coding.

2. Generation of initial codes: Initial coding was completed independently by two
investigators. Consistent with an inductive (data-driven) approach, initial codes
were assigned based on the investigator’s interpretation of each statement within
the context of the rest of the interview, rather than coding to a pre-determined
framework. Each statement was given equal attention and data excerpts were coded
inclusively (retaining surrounding data), to ensure that the context was not lost.")
A series of meetings were then held to debrief, discuss and generate a combined list
of codes. An audit trail of code generation and meeting notes were maintained.®

3. Searching for themes: Fortnightly meetings were held to analyse, collate and
organise codes into preliminary themes and subthemes. A series of mind maps and
diagrams aided this process.®® A ‘miscellaneous’ theme was created to temporarily
store codes that did not belong under the emerging themes or subthemes. The

process of reviewing and organising codes was repeated systematically until both
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investigators were satisfied with the hierarchy of themes and subthemes. An audit
trail of themes and meeting notes were maintained.®

4. Reviewing themes: Data excerpts within each theme were read to ensure that a) they
fit within the theme and b) the collective extracts within the theme formed a clear
pattern. Where an excerpt did not fit within a theme, it was moved to the
‘miscellaneous’ theme until it was re-coded to a more appropriate theme. Themes
that did not contain enough data excerpts to support them as independent themes
were collapsed and re-coded to other themes or combined with other excerpts to
create new themes. This process continued until both investigators were satisfied
that the data was accurately represented by the thematic map. Raw data was re-
visited frequently to ensure that context and meaning was not lost.®)

5. Defining and naming themes: Themes and subthemes were refined and defined
through a process of revisiting and annotating data excerpts and organizing them
within the theme to create a logical account. Theme names were checked by the
second investigator. A third investigator who was familiar with the study and
training program (BG) was invited to review the final thematic map in detail to
ensure that a) themes and subthemes accurately represented the data and b) themes
were appropriately named and defined. Team meetings were held throughout this
process until all investigators came to a consensus on a final thematic map.

6. Producing the report: The final report was prepared by the primary investigator
and checked by all members of the research team to demonstrate trustworthiness of
the analysis.
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Chapter 7: Grand Discussion

This doctoral program investigated the efficacy of a multi-modal, cycling-based
intervention to improve function in children with CP who are both ambulant and non-
ambulant. This discussion will summarise the key findings for each hypothesis, followed
by a general discussion and synthesis of findings in the context of existing literature.
Strengths and limitations of the doctoral program will be discussed in addition to clinical
and research implications and directions for future research.

7.1 Summary of the study hypotheses and main findings
7.1.1 Hypothesis 1
Hypothesis 1 stated that:

Cycling interventions are more effective than alternate or no intervention to
improve functional outcomes in children with CP, aged 2-18 years. Goal directed
interventions will be most effective to improve functional outcomes that can be
maintained beyond the intervention.

The systematic review and meta-analysis presented in chapter 2 investigated the
efficacy of cycling interventions to improve body functions and activity limitations in
children with CP compared to alternate therapies or no therapy. Nine studies containing
data on 282 participants were included, with most studies investigating the effects of
stationary cycling on body functions and activities in ambulant children with CP (GMFCS
I-111). A meta-analysis, combining gross motor function data from four smaller studies,
demonstrated a ‘trend toward significance’ in favour of cycling interventions compared
to no intervention, although the results were clouded by poorly reported intervention
content and weak study methodology [47]. Preliminary evidence was found to support
cycling-based interventions to improve hamstring muscle strength, cardiorespiratory

fitness and balance in ambulant children with CP. Due to the small number of studies that
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met inclusion criteria and the variability in training content, conclusions regarding the
optimal intervention parameters could not be drawn. Similarly, no conclusions were made
on the retention of effects after cycling interventions, as only two studies included a
follow-up period. The systematic review did not identify compelling evidence to support
the first hypothesis of this doctoral thesis, indicating the need for adequately powered,
well-designed RCTs to test the efficacy of cycling interventions to improve functional
outcomes in children with CP. Since publication, there have been no new studies
identified that met inclusion criteria for the systematic review.

The systematic review did, however, summarise the state of the evidence of
cycling interventions in children with CP and identified that: (i) stationary cycling is a
safe and inclusive mode of physical activity for children with CP; (ii) stationary cycling
combined with alternate modes of exercise such as strength-based training or functional
exercises may be more efficacious than cycling alone to improve cardiorespiratory
fitness, balance and isolated muscle strength; (iii) some children with CP require
additional support to achieve independent pedalling on a cycle ergometer; (iv) and there
are a lack of studies investigating alternate modes of cycling such as adapted cycling and
FES-cycling for participants with CP, or interventions for children with CP who are
marginally ambulant or non-ambulant. Combined with findings from the broader
literature, the systematic review and meta-analysis informed the Activate-CP study
design, target group, intervention content and outcome measures.

7.1.2 Hypothesis 2
Hypothesis 2 stated that:

Children who complete the Activate-CP training will have improved gross motor
function and perceived goal performance and satisfaction, with increases of at least 3
logits on the Gross Motor Function Measure (GMFM) and 2 points on the Canadian

Occupational Performance Measure (COPM), respectively. Additionally, the Activate-
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CP training group will have improved sit-to-stand and cycling capacity, participation in
home, school and community activities, and the capacity to complete daily activities
compared to the control group.

Informed by the systematic review results, a waitlist RCT was designed and
implemented to investigate the efficacy of Activate-CP to improve outcomes across the
ICF domains of body structures and functions, and activity limitations and participation
restrictions in children with CP. Twenty-one children (aged 6-18 years, GMFCS I1-1V)
were enrolled and randomized to either commence Activate-CP training immediately
(n=11) or following an eight-week control period (n=10). Compliance with the
intervention was high (91% sessions attended) and there were no dropouts in either group
from baseline to study exit (100% retention). There were no differences in the amount or
content of usual care received by either group.

Immediately following eight weeks of Activate-CP training, participants in the
intervention group had significant and clinically meaningful improvements in gross motor
function (GMFM), goal performance and satisfaction (COPM) compared to the waitlist
group who received usual care. The intervention group were able to cycle at a
significantly higher resistance compared to the waitlist group immediately post
intervention, although the difference in overall cycling power output did not achieve
statistical significance. There were no between-group differences found immediately post
training on the FTSTS test, PEDI-CAT or PEM-CY, despite within-group improvements
on the FTSTS test and PEM-CY.

The results of the RCT, reported in chapter 4 of this thesis, provide convincing
evidence to partially support hypothesis 2, as Activate-CP led to statistically significant
and clinically meaningful improvements on the primary study outcome measures (gross
motor function and goal performance and satisfaction) compared to usual care. There was

less convincing evidence to support part 2 of this hypothesis, relating to the secondary
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outcomes. Although children in the Activate-CP intervention group had clear within-
group improvements in sit-to-stand and cycling capacity, these results did not achieve
statistical significance when compared to the control group immediately post-training.
Similarly, there were no differences detected between-groups on the PEMCY or PEDI-
CAT, suggesting that the intervention did not have a positive effect on participation at
home, school or in the community, or on parent-reported activity capacity. A larger,
multi-site trial is required to further test this hypothesis; in particular, to explore the
impact on cycling and sit-to-stand capacity, as there was evidence of improvement
although the trial was likely under powered to detect between-group differences on the
secondary outcomes.

7.1.3 Hypothesis 3

Hypothesis 3 stated that:

Children with CP who complete eight weeks of Activate-CP training will retain
improvements in gross motor function, goal performance and satisfaction, cycling and
sit-to-stand capacity, participation in home, school and community activities and
capacity to perform daily activities, eight weeks after Activate-CP training is ceased.

Chapter 5 presented results from a pooled analysis of training and follow-up data
from all participants (N=20) who completed the Activate-CP training (intervention and
waitlist groups), with the aim to determine retention of effects at eight-weeks post
intervention. The analysis included pooled data from twenty participants who attended
>75% of the training sessions. Significant and clinically meaningful improvements in
gross motor function and goal performance and satisfaction were reported for the
combined study sample (N=20) during the training period (between baseline and
immediately post intervention), which were comparable to the magnitude of
improvements reported for the intervention group in chapter 4. These improvements were

maintained at eight-weeks follow-up, confirming that children with CP (aged 6-18,
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GMEFCS levels 11-1V) were able to retain improvements on primary outcomes after the
Activate-CP training had ceased. The Activate-CP intervention led to statistically
significant improvements in cycling resistance, power output, perceived environmental
barriers (PEM-CY), capacity to perform daily activities (PEDI-CAT) and sit-to-stand
capacity (FTSTS) between baseline and immediately post-intervention, which were
retained at eight-weeks follow-up. These results contrast with the insignificant findings
reported in the RCT in chapter 4, which may reflect the larger sample size due to the
pooled analysis, or a stronger response of participants in the waitlist group.

The results from this study provided important insights that may help clinicians
to gauge the appropriateness of Activate-CP for their clients with CP. A pooled analysis
(intervention and waitlist group) was deemed most appropriate to investigate hypothesis
3, due to the small sample size and the absence of a control group during the follow-up
period. It was recommended that future studies extend the length of follow-up to
investigate long term maintenance of effects; and to include a control group to allow for
a more robust statistical analysis. The results from chapter 5 provided partial support for
hypothesis 3, except for the participation, involvement, and environmental support
domains of the PEM-CY.

7.1.4 Hypothesis 4

The fourth aim of this doctoral program was exploratory and did not have a
corresponding hypothesis. The aim was to explore the experiences of children with CP
and their primary carers in the Activate-CP training program, investigate program
feasibility and identify facilitators and barriers to program engagement. Chapter 6
presented the results from a thematic analysis conducted using transcripts from 17
interviews with 11 children and 18 parents or carers who completed the Activate-CP
training. Four major themes emerged, including: (i) facilitators and challenges to program
engagement; (ii) perceived outcomes; (iii) the FES-cycling experience; and (iv) previous
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cycling participation. Major facilitators to program engagement included the therapist’s
connection with participants, participants enjoyment of cycling and the goal-setting focus
of the intervention; while physically getting to the training facility and taking time off
school were perceived as challenges for some participants. Children with CP positively
linked improved physical function to greater physical independence. They viewed the
FES-experience as being ‘fun and challenging’, although participants had mixed feelings
about the ‘stickiness’ of the FES electrodes and sensation caused by the stimulation.
Participants reported that previous cycling participation (prior to Activate-CP) had been
limited by access to adapted bikes and challenges associated with transportation and
storage of adapted bikes.

The study highlighted the importance of tailoring programs to meet individual’s
needs, with careful consideration of the environmental and personal factors that are likely
to impact on participation and engagement. Overall, the qualitative results presented in
chapter 6 supported Activate-CP as a feasible intervention for children with CP and added
substance and context to the quantitative findings reported in the preceding chapters.

7.2 Discussion of the research findings in the context of the broader literature
Activate-CP in the context of earlier cycling interventions for children with CP

The systematic review of cycling interventions (chapter 2) revealed a propensity
toward interventions targeting enhanced functional outcomes in ambulant children, which
corroborated the findings of earlier systematic reviews on active-exercise interventions
discussed in chapter 1 [15, 36, 47]. Although non-ambulant children were
underrepresented, the largest effects on gross motor function were reported in the two
studies that did include non-ambulant children [30, 114]. This was an important finding
that strengthened the rationale for the Activate-CP RCT and helped to inform the program
design [171]. The intervention that led to significant gross motor improvements in non-

ambulant children with CP was a school-based, stationary cycling program involving
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three 30-minute training sessions per week for six weeks [30, 114]. The intervention was
initially tested in 2007 as a pre-post study (N=10) by Williams and Pountney [114], and
again in 2013 by Bryant, Pountney, Williams and Edelman, using a more robust RCT
study design comparing the cycling intervention (n=10) with treadmill training (n=10)
and a control group (n=10) [30].

It is difficult to draw direct comparisons between the Activate-CP GMFM results
and those reported in the 2007 [114] and 2013 [30] school-based studies, as the latter
studies reported separate scores for section D and E of the GMFM-88, and a combined
GMFM-66 score for GMFCS levels 1V/V [30, 114]. Additionally, the 2007 school-based
study was a pre-post research design, meaning the effect size was calculated based on the
difference between pre and post intervention scores rather than the post-training
difference between an intervention and control group [114]. Neither the 2007 [114] or
2013 [114] stationary cycling study assessed the complete version of the GMFM-88 or
reported a GMFM-88 goal score, which are more sensitive to improvements in non-
ambulant children with CP compared to the GMFM-66 [141]. In the absence of an exact
comparator, the GMFM-66 is the most appropriate outcome measure to compare
treatment effects across these studies.

The between-group difference and effect size reported immediately post Activate-
CP intervention on the GMFM-66 (5.9 points; ES=0.51) was comparable to the results of
the 2013 stationary cycling RCT (6 points; ES=0.58); although Activate-CP resulted in a
clinically significant difference that was not achieved in the stationary cycling
intervention [30]. Activate-CP also led to considerably larger within-group improvements
on the GMFM-66 (6.4 points) compared to the intervention groups in both the 2013 RCT
(1.0 point) [30] and 2007 pre-post study (2.9 points) [114]. Although both interventions
led to positive improvements in gross motor function, it appears that the multi-modal

Activate-CP intervention may be more efficacious than stationary cycling alone to
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improve motor function in children with CP who are marginally ambulant or non-
ambulant.

A finding that supports this claim is that the functional gains reported in Activate-
CP were retained at eight weeks follow-up (chapter 5). This result was in contrast to the
detraining effects reported at six and twelve-weeks after the school-based stationary
cycling interventions [30, 114]. A likely mechanism for the maintenance of effects in
Activate-CP was the variety of opportunities for participants to practice goal tasks and
utilise their functional gains in their context-specific environments. The FES-cycling
component of the intervention required access to specialised equipment that could not be
replicated at home, however participants were able to continue cycling on their adapted
bikes and integrate functional tasks such as sit-to-stand transfers into their everyday lives.
Participants who completed the school-based stationary cycling interventions
demonstrated improvements in activity capacity, evidenced by increased cycling speed
and duration, however there was no means to translate those improvements into everyday
functional tasks, as the intervention consisted solely of stationary cycling on a modified
ergometer at school [30, 114].

In addition to increased opportunities for context-specific practice in Activate-CP,
the larger treatment effects compared to the school-based cycling intervention might be
attributed to factors such as the individualised and multi-modal therapy approach and
goal-directed intervention content.

When Activate-CP data was analysed by GMFCS level (chapter 5, section 5.7),
improvements on the GMFM-66 were similar across GMFCS levels (II: 6.1 points; II:
4.6 points; IV: 4.4 points; ES=0.69-0.75) suggesting that Activate-CP had similar
treatment effects regardless of ambulatory status. This was contrary to the findings
reported in the 2013 stationary cycling RCT [30], where children classified as GMFCS V

experienced much larger improvements on the GMFM-66 (5.2 points) compared to
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GMFCS 1V (0.2 points) [30]. These results must be interpreted with caution due to the
small sample sizes and lack of power to complete sub-analyses in either study. Although
Activate-CP was distinctly different from the 2007 and 2013 school-based stationary
cycling interventions [30, 114], these results provide new evidence to support the efficacy
of cycling interventions for marginally ambulant and non-ambulant children with CP.

The PEDALS study [46, 54], discussed in chapters 1 and 2, remains the largest
RCT (N=62) utilising stationary cycling in ambulant children with CP [47]. Activate-CP
had a larger treatment effect (ES=0.51) and significant between-group difference
(MD=5.9 points) on the GMFM-66 immediately post training compared to the PEDALS
study (MD=1.5 points; p=0.23; ES=0.38), despite a smaller training dose (24 hours
compared to 36 hours) and shorter intervention duration (8 weeks compared to 12 weeks)
[46, 54]. The within-group improvement in gross motor function in Activate-CP (6.4
points) was also larger than the 1.2 points reported in the PEDALS study [30, 114]. These
results need to be interpreted with caution because the PEDALS study reported a
combined score for section D and E of the GMFM-66 (standing, walking and running
domains) and did not report a GMFM-66 total score [51]. Similar to the school-based
stationary cycling interventions discussed previously [30, 114], the PEDALS study also
required access to specialised equipment, was not goal-directed and the intervention
consisted solely of stationary cycling, which likely limited the transfer of functional
effects into participant’s everyday lives [46, 54]. The larger treatment effects reported in
Activate-CP likely reflect key differences in the study methodology, such as the inclusion
of motorised FES-cycling; community-based cycling using adapted bikes and the goal-
directed focus of the Activate-CP intervention framework.

When considered in the context of other multi-modal cycling interventions
discussed in chapter 2, Activate-CP had larger treatment effects compared to the 12 week

virtual reality cycling program combined with weighted sit-to-stand training (ES=0.34)
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[52, 110] and a 6-week dynamic cycling intervention combined with conventional
exercises (ES=0.40) [50]. Again, the key distinctions between Activate-CP and these
earlier cycling interventions was the goal-directed focus and inclusion of FES-cycling
[171]. Although Activate-CP also incorporated functional exercises such as sit-to-stand
training and step-ups, the exercises were tailored to participant’s level of ability and were
combined with task-specific practice of relevant goal activities such as wheelchair
transfers or assisted mobility.

In addition to providing new quantitative evidence to support cycling
interventions for children with CP, this doctoral program reinforced the qualitative
benefits of adapted cycling reported in the Pedal Power qualitative studies (chapter 1)
[29, 55]. More specifically, results from the Activate-CP RCT (chapter 4) and thematic
analysis (chapter 6) support adapted cycling as a safe, feasible and enjoyable mode of
exercise for children with CP regardless of ambulatory status. Children’s enjoyment of
adapted cycling in Activate-CP was evidenced by their hyper-compliance with the
adapted cycling component of the intervention, a finding that was discussed in chapter 4.
Additionally, participants and caregivers perceived adapted cycling to be a fun and
exciting activity, which they considered to be a major facilitator to their engagement in
the study (chapter 6).

The Pedal Power intervention discussed in chapter 1 was distinctly different to the
Activate-CP intervention as it included six sessions of community based adapted cycling
that were performed across three months, facilitated by an adapted bike hire company
[29, 56]. Although the purpose of the Pedal Power study was to evaluate the effects of
adapted cycling on quality of life, activity levels and lower limb function in children with
CP (GMFCS I-1V), only the qualitative results from participant interviews were published

[29, 55, 56]. Regardless, there are some striking similarities between the themes that

181



Chapter 7: Grand Discussion

emerged in the Activate-CP thematic analysis and the Pedal Power qualitative evaluations
[29, 55].

Participants in both studies had positive attitudes toward adapted cycling and
discussed perceived improvements in their cycling skills and confidence, persistence or
motivation to try new things [29, 56]. A key feature of both Activate-CP and the Pedal
Power interventions that may have contributed to these positive outcomes was a
supportive and enriching environment that was set up to promote task success [29, 184].
Therapists in both studies were employed to source and fit adapted cycling equipment to
individual children, and encouragement was provided to participants by the project staff
in both studies [29, 171]. In the Pedal Power study, parents valued the physiotherapist’s
expertise in setting up adapted bikes, and perceived the environment to be supportive and
encouraging, which facilitated their child’s participation in adapted cycling [29].
Participants in Activate-CP also recognised the therapist’s knowledge of adapted bikes as
a facilitator and believed that the therapist-child relationship was an important motivating
factor for children to remain engaged in the program. Additionally, the physical
environments in both studies were assessed for safety and ‘ride-ability’, to maximise
children’s chances of success when learning to ride [29, 171]. Collectively, these results
reinforce that adapted cycling is an appropriate and enjoyable physical activity for
children with CP and reinforce the need for adapted cycling programs to be individually
tailored to enhance motivation and maximise opportunities for success.

Activate-CP in the context of other goal-directed and individualised training approaches

The greatest treatment effects of Activate-CP were seen for goal performance
(ES=3.32) and satisfaction (ES=3.89), indicating that the Activate-CP intervention was
most effective at helping participants to achieve goals relating to transfers, mobility and
cycling. Interestingly, improved performance of selected goals did not translate to

improved capacity to perform everyday activities as measured by the PEDI-CAT (chapter
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4). Goal-directed and task-specific training approaches are considered gold-standard to
improve function in children with CP [34, 35], however the cycling studies discussed
above and in chapters 1 and 2 of this thesis did not adopt a goal-focused approach or
assess goal performance as an outcome measure [47].

A goal-directed approach, with consideration of environmental and personal
factors was considered necessary to meet the differing needs of children classified as
GMEFCS 11-1V and separated Activate-CP from earlier cycling interventions [30, 46, 47,
113]. Therapy approaches for children with CP were historically founded on assumptions
that greater physical impairments directly translate to increased activity limitations and
participation restrictions [196]. This is a simplified view of health and functioning and
does not acknowledge the complexity of CP or the impact of environmental and personal
factors that interact to enhance or reduce a child’s level of functioning [6]. Cerebral palsy
encompasses a collection of conditions with extreme variability in the types of
impairments and levels of severity [2]. The individualised and goal-directed approach
used in Activate-CP may therefore have contributed to the positive outcomes reported for
participants regardless of their ambulatory status or level of motor function.

The within-group improvements in gross motor function (GMFM-66) that were
reported in Activate-CP were comparable to those reported by Lowing, Bexelius and
Carlberg [38] and Lowing, Bexelius and Brogren [39] (MD=5.07; ES=0.37), following a
12-week goal-directed intervention (discussed in chapter 1). When analysed by GMFCS
level, however, the treatment effect was larger for marginally-ambulant and non-
ambulant children (GMFCS IlI: ES=0.9; IV: ES=1.0) following the goal directed
intervention [38] compared to Activate-CP (chapter 5). One explanation for the slightly
larger effect sizes reported by Lowing, Bexelius and Carlberg [38] was the participant’s
young age (mean age: 3.8+1.3 years) compared to a much older sample in Activate-CP

(mean age: 10+2 years). Children with CP experience rapid gross motor development in
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early years, which peaks between the ages of 6-8 [5]. Children in the 12-week goal
directed intervention group [38, 39] may have experienced greater improvements in gross
motor function due to a greater capacity for improvement related to their young age.
Additionally, the goal directed training study provided opportunities for participants to
apply and practice new skills in groups with other children with CP, which likely created
a sense of relatedness to others [39]. Nonetheless, Activate-CP also resulted in significant
and clinically meaningful improvements in gross motor function and goal performance
that were greater than those reported in non-goal-directed cycling interventions for
children with CP of a similar age [47].

Activate-CP incorporated elements from both activity-focused interventions [30,
39, 110] and goal-directed approaches, although the goal-setting process was similar to
that described by Lowing, Bexelius and Carlberg [38], whereby participants identified
and prioritised their own training goals [39, 171]. This process was essential to ensure
that the intervention was perceived as relevant and important to participants and families
[171]. In the Activate-CP program, the COPM was used as a tool to generate discussion
and to guide the goal setting process [171]. Involving parents and children in this way
was intended to facilitate engagement and maximise ‘buy-in’ from children and families,
as they were active participants in decision making processes [197]. Further, the goal
setting process helped to fulfil the criteria of ‘autonomy’; a key ingredient of the self-
determination theory that posits a person’s intrinsic motivation rests on their experiences
of relatedness, competence and autonomy [198]. The qualitative evaluation (chapter 6)
confirmed this theory, as participants cited their involvement in the goal setting process
as a major facilitator to their engagement in the Activate-CP program, with some
participants drawing an explicit link between the goal-directed focus of the interventions

and their motivation to participate.
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The individualised and goal-directed approach underpinning Activate-CP also
leverages from the popular dynamic systems theory of motor control, where there is
emphasis on creating varied opportunities for meaningful and context-specific practice
[39, 199]. Similar to the goal-directed training interventions described by Lowing and
colleagues [38, 39], Activate-CP provided opportunities to practice goal activities, such
as wheelchair transfers, in a supported clinical environment as well as context-specific
settings in the child’s home or community [171]. Opportunities for context-specific
practice were supported by individualised home exercise programs, and participants were
encouraged to gain additional practice by incorporating goal activities into everyday
settings (e.g. independent practice of sit-to-stand transfers) [171]. Elements of activity-
based training were also incorporated using FES-cycling and functional exercises to help
improve motor capacity for goal performance; as previous studies have demonstrated a
link between motor capacity and everyday function [3, 39, 127]. An important feature of
the Activate-CP goal setting process was that it was conducted as part of a home visit in
the child’s natural environment [171]. This allowed participants to demonstrate their
baseline performance of goal activities in their context-specific environment, providing
the therapist and caregivers with a clear picture of the child’s function and the level of
physical assistance that was actually required [39].

Further, participants and families were tasked with the responsibility of
identifying possible facilitators and barriers to their participation in the program or ability
to achieve their self-identified training goals [171]. A previous participation-focused
study in children with CP (GMFCS I-III), ‘ParticiPAte’, used a structured template to
match perceived modifiable barriers with potential strategies in a motivational style
interview [26]. This was an integral component of their intervention, as it imparted a sense
of ownership of the solutions onto the participants, and increased participant’s perception

of competence (an important ingredient for intrinsic motivation) to overcome the
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perceived barriers to physical activity participation [26, 198]. Activate-CP employed a
similar approach whereby participants and caregivers identified their perceived barriers
and facilitators as part of a conversational style interview. Similar to ParticiPAte, the act
of identifying perceived barriers and facilitators likely contributed to participant’s
motivation to engage in the training program and should be considered an active
ingredient of the Activate-CP intervention [26].

In addition to environmental affordances and physical capabilities, a child’s
motivation to persist at a task or activity plays an integral role in the development of
motor skills and attainment of movement goals [38]. Children and caregivers are more
likely to be intrinsically motivated to complete an intervention that is perceived as
pleasurable and aligned with the individuals needs and goals [200]. A limitation of
previous cycling interventions was a lack of variety of activities within training sessions
and difficulties maintaining children’s interest across multiple weeks; leading to
criticisms that clinic-based stationary cycling is less engaging than alternate activities
such as dynamic cycling in the community [30, 46, 93]. In response to these concerns,
tailored motivational strategies were purposefully included to maintain children’s
engagement and interest in Activate-CP. Some strategies were explicitly identified by
children or caregivers when discussing perceived barriers and facilitators at the beginning
of the study [171]. Other strategies were identified as the study progressed. One
participant, for example, requested to cycle to a Christmas themed playlist as Christmas
was her ‘most favourite thing in the world’. Another participant expressed that they were
very competitive and would try and beat their cycling distances and times from previous
sessions. Unsurprisingly, features such as the individualised music playlists and an
anonymous progress board that was displayed in the FES-cycling gym were identified as
major facilitators to participant’s engagement in the qualitative interviews at the end of

the study.
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To further foster children’s intrinsic motivation to participate in Activate-CP,
individualised training programs were incremented and progressed in such a way that
they presented a ‘just right challenge’ to participants. Scaffolding tasks so they are
challenging but achievable is one of the tenets of Vygotsky’s ‘Zone of Proximal
Development’, which has been applied widely across the fields of psychology, motor
learning and education [39, 201]. For FES-cycling sessions, peak power and resistance
goals were set as a percentage of the maximum achieved during baseline cycling
assessments and were adjusted as participants achieved those targets [171]. Similarly,
training goals were recorded and displayed each week, which participants attempted to
surpass in subsequent sessions. The distance and time cycled on adapted bikes in the
community and progress with goal-directed exercises were tracked on handouts that were
returned to the therapist each fortnight, allowing for subsequent programs to be updated
to present new challenges. This progression of tasks is consistent with the approaches
described in HABIT-ILE [41] and other goal-directed interventions [38, 39] and was
intended to: i) fulfil the overload principal of exercise training and ensure that
cardiovascular and musculoskeletal systems were sufficiently challenged to promote
physiological change; and ii) to promote experiences of task mastery, by introducing
achievable challenges and gradually reducing the amount of external support required to
complete a task [171].

The combination of child-centred goal setting, tailored motivational strategies and
grading of training activities to present this ‘just right challenge’ may have inadvertently
fostered a mastery-motivational environment to optimise skill development and goal
performance and satisfaction in Activate-CP [38, 200, 202, 203]. Support for this theory
was provided by a study participant, who referenced the individualised nature of Activate-
CP as a study strength: ““I just think that every child is different and so for me, you work

around what I can and can’t do and that’s the good part of the study. Like I work on

187



Chapter 7: Grand Discussion

things that | can get better at rather than things I'm already good at. So, I'm like, always
improving.” The overarching goal-directed approach and motivational strategies
discussed above likely contributed the large effects reported for goal performance and
satisfaction in the Activate-CP study.

In contrast to the intensive HABIT-ILE intervention [40] and goal-directed studies
by Lowing and colleagues discussed in chapter 1 [38, 39] improved gross motor function
and goal performance and satisfaction scores in Activate-CP were not accompanied by
improvements in secondary outcomes such as cycling and activity capacity and
participation. The pooled analyses reported in chapter 5, however, revealed significant
pre-post improvements for cycling capacity (power output and resistance) and the daily
activity domain of the PEDI-CAT. Additionally, the qualitative evaluation reported in
chapter 6 revealed perceived improvements in function that were not reflected in the
quantitative outcomes, such as being able to put on shoes and socks for the first time and
being able to toilet independently at school. These results suggest that there may have
been some degree of transfer between improved gross motor function and the
performance of functional activities that was not detected by standardised outcome
measures such as the PEDI-CAT and FTSTS test. Although the COPM results and
qualitative evaluation provide some indication of improved activity capacity following
Activate-CP, there was insufficient evidence to fully support the hypothesis that Activate-
CP improves activity capacity or participation in children with CP (GMFCS I1I-1V).

One possible explanation for the lack of between-group improvements for activity
capacity and every day functional skills in Activate-CP, assessed by the PEDI-CAT,
cycling PO and FTSTS tests, is that the training goals and intervention content
specifically targeted transfers, mobility and cycling [171]. Although these were
considered relevant and important to the study participants, goals relating to an improved

ability to ride a trike, for example, may not have translated to improvements in the range
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of daily activities assessed on the PEDI-CAT [161]. Another explanation is that the study
was not powered to detect differences on the secondary outcomes, particularly when there
was large variance in participant’s scores.

Activate-CP led to significant and clinically meaningful improvements in the
performance of both activity and participation focused goals, however it did not lead to
significant improvements in children’s participation according to PEM-CY scores
(chapter 4). As discussed in chapters 4 and 5, this very likely reflects the types of activities
included in the PEM-CY. The PEM-CY was chosen to assess the frequency of
participation and level of involvement in activities that are typical in the home, school
and community environments [171]. A limitation with using this measure in activity-
based research, previously discussed by Reedman and colleagues [26], is that it assesses
participation across a range of tasks of which only a handful relate to physical activity.
The activities assessed by the PEM-CY home domain, for example, include arts and
crafts, watching TV and household chores [166]. Similarly, the PEM-CY school domain
includes activities such as classroom activities and interacting with peers [166]. It is not
surprising then, that the improvements in goal performance and gross motor function
observed in Activate-CP did not translate to improve frequency of participation or
involvement in all activities assessed by the PEM-CY. Nonetheless, participants and
caregivers discussed perceived improvements in their participation at school and in the
community, which was reflected in the qualitative evaluation (chapter 6).

Although participants were encouraged to set activity and participation goals,
Activate-CP was not a purely participation-focused intervention. The ParticiPAte RCT
investigated the efficacy of a participation-focused intervention to improve leisure-time
physical activity and goal performance in ambulant children with CP (N=37; GMFCS I-
I11) [26, 165]. The ParticiPAte intervention differed from Activate-CP in that it was

delivered in the child’s home, school or community setting and the individualised goals
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and training programs directly targeted constructs of participation [165]. Activate-CP had
larger effects on goal satisfaction (ES=3.89) compared to ParticiPAte (ES:1.38) and
similar large effects on goal performance (ParticiPAte ES=3.40; Activate-CP ES=3.32),
although improved goal performance did not translate to improved PEM-CY scores in
either study [26]. ParticiPAte did, however, report a significant within-group increase in
community participation frequency (MD:0.62; 95% CI: 0.25-0.98; P=.001), suggesting
that participation-focused methods may be more effective at targeting improved
community participation [26]. An additional consideration is that the Activate-CP
protocol did not include explicit opportunities for participants to interact with peers,
which was an important feature of ParticiPAte [26], HABIT-ILE [40], and the goal-
directed interventions by Lowing and colleagues [38, 39]. Activate-CP indirectly
encouraged social interactions through the inclusion of community-based adapted
cycling, however increased opportunities to practice tasks in the community and with
peers may have led to greater improvements in social function and participation.

A positive finding reported in chapter 5 was the significant reduction in
environmental barriers at school (MD:-4.7; 95% CI: -9.3,-0.2; p=0.04) and in the
community (MD:-8.4; 95%ClI:-14.5,-2.4; p=0.006) immediately after Activate-CP
training. These results are consistent with the reduction in perceived physical activity
barriers identified on the Barriers to Physical Activity Questionnaire in ParticiPAte [26].
Activate-CP did not adopt a purely participation-focused approach, however the process
of identifying participation barriers and facilitators at the beginning of the program may
have inadvertently helped participants to overcome perceived participation barriers at
school and in the community. Additionally, participant’s and caregiver’s experiences of
success throughout the program and progressive achievement of goals may have
increased feelings of competence and self-efficacy to overcome those barriers in the

community [38, 39].
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The results reported in chapter 5 also provided promising evidence that Activate-
CP may lead to sustainable improvements in gross motor function, goal performance and
cycling performance in children with CP. Additionally, mobility and social cognitive
capacity (measured by the PEDI-CAT) continued to improve during the follow-up period
after the intervention had ceased; a phenomenon that was also observed following
HABIT-ILE and other intensive goal-directed interventions [38-40], but not following
the stationary-cycling interventions discussed earlier in this chapter [30, 114]. A goal-
directed focus might therefore be an important factor leading to the transfer of gross motor
gains to everyday functional tasks. As in the HABIT-ILE [40] study and goal-directed
intervention described by Lowing and colleagues [38, 39], Activate-CP incorporated
context-specific practice of functional goals that can be easily integrated into everyday
routines, such as wheelchair transfers. Additionally, children in the Activate-CP
intervention group were able to continue participation in adapted cycling beyond the
intervention. Although ongoing participation in cycling was not measured or documented,
these factors likely contributed to the maintenance of gross motor effects, goal
performance, cycling and sit-to-stand capacity beyond the intervention.

When considered in the context of existing literature on goal-directed or cycling
interventions for children with CP, the Activate-CP results reinforce the importance of an
individualised approach to achieve functional goals across a range of gross motor
abilities. The results also demonstrated that functional gains can be achieved despite a
smaller training dose and shorter training duration relative to previous interventions [38-
40, 46]; supporting the notion that high-dosage therapy may not necessarily result in
greater outcomes for children with CP [204]. Although Activate-CP led to greater or
similar improvements in gross motor function and goal performance compared to
previous cycling and goal-directed interventions, there was insufficient evidence to

support its efficacy to improve activity capacity or participation outcomes. Finally, the
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retention of effects observed in Activate-CP partially supported hypothesis 3, which was
likely facilitated by the intervention’s goal-directed focus.
Activate-CP in the context of FES-cycling literature

This doctoral thesis contributes substantially to the literature on FES interventions
for children with CP, as it is the first and only RCT to include FES-cycling as part of a
multi-modal intervention in this group [47]. The inclusion of FES-cycling in the Activate-
CP protocol was motivated by the lack of gross motor improvements reported following
interventions of stationary cycling alone [46, 54], and the promising effects reported in
emerging pilot studies and case series discussed in chapter 1 [60, 62, 81]. Major
limitations of previous FES-cycling studies for people with CP were small sample sizes,
weak study designs and poorly reported intervention parameters, making the studies
difficult to replicate [73, 81]. The Activate-CP FES-cycling protocol was therefore
informed by a combination of FES-cycling feasibility studies [60, 62] and stationary
cycling protocols that did not include FES [30, 114]. The multi-modal therapy approach
of Activate-CP makes it difficult to determine the extent to which the FES-cycling
contributed to the overall improvements in goal performance and gross motor function,
however it formed a major and important part of the intervention and must be discussed
in the context of existing literature.

An important observation from Activate-CP was the large variability in tolerance
to electrical stimulation among participants. These observations, reported both
quantitatively in chapter 4 and qualitatively in chapter 6, corroborate the findings from
earlier studies on FES applications for children with CP [60, 67, 81, 128]. Some
participants in Activate-CP were unable to tolerate a level of stimulation that was high
enough to elicit a motor response; referred to as ‘motor-level stimulation’. Most
participants tolerated motor-level stimulation during initial testing, although some were

unable to sustain these levels of stimulation during subsequent training sessions,
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suggesting that the stimulation may have been less tolerable when applied over longer
durations. As Harrington [60, 62] reported, the application of FES in individuals with CP
is distinctly different from its traditional applications in the spinal cord injured
population, as children with CP are sensate and can contribute volitional, albeit
inefficient, effort when cycling [60]. Additionally, the level of electrical stimulation
tolerated by individuals with CP in non-cycling studies is thought to be influenced by
factors other than level of sensation, such as personal preference and motivation [67].

Harrington [60] aimed to determine the optimal FES parameters to produce
maximum cycling performance in adolescents with CP while cycling on a customised
ergometer [60]. In a sample of 11 children with CP (GMFCS 11-1V; mean age 13.1 + 2.4
years) and using a fixed amplitude of 40mA and frequency of 50Hz, the pulse-width
required to achieve sensory-level stimulation (tingling sensation only) on the quadriceps
muscles ranged between 20us and 60ps [60]. The range of pulse-widths required to elicit
a motor response ranged from 62us to 325us, indicating even greater variability in
participant’s response to stimulation [60]. Harrington [60] was unable to detect significant
differences in cycling power output when participants cycled with sensory vs motor level
stimulation, however did report a trend toward improved cycling performance in the
motor-level condition. The instantaneous responses to FES reported by Harrington [60]
may not reflect participant’s response to FES over the course of a training session or an
intervention such as Activate-CP. An additional consideration is that participants in
Activate-CP received stimulation to more than one muscle group, which may have led to
a reduced tolerance when all muscles were stimulated simultaneously.

Others have proposed benefits of sensory-level stimulation when coupled with
active movement in children with CP, suggesting that the tingling sensation caused by
electrical stimulation may provide feedback to help children localise the appropriate

muscles for contraction during exercise [205, 206]. The qualitative evaluation presented
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in chapter 6 provided support for this theory, with one participant reporting that the
stimulation helped them to maintain a reciprocal cycling pattern that was like riding on
her adapted bike. An interesting observation from the systematic review of FES
interventions discussed in chapter 1 [47] was that most studies reported muscle
contractions that were palpable, but not visible or strong enough to move the associated
joint [74]. The review concluded that FES interventions were more effective than no-FES
intervention, suggesting that there may be benefits to training with FES regardless of
whether visible or strong muscle contractions are achieved. Although there was
variability in the level of tolerance to electrical stimulation in Activate-CP, there is
insufficient evidence to refute the potential benefits of sensory-level stimulation
combined with motor assisted cycling in children with CP.

In contrast to the customised ergometer described by Harrington [60], Activate-
CP used a commercially available FES-ergometer that was designed so that amplitude
(mA), rather than pulse-width, is easily adjusted from the user interface [171]. As such,
frequency and pulse-width were set at a constant level, and amplitude was adjusted based
on tolerance. Interestingly, participants had a higher tolerance for electrical stimulation
in larger muscle groups such as the quadriceps and hamstrings compared to smaller
muscles, such as the tibialis anterior. Stimulation frequency was set between 40-50Hz
based on the theory that 50Hz falls close to the plateau phase of the force-frequency curve,
resulting in a more efficient muscle contraction [60, 149, 171]. The limitation of this
approach is that it does not account for other factors that influence a muscles response to
electrical stimulation, such as its size, amount of adipose tissue and baseline muscle
strength [67]. The clinical use of FES in children with CP is further complicated by the
large spectrum of muscle impairments, levels of volitional muscle control, sensation and
level of cognition [67]. Although the selection of FES parameters aligned with earlier

studies that have used commercially available FES-ergometers [73, 207], participant’s
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tolerance to stimulation may have been improved if greater adjustments were made to
pulse-width or frequency for participants who did not tolerate the pre-set parameters [67].
A greater focus should be placed on adjusting these parameters to improve tolerance in
future trials, particularly for younger children and smaller muscle groups.

The Activate-CP protocol included an optional familiarisation session to allow
participants to become comfortable using the FES-cycling equipment. This
familiarisation session was not consistently utilised by participants, although it was
requested by 5 families who had no experience with FES or FES-cycling. From the point
of view of the therapist, the anecdotal benefits of the familiarisation sessions were that
they allowed the therapist to introduce the concept of FES-cycling in a practical and non-
threatening way; allowing opportunities for participants to touch and feel the bike and
electrode pads and experience the unusual tingling sensation of electrical stimulation.
Previous researchers have recommended that multiple familiarisation sessions be
provided for first-time FES users, as it may take several sessions to build up tolerance to
motor-level stimulation [60, 67]. Additionally, Bosques, Martin and Sadowsky [67]
outline the importance of using developmentally appropriate language when introducing
FES to children to facilitate understanding and reduce anxieties around receiving
electrical stimulation. Although it was not included in the study protocol, social stories
were utilised for some participants in Activate-CP who had additional diagnoses such as
autism spectrum disorder (Appendix F). Social stories have wide applications for children
with developmental conditions and are used to present information in an individualised
and context-specific way [208]. Where possible, future researchers should consider
incorporating multiple familiarisation sessions into FES-cycling study protocols and
consider creative methods to explain FES to children in ways that are appropriate for their

developmental age and stage [55, 67].
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The motor support provided by the FES cycle ergometer in Activate-CP may have
helped participants to sustain higher intensities of exercise for longer durations,
contributing to functional improvements. The decision to utilise motor support during
FES-cycling training in Activate-CP was informed, in part, by the systematic review of
cycling studies reported in chapter 2 [47]. The two school-based stationary cycling studies
included in the systematic review and discussed earlier in this chapter [30, 114] specified
that non-ambulant participants (GMFCS 1V/V) must be able to self-pedal on the
stationary ergometer at study entry [30, 114]. This decision was likely made due to the
type of cycle ergometer that was available, however is problematic because children with
less severe motor impairments (GMFCS I-111) in the PEDALS study were unable to self-
propel at study entry [46, 54]. These children required physical support from an assistant
to turn the pedals and develop their pedalling capacity [46, 54]. Additionally, the
PEDALS study reported that ambulant children with CP had difficulties achieving or
sustaining target heart rates on the stationary bikes [46].

When designing the Activate-CP intervention, it was anticipated that children
with CP (particularly GMFCS 111/1V) would have difficulties pedalling without support
at study entry. This was found to be true for three participants in the intervention group,
who required motor support to pedal at the lowest possible resistance (0.5nM) at baseline
and became evident throughout training sessions when some participants relied on the
motor support to recover between sprint efforts. Similarly, motor support was a necessary
inclusion in the feasibility work completed by Harrington [60] on FES-cycling in
adolescents with CP (GMFCS 11-1V), as some participants were unable to overcome the
natural resistance of the crank arm without it [60, 62]. The contribution of motor support
during cycling sessions cannot be ruled out as an active ingredient, as it likely contributed
to children being able to achieve and sustain higher exercise intensities and in turn,

improve their pedalling capacity [60, 62]. The extent to which the motor support helped
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participants in Activate-CP to maintain higher exercise intensities was not investigated in
the current study but should be considered in future research.

Although conclusions could not be drawn about the contribution of individual
study elements to the study outcomes, this doctoral program contributed a new and
detailed FES-cycling protocol to the literature that can be replicated and tested in future
trials in isolation or as part of a multi-modal intervention. Additionally, it provides new
evidence to emphasise the importance of an individualised approach to FES-cycling in
children with CP.

7.3 Strengths, limitations, and future directions

This section will discuss important methodological strengths and limitations of
this doctoral research, to help contextualise the results and assist future researchers to
advance upon the research findings. Additionally, there are important clinical and
research implications of this research that must be discussed, in addition to new questions
and directions for future research that were uncovered in the process of addressing the
thesis aims.

Study design

Activate-CP is the first and only RCT to investigate the effects of a multi-modal
intervention of FES-cycling, adapted cycling and goal-directed training in children with
CP who are both ambulant and non-ambulant. The waitlist-controlled-trial study design
allowed for a more trustworthy and robust analysis compared to the existing FES-cycling
and stationary cycling literature, which was previously limited by non-randomised, pre-
post or case-series study designs and poorly reported intervention parameters [47, 81,
128]. Blinding of the GMFM assessor to group allocation and assessment time point was
a methodological strength, as it likely reduced the risk of observer bias that may have
otherwise inflated positive findings [209]. Assessment of the COPM however, was

facilitated by the unblinded primary therapist, as the COPM goals were used to both direct
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the content of the intervention as well as assess goal progress throughout the study. This
may be considered a limitation, however an understanding of the participants and their
individual contexts was deemed necessary to accurately complete this assessment. To
help minimise response bias, the participants and caregivers were blinded to their
previous COPM scores.
Trial registration and reporting

The systematic review and meta-analysis (chapter 2) and Activate-CP RCT were
both prospectively registered through reputable and internationally recognised online
registers. Additionally, a detailed RCT protocol was published in an open-access medical
journal (chapter 3) which will facilitate replication of the study methodology or
components of the protocol in future research. In particular, the detailed FES-cycling
parameters described in chapters 3 and 4, sample goal-directed exercise programs, and
the table of specific bike adaptations that were published as supplemental material
(chapter 3) allow for the intervention to be more closely replicated. These necessary and
important details are missing from earlier FES-cycling [81, 128], stationary cycling [47]
and goal-directed intervention studies in children with CP [38, 39]. The goal-directed and
individualised framework has many strengths, although an inherent limitation is that the
clinical reasoning process may vary between therapists who seek to replicate the study.
In a similar vein, features of the Activate-CP intervention that were found to facilitate
engagement, such as the therapist-child relationship, may be difficult to replicate in
different contexts and with different groups of people. These factors should be considered
carefully in future attempts to replicate the Activate-CP methodology.

The inclusion of the qualitative study arm was a methodological strength as it
captured the voices of participants and caregivers that are missing from earlier
intervention studies in children with CP [47]. Qualitative research methods, including

thematic analyses have been previously criticized for their perceived lack of rigour, due
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to poor reporting of methods [189]. The qualitative methodology reported in chapter 6
followed a systematic and rigorous approach [189]. A detailed and step-by-step account
of the study methods included as a supplementary table (chapter 6) in addition to detailed
records kept throughout the analysis collectively strengthen the ‘trustworthiness’ of the
study results and allow for easy replication of the study methods [190]. A limitation of
the qualitative research methodology was that it did not capture the perspectives of non-
verbal participants, who represented 20% of the RCT participants [29, 55]. In the
previously discussed Pedal Power study, Pickering and colleagues [55] employed creative
interviewing techniques such as puppetry, photos and drawings to facilitate the inclusion
of younger or non-verbal children. The inclusion of these techniques in future studies
should be strongly considered to ensure that all participants have the chance to share their
experiences.
Study site and participants

As discussed in chapters 4 and 5, a possible limitation of this research was that
the recruited sample size was less than the intended sample size of 34 participants.
Nonetheless, the treatment effects in Activate-CP were large compared to previous
cycling studies [47], and the sample size was sufficient to detect statistically significant
improvements on the primary outcomes. By comparison, the PEDALS study recruited a
much larger sample of 62 participants (31 per group) which should have been enough to
detect a moderate improvement in muscle strength (15% increase), with 80% power [46].
The PEDALS study remains the largest stationary cycling study in children with CP,
however between-group differences on the GMFM-66 were not detected, and the
treatment effect was small (ES=0.38). The Activate-CP sample size of 21 participants (11
in the intervention group) was considerably larger than all previous FES-cycling studies

in children with CP [62, 81, 83, 128] and on-par with other stationary cycling intervention
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studies [30, 50, 53, 113, 114]. Although the sample size was not large enough to detect
between-group differences on the secondary outcomes, as the effect sizes were smaller.
One of the greatest strengths of this research was the inclusion of children with
CP across a broad range of ages (6-18 years) and GMFCS levels (11-1V). Marginally
ambulant and non-ambulant children are often excluded from intervention studies due to
requirements for additional physical support, environmental accommodations and a lack
of outcome measures that are valid for use in non-ambulant populations [47]. Indeed,
Activate-CP proved to be a feasible and effective intervention to improve function and
goal-performance in non-ambulant children (GMFCS 1V). The exclusion of children
classified as GMFCS V was a limitation, although the decision was made based on the
pilot nature of the project and lack of time and resources available within the confines of
a PhD project to accommodate participants with more severe physical impairments. In
earlier studies, Bryant, Pountney, Williams and Edelman (2013) and Williams and
Pountney (2007) demonstrated that it is possible and feasible to include children classified
as GMFCS level V in school-based stationary cycling interventions, although they
excluded children who were unable to self-pedal on the stationary ergometer [30, 114].
The participants in both interventions were hoisted on and off a stationary bike that was
modified to provide additional trunk support to accommodate children with severely
reduced balance and trunk control [30, 114]. In contrast with these studies, Activate-CP
did not exclude children who were unable to self-pedal on the stationary ergometer, which
may have resulted in a sample that more accurately reflects the spectrum of abilities
within non-ambulant children with CP. The Activate-CP intervention framework is
theoretically appropriate for children with CP across all GMFCS levels as it is
individualised and goal-directed, although efficacy in GMFCS levels | and V remains to

be determined. Future studies employing the Activate-CP methodology should endeavour
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to evaluate the efficacy of the intervention in children with more severely impaired motor
function (GMFCS V).

Another strength of the Activate-CP methodology was the inclusion of children
with CP with associated conditions and diagnoses, which better emulates the wider
population of children with CP [180]. Interestingly, the incidence of intellectual
disability, behaviour disorders, visual impairments and speech difficulties in the recruited
participants was representative of the incidence of those conditions reported by the
Australian Cerebral Palsy Register [1]. Previous cycling studies in non-ambulant [30,
114] and ambulant children with CP [46, 52, 110], FES-cycling studies [60, 62] and goal-
directed intervention studies [41] excluded children with cognitive impairments or
conditions that were perceived to influence their ability to engage in the interventions.
The PEDALS study did include children with associated conditions, however excluded
children with behavioural challenges who were unable to maintain age appropriate
behaviour [46]. Children with associated behavioural and cognitive conditions were not
excluded from Activate-CP as the intervention framework allowed for substantial
modifications to be made to meet individual’s goals and needs [171]. An unexpected
consequence of random allocation, and possible limitation, was a higher incidence of
behavioural and intellectual disabilities in the intervention group compared to the control
group. Although not statistically significant, these differences were notable and may have
influenced the degree to which some participants responded or engaged in the program
compared to others. It was not possible to analyse the results based on additional
diagnoses due to the small sample size and insufficient power to detect such differences.
Future trials might consider stratifying by associated conditions during random
allocation, or recruiting a larger sample to allow for sub analyses to be performed on the

results.
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In the early phases of planning the Activate-CP protocol, it was intended that
participants would have the opportunity to train in pairs to increase opportunities for
social interactions and peer support and facilitate recruitment of a larger sample size.
Following pilot testing within the research team and a trial session of FES-cycling with a
child with CP (GMFCS 1V), it was decided that group training sessions would not be
feasible within the constraints this PhD project. The decision to exclude group training
sessions was made based on the time and personnel required to assist non-ambulant
children with transfers and functional exercises; time, space and personnel required to
set-up and pack down FES-cycling equipment for multiple children; and perceived
difficulties with aligning appointment times between families in the context of a rolling
recruitment style. Indeed, providing opportunities for peer interactions and group training
sessions is an important feature and strength of previous goal-directed training studies
[38-41] as it allowed children to experience a sense of relatedness and may have
contributed to feelings of self-competence [39, 40]. Incorporating opportunities to
complete FES-cycling sessions and/or adapted cycling practice with peers should
considered in future trials. Additionally, it would be useful to investigate any effects of
group training sessions on social and peer related participation constructs assessed in the
PEM-CY [166].

Intervention and follow-up duration

The qualitative evaluation in chapter 6 identified the therapist’s relationship with
participants as a major facilitator to participants’ engagement in the Activate-CP training
program. An important consideration was that the training was delivered by a doctoral
student in the context of a PhD, who may have been more motivated to engage and
support participants compared to therapist who was not invested in the PhD project.
Future researchers should consider appointing a team of standardised therapists to ensure

that the results are more generalisable in community settings.
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As discussed in chapter 3, a duration of 8-weeks was selected for the intervention
and follow-up periods as it was considered feasible in the context of a PhD timeline and
was long enough to detect functional improvements based on previous FES-cycling
studies [81, 128]. Exercise guidelines for children with CP specify that training programs
should last at least 8 weeks for aerobic exercise and at least 12 weeks for resistance-based
exercise [31]. Although shorter than the typical 12 week duration reported in previous
intervention studies [46, 52, 54, 130], three sessions per week for eight weeks was long
enough for participants to achieve clinically meaningful improvements in gross motor
function and goal performance in Activate-CP. Additionally, Activate-CP had larger
effect sizes compared to the PEDALS study [46], which was 12 weeks in duration and
similar effect sizes to the 6-week school-based cycling intervention by Bryant, Pountney,
Williams and Edelman [30].

The inclusion of an eight-week follow up period was considered a methodological
strength, as most previous cycling studies, including the well-designed PEDALS study,
did not include a follow-up period to investigate retention of effects [47]. A limitation
discussed briefly in chapter 5 was the lack of control group during the follow-up period.
This decision was made to improve feasibility of the study and facilitate study completion
within the PhD timeframe. Nonetheless, there were no significant detraining effects
reported within the 8-week follow-up period when pre-post data were analysed for the
entire cohort. Future studies should address these limitations by including a control group
during the follow-up period and extending the follow-up period to a duration of 12 weeks,
to more accurately capture any detraining effects following the intervention.

Combined therapy approach

Combined with the broader literature on FES-cycling and goal-directed training

approaches, the systematic review of cycling interventions played an important role in

informing the multi-modal therapy design of the Activate-CP program [47]. To align with
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a more holistic view of health and functioning that is supported by the broader literature
[26, 35, 210, 211], features of the Activate-CP intervention were purposefully chosen to
target improvements at each level of the ICF [6]. FES-cycling and functional exercises
were chosen for capacity building at the levels of body structures and functions; and
adapted cycling combined with context-specific practice of goal activities were
incorporated to improve activity performance and participation in goal-related activities
[171]. Additional and important features of the Activate-CP program that were chosen to
directly target improvements at the activity and participation levels of the ICF included:
a collaborative, family-centred goal-setting process; individually tailored training goals
and home exercise programs; opportunities for context-specific practice of adapted
cycling and goal activities; identification of relevant personal and environmental factors;
and collaborative problem solving through perceived barriers and facilitators [171].

The combination of FES-cycling, adapted cycling and goal-directed training was
built on a strong theoretical foundation within the ICF framework and was well-justified
in the study protocol [171]. Importantly, the multi-modal approach was considered
necessary to align with ‘real world” applications, as physiotherapy rarely employs a single
treatment modality to address the complex needs and goals of children with CP. The
obvious limitation of this multi-modal approach is that conclusions cannot be made about
the contribution of the individual intervention components, such as FES-cycling or
adapted cycling. Subsequently, there are some important questions that remain to be
answered.

Firstly, it remains unknown whether similar effects could be achieved using the
Activate-CP protocol without the application of FES during stationary cycling sessions.
The contribution of the motor support during FES-cycling sessions could not be ruled out
as an active ingredient in the training program and should be considered carefully in the

design of future stationary cycling interventions in non-ambulant children with CP.
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Secondly, the sample size was too small to perform post-hoc analyses to investigate
whether children who received motor-level stimulation achieved more favourable
outcomes compared to those who tolerated sensory-level stimulation. When considered
in the context of existing FES-cycling literature [60, 62], it was determined that more
research is required to investigate the clinical and functional benefits of cycling with
motor compared to sensory level stimulation in children with CP. The FES-cycling
protocol and parameters used in Activate-CP was well documented in the published
protocol, which will facilitate replication of the protocol for this purpose in future
research. Additional research in a larger group of participants is required to determine the
optimal FES parameters to achieve maximal improvements in cycling performance while
remaining tolerable for children with CP. As previously discussed, researchers who plan
to replicate the Activate-CP FES-cycling protocol should consider making further
adjustments to the stimulation frequency and pulse-width for children who do not respond
favourably to changes in amplitude.

Finally, it is not known whether similar improvements may be achieved using a
combination of adapted cycling and goal directed training, without inclusion of FES-
cycling training altogether. There is merit in exploring this research question, as the
clinical utility of Activate-CP would be greatly improved by removing the need for highly
specialised and expensive FES-powered ergometers. Further, it would reduce the time
required to set-up training sessions and make the program accessible to a wider group of
people with CP as it could be delivered in non-clinical settings. Alternatively, FES-
cycling sessions might be investigated as a temporary or ‘stepping-stone’ intervention to
increase children’s capacity to cycle outdoors on adapted bikes, which could be continued
over a longer duration in a community setting.

Although it was not possible to determine the effects of individual intervention

components, the Activate-CP treatment effects were larger compared to studies that
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included only stationary cycling [46, 54] or FES-cycling [60]. Activate-CP had greater
effects on gross motor function compared to: a 12 week RCT combining stationary
cycling and sit-to-stand exercises, lasting 40 minutes, three times per week (ES=0.31) and
the PEDALS study, consisting of stationary-cycling only for 60 minutes, three times per
week over 12 weeks (ES=0.38). Activate-CP also resulted in a larger treatment effect
compared to FES-cycling only studies, although these studies were limited to small pre-
post and case studies [81, 128].

Adapted bikes and considerations for future practice

The Activate-CP adapted bike loan library was a major facilitator to program
engagement reported by participants in chapter 6 and should be considered a
methodological strength. The decision to develop the bike loan library was initially based
on recommendations made by previous researchers who outlined important access
barriers related to participation in adapted cycling for children with CP [29, 55]. During
recruitment, it became apparent that a bike-loan library was necessary for the project to
be feasible, as 15 of the 21 study participants did not have access to an appropriate bike
at study entry.

It has been demonstrated in this thesis that ambulant and non-ambulant children
with CP are capable cyclists, although they face substantial access-related barriers to
community-based cycling. According to socio-ecological theories, accessibility is a key
environmental determinant for physical activity, including cycling for leisure or active
transport [212, 213]. The National Disability Strategy review that is due to occur in 2020
is a timely reminder for government bodies to reflect on progress that has been made in
each priority area, and more importantly, to identify new strategies to address ongoing
barriers to community access for people with disabilities; especially barriers relating to

infrastructure, policies and programs [88].
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Participant’s experiences of adapted cycling that were captured by the qualitative
evaluation and the additional information regarding adapted bikes provided as
supplementary tables (chapters 4 and 5) hold practical relevance for clinicians and
researchers who plan to implement adapted cycling programs in the future. The most
common reason for participants not engaging in adapted cycling prior to Activate-CP
(according to enrolment forms) was a lack of access to adapted bikes and associated
equipment. Access to appropriate bikes can be broken down further into access to funding
for adapted bikes and access to the physical equipment.

Adapted bikes are notoriously expensive, bulky and difficult to transport [29, 55].
To provide perspective, a good quality children’s bike for a typically developed child can
be purchased for less than $200 Australian dollars (AUD). By comparison, the cost of
adapted bikes and associated attachments purchased during Activate-CP (Appendix G)
ranged from $1000 to $5000 AUD. The requirement for modifications and adaptations
generally increases with the level of physical impairment; although even ambulant
children in Activate-CP required modifications to accommodate impaired balance,
cognition and asymmetries related to hemiplegia.

Within the current funding structure of the NDIS, adapted bikes, trikes and
associated attachments fall within the category of ‘assistive equipment for recreation’
which is not ordinarily funded under the existing operational guidelines [214]. To secure
funding for adapted bikes, families and clinicians must provide a convincing justification
and explicit evidence (including quotes) to demonstrate that the equipment is both
reasonable and necessary to achieve their recreation or sport goals [214]. This process is
complicated by factors such as a lack of published research on adapted cycling to support
applications, a lack of guidelines to assist clinicians to identify appropriate bikes and
attachments and a lack of access to trial equipment to determine suitability of bikes prior

to purchase. In addition to the purchase cost, families and clinicians must factor into the
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budget the time and technical resources required to source and modify the bike. It is
conceivable then, that families of children with CP who have cycling goals might find it
challenging to obtain funding for adapted bikes, particularly when funding must also be
secured for other priority areas such as vehicle modifications and power wheelchairs.
One of the many strengths of the Activate-CP bike loan library was that it
provided participants with opportunities to trial adapted bikes over several weeks to
determine suitability for long term use. Due to the customised nature of adapted bikes, it
can be challenging for families to locate trial equipment prior to purchase, which is
problematic given the significant purchase cost of adapted bikes. Opportunities to trial
adapted bikes are also important to optimise equipment set-up and minimise the risk of
injury from sustained and repetitive cycling using poorly adapted equipment [57]. Finally,
the loan library allowed participants to continue cycling while they sought funding for
their own equipment. In Activate-CP, the time taken for an experienced therapist to source
bikes and make necessary modifications ranged from a single day to six months. This
process may take longer for families or clinicians who are navigating the process for the
first time. Strong support for the bike loan library was provided by participants and
caregivers in the qualitative evaluation, which further emphasises the need for initiatives
like the adapted cycle hire facilities described in the Pedal Power study [29, 55, 56].
There is a clear need for new technological designs and practical solutions to
enhance the accessibility of cycling to people with disabilities in the community,
especially those with mobility limitations [215]. The group of participants who required
the greatest time to source and modify adapted bikes in Activate-CP were young teenagers
(GMFCS 1I/1V) who were unable to transfer safely onto upright trikes. Although
recumbent style bikes provide greater stability and are a preferred option for this group,
some teenagers were not tall enough to fit onto commercially available recumbent bikes

that were designed for adults. Creative adapted cycling designs have emerged in response
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to the lack of commercially available options for children with physical impairments,
however more work needs to be done to increase the accessibility and affordability of
such options [83, 215, 216].

A participation barrier that was reported in the Pedal Power study but not in the
Activate-CP study was the negative impact of cold weather and snow on adapted cycling
participation [29]. This finding has important implications for future studies that plan to
adopt the Activate-CP methodology, as Activate-CP was conducted in Queensland
Australia, where the weather is warm, and cycling is an appropriate recreational activity
year-round. Activate-CP may be less feasible in colder climates where cycling is
considered a seasonal activity [29].

Finally, more research and resources are required to bridge the gap between
capacity-building interventions such as Activate-CP and children’s long-term
participation in community-based cycling. Inclusive cycling clubs, school holiday cycling
camps and adapted cycling facilities have been described across a variety of countries and
settings for children with physical impairments [29, 55, 216, 217]. These programs tend
to be sporadic and are not readily accessible to the wider population of children with CP
in Australia. Future researchers should consider modifying the Activate-CP protocol to
allow for group training sessions in community-based settings, and incorporate outcome
measures to assess participation in community-based cycling beyond the intervention.
Additionally, future research should focus on developing links and partnerships with local
cycling clubs and organisations to encourage capacity building and resource sharing to
create more inclusive and sustainable cycling communities for young people with CP.
7.4 Conclusion

This doctoral thesis investigated the efficacy of Activate-CP to improve functional
outcomes and goal performance in children with CP who were marginally ambulant or

non-ambulant. The Activate-RCT remains the first and only RCT incorporating FES-
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cycling, adapted-cycling and goal directed training in children with CP. The training
program resulted in significant and clinically meaningful improvements in gross motor
function, goal performance and satisfaction, with treatment effects that were larger than
previous stationary cycling interventions. These findings supported the underlying
premise of the study that a multi-modal and goal directed approach should lead to
improvements in gross motor function regardless of ambulatory status. Improved motor
function and goal performance were not accompanied by improved activity capacity or
participation, although the qualitative results suggest that perceived improvements in
everyday function may not have been captured by the standardised outcome measures.
The strengths and limitations of this doctoral research have been discussed, including
clinical implications and directions for future research. Suggestions have been made to
refine and improve the Activate-CP methodology for future research projects and
translation into clinical practice. This research is relevant and important to children with
CP, their families, and therapists, and contributes substantially to the growing body of
literature on rehabilitative interventions for people with CP who are marginally ambulant

or non-ambulant.
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Appendix A: CHQ HHS Human Research Ethics Committee approval

CHILDREN’S HEALTH QUEENSLAND
HOSPITAL AND HEALTH SERVICE
HUMAN RESEARCH ETHICS COMMITTEE

Professor Alan Isles AM (Chair) 3069 7002
Mrs Amanda Smith (Co-ordinator) 3069 7002

Miss Ellen Armstrong

¢/ Dr Chris Carty

Clinical Gait Consultant

Centre for Children’s Health Research
Level 6, 62 Graham St

South Brisbane, QLD 4101

Dear Miss Armstrong,

HREC Reference number: HREC/17/QRCH/88

Queensland
Government

Level 7, Centre for Children’s Health Research

Lady Cilento Children’s Hospital Precinct
62 Graham Street, South Brisbane QLD 4101
Telephane (07) 3069 7002

1

4" June 2017

Project title: ACTIVATE-CP: Randomized controlled trial of Functional Electrical Stimulation (FES)
powered cycling and functional outcomes of children with cerebral palsy who are non-ambulant or use

walking aids to mobilize,

Many thanks for your letter received 12" June with responses to queries raised by the Committee in relation

to the above project. This has now been reviewed.

I am pleased to advise the proposal meets the requirements of the National Statement on Ethical Conduct in
Human Research’(2007) and the Committee is happy to give approval. This HREC is constituted and operates in
accordance with the National Health and Medical Research Council’s (NHMRC) National Statement on Ethical
Conduct in Human Research (2007), and all subsequent updates, the Australian Code for the Responsible
Conduct of Research (2007) and the CPMP/ICH Note for Guidance on Good Clinical Practice.

This project has Ethics approval for the following sites:

. Lady Cilento Children’s Hospital, Brisbane

Note: If additional sites are engaged prior to the commencement of, or during the research project, the
Coordinating Principal Investigator is required to notify the HREC. Notification of withdrawn sites should

also be provided to the HREC in a timely fashion.

The documents reviewed and approved include:

Document Version Date

Cover Letter 1 24 April 2017
Application AU/1/236D26

CP QOL Cerebral Palsy Quality of Life (9-12 years)

EQOL Cerebral Palsy Quality of Life (Adolescent Self Report)

CP QOL Cerebral Palsy Quality of Life (4-12 years)

Usual Care Record 1.0 23 April 2017
Daily Physical Activity Log 1.0 22 April 2017
GMFM-66 score sheet. Highlighted items are from GMFM-66 only 24 April 2013

approval 140617
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Canadian Occupational Performance Measure

Response to Request for Further Information 12 June 2017
Study Flyer 2.0 09 June 2017
RT300 Equipment Set-Up Form 1.0 27 April 2017
Protocol 2 31 May 2017
Parent/Guardian Information Statement 2 9 June 2017
Child/Adolescent Information Sheet 2 09 June 2017
Parent/Guardian Consent 2 07 June 2017
Child/Adolescent Consent 2 07 June 2017
Participant Details 2 07 June 2017
Physical Activity Readiness & Safety Assessment for Children 2 07 June 2017
Participant Progress Notes 01 27 April 2017
Please note the following conditions of approval:

L. We require an annual progress report (or sooner if the project is completed) concerning the study. This must

include progress to date or outcome in the case of completed research. Ethics approval is for 3 years from date of
this letter. (In accordance with National Statement 5.5.3)

2. In accordance with the National Statement (3.3.12), before beginning the clinical phase of the research,
researchers should register clinical trials in a publicly accessible domain,

3. Please note if identifiable or potentially re-identifiable data for this research project is to be accessed without the
written consent of the person to whom the data relates an application for disclosure of this data must be made
under the Public Health Act. Further information regarding the Public Health Act is available via this link:
http://www.health.qld.gov.au/ohmr/html/regu/aces conf hth_info.asp

4. If the project does not proceed, the Committee must be informed as soon as possible. (In accordance with
National Statement 5.5.6)

5. The Committee must be informed of any potential or realised problem with bioethical implications, if such occurs
during the conduct of the research project.

6. Any serious adverse event (SAE) that arises in the context of this research, or involving a researcher
conducting this research, must be reported to the Ethics Committee within 72 hours and reported to the sponsor
(if applicable) within the stipulated time frame.

Serious Adverse Event Reports that are generated off-site may be (a) Serious Unexpected Adverse Reactions
or (b) Serious Events which the Research Team believes cannot be related to the research intervention. The
Research team must report incidents of (a) during multi-centre trials. Such are required to be submitted to the
Chair of HREC on receipt by the researcher. A summary of the SAE reports is to accompany the submission.
Information required includes; patient details (age & sex), adverse event, outcome and the likelihood of the
event being related to the study drug/device/procedure.

With respect to all SARLs, the researcher must provide his or her opinion as to whether the SAE is
directly related to the research intervention. A copy of the SAE Summary must be provided. (This can
be obtained from the Ethics Officer)

7. Amendments to the research project which may affect the ongoing ethical acceptability of a project must be
submitted to the HREC for review, Major amendments should be reflected in a revised online NEAF (accompanied
by all relevant updated documentation and a cover letter from the principal investigator, providing a brief
description of the changes, the rationale for the changes, and their implications for the ongoing conduct of the
study). Hard copies of the revised NEAF, the cover letter and all relevant updated documents with tracked changes
must also be submitted to the HREC and the RGO as per standard HREC/RGO SOP.

approval 140617
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8. The Ethics Committee may conduct a randomly identified audit of a proportion of research projects approved by
the Committee. That audit process will look at such issues as;

a. Security of Documents
b. Consent Form Register
c. Serious Adverse Events Register
d. Withdrawal of Participants — who and why
€. The de-identification of data
9. Ethical approval to undertake this research project is given on the understanding that you have an intention to

publish your findings in a refereed journal or similar peer-reviewed forum. If you do not have this intention, it is
an absolute requirement that you notify the Ethics Committee formally. In this latter instance, approval for this
research is not given at this time; and will require further negotiation. Your work must be in accordance with the

following:
. National Statement on Ethical Conduct in Human Research:
https://www.nhmre.gov.au/guidelines/publications/e72
. Queensland Health Management Research Policy:
http://www.health.qld.gov.au/ohmr/html/regu/resrch_mge_policv.asp
. Declaration of Helsinki:
http://www.wma.net/en/30publications/l10policies/b3/17¢.pdf
. Guidelines under Section 95 of the Privacy Act1995 and Guidelines approved under Section 954 of the
Privacy Act 1995.
http://www.health.qld.gov.au/ohmr/html/regu/aces conf hth info.asp
. Queensland Health Privacy Guidelines 1542 & IS42A4:
lttp:www. hrealth. gld. gov.au/privacy/1542A.asp
10. Researchers should note, if not QLD Health employees, a Blue Card may be required for contact with children.
I1. The Researcher must send the ‘Notification of Commencement of Research Protocol’ as soon as research

begins, Status of the project will remain as ‘Not Started’ until this form is received.

Should you have any queries about the HREC’s consideration of your project please contact Mrs Amanda
Smith (Co-ordinator) or Professor Alan Isles (Chairperson). The HREC terms of Reference, Standard
Operating Procedures, membership and standard forms are available from:
http://www.health.gld.gov.au/ohmr/html/regu/regu_home,asp

You are reminded that this letter constitutes ethical approval only. This project cannot proceed at any
site until separate research governance authorisation has been obtained from the CEO or Delegate of the
institution under whose auspices the research will be conducted at that site.

The HREC wishes you every success in your research.

Yours sincerely,

Professor Alan Isles AM

Chair

Children’s Health Queensland
Hospital and Health Service
Human Research Ethics Committee

Ce: Ethics Committee Files
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Appendix B: CHQ HHS Research Governance site specific approval

CHILDREN'S HEALTH QUEENSLAND
HOSPITAL AND HEALTH SERVICE
RESEARCH GOVERNANCE

Queensland
Government
Enquiries to:  CHQ Research Governance
Phone: 07 3069 7003
Email: CHQ_RGO@health.gld.gov.au
SSA Ref: SSA/T/IQRCH/M45
Dated: 17" October 2017
Miss Ellen Armstrong
Level 6
62 Graham St
South Brishane,
QLD 4101
Dear Miss Armstrong
HREC reference number: HREC/M7/QRCH/88
SSA reference number: SSA/17/QRCHM45
Project title: The effects of a training program of Functional Electrical Stimulation

(FES) powered cycling, recreational cycling and sit-to-stand transfer
training on children with moderate cerebral palsy — a randomized

controlled trial.

The above mentioned research project has successfully received authorisation following review in October

2017 for the study to take place at the following site:

CHLIDREN'S HEALTH QUEENSLAND HOSPITAL AND HEALTH SERVICE

Please be advised of the allocated Human Research Ethics Committee (HREC) and SSA reference for your
study and quote them when communicating with our office for study identification purposes.

Ethics approval for this project was granted on 14 June 2017 by Children’s Health Queensland Hospital and
Health Service HREC under streamiined ethical review. A list of approved documents is contained in your

HREC approval letter.

In addition, the following site specific documents have been reviewed and authorised:

Document o Lene Version Date: i
Site Specific Assessment (AU/3/27EE29 27 June 2017
Multi-Party Research Collaboration Agreement: CHQHHS
Srr:lf\flltta?sl;:g ’g\? g’:}ééns!and ; Date of Last Signature
Queensland University of Technology
Protocol 2 31 May 2017
CHQ HREC Approval Letter 14 June 2017

Cont:
Office Phone Email
CHQ Research Directorate (07) 3069 7003 CHQ_RGO@health.qld.gov.au

Level 7, Centre for Children’s Health Research
Lady Cilento Children's Hospital,
62 Graham Street, South Brisbane QLD 4101 Australia
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Documents: i 2 i e ersion i Date
Parent/Guardian Information Statement 2 9 June 2017
Child/Adolescent Information Sheet 2 08 June 2017
Parent/Guardian Consent 2 07 June 2017
Child/Adolescent Consent 2 07 June 2017
2 07 June 2017

Participant Details

CHQ RGO Notes

CP QOL Cerebral Palsy Quality of Life (9-12 years)

CP QOL Cerebral Palsy Quality of Life (Adolescent Self Report)
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Usual Care Record 1.0 23 April 2017
Daily Physical Activity Log 1.0 22 April 2017
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waaw. grifiith.edu.au

To Whom It May Concern

Human Research Ethics Approval
“ACTIVATE-CP: The effects of a training program of Functional Electrical Stimulation (FES)
powered cycling, recreational cycling and sit-to-stand transfer training on children with
moderate cerebral palsy - a randomized controlled trial protocol..”
[Ref: 2018/037)
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Appendix D: Permission to reproduce figures 1.1 and 1.2

Fig 1.1: The International Classification of Functioning, Disability and Health (ICF)
model

Fig 1.2: Structure of the International Classification of Functioning, Disability and
Health.

Dear Ms Armstrong

Thank you for your request for permission to reproduce, reprint or translate certain
WHO copyrighted material.

On behalf of the World Health Organization, we are pleased to authorize your request to
reproduce the WHO materials as detailed in the form below, subject to the terms and
conditions of the non-exclusive licence below.

If you have questions regarding this authorization, please contact permissions@who.int.
We thank you for your interest in WHO published materials.

Kind regards,
WHO Permissions team

WORLD HEALTH ORGANIZATION (WHO)

Non-exclusive licence to use selected WHO published materials

You submitted a request, through WHO’s online platform, for permission to reprint and
reproduce certain WHO copyrighted material (the "Licensed Materials™). This is a legal
agreement (the "Agreement") between you and WHO, granting you a licence to use the
Licensed Materials subject to the terms and conditions herein.

Read this Agreement in its entirety before using the Licensed Materials.

By using the Licensed Materials, you enter into, and agree to be bound by, this
Agreement.

This licence is granted only for original materials belonging to WHO. If any part
of the WHO published materials you wish to reproduce are credited by WHO to a
source other than WHO, those materials are not covered by this Agreement and
are not part of the Licensed Materials. You are responsible for determining if this
Is the case, and if so, you are responsible for obtaining any necessary permission
from the source of those third-party materials prior to their use.

If you enter into this Agreement on behalf of an organization, by using the Licensed
Materials you confirm (represent and warrant) that you are authorized by your
organization to enter into this Agreement on the organization’s behalf. In such a case,
the terms "you™ and "your™ in this Agreement refer to, and this Agreement applies to,
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the organization.

WHO grants this licence to you based on the representations and warranties you
made in the licence request you submitted through WHO’s online platform. If any
of those representations and/or warranties are or become false or inaccurate, this
licence agreement shall automatically terminate with immediate effect, without
prejudice to any other remedies which WHO may have.

If you have questions regarding this Agreement, please contact permissions@who.int.

1. Licence. Subject to the terms and Conditions of this Agreement, WHO grants to you
a worldwide, royalty free, non-transferable, non-sublicensable, non-exclusive licence to
use, reproduce, publish, and display the Licensed Materials in the manner and using the
media indicated in the Permissions Request Form you submitted to WHO (the
"Licensed Use™). This licence is limited to the current edition of your publication.
Future editions or a different use of the Licensed Materials will require additional
permission from WHO. If your request includes translation into different languages,
then non-exclusive permission is hereby granted to translate the Licensed Materials into
the languages indicated.

2. Retained Rights. Copyright in the Licensed Materials remains vested in WHO, and
WHO retains all rights not specifically granted under this Agreement.

3. Mandatory Acknowledgement. In every instance of the Licensed Use, you must make
suitable acknowledgement of WHO, either as a footnote or in a reference list at the end
of your publication, as follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article /
title of chapter, Pages No., Copyright (Year)."

In addition, If the Licensed Materials originate from the WHO web site, you must also
include the URL reference and the date accessed.

Translations of the Licensed Materials should be attributed as follows:

"Translated with permission of the publisher from Publication title, Vol /edition
number, Author(s), Title of article / title of chapter, Pages No., Year."

4. Altering or Modifying the Licensed Materials. As part of the Licensed Use, you may
minimally alter or adapt figures and tables in the Licensed Materials to match the style
of your publication. Any other alteration or modification of the Licensed Materials
(including abbreviations, additions, or deletions) may be made only with the prior
written authorization of WHO.

5. Appropriate and Prohibited Uses. You must use the Licensed Materials in a factual
and appropriate context. You may not use the Licensed Materials in association with
any product marketing, promotional, or commercial activities, including, without
limitation, in advertisements, product brochures, company-sponsored web sites, annual
reports, or other non-educational publications or distributions.
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6. No WHO endorsement. You shall not state or imply that WHO endorses or is
affiliated with your publication or the Licensed Use, or that WHO endorses any entity,
organization, company, or product.

7. No use of the WHO logo. In no case shall you use the WHO name or emblem, or any
abbreviation thereof. Notwithstanding the foregoing, if the WHO name and/or emblem
appear as an integral part of the Licensed Materials (e.g. on a map) you may use the
name and/or emblem in your use of the License Materials, provided the name and/or
logo is not used separately from the Licensed Materials.

8. No Warranties by WHO. All reasonable precautions have been taken by WHO to
verify the information contained in the Licensed Materials. However, WHO provides
the Licensed Materials to you without warranty of any kind, either expressed or implied,
and you are entirely responsible for your use of the Licensed Materials. In no event shall
WHO be liable for damages arising from your use of the Licensed Materials.

9. Your Indemnification of WHO. You agree to indemnify WHO for, and hold WHO
harmless against, any claim for damages, losses, and/or any costs, including attorneys'
fees, arising in any manner whatsoever from your use of the Licensed Materials or for
your breach of any of the terms of this Agreement.

10. Termination. The licence and the rights granted under this Agreement shall
terminate automatically upon any breach by you of the terms of this Agreement.
Further, WHO may terminate this licence at any time with immediate effect for any
reason by written notice to you.

11. Entire Agreement, Amendment. This Agreement is the entire agreement between

you and WHO with respect to its subject matter. WHO is not bound by any additional
terms that may appear in any communication from you. This Agreement may only be
amended by mutual written agreement of you and WHO.

12. Headings. Paragraph headings in this Agreement are for reference only.

13. Dispute resolution. Any dispute relating to the interpretation or application of this
Agreement shall, unless amicably settled, be subject to conciliation. In the event of
failure of the latter, the dispute shall be settled by arbitration. The arbitration shall be
conducted in accordance with the modalities to be agreed upon by the parties or, in the
absence of agreement, with the rules of arbitration of the International Chamber of
Commerce. The parties shall accept the arbitral award as final.

14. Privileges and immunities. Nothing in or relating to this Agreement shall be deemed
a waiver of any of the privileges and immunities enjoyed by WHO under national or
international law and/or as submitting WHO to any national court jurisdiction.

**k*

DataCol Web: Form for requesting permission to reproduce, reprint or translate WHO
copyrighted material

ID: 349241
Section: Contact details

* Title: Ms; First name: Ellen; Family name: Armstrong
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* Address: Level 6, Center for Children's Health Research
62 Graham Street
South Brisbane, QLD, Australia 4101

* Email: ellen.armstrong@griffithuni.edu.au

Section: Information about WHO material to be reproduced

* Full title of WHO material requested: International Classification of
Functioning,Disability and Health - Child and Youth Version

* Website URL where WHO material is published:
https://apps.who.int/iris/bitstream/handle/10665/43737/9789241547321_eng.pdf?seque
nce=1&isAllowed=y

* For each item selected, provide a reference and page number. If entire document,
please state "Entire document".

Fig. 1: Interactions between ICF components (Section 5.1, page 17)

Fig. 2: Structure of the ICF (Annexes, page 231)

Section: Information about the reuse

* Please provide information on where WHO's material will be used: The figures will
be used in the introductory section to a doctoral dissertation/thesis which has referred to
the ICF framework as a conceptual model. The dissertation will be submitted online
through Griffith University.

* How are you planning to distribute your material and to whom?
* The doctoral dissertation will be submitted online to Griffith University in fulfilment
of the requirements of the degree of Doctor of Philosophy
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* What is your planned publication or distribution date?: July 2020

* Correct WHO URL:
https://apps.who.int/iris/bitstream/handle/10665/43737/9789241547321_eng.pdf?seque
nce=1&isAllowed=y

Section: Terms and conditions

* By submitting this request you confirm that you will abide by the terms and
conditions if WHO grants you permission. * | have read and agree with the terms and
conditions

Click the following link to access a format view of this record:
http://apps.who.int/datacol/survey.asp?survey id=258&respondent_id=349241

This email was automatically sent to you by the WHO Intranet Data Collector.

The DataCol can send emails to accounts specified by the Form focalpoint.
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Abstract
Aim: To investigate whether activity-monitors and machine learning models could
provide accurate information about physical activity performed by children and
adolescents with cerebral palsy (CP) who use mobility aids for ambulation.
Method: Eleven participants (mean age 11y [SD 3y]; six females, five males) classified
in Gross Motor Function Classification System (GMFCS) levels Ill and IV, completed
six physical activity trials wearing a tri-axial accelerometer on the wrist, hip, and thigh.
Trials included supine rest, upper-limb task, walking, wheelchair propulsion, and cycling.
Three supervised learning algorithms (decision tree, support vector machine [SVM],
random forest) were trained on features in the raw-acceleration signal. Model-
performance was evaluated using leave-one-subject-out cross-validation accuracy.
Results: Cross-validation accuracy for the single-placement models ranged from 59% to
79%, with the best performance achieved by the random forest wrist model (79%).
Combining features from two or more accelerometer placements significantly improved
classification accuracy. The random forest wrist and hip model achieved an overall
accuracy of 92%, while the SVM wrrist, hip, and thigh model achieved an overall accuracy
of 90%.
Interpretation: Models trained on features in the raw-acceleration signal may provide
accurate recognition of clinically relevant physical activity behaviours in children and
adolescents with CP who use mobility aids for ambulation in a controlled setting.
What this paper adds:

e Machine learning may assist clinicians in evaluating the efficacy of surgical and

therapy-based interventions.
e Machine learning may help researchers better understand the short- and long-term

benefits of physical activity for children with more severe motor impairments.
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Introduction
Children with cerebral palsy (CP) tend to engage in less physical activity than their
typically developing peers, which can negatively influence their musculoskeletal
development, and predispose them to lifestyle related conditions such as obesity and
cardiovascular disease.r™ Generally, physical activity participation is higher among
ambulant children with CP, and declines as Gross Motor Function Classification System
(GMFCS) level increases.* In particular, children classified in GMFCS levels 111 and 1V
have been reported to be at an increased risk of experiencing a clinically significant
functional decline with age, as measured by the 66-item version of the Gross Motor
Function Measure.* Consequently, therapeutic interventions for these children, who
ambulate using a mobility device, often target increased levels of physical activity.>”’
Accurate measurement of physical activity levels in these children is therefore important,
as it can guide therapist treatment selection, progression, and establish treatment efficacy.
Accelerometers are widely accepted as the best method to objectively measure
physical activity in children across both typically developing and CP populations.®
Traditionally, intensity-based thresholds known as ‘cut-points’ have been used to
categorize pre-processed accelerometer data (activity counts) as sedentary, light physical
activity, or moderate-to-vigorous physical activity.®° Cut-point thresholds are identified
by collecting energy expenditure, using indirect calorimetry, and accelerometer data
concurrently during standardized activity trials. However, such trials typically involve
walking at various speeds; an activity which precludes the participation of those in
GMFCS level 1V and minimizes the participation of participants in GMFCS level 1ll. To
date, a number of studies have derived CP-specific cut-points!®* and this has
subsequently enabled researchers to gain broad insight into the physical activity
behaviours of children with CP. However, the cut-point method has several limitations as

evidenced by the considerable variation in published intensity-related cut-point
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thresholds between different authors and research groups, particularly when applied to
participants with more severe motor impairments.*> CP-specific cut-point thresholds were
initially developed across the spectrum of GMFCS levels as a ‘one size fits all’
approach.® These broad cut-points have been shown to misclassify the intensity of 40%
of light physical activity trials and 30% of moderate-to-vigorous physical activity trials
in participants in GMFCS level 111.1* Substantial improvements have been reported with
the development of GMFCS level specific cut-points though misclassification rates were
still high when investigating a GMFCS level 11l population (11-17% and 10-11% for
light physical activity and moderate-to-vigorous physical activity respectively).}* A
further limitation to this methodology is that cut-point methods do not consider physical
activity type, and therefore has shortcomings when evaluating intervention efficacy.
Identifying which types of physical activities have increased or decreased after
intervention may provide the clinician with a more objective view of patients’ habitual
physical activities. Consequently, there is a clear need to explore alternative methods
when investigating children with CP with more severe motor impairments such as those
classified in GMFCS levels Il and IV.

Pattern recognition methodologies, such as machine learning approaches, have the
potential to improve the accuracy of habitual physical activity assessments in children
with CP.16 Machine learning involves the extraction of informative features from data and
entering them into statistical algorithms which model underlying relationships in order to
make predictions. Among typically developing children, machine learning algorithms
such as random forest, support vector machine (SVM), and logistic regression have been
used to process data from wearable sensors, providing accurate predictions of physical
activity type and measurements of physical activity intensity, with accuracy ranging from
78% to 91%.%1617 Comparable prediction accuracies were reported in a recent study of

children with CP.'® Features from a single accelerometer at the hip and wrist achieved
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83% to 86% and 76% to 83% accuracy classifying activity type. When features from these
two placements were combined, further improvements in classification accuracy were
observed (86-89%). Although this study demonstrated that machine learning approaches
were feasible and had the capacity to advance the measurement of physical activity in
children with CP, it included very few participants in GMFCS level 11l and none in
GMEFCS level IV. As such, there are no methods available for this patient group and hence
measures of physical activity that are validated for other groups may be inaccurate. To
our knowledge, no previous study has evaluated the validity of machine learning methods
to classify physical activity type in children and adolescents with CP, in GMFCS level
IV. Filling this gap is a critical step towards individualizing therapies to the specific needs
of this patient group (children with CP, in GMFCS levels Il and 1V), particularly in the
context of important activities of daily living such as transfers (e.g. from wheelchair to
bed, sitting to standing in a walking frame), wheelchair use, and upper-limb activity.
The purpose of this study was to develop and test machine learning algorithms to
classify physical activity type in children with CP with more severe motor impairments
(GMFCS levels 111 and V). To determine the effects of accelerometer placement on the
accuracy of predictions of physical activity type, we compared models trained on
accelerometer data collected on the wrist, hip, thigh, and all two- and three-placement
combinations. We hypothesized that data from single accelerometers worn on the hip,
thigh, and wrist could classify activity type, and that a combination of data from multiple
accelerometers would significantly improve classification accuracy.
Methods
Participants
Children and adolescents with CP who were enrolled in an intervention study*® at the
Queensland Children’s Hospital were invited to participate in this methodological study.

Participants were included if they: (1) had a confirmed diagnosis of CP; (2) were
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classified in GMFCS levels 111 or 1V; (3) were aged 6 to 18 years; (4) used a mobility aid
for ambulation; (5) had adequate cognition and attention to follow instructions.
Participants were excluded if they had: (1) a recent musculoskeletal injury; (2)
orthopaedic surgery within the previous 12 months and did not have medical clearance to
participate; (3) uncontrolled epilepsy; (4) cardiac condition; (5) uncontrolled asthma.
Written informed consent was obtained from parents and/or guardians and assent from
participants if they were 12 years or older. Ethical approval was obtained from Griffith
University (2018/037) and the Children’s Health Queensland Hospital and Health Service
Human Research Ethics Committee (HREC/17/QRCH/88).

Data collection

The study design included six standardized activity trials. Participants completed activity
trials while wearing ActiGraph GT3X+ tri-axial accelerometers (ActiGraph Corporation,
Pensacola, FL, USA) placed dorsally on the wrist over the capitate bone, on the hip
superior to the iliac crest in the mid-axillary line, and anteriorly on the mid-thigh. All
accelerometers were fixed using either adhesive tape or an elastic belt and were placed
on the participant’s least affected side.® If the participant did not have a least affected
side, then the accelerometers were placed on their dominant side (i.e. the side used to
colour or throw). Activity trials were completed in a single 60- to 90-minute session and
comprised the following activities: (1) supine rest, (2) colouring, (3) ball throwing and
catching, (4) overground walking with a mobility aid, (5) wheelchair propulsion, and (6)
cycling on a modified tricycle. Descriptions for each activity are detailed in Table 1. The
walking, wheelchair propulsion, and cycling activity trials were conducted in a 30m
hallway, with cones demarcating the turning points. Participants were encouraged to
complete the activities as they usually would at home or school, including the use of their
usual mobility aids or assistive devices. Activity trials were 5 minutes in duration and

were selected to simulate repetitive activities, typical of children who use walkers and/or
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wheelchairs. All activities were completed under the direct observation of two
investigators, and video footage of activity trials was also collected. Participants were not
required to attempt activity trials that were not applicable to them (e.g. a child who
ambulated with a walker was not required to perform wheelchair propulsion and vice
versa).

Data pre-processing and feature extraction

A sampling frequency of 30Hz was used to measure raw-accelerations in the vertical,
medial-lateral, and anterior-posterior planes. Each activity trial was timestamped so that
the relevant 5 minutes could be identified, from which the first and final minutes were
removed. The purpose of this was to be able to process the acceleration signal for the
middle 3 minutes of continuous activity. The acceleration signal from each axis was

transformed into a single dimension vector magnitude using the equation:

=V( 2+ 2+ 2)

A total of 40 features, shown to be beneficial in previous activity recognition studies
involving typically developing children and children with CP, were extracted from the
vector magnitude over 5 second non-overlapping windows.'”8 The selected time domain
features were as follows: mean, standard deviation, coefficient of variation, centiles (10th,
25th, 50th, 75th, 90th), skewness, kurtosis, maximum, minimum, peak to peak, median
crossings, zero crossings, sum, mean absolute deviation, power, lag-1 autocorrelation, log
energy, interquartile range, cross-axis correlations (yz, yx, xz), as well as four activity
fragmentation features, which are described elsewhere.!’” The selected frequency domain
features included dominant frequency between 0.25Hz to 5Hz and dominant frequency
magnitude between 0.25Hz to 5Hz. Selected angular/rotation features (orientation
measurements of the accelerometer) included mean tilt, roll, and pitch.

Model training and cross-validation
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Three supervised learning algorithms were used to develop the activity classification
models: decision tree, random forest, and SVM. Detailed descriptions of these algorithms
can be found elsewhere.?-?2 The random forest models were built with 500 trees and the
number of features randomly sampled at each split was six. For the SVM models, the cost
parameter was optimized at 1.0. Colouring and throwing were combined into a single
‘upper-limb’ class to represent seated upper-limb tasks typical of children who spend the
vast majority of their day in a chair. Minimum Redundancy Maximum Relevance feature
selection?® was employed to identify the most pertinent features. Models were trained and
cross-validated using the ‘kernlab’, ‘randomForest’, ‘rpart’ functions within the ‘caret’
package within R (version 3.3.2; R Foundation for Statistical Computing, Vienna,
Austria).?* Models were trained on features from a single accelerometer placement, and
the combination of data from two and three placements. Model-performance was
evaluated using leave-one-subject-out cross-validation. The model is trained on data from
all participants except one, which is omitted from training and used as a test data set. This
process is repeated until each participant has been the hold out. Model-performance was
evaluated using overall accuracy and F scores.

Overall accuracy was calculated as:

x 100
F score was calculated as:
@ x x )
x 100
( + )

Overall accuracy was calculated for each classifier (random forest, decision tree,
SVM) and combination of accelerometer placement (i.e. seven different combinations) —
producing 21 different classification accuracies in total. Confusion matrices, which
compare predicted observations to the actual observation, were generated to summarize

trends of misclassification for each of the models developed.
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Statistical analysis
Performance differences for the best single-, two-, and three-placement models were
tested for statistical significance using one-way repeated measures analysis of variance
(ANOVA) using SPSS statistical software (Version 24; IBM Corp., Armonk, NY, USA).
Before running the repeated measures ANOVA, the data was checked for outliers,
normality, and sphericity. Pairwise comparisons were assessed using Bonferroni post hoc
analysis. When analysing the confusion matrices, classification accuracies were
considered as greater than 80% indicating ‘excellent’, 71% to 80% ‘good’, 51% to 70%
“fair’ and less than 50% ‘poor’.
Results
This study included 11 participants (six females, five males; five GMFCS level 11, six
GMFCS level IV). The mean age was 11 years (SD 3y), height 1.35m (SD 0.17m), and
weight 41.22kg (SD 8.12kg). Ten participants had spastic CP, and one had dystonic CP.
All participants had bilateral distribution of affects (six diplegic and five quadriplegic).
Cross-validation recognition accuracy for the single-placement, two-placement,
and three-placement models are reported in Table 2. The best performing single-
placement model was a random forest classifier trained on wrist features, yielding an
overall classification accuracy of 79%. The best performing model developed on a
combination of two placements was a random forest classifier trained on wrist and hip
features, yielding an overall classification accuracy of 92%. Of the models developed on
a combination of all three placements, an SVM classifier was most effective, producing
an overall classification accuracy of 90%. The classification accuracy for three best
performing models are presented in Figure 1. A one-way repeated measures ANOVA was
conducted to determine whether the combination of two or three accelerometers improved
physical activity type classification accuracy using results from the best performing

placement/machine learning model for each. The data were normally distributed at each
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time point, as assessed by Shapiro—Wilk test (p>0.05). There was a statistically significant
effect for placement (F220=16.5, p<0.001). Post hoc analysis with a Bonferroni
adjustment revealed that the combination of multiple accelerometer placements (wrist
and hip or wrist, hip, and thigh) exhibited statistically significantly higher accuracy than
a single monitor alone (p<0.05), but there was no difference between placement of two
or three monitors (p=1.00).

Confusion matrices for the best performing single-placement and two- and three-
placement models are presented in Tables 3, 4, and 5 respectively. Activity recognition
ranged from good to excellent for supine rest (80—100%), good to excellent for wheelchair
propulsion (77-85%), good to excellent for walking (79-97%), and excellent for upper-
limb tasks (88-94%). Classification accuracy for cycling was poor using a wrist classifier
(46%) but improved using a combination of hip and wrist (73%). Recognition of cycling
was highest using a combination of all three placements (80%).

Discussion

To our knowledge, this is the first study to develop and test machine learning models to
classify physical activity type in children and adolescents with CP who rely on mobility
aids for ambulation. Classifiers in this study, trained on features from the vector
magnitude of raw-acceleration signal from the wrist, hip, thigh, and combinations of these
placements, achieved good to excellent recognition accuracy for a range of physical
activities commonly performed by children with CP, in GMFCS levels Ill and IV.
Furthermore, the classifiers could detect and classify both seated and standing activity, as
well as upper-limb involvement during seated activities and wheelchair propulsion. In the
context of children with CP classified in GMFCS levels Ill and 1V this is a significant
finding. These specific movements encompass the diversity of mobility in this population,

as well as the functional requirements to participate in a range of activities at school and
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at home. The classifiers developed in this study achieved comparable accuracy to those
trained in both typically developing children and ambulatory children with CP 816:18.25.26

The overall accuracy of classifiers trained on data from a single accelerometer
was variable, ranging from 59% to 79%. The most accurate model trained on data from a
single placement was a random forest classifier trained on wrist data. Inspection of the
confusion matrix for this classifier reveals prediction accuracies greater than 79% for all
classes of activity except cycling. This is a logical finding when considering the upper-
limb requirements of most tasks assessed in this study (ball throwing, colouring,
wheelchair propulsion), and the accurate recognition of supine class irrespective of
accelerometer placement. These results support the use of a single accelerometer placed
at the wrist to measure habitual physical activity in a clinical scenario where cycling is
not an activity of interest, and wearing multiple accelerometers is not feasible.

In agreement with our hypothesis, the overall accuracy of classifiers trained on
data from a combination of accelerometers was significantly higher than classifiers
trained on data from a single placement. However, there was no significant increase in
accuracy when comparing a combination of two placements and three placements. This
finding corroborates the results of a previous study in typically developing adults, where
significant improvements in classification accuracy were observed with the increase of
sensing locations from one to two or more sensors, yet no further improvement was
observed with the addition of data from more than two locations.?” Results from this study
add further support to the notion that accurate activity detection can be achieved with
only two accelerometers, depending on the placement and activity type being
investigated.

Consistent with results of studies conducted in typically developing children® and
ambulant children with CP,8 the combined hip and wrist classifier achieved consistently

higher overall accuracies than the single-placement classifiers. In these studies, however,
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the difference in accuracy between a single placement and a combination of placements
was small, suggesting little clinical benefit. In the present study, the difference was
considerably greater and likely to be of clinical relevance. Improved physical activity
classification with the application of two accelerometers on the wrist and hip may enable
researchers and clinicians to better tailor interventions to the specific needs of children
and adolescents with CP classified in GMFCS levels Il and IV. This finding is
particularly important considering activities of daily living for this population such as
transfers (e.g. wheelchair to bed, sitting to standing in a walking frame), wheelchair use,
and upper-limb activity. The fusion of features from multiple sites may improve activity
detection and classification across a range of tasks by nullifying the weaknesses that one
sensor location may have for detecting certain movements.'® The result is an algorithm
which is robust enough to produce accurate classifications in the context of variable
movement patterns present when quantifying habitual physical activity in children with
CP in GMFCS levels Ill and 1V.

Results from this study support the use of accelerometers and machine learning
approaches to classify physical activity. In particular, accurate recognition of supine rest
was achieved across different sensor placement locations and combinations of sensor
placements. This finding is of significance in the context of increased emphasis on
reducing sedentary time in conjunction with changes to habitual physical activity.>?®
Accurate classification of physical activity type may assist clinicians in gaining a clear
picture of habitual activity and sedentary behaviour, and allow researchers to accurately
track the impact of interventions in terms of participation in different physical activities.

During the activity trials, significant encouragement was required for some
participants to tolerate wearing three activity-monitors for the full 60- to 90-minute
session. The variability in children’s level of tolerance and willingness to follow

instructions can likely be attributed to the range of associated conditions that were present
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in the study cohort, including intellectual disability (n=5), sensory processing difficulties
(n=1), and behavioural disorders (n=2). The decision to not exclude children with
associated conditions was considered necessary to achieve a study sample that emulates
the wider population of people with CP, whereby one in two children have an intellectual
disability and one in four have behaviour problems.?®3® A further explanation for the
variability in tolerance was that the study included children as young as 6 years old, who
were not motivated by the study objectives and required encouragement to keep the
monitors on for the duration of the activity trials. Such factors are important for clinicians
to consider when prescribing wearable devices to track habitual physical activity in
children with CP in the community, where constant supervision is not feasible and data
collection spans over a period of days rather than hours.

The present study had several limitations that should be acknowledged. First, all
classifiers were trained and tested using acceleration data collected in a clinical
environment and included controlled activity trials which may not be representative of
activity patterns in free-living conditions. Accordingly, additional testing of these
classifiers on data collected in a free-living environment is required to evaluate
generalizability. Second, models were trained on a relatively small number of participants
and hence may not generalize to all children in GMFCS levels Il and IV — which is
heterogenous with respect to impairment and movement behaviours. Finally, walking,
wheelchair propulsion, and cycling trials were all performed indoors in a clinical setting
and not in the real world with varying incline/decline.

Conclusion

This study developed machine learning physical activity classification models for
children and adolescents with CP who rely on mobility aids for ambulation. In this study,
classifiers trained on accelerometer features from the wrist, hip, thigh, and combinations

of these placements were used to accurately detect physical activity type in children in
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GMFCS levels 111 and 1V. The combination of accelerometer features from the wrist and
hip yielded the best overall classification accuracy. Future studies investigating children
and adolescents with CP in GMFCS levels 1l and IV can use these population specific
classifiers to evaluate the efficacy of interventions.
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Tables and figures
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Figure 1: Overall accuracy of the best performing single-placement activity-monitor,
combination of two- and three-placement classifiers. Error bars indicate standard error.

ndicates significantly different from wrist (p<0.05).
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Table 1: Physical activity trial descriptions

Activity

Description

1. Supine rest

2. Colouring

3. Ball throwing and catching

4. Overground walking with a mobility
aid

5. Wheelchair propulsion

6. Cycling on a modified tricycle

Participants were instructed to lay down
and rest, but not to sleep.

In a seated position (chair or wheelchair if
appropriate), participants used their
dominant hand to colour a picture of their
choice.

In a seated position, participants threw a
ball to a therapist, who returned the ball,
and this was repeated.

Participants used their regular mobility aid
to walk at a brisk pace: ‘as if you’re
hurrying to get to class on time’. The pace
was self-selected by the child.

Participants manually propelled their
wheelchair.

Participants cycled using an adapted
tricycle or recumbent bike.
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Table 2: Cross-validation accuracies and F scores

Activity-
monitor Overall accuracy % (F score)
placement

Support vector machine Random forest Decision tree
Wrist 77.3(74.1) 79.0 (76.5) 76.6 (72.8)
Hip 65.6 (63.5) 65.4 (63.1) 61.6 (60.8)
Thigh 65.6 (63.3) 62.4 (60.1) 59.0 (57.7)
Wrist + hip 89.0 (88.6) 91.9 (91.2) 86.5 (86.1)
Wrist + thigh 88.5 (87.9) 89.8 (89.5) 76.4 (76.0)
Hip + thigh 74.7 (74.2) 76.2 (75.6) 70.2 (69.8)
Wrist + hip + 90.4 (89.2) 88.2 (87.1) 84.0 (83.4)
thigh

Table 3: Confusion matrix for random forest classifier trained on wrist data

Prediction
Observed Supine wcC Cycle Walk UL
Supine 447 (0.80)  5(0.01) 35(0.17)  2(0.01) 24 (0.04)
wWC 0 (0.00) 285(0.81) 1(0.01) 33(0.15) 24 (0.04)
Cycle 25 (0.05) 0 (0.00) 91 (0.46) 0 (0.00) 21 (0.03)
Walk 0 (0.00) 12 (0.03) 0 (0.00) 172 (0.79)  9(0.01)
UL 85 (0.15) 52 (0.15) 70 (0.36) 11 (0.05) 552 (0.88)

Numbers represent observation counts, % of observations for a given class are reported
in brackets. Values in bold indicate number and proportion of correctly classified
observations. WC, wheelchair propulsion; UL, upper-limb task.
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Table 4: Confusion matrix for random forest classifier trained on wrist and hip data

Prediction
Observed Supine wcC Cycle Walk UL
Supine 557 (1.00) 0 (0.00) 0 (0.00) 1(0.01) 8 (0.01)
wC 0 (0.00) 301(0.85) 0 (0.00) 5 (0.02) 26 (0.04)
Cycle 0 (0.00) 0 (0.00) 144 (0.73)  0(0.00) 0 (0.00)
Walk 0 (0.00) 0 (0.00) 5 (0.03) 209 (0.96)  0(0.00)
UL 0 (0.00) 52 (0.15) 48 (0.24) 3 (0.01) 590 (0.94)

Numbers represent observation counts, % of observations for a given class are reported
in brackets. Values in bold indicate number and proportion of correctly classified
observations. WC, wheelchair propulsion; UL, upper-limb task.

Table 5: Confusion matrix for support vector machine classifier trained on wrist, hip,
and thigh data

Prediction
Observed  Supine wC Cycle Walk UL
Supine 551 (0.99) 0 (0.00) 0 (0.00) 0 (0.00) 5 (0.01)
wC 0 (0.00) 274 (0.77) 0 (0.00) 0 (0.00) 39 (0.06)
Cycle 0 (0.00) 0 (0.00) 157 (0.80) 0 (0.00) 1 (0.00)
Walk 0 (0.00) 2 (0.01) 16 (0.08) 211 (0.97) 10(0.02)
UL 6 (0.01) 78(0.22) 24(0.12)  7(0.03) 575 (0.91)

Numbers represent observation counts, % of observations for a given class are reported
in brackets. Values in bold indicate number and proportion of correctly classified
observations. WC, wheelchair propulsion; UL, upper-limb task.
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Appendix G: Full table of adapted bikes and attachments

# Motor Motor Make/model Attachments and additional notes

level distribution

1 v Quadriplegia  Body cycles 20” trike Pommel seat, a longer seat post was added,
backrest with trunk support and seatbelt,
adapted handlebars, pedal levellers, rear
steering handle.

2 1 Diplegia Upright tricycle 24” Pommel seat with attached backrest and
seatbelt, foot cups with foot straps, pedal
levellers.

3 v Quadriplegia Body Cycles Australia ~ Pommel seat, backrest, adapted

20” Edge Tricycle handlebars, pedal levellers and rear
steering handle.

4 IV Quadriplegia Body Cycles Australia ~ Pommel seat, backrest, adapted

20” Edge Tricycle handlebars, pedal levellers and rear
steering handle.

5 Diplegia Body Cycles Australia ~ Pommel seat, backrest with trunk support,

16” Edge Tricycle adapted handlebars, pedal levellers and
rear steering handle.

6 Hemiplegia Technical Aids for the  Stabilizer wheels, foot cups with straps,

Disabled (TAD) back-pedal break and a rear handle (handle
Queensland: Freedom does not steer).
wheels two-wheel
modified bicycle
7 IV Quadriplegia Body Cycles Australia A pommel seat, backrest, adapted
20” Edge Tricycle handlebars, pedal levellers and rear
steering

8 1l Hemiplegia Schuchmann MOMO Easy transfer frame, looped handlebars,

therapy bike backrest with side support, steering
dampener, foot plates with fasteners,
stabilizer wheels, parking brake, back
pedal brake.

9 Diplegia Body Cycles Australia A pommel seat, backrest, adapted

20” Edge Tricycle handlebars, pedal levellers and rear
steering handle. Modified pedals with
straps fixed positioned to stop the ankles
from rubbing on the crank arm due to
dystonia.

10 1Iv Quadriplegia Body Cycles Australia A pommel seat, backrest, adapted

20” Edge Tricycle handlebars, pedal levellers and rear
steering handle.

1 1 Hemiplegia Technical Aids forthe  Stabilizer wheels, foot cups with heel

Disabled (TAD) QLD:  straps. Back pedal brake.

2 wheel bicycle

12 IV Quadriplegia  Body Cycles Australia ~ Pommel seat with swivel attachment for

24” Edge Tricycle easy transfers, backrest with trunk support
and padding, adapted handlebars, pedal
levellers and rear steering handle. Foot
cups with leg guidance to prevent
excessive adduction.

13 1 Quadriplegia Body cycles Australia Pommel seat, backrest with trunk support,

20” Edge Tricycle adapted handlebars, pedal levellers and
rear steering handle.

14 1V Diplegia Greenspeed Anura Modified pedals to keep feet attached —

tricycle trialled riding cleats. Motor attached for
assistance with hills.

15 IV Quadriplegia  Rehatri Recumbent The free wheel was modified to become a

Foot Tricycle

‘fixed wheel’ (pedals rotate when the bike
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is pushed); adapted pedals: HASE 2017
special pedals with calf supports.

16 1l Diplegia Body cycles Australia Pommel seat, backrest, adapted
16” Edge Tricycle handlebars, pedal levellers and rear
steering handle.
17 1l Diplegia Greenspeed GT20 The reclined seat was modified to be more
tricycle upright. Foot cups with heel straps.
18 IV Quadriplegia  Rehatri Recumbent Modified with a fixed wheel (pedals move
Foot Tricycle when bike is pushed), smaller crank arm
and foot cups with leg guidance to prevent
excessive adduction.
19 1 Diplegia Body cycles Australia Pommel seat, toe cages, adapted
20” Edge Tricycle handlebars and rear steering handle.
20 1l Hemiplegia 1. Body cycles Pommel seat with a backrest, adapted
Australia 20” Edge  handlebars, pedal levellers and rear
Tricycle steering handle. Off the shelf training
2. Two-wheeled wheels, foot cups with heel straps.
mountain bike
21 1l Hemiplegia 1. Two wheeled Foot cups and training wheels.

mountain bike
Tag along bike
used at home

Two-wheeled bikes

Schuchmann MOMO therapy bike

Two-wheeled Specialized mountain bike

Upright tricycles

Body Cycles Australia

—

16” Edge Tricycle

LA [
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Recumbent tricycles

GreenSpeed Anura Tricycle 20” GreenSpeed GT20 Recumbent Tricycle

Attachments and modifications

Pedals

Body cycles Australia foot cups Schuchmann MOMO therapy Assorted pedals including toe

with leg guidance. bike pedals with leg guidance. cages, custom leg supports
and HASE 2017 special

pedals with calf supports.

Seating and back supports

Pommel seat with backrest supplied Body cycles Australia Edge Body cycles Australia swivel

by TADQ. Tricycle back supports x 2. seat attachment for easy
transfers.
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Crank arms and other

Crank arm modified to
allow for different pedal
positions

: Modified ‘Kiddy crank’
Pedal levellers

Handlebars and other

3

Rehatri easy reach
Neoprene gripping aid Momo therapy bike looped handlebars
handlebars
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