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Abstract

Background: Children and youth with subacute moderate to severe acquired brain injury (ABI)
experience plateaus in gross motor recovery toward the end of inpatient rehabilitation. Thus,
novel treatment adjuncts may be used to enhance recovery. The primary objective of this
dissertation was to evaluate the feasibility of transcranial direct current stimulation (tDCS) as an

adjunct to inpatient physiotherapy in school-aged children and youth with ABI.

Methods: A chart review was conducted to establish the gross motor change associated with
inpatient ABI. A systematic review was undertaken to determine if motor evoked potentials
(MEP) are an appropriate neural outcome for tDCS protocols involving motor intervention in
healthy individuals. A tDCS feasibility trial was conducted at the author’s pediatric rehabilitation
centre where participants were randomized to receive either 20 minutes of sham or active anodal

tDCS immediately prior to their existing inpatient physiotherapy sessions for up to 16 sessions.

Results: The chart review provided an estimate of gross motor change for inpatient ABI
rehabilitation with two of the outcome measures implemented in the feasibility study. The

systematic review revealed that MEP outcomes varied considerably across tDCS studies and



were therefore not measured in the feasibility study. Feasibility study eligibility and retention
were lower than the a priori targets. Over 21 months, six children were eligible for the study,
four enrolled in the study, three commenced the study protocol, and one completed all study
sessions. Symptom ratings before and after each tDCS session suggest that the participants
tolerated tDCS. Physiotherapy session documentation and analysis detailed the motor learning

strategies content of the physiotherapy sessions accompanying tDCS.

Conclusions: This dissertation established gross motor outcomes associated with inpatient
pediatric ABI rehabilitation and identified the limitations of MEPs as a neural outcome. While
eligibility and retention were barriers to tDCS study feasibility, our study processes (including
differentiating between ABI symptoms and tDCS side effects, analyzing the physiotherapy
session content paired with the tDCS, and evaluating gross motor outcomes with a
complementary set of outcome measures) were feasible and can be applied in future tDCS

research in pediatric ABI.
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Chapter 1
1  Background and rationale

1.1 Introduction

Inpatient physiotherapy for children and youth with moderate to severe acquired brain injury
(ABI) focuses on the relearning and refinement of functional gross motor skills with the goal of
independent mobility and participation in meaningful activities (Dumas et al., 2004a; Lee et al.,
2017; Levac et al., 2012; Spivak et al., 2021). While children with ABI typically make
substantial physical gains with inpatient rehabilitation, their recovery tends to plateau leaving
them with residual motor challenges (Dumas et al., 2004a; Galvin et al., 2010a; Galvin et al.,
2010b; Tailor et al., 2013). Intervention during the subacute stage of recovery is critical because
it is associated with increased neuroplasticity and significant functional gains (Anderson &
Catroppa, 2006; Chen et al., 2010; Dromerick et al., 2021; Zeiler & Krakauer, 2013). Given the
high potential for recovery and the likelihood of persistent motor deficits, clinicians and
researchers are interested in adjuncts to traditional interventions that will maximize motor
outcomes during this critical recovery period. However, evidence supporting motor learning-
based technologies in pediatric ABI is limited and their feasibility within existing rehabilitation

programs is unknown.

Transcranial direct current stimulation (tDCS) is a treatment adjunct that has been linked with
improved motor learning outcomes when paired with motor practice in adults with stroke
(Navarro-Lopez et al., 2021; Vaz et al., 2019) and children with cerebral palsy (CP) (Elbanna et
al., 2019; Salazar Fajardo et al., 2022; Saleem et al., 2019a) but has yet to be studied in pediatric
ABI. To determine if tDCS enhances gross motor outcomes in children with subacute ABI, it is
imperative to first establish the gross motor outcomes associated with traditional inpatient
physiotherapy and determine whether a tDCS protocol can be integrated into an existing
inpatient physiotherapy program. The first chapter of this thesis begins with an overview of
pediatric ABI, neural control of movement, motor learning and neural plasticity, and tDCS as an
adjunct therapy, and concludes by outlining the thesis objectives and rationale. Chapters 2

through 5 address the thesis objectives in four independent manuscripts. Finally, Chapter 6



provides a general discussion, integrates the main findings, details limitations, and outlines

directions for future research.

1.2 Pediatric acquired brain injury

1.2.1 Etiology and incidence of pediatric ABI

Pediatric ABI refers to a brain injury that occurs during childhood or adolescence caused by
trauma, infection, non-infectious disorder (e.g., hypoxia, ischemia, epilepsy), vascular
abnormality, or tumour (Galvin et al., 2010b; Johnson et al., 2009). Moderate to severe ABI in
children is associated with persistent motor and cognitive deficits that affect functional
independence and social interactions (Galvin et al., 2010a; Hebert et al., 2016; Johnson et al.,
2009). The extent of chronic disability after ABI is correlated with injury severity and age where
increased severity and younger age at onset intensifies long-term physical, cognitive, emotional,
and behavioural challenges (Anaby et al., 2012; Dumas et al., 2004a; Galvin et al., 2010b;
Johnson et al., 2009). In contrast, sex has been inconsistently associated with the extent of
disability after inpatient ABI rehabilitation (Bedell, 2008; Galvin et al., 2010b). Return to
community-based activities is particularly challenging for children with ABI because of the need
to quickly adapt motor, cognitive, and social responses to unpredictable situations that arise in
daily life (Galvin et al., 2010a). As such, children with moderate to severe ABI are less likely to
participate in physical activities (e.g., sports) than children with mild ABI within the first year
after ABI, and their participation further declines beyond that first year (Anaby et al., 2012).

Due to variability in pediatric ABI classification, etiology, and reporting, the overall incidence of
pediatric ABI is difficult to estimate (IPBIS, 2016; Knight et al., 2019). The incidence of
traumatic brain injury (TBI) in children varies between 47 and 280 per 100,000 internationally
with approximately 20% of TBIs classified as moderate to severe (Dewan et al., 2016), whereas
the incidence of pediatric ischemic and hemorrhagic stroke (types of non-traumatic ABI) is 1.8
and 1.59 per 100,000, respectively. (Krishnamurthi et al., 2015). However, diagnostic and
reporting of pediatric stroke varies considerably and, as such, the incidence of childhood onset
stroke is thought to be underreported (Agrawal et al., 2009; Krishnamurthi et al., 2015). In
Ontario, Canada, data for pediatric ABI excluding stroke and TBI (e.g., brain tumour,

encephalitis, anoxia, meningitis) has an incidence of 82.3 per 100,000 with an average acute care
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stay of 13.4 days, 35% of admissions going to intensive care units, and 15% of acute care

admissions requiring further inpatient rehabilitation (Chan et al., 2016).

1.2.2 Pathophysiology and neurophysiology of ABI

ABI is often associated with three patterns of brain damage that affect: 1) the outer grey matter,
2) the white matter tracts, and/or 3) the deep brain structures (e.g., basal ganglia, thalamus)
(Giustini et al., 2013). ABI also involves focal and/or diffuse brain damage depending on
etiology (Brown et al., 2008; Giustini et al., 2013; Messacar et al., 2018; Tsze & Valente, 2011).
Whether blood or oxygen supply is disrupted, mechanical injury occurs, or a virus crosses the
blood-brain barrier, an insult to the brain leads to a cascade of events involving vascular, cellular,
and molecular changes that damage brain tissue (Andriessen et al., 2010; Messacar et al., 2018;
Sekerdag et al., 2018). The inflammation induced by these changes supports angiogenesis (i.e.,
formation of new blood vessels) and synaptogenesis (i.e., formation of new neural connections),
but can also lead to cell death (McGinn & Povlishock, 2015; Sekerdag et al., 2018). Neuron
death can be productive or deleterious in nature and usually occurs due to imbalanced ion
concentrations (e.g., calcium, potassium, sodium) at synaptic junctions that disrupt synaptic
transmission (Andriessen et al., 2010; Elmore, 2007; Sekerdag et al., 2018). The over- or under-
firing of these neurons triggers changes in cell membrane composition and ultimately leads to
cell death (Andriessen et al., 2010; Sekerdag et al., 2018) with the location and extent of damage

influencing clinical presentation (Giustini et al., 2013; Overman & Carmichael, 2014).

TBI differs from non-traumatic ABI because of the mechanical forces involved. Focal injuries
usually consist of cerebral contusions, localized haemorrhaging, or ischaemic lesions that occur
when the brain strikes the inside of the skull (Brown et al., 2008). However, injury severity
increases depending on the extent of diffuse injury (Giustini et al., 2013). While diffuse injury
can occur in non-traumatic ABI due to hypoxia or inflammation, diffuse axonal injury is unique
to TBI and occurs when axons are overstretched due to the rapid accelerations and rotational
forces on the brain (Andriessen et al., 2010; Brown et al., 2008; Giustini et al., 2013; McGinn &
Povlishock, 2015). Diffuse axonal injury leads to widespread white matter damage affecting the
brainstem, corpus callosum, and cerebral hemispheres with the severity depending on the

involvement of each of these structures; the least severe is widespread axonal damage without



evidence of focal injury and the most severe involves widespread axonal damage accompanied
by focal abnormalities, often in the corpus callosum, and brainstem injury (Giustini et al., 2013;
Jang, 2009). Motor impairment after TBI is either due to focal injury affecting specific motor
areas within the brain or diffuse axonal injury affecting the corticospinal tract (Andriessen et al.,
2010; Jang, 2009).

Recovery from ABI involves the reactivation of damaged neural pathways and the formation of
new neural pathways in non-injured areas of the brain (Gordon & di Maggio, 2012; Nudo, 2013;
Popernack et al., 2015). In addition to the automatic cellular responses that contribute to natural
recovery, experience-dependent neural plasticity is integral to recovery after ABI (Katusi¢, 2011;
Overman & Carmichael, 2014). Specific areas of the motor cortex are responsible for the
movement of each body part (i.e., somatotopic organization) and neural reorganization is
affected by a person’s exposure to and practice of various movement patterns (Jones, 2017;
Kandel et al., 2013; Overman & Carmichael, 2014). When an ABI affects the motor cortical
representation of a particular part of the body and/or the descending pathways associated with
that representation, movement of that body part will be impaired. Compensation for this
impairment in motor function may involve relying on unaffected body parts to perform a
particular movement which leads to neural reorganization with expanded representations of the
overused body parts within the motor cortex and diminished representations of the less used, or
impaired, body parts (Jones, 2017; Nudo, 2013). However, attempting to use the affected body
part creates an important opportunity to reestablish its cortical representation and promote

functional recovery (Jones, 2017; Nudo, 2013).

The neural changes in the motor cortex affected by ABI are also accompanied by changes in the
unaffected motor cortex due to imbalances in interhemispheric inhibition (Gerges et al., 2022). In
the uninjured brain, each cerebral hemisphere is thought to equally inhibit the other hemisphere
(Boddington & Reynolds, 2017). However, an imbalance in interhemispheric inhibition after a
unilateral stroke decreases inhibition of the unaffected hemisphere which, in turn, increases
inhibition of the affected hemisphere and limits the potential for neural plasticity (Boddington &
Reynolds, 2017). However, research evaluating the role of interhemispheric inhibition in stroke
recovery focuses on upper extremity function (Gerges et al., 2022), and its impact on lower

extremity function and gait is unclear due to the need for bilateral activation of the trunk and
4



lower extremities, as well as the need for interlimb coordination in gait (Charalambous et al.,
2016; Lee & Kim, 2021).

1.2.3 The impact of moderate to severe ABI on gross motor function

Gross motor skills are fundamental movements that involve postural control (i.e., stability),
locomotion (e.g., walking, crawling), or object manipulation (e.g., lifting, throwing) (Hadders-
Algra, 2018; Veldman et al., 2019). Most typically developing children have sufficient strength
and postural control to sit, crawl, stand, and walk by one year of age (Hadders-Algra, 2018;
Payne & lIsaacs, 2017). These gross motor skills allow children to interact with their environment
which positively affects their cognitive and psychological development (Anderson, 2018;
Veldman et al., 2019). Early gait is inefficient and uncoordinated because postural instability
leads to coactivation of antagonist muscle groups, variable stepping patterns, a wide base of
support with decreased step length, foot flat initial contact with the ground, and arms held in a
high guard position (Hadders-Algra, 2018; Kraan et al., 2017; Payne & lIsaacs, 2017). As
postural control develops, the child’s gait pattern matures with decreased step variability,
increased step length, reduced step width, heel strike initial contact, push off at terminal stance,
and a reciprocal arm swing (Hadders-Algra, 2018; Kraan et al., 2017; Payne & Isaacs, 2017).
However, even once a child attains a mature gait pattern, usually between six and eight years old,
they are more prone to deterioration in gait quality than adolescents or adults due to their
decreased capacity to process cognitive information, and thus multi-task, during gait (Kraan et
al., 2017; Payne & lIsaacs, 2017). As postural control improves, children also develop more
advanced gross motor skills (e.g., running, jumping, hopping) which require increased balance,
coordination, strength, and power compared to walking (Payne & Isaacs, 2017). Notably,
adolescents demonstrate immature postural stabilization strategies compared to young adults
(Barlaam et al., 2012; Cignetti et al., 2013) which suggests the continued refinement of advanced

gross motor skills throughout adolescence.

Depending on the areas of the brain affected by ABI, children may present with a combination of
impaired balance, strength, coordination, endurance, and/or muscle tone, which ultimately
affects gross motor function (Baque et al., 2016; Galvin et al., 2010a; Kuhtz-Buschbeck et al.,
2003; Popernack et al., 2015). The child’s stage of gross motor development at the time of injury



also has implications for recovery, as theoretically, it is easier to relearn a skill after ABI rather
than learn it for the first time (Babikian et al., 2015; Giza et al., 2009). Independent ambulation is
often the primary gross motor goal during inpatient rehabilitation for children with ABI due to
the role of ambulation in functional independence (Dumas et al., 2004a). However, even after
independent ambulation is achieved, children with severe ABI have increased step variability
and decreased gait speed due to decreased postural control (Katz-Leurer et al., 2011). As a result,
these children also have difficulty changing gait speed and experience decreased stability when
required to walk slower than their preferred speed (Katz-Leurer et al., 2011). Ambulatory
children with ABI also often lack the balance, postural control, coordination, speed, agility, and
strength required for high level gross motor skills (Baque et al., 2016) which limits their
progression from independent ambulation to their pre-injury level of function. Additionally, the
combination of gross motor challenges with cognitive difficulties contributes to children’s
decreased participation in physical activities after ABI (Anaby et al., 2012; Galvin et al., 2010a;
Lee etal., 2017).

1.3 Neural control of gross motor function

1.3.1 Voluntary movement

Movement involves a complex sequence of neural commands transmitted from the central to
peripheral nervous system (Kandel et al., 2013; Scott, 2004). Voluntary movement begins with a
motor plan, or an internal representation of the desired movement, generated in the premotor area
of the cerebral cortex (Cisek, 2005; Kandel et al., 2013). This plan is transmitted to the primary
motor cortex before descending via the corticospinal tract through the brain stem and spinal cord
and synapsing with neurons in the peripheral nervous system that innervate the muscles
responsible for executing the movement (Cisek, 2005; Kandel et al., 2013; Scott, 2004). The
actual motor output differs from the internalized motor plan due to a multitude of factors,
including discrepancies between the internal representation of the motor plan and the
environmental circumstances, or fluctuations in neural transmission affecting the accuracy and
precision of muscle activation (Cisek, 2005; Gallivan et al., 2018; Kandel et al., 2013; Scott,
2004). After the movement is executed, sensory feedback regarding these discrepancies is
relayed via ascending pathways back to the cerebral cortex where the existing motor plan is

updated and the movement is adapted to meet the current external demands (Cisek, 2005;
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Gallivan et al., 2018; Hirashima & Nozaki, 2012; Kandel et al., 2013; Scott, 2004). Thus, the
motor representations and neural connections continually adapt based on individual experience
(Cisek, 2005; Cordani et al., 2022; Hamano et al., 2021; Hirashima & Nozaki, 2012; Nakagawa
et al., 2020; Nudo, 2013).

The primary motor cortex, located on the precentral gyrus of the frontal lobe, is organized
somatotopically with the upper motor neurons controlling the lower extremity located medially
and descending into the longitudinal fissure between the cerebral hemispheres, and the motor
neurons controlling the trunk, arm, hand, and face extending laterally along the precentral gyrus
(Kandel et al., 2013; Kwon et al., 2014) (Figure 1.1). Upper motor neurons descend from the
primary motor cortex via the corticospinal tract which decussates (i.e., crosses midline) in the
brainstem before descending into the spinal cord and synapsing directly with spinal motor
neurons and interneurons at the level of the upper or lower extremity (Kandel et al., 2013;
Welniarz et al., 2017). The primary motor cortex contributes to approximately 30-40% of the
projections within the corticospinal tract, with the supplementary motor area and the premotor
cortex providing additional contributions (Chenot et al., 2019; Kumar et al., 2009; Seo & Jang,
2013). At birth, the corticospinal tract begins with large, nonspecific, bilateral connections to the
spinal cord that are refined throughout development with experience-dependent learning leading
to a reduction in ipsilateral projections (Eyre et al., 2001; Welniarz et al., 2017). Motor neurons
in the corticospinal tract descend from the cerebral cortex through the internal capsule to the
brainstem where most neurons cross the midline in the medulla prior to entering the spinal cord
(Jang, 2014; Nathan & Smith, 1955). This decussation is responsible for each cerebral
hemisphere controlling the sensorimotor function of the contralateral extremity (Kandel et al.,
2013; Welniarz et al., 2017).

To a lesser extent, there are projections from the primary motor cortex that descend via the
corticoreticular tract and synapse with the reticulospinal tract in the reticular formation within
the brainstem (Jang et al., 2013; Mendoza & Foundas, 2008). In addition to sending projections
to the primary motor cortex, the premotor cortex influences proximal extremity movement and
postural stability via the reticulospinal tract (Jang & Lee, 2019). The reticulospinal tract
descends mainly ipsilaterally and is thought to contribute to both automatic processes (e.g.,

postural muscle tone, locomotor rhythm) and voluntary muscle activation in the trunk, shoulder,
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and hip (Jang et al., 2013; Jang & Lee, 2019; Mendoza & Foundas, 2008). However, while
postural control and proximal extremity movement is typically associated with the cortico-
reticulospinal tract (Jang et al., 2013), the primary motor cortex also plays a role in proximal
extremity movement (Jaeger et al., 2014; Yeo et al., 2013) with bilateral activation of the medial
primary motor cortices (i.e., lower extremity representations) observed during gait (Miyai et al.,
2001; Takakusaki, 2013).

Figure 1. 1. Somatotopic organization of the primary motor cortex and corticospinal tract
(Hilderley, 2018).
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1.3.2 Automatic processes underlying voluntary movement

The automatic processes underlying voluntary movement involve aspects of postural control and
multi-limb coordination (MacKinnon, 2018; Takakusaki, 2017). These involuntary components
of movement occur subcortically (e.g., thalamus, basal ganglia), as well as in the brainstem,
cerebellum, and spinal cord (MacKinnon, 2018; Takakusaki, 2017). One automatic process that
plays an important role in postural control and gait is the spinal reflex where stereotyped
movements occur in response to stimulation of peripheral receptors (Kandel et al., 2013;
Takakusaki, 2017). Another process that is responsible for automatic postural responses is
muscle synergies that are thought to originate in the reticular formation (i.e., brainstem) (Kandel
et al., 2013; Zaaimi et al., 2018). Finally, there are automatic processes involving the cerebellum,
visual, and vestibular systems that provide input regarding orientation and balance (Dijkstra et
al., 2020; Kandel et al., 2013; MacKinnon, 2018).

While these processes are involuntary, they can be modified by cognitive processes and central
motor commands (Gallivan et al., 2018; Kandel et al., 2013; Zaaimi et al., 2018). For example,
postural control is attained through subconscious (i.e., postural reflexes and regulation of
postural muscle tone) and conscious (i.e., cognitive responses where the individual learns a
motor skill or reacts to unfamiliar circumstances) processes (Takakusaki, 2017). Postural control
involves a combination of postural orientation (i.e., aligning the trunk and head with respect to
gravity, support surfaces, visual surroundings, and internal references) and postural equilibrium
(i.e., movement strategies that provide stability after a balance disturbance) that is required for
both stability and mobility (Horak, 2006; Nam et al., 2017). Whether a person is moving or
stationary, postural control involves the use of anticipatory and reactive movement strategies that
rely on the somatosensory, visual, and vestibular systems to control the body’s centre of mass
and maintain awareness of the body’s orientation in space (Horak, 2006; Nam et al., 2017;
Takakusaki, 2013).

1.3.3 The impact of neural damage on motor function

Given the proximity of the neural tracts responsible for motor function in the motor cortex and
their convergence at the brainstem, ABI often affects multiple neural tracts (e.g., both the

corticospinal and cortico-reticulospinal pathways) (Jang & Lee, 2019). Damage to the
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corticospinal tract causes weakness, apraxia, and decreased coordination (Jang, 2014; Kandel et
al., 2013). The corticospinal tract is also heavily involved in proactive and reactive gait
adaptations such as navigating obstacles or adjusting to changes in ground surface (Barthélemy
et al., 2011; Takakusaki, 2013), with damage substantially affecting balance, gait, and lower
extremity function (Handelzalts et al., 2019; Seo et al., 2014). While the corticospinal tract is
primarily thought to be responsible for distal extremity motor control (e.g., ankle, knee), stroke
research comparing adults with hemiparesis with and without corticospinal tract damage
emphasizes the additional role of primary motor cortex and corticospinal tract in proximal limb
function and postural control by demonstrating that stroke-induced corticospinal damage also
influences hip function (Seo et al., 2014). Residual ipsilateral projections from the uninjured
corticospinal tract may also contribute to improved lower extremity function and gait after stroke
(Kim et al., 2020; Lee & Kim, 2021). Cerebellar injury or damage to the cortico-pontine-
cerebellar pathways also affects all types of motor function from speech and ocular movements
to coordination of the trunk and extremities (Ilg & Timmann, 2013; Marsden & Harris, 2011).
Cerebellar injury leads to a reduction in postural muscle tone, decreased coordination of the
extremities, and oculomotor dysfunction which contributes to gait and balance impairments
(Marsden & Harris, 2011; Takukasaki, 2017).

1.4 Motor learning and neural plasticity

Motor learning refers to the relatively permanent acquisition of a motor skill that occurs with
practice or experience (Nudo, 2013; Schmidt & Lee, 2014). Fitts & Posner (1967) proposed three
behavioural stages of motor learning: cognitive, associative, and autonomous. The cognitive
stage is the preliminary stage of motor learning where performance is highly variable and the
learner uses a substantial amount of conscious effort to attend to task requirements (Schmidt &
Lee, 2014; Zwicker & Harris, 2009). With progression to the associative stage, the skill is
refined and performance is more consistent (Schmidt & Lee, 2014; Zwicker & Harris, 2009).
Once the autonomous stage is reached, little cognitive effort is required to execute the skill
allowing the learner to engage in other cognitive tasks while performing the motor skill (Schmidt
& Lee, 2014; Zwicker & Harris, 2009). On a neural level, motor learning is thought to be

accompanied by increased efficiency of signal transmission within the corticospinal tract (Reid et
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al., 2017) and is associated with differing areas of brain activation depending on the stage of
learning (Dayan & Cohen, 2011; Tavor et al., 2020).

Motor learning can also be categorized as fast (i.e., rapid improvement, possibly occurring
within a single practice session) or slow (i.e., gradual improvement that occurs over multiple
practice sessions) with the duration of each stage depending on skill complexity (Dayan &
Cohen, 2011). Regardless of the stage, the primary motor cortex is integral to motor learning
with varying degrees of activation depending on the level of skill proficiency (Dayan & Cohen,
2011; Lohse et al., 2014). Fast motor learning begins with increased activation of the anterior
regions of the brain including the dorsolateral prefrontal cortex, pre-supplementary motor cortex,
supplementary motor cortex, premotor area, and primary motor cortex which highlights the
cognitive demand during early learning (Dayan & Cohen, 2011; Ma et al., 2010). During early
learning, cerebellar projections to the premotor and primary motor cortex that provide feedback
related to errors are also highly active due to increased performance variability (Doyon et al.,
2003; Lohse et al., 2014; Tavor et al., 2020). Substantial reorganization of the primary motor
cortex occurs throughout fast motor learning with an initial expansion of the motor
representation in the early stages of practice followed by a return to the baseline levels of
activation as the skill and neural connections are refined (Dayan & Cohen, 2011; Lohse et al.,
2014; Ma et al., 2010). This reorganization is accompanied by increased activity in the premotor
cortex, supplementary motor cortex, parietal regions, striatum, and cerebellum (Dayan & Cohen,
2011; Lohse et al., 2014) with the connection between the supplementary motor area and the
primary motor cortex considered integral to motor memory consolidation (Tanaka et al., 2010;
Veldman et al., 2018).

The progression from fast to slow motor learning involves a shift in brain activity from the
associative/premotor areas of the brain to the sensorimotor regions of the brain (i.e., anterior to
posterior) as the skill becomes more automatic (Dayan & Cohen, 2011; Lohse et al., 2014;
Veldman et al., 2018). Even within the subcortical and cerebellar regions of the brain, there are
changes in brain activation patterns indicative of increased automaticity (Lohse et al., 2014).
Slow motor learning involves smaller and more gradual changes in activation with increased
activity in the primary motor cortex, somatosensory cortex, and putamen (Dayan & Cohen, 2011,

Lohse et al., 2014). These cortical changes are accompanied by a shift from rostral (i.e.,
11



cognitive) to caudal (i.e., sensorimotor) activity in the putamen, as well as a shift from cerebellar
cortex (i.e., cognitive) to deep nuclei (i.e., sensorimotor) in the cerebellum (Dayan & Cohen,
2011; Doyon et al., 2003; Lehéricy et al., 2005; Lohse et al., 2014). Even once the performance
of a skill has stabilized, there are ongoing changes in neural activity (e.g., weakening of
connections between the prefrontal cortex and primary motor cortex, strengthening of
connections between the basal ganglia and primary motor cortex) indicative of increased
automaticity (Ma et al., 2010; Tavor et al., 2020; Veldman et al., 2018).

1.4.1 Motor skills-based physiotherapy for children with ABI

Acquiring gross motor skills is fundamental to children’s physical, cognitive, and social
development, and is closely linked to their level of physical activity and participation in social,
recreational, and academic activities (Lucas et al., 2016). While motor learning (or relearning)
goals are common in most neurorehabilitation settings (Kleynen et al., 2017; Valvano, 2004;
Winstein et al., 2014), motor learning in pediatric ABI differs from adults with ABI because
children with ABI are relearning previously mastered skills as well as having to learn new
developmentally applicable motor skills (Anderson & Catroppa, 2006; Giza et al., 2009). As
such, children with ABI are faced with a phenomenon known as “growing into the injury” where
there is delayed manifestation of injury sequelae and the possibility of new deficits emerging as
the child develops, with younger children being more susceptible to this phenomenon due to the
disruption of critical early brain development (Giza et al., 2009). While children with ABI tend
to recover motor function more quickly than cognitive skills, motor recovery plateaus toward the
end of subacute ABI and long-term deficits persist (Dumas et al., 2004a; Dumas et al., 2004b;
Galvin et al., 2010a; Tailor et al., 2013). Further, cognitive and motor function are not mutually
exclusive. The overlay of cognitive deficits associated with ABI also influences motor recovery
and has implications for return to meaningful physical activities such as community mobility and
recreational sports (Baque et al., 2016; Dumas et al., 2004b; Galvin et al., 2010a).

Physiotherapy for children with ABI targets goals that involve the learning and relearning of
gross motor skills required for functional independence and participation in daily activities
(Baque et al., 2016; Dumas et al., 2004b; Levac et al., 2012; Popernack et al., 2015). Motor
skills-based physiotherapy for children with ABI should be meaningful, engaging, age
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appropriate, and progressively adapted to promote independence (Hebert et al., 2016; Lucas et
al., 2016). Advanced gross motor skills goals, such as running and jumping, are addressed once
children have acquired basic gross motor skills such as sitting, standing, and walking (Baque et
al., 2016). Physiotherapists use individualized goal setting and task-specific training to address
the balance, postural control, coordination, strength, and endurance challenges associated with
ABI (ABIKUS, 2007; Hebert et al., 2016; Levac et al., 2012; Popernack et al., 2015; Ustinova et
al., 2015). They also facilitate the integration of vestibular, visual, and proprioceptive feedback
during functional gross motor skills to promote independent mobility and optimize motor control
(ABIKUS, 2007; Hebert et al., 2016; Popernack et al., 2015; Ustinova et al., 2015). On a
neurological level, these interventions involve targeting specific motor skills that influence the
formation, strength, and direction of specific synaptic connections, which ultimately leads to
improvements in the execution and coordination of functional motor tasks (Gordon & di Maggio,
2012; Nudo, 2013). Dumas et al. (2004b) found that the intensity of inpatient physiotherapy for
children with subacute ABI is positively associated with the extent of mobility gains made

during admission.

There is growing evidence in pediatric rehabilitation to support the use of motor learning
strategies (MLS) in motor skills-based interventions to promote motor learning in children with
neuromotor conditions (Bar-Haim et al., 2010; Cameron et al., 2017; Khamis et al., 2020;
McKechnie et al., 2020; Morgan et al., 2016; Pierce et al., 2021; Prado et al., 2017). MLS are
therapeutic actions that involve the selection, manipulation, and application of motor learning
variables based on child- and task-specific factors to promote motor skill acquisition (Levac et
al., 2011). There are a wide range of MLS that can be categorized as therapist verbalizations
(e.g., feedback, instructions), therapist actions (e.g., demonstration, physical guidance), and
practice organization (e.g., progressive, whole, random practice) (Levac et al., 2011; Spivak et
al., 2021). Several studies have evaluated the effectiveness of single MLS. Cameron et al. (2017)
demonstrated that the Cognitive Orientation to Occupational Performance (i.e., a therapist
verbalization that uses asking to promote problem solving) led to improved motor outcomes
compared to traditional occupational therapy intervention. Serrano-Gonzalez et al. (2022) used
action observation (i.e., demonstration) to improve hand function in children after brain tumour

resection. Prado et al. (2017) found that the random practice order (i.e., a practice organization
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MLS) of a computerized maze task led to improved performance in a transfer test in children
with CP compared to constant practice. In contrast, other studies have used combinations of
MLS such as Bar-Haim et al. (2010) who found that a motor learning coaching program
involving intentional verbal and non-verbal instructions, feedback related to results, and task
variability led to improved retention and transfer of motor skills in school-aged children with CP
compared to a conventional neurodevelopmental treatment. Successful MLS application depends
on physiotherapists’ ability to adapt MLS use on an ongoing basis depending on the child’s stage
of learning and cognition, as well as the child’s motivation and the practice environment (Bar-
Haim et al., 2010; Larin, 1998; Ryan et al., 2020; Valvano, 2004). They use multiple MLS
during a single treatment session and transition between MLS depending on the learner’s

performance (Kleynen et al., 2017; Ryan et al., 2020).

While MLS application is associated with improved retention of gross motor skills and increased
transfer of skills beyond the therapeutic environment (Bar-Haim et al., 2010), the optimal
combination of MLS has yet to be determined (MacWilliam et al., 2021; Spivak et al., 2021;
Valvano, 2004). Lab-based motor learning research involving typically developing children or
healthy adults is often more conducive to isolating and evaluating a specific MLS. This
standardized approach to motor learning research becomes more difficult in clinical interventions
where physiotherapists address individualized motor learning goals and also continually adapt
MLS application to meet the learner’s needs (Kleynen et al., 2015; Kleynen et al., 2017; Ryan et
al., 2020; Valvano, 2004), meaning that there are an increased number of confounding variables

to consider when conducting motor learning research in pediatric neurorehabilitation.

1.4.2 Evaluating gross motor outcomes in pediatric ABI

Pediatric PTs measure gross motor progress using a variety of standardized outcome measures.
The following section describes the gross motor outcome measures considered for this
dissertation’s tDCS feasibility study. The accepted standard for measuring change in gross motor
function in children with moderate to severe ABI is the Gross Motor Function Measure (GMFM-
88) (Kuhtz-Buschbeck et al., 2003; Linder-Lucht et al., 2007; Russell et al., 2021; Storm et al.,
2020; Thomas-Stonell et al., 2006). This 88-item outcome measure is divided into five

dimensions: 1) lying and rolling, 2) sitting, 3) crawling and kneeling, 4) standing, 5) walking,
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running & jumping (Russell et al., 2021). While a shorter version, the GMFM-66, is available,
the 88-item version more accurately detects change in children with TBI than the GMFM-66
which was designed specifically for the developmental trajectories of children with cerebral
palsy (Linder-Lucht et al., 2007). A minimal clinically important change for the GMFM-88 in
children with TBI is approximately 5% (Linder-Lucht et al., 2007). However, the GMFM-88 has
a ceiling effect for children who have difficulty with advanced gross motor skills (Alotaibi et al.,
2014; lbey et al., 2010; Vos-Vromans et al., 2005) and, because it does not evaluate quality of
movement, it often underestimates improvements in functionally important gross motor skill

refinement (Russell et al., 1989).

When the GMFM-88 reaches its ceiling, physiotherapists usually administer more advanced
outcome measures to identify physiotherapy goal areas and detect change (lbey et al., 2010;
Wright et al., 2010). The Community Balance and Mobility Scale (CB&M) (Howe et al., 2006)
is a 13-item outcome measure developed for ambulatory adults with TBI that was subsequently
validated in children with ABI (Wright et al., 2010). The CB&M evaluates both quantitative and
qualitative aspects of static and dynamic balance (Howe et al., 2006). In addition to assessing
functional gross motor skills like walking, running, and descending stairs, the CB&M
incorporates aspects of multitasking, sequencing movement components, and complex motor
skills that challenge the precision and fluidity of movement (Howe et al., 2006). However, the
Acquired Brain Injury Challenge Assessment (ABI-CA) is likely a better overall indication of
advanced gross motor function because it was specifically developed to expand upon the
“walking, running, & jumping” dimension of the GMFM-88 and assesses elements of advanced
gross motor skills (e.g., strength, agility, coordination) not covered in the CB&M (lbey et al.,
2010; Wong et al., 2014). Like the CB&M, the ABI-CA evaluates both quantitative and
qualitative aspects of performance (lbey et al., 2010; Wong et al., 2014).

The Pediatric Evaluation of Disability Inventory (PEDI) is norm-referenced measure that
evaluates function in Daily Activities, Mobility, and Social/Cognitive domains (Haley et al.,
2010). The PEDI has been validated in many pediatric clinical populations, including inpatient
ABI (Dumas et al., 2002; Kothari et al., 2003). PEDI change scores are used to evaluate
intervention effectiveness (Haley et al., 2010) and highly correlated with GMFM change scores

in children with CP (Lewis et al., 2020; Wright et al., 2008). The computer adaptive version of
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the PEDI, the PEDI-CAT, uses item response theory to adjust the items presented based on
responses to previous items such that content is tailored to the child’s functional abilities (Haley
etal., 2011) and is responsive to change in inpatient pediatric rehabilitation (Fragala-Pinkham et
al., 2016). The PEDI-CAT asks the therapist, parent, or child to indicate the ease with which the
child completes a variety of functional tasks in Daily Activities, Mobility, and Social/Cognitive
domains (Fragala-Pinkham et al., 2016; Haley et al., 2011). When used as a parent-reported
outcome, the PEDI-CAT provides additional information about the child’s functional ability
beyond a clinical setting and minimizes the assessment demands on the child (Lewis et al.,
2020).

Given the focus on ambulation-based goals in inpatient ABI rehabilitation (Dumas et al., 2004a),
ambulation-specific outcome measures are also used to evaluate change. The 6-Minute Walk
Test (6BMWT) is a self-paced assessment of walking endurance that is frequently used in
pediatric ABI (Storm et al., 2020). Despite its widespread use in many pediatric clinical
populations, children typically have difficulty sustaining a self-set pace without ongoing
encouragement which then has implications for test validity (Bartels et al., 2013). In contrast, the
10-metre Fast Walk Test (LOmFWT) takes far less time to complete and, as such, decreases the
reliance on the need to sustain attention. While the 10mFWT does not evaluate the endurance
aspect of ambulation, it represents the minimum distance required for functional ambulation
(Thompson et al., 2008).

Individualized goals are central to outcome evaluation in pediatric rehabilitation because they
address child and/or parent priorities and measure progress at a level tailored to each child’s
abilities (Cusick et al., 2006; Pritchard-Wiart et al., 2019). Further, by being involved in the
goal-setting process, children are more likely to be motivated to work towards a specific and,
thus, more engaged in the intervention (Pritchard-Wiart et al., 2019; Ziviani, 2015). GAS and
COPM are individualized goal-setting measures frequently used in pediatric rehabilitation
research (Cusick et al., 2006). Goal attainment scaling (GAS) (Kiresuk & Sherman, 1968) is a
method for quantifying goal achievement that is highly adaptable to individual needs and, as
such, is frequently used in rehabilitation (Schlosser, 2004; Turner-Stokes, 2009). At baseline, the
child’s current level of function for a particular goal is set at *-2* (Schlosser, 2004; Turner-

Stokes, 2009). The therapist then establishes criteria for incremental improvements on a scale of
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-2 to +2 where 0 is the extent of improvement the therapist expects to observe within a specified
time frame (Schlosser, 2004; Turner-Stokes, 2009). Goals are reassessed at the end of the time
frame and assigned a score between -2 and +2 where -2 is ‘much less than expected’, -1 is ‘less
than expected’, 0 is ‘expected’, +1 is ‘more than expected’, +2 is ‘much more than expected’
(Schlosser, 2004; Turner-Stokes, 2009). The personalized nature of GAS avoids the floor and
ceiling effects, as well as the lack of sensitivity, frequently encountered with standardized

rehabilitation outcome measures (Turner-Stokes, 2009).

The Canadian Occupational Performance Measure is another method for standardizing
individualized goals and involves a semi-structured interview where the client identifies
performance areas that they would like to improve upon (Law et al., 1990). The client then
assigns a weight to each goal and indicates their current level of performance out of 10, as well
as their satisfaction with their performance out of 10 (Law et al., 1990). In pediatric
rehabilitation, COPM goals are developed with children and/or parents and are an effective way
of establishing meaningful goals in therapeutic intervention (Cusick et al., 2006; Law et al.,
1997; Verkerk et al., 2006). GAS and COPM goals often complement each other due to their
differing attributes. While the child and/or parent rate satisfaction and performance for COPM
goals, either the therapist and/or child/parent can score GAS goals depending on the nature of the
goals (Cusick et al., 2006; Schlosser, 2004). Further, the goal setting process for COPM is more
standardized while GAS permits a more flexible administration process (Cusick et al., 2006).
When used in research, GAS and COPM are frequently designed to measure different constructs

(Cusick et al., 2006) which permits a well-rounded evaluation of study outcomes.

1.4.3 Using rehabilitation technologies to optimize motor learning

The rapid influx of rehabilitation technologies over the last decade in particular, has led to
increased use of these technologies in clinical settings with the goal of enhancing motor
outcomes (Spiess et al., 2018). Some modalities (e.g., robotic assisted gait training, virtual
reality) influence change on a behavioural level by increasing exposure to motor learning
opportunities within the intervention. For example, robotic-assisted gait training capitalizes on
repetition and physical guidance to familiarize the learner with an efficient gait pattern (Lefmann
et al., 2017; Mikolajczyk et al., 2018) while virtual reality creates an enriched training
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environment that provides enhanced feedback and motivates the individual (Levac et al., 2019;
Levin et al., 2015). Conversely, other rehabilitation technologies (e.g., functional electrical
stimulation, non-invasive brain stimulation) may influence motor learning on a physiological
level. For example, functional electrical stimulation targets the timing and magnitude of muscle
activation at the neuromuscular junction during functional tasks (Everaert et al., 2010; Pool et al.,
2015) while non-invasive brain stimulation modulates synaptic transmission within the cerebral
cortex (Elbanna et al., 2019; Stagg & Nitsche, 2011).

While implementing rehabilitation technologies in a clinical setting may be appealing, their
feasibility must be considered (Aprile et al., 2019; Feldner et al., 2019). Challenges associated
with implementing technologies often include high cost or decreased ease of use (Banerjee-
Guénette et al., 2020; Feldner et al., 2019; Ferche et al., 2015; Mikolajczyk et al., 2018). Cost not
only refers to the purchase and maintenance of the equipment itself but also the investment in
training staff to effectively administer the technology (Feldner et al., 2019; Ferche et al., 2015).
Additionally, the time required to set up and use the device can be a barrier to implementation
(Feldner et al., 2019; Glegg et al., 2017). As such, clinicians must perceive that a technology has
increased benefits compared to traditional intervention and the properties of the technology must
align with the patient’s abilities and goals (Aprile et al., 2019; Banerjee-Guénette et al., 2020;
Feldner et al., 2019; Ferche et al., 2015; Glegg et al., 2017). The technology also needs to be
tolerated and acceptable from a patient perspective with the potential benefits outweighing the
possible risks (Andrade et al., 2014; Aprile et al., 2019; Gillick et al., 2015).

1.5 Transcranial direct current stimulation

Transcranial direct current stimulation (tDCS) is a form of non-invasive brain stimulation that
temporarily modulates neural activity in a targeted area of the brain and is used with the goal of
inducing neuroplasticity and influencing behavioural change (Stagg et al., 2011; Wessel et al.,
2015; Woods et al., 2016). When motor learning is the intended outcome, tDCS involves
delivering a small subthreshold current (1.0 to 2.0 mA) to a specific motor region of the brain,
usually the primary motor cortex (Stagg & Nitsche, 2011; Woods et al., 2016). The subthreshold
nature of the electrical current means that tDCS does not directly induce neuronal firing, rather it

increases or decreases the likelihood of membrane depolarization (i.e., synaptic transmission)
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when accompanied by a motor task, making the elements of task practice that accompany the
tDCS integral to motor learning outcomes (Stagg & Nitsche, 2011). tDCS-induced
neuromodulation generally lasts for up to 90 minutes after stimulation and, as such, motor
practice should occur during this window of altered cortical excitability (Ciechanski & Kirton,
2016; Stagg & Nitsche, 2011).

1.5.1 Electrode montages

The most common tDCS electrode montage is a dual electrode montage with the anode
positioned over the neural target (e.g., the primary motor cortex) to increase cortical excitability
(i.e., shift resting membrane potential of underlying neurons toward depolarization) and the
cathode is placed over a remote region of the brain (Ciechanski & Kirton, 2016; Stagg &
Nitsche, 2011). Conversely, the cathode is placed over the neural target if the goal is to suppress
cortical activity (i.e., hyperpolarize the resting membrane potentials of underlying neurons)
(Stagg & Nitsche, 2011). Given the somatotopic organization of the primary motor cortex
(Kandel et al., 2013), electrode position can be adjusted to target the motor representation of a
specific body part (e.g., hand, leg). If improving right hand function is the desired outcome, the
anode is placed over the hand region of the left primary motor cortex and the cathode is placed
over the right forehead. Given the proximity of the leg and foot regions of the primary motor
cortex, electrode placement may be adjusted closer to midline when targeting lower extremity
motor goals (Figure 1.2). Locating a specific neural target can be accomplished using several
methods: the International 10-20 System for electrode placement, neuronavigation (e.g.,
magnetic resonance imaging [MRI]), or single pulse transcranial magnetic stimulation (TMS) to

elicit contraction of the target muscle group (Woods et al., 2016).
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Figure 1. 2. Anodal tDCS montage targeting bilateral lower extremities (a) and associated
electrical fields (b).

—

Anode: Cz (i.e., centre top of head), cathode: Fpz (i.e., middle of forehead).

(Note: parent informed consent and child assent obtained to use photograph.)

Coronal Slice Sagittal Slice Axial Slice o:s ]

(w/p) Ausuayu) ppRiy

Electrical fields for the electrode placement shown in (), created using Soterix Medical

HD-Explore ™ modeling software on a standard adult head where red indicates increased field

intensity.
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1.5.2 tDCS safety, tolerance, and ease of use

tDCS is safe and tolerable among adults and children in both clinical and non-clinical
populations (Bikson et al., 2016; Buchanan et al., 2021; Zewdie et al., 2020). A common
transient side effect associated with tDCS is itching or tingling under the electrode sites, while a
burning sensation under the electrodes, fatigue, nausea, dizziness, or headache is less common
(Ambrus et al., 2012; Bikson et al., 2016; Buchanan et al., 2021; Ciechanski & Kirton, 2016;
Russo et al., 2017; Wood et al., 2016; Zewdie et al., 2020). Unlike TMS that induces synaptic
transmission on its own, tDCS is unlikely to cause seizures due to the subthreshold nature of
stimulation (Russo et al., 2017; Woods et al., 2016). Contraindications to tDCS include metal
implants in the head or neck, pacemakers, cranial defects, wounds under the electrode site,
pregnancy, cochlear implants, and brain tumours (Ciechanski & Kirton, 2016; Russo et al., 2017,
Woods et al., 2016). In addition to being the most inexpensive form of neuromodulation, tDCS is
also the most portable (Woods et al., 2016). The recent increase in use of wireless tDCS devices
allows people to be more physically active during tDCS treatments (Bulteau et al., 2022; Salazar
Fajardo et al., 2022). Additionally, there are studies in adult clinical populations (e.g., pain,
dementia, stroke, depression) evaluating tDCS use in the home with remote supervision (Palm et
al., 2018).

1.5.3 tDCS protocols involving motor intervention in clinical populations

The combination of tDCS and motor interventions has been studied extensively in adults with
stroke, with over 20 systematic reviews published since 2016. While fewer systematic reviews
have been specific to gross motor function in adults with stroke, these reviews found evidence of
improved gait (e.g., Six-Minute Walk Test, the 10-metre Walk Test, spatiotemporal gait
parameters), balance (e.g., Berg Balance Scale, rate of falls), and lower extremity motor
outcomes (e.g., Fugl-Meyer) when anodal tDCS was paired with various gross motor
interventions (e.g., conventional stroke physiotherapy, robotic-assisted gait training, treadmill
training) (Navarro-Lopez et al., 2021; Vaz et al., 2019). There have been far fewer tDCS studies
in adults with TBI compared to stroke, with most tDCS studies in adults with TBI focusing on
cognitive interventions (e.g., cognitive training) and/or outcomes (e.g., errors, apathy, attention,
consciousness) (Zaninotto et al., 2019). Of the few studies that evaluated the impact of tDCS on

motor function after TBI, one case study with a single participant evaluated upper extremity
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function but did not provide an accompanying intervention (Chiang et al., 2022), one proof-of-
concept pilot study evaluated tDCS with an upper extremity intervention in two participants with
TBI (Middleton et al., 2014), and the remaining studies evaluated the effects of tDCS on
dysphagia (Momosaki et al., 2016). Accordingly, review papers have commented on the paucity
of motor-based tDCS research in TBI and called for more research in this area (Kim et al., 2019;
Rudroff & Workman, 2021; Zaninotto et al., 2019).

Across adult stroke and TBI, tDCS studies have been conducted in the acute, subacute, and
chronic stages of recovery (Bornheim et al., 2022; Navarro-Lépez et al., 2021; Vaz et al., 2019;
Zaninotto et al., 2019). For tDCS protocols targeting the primary motor cortex, the anode
electrode position has varied with the motor representation for the tibialis anterior being a
prominent neural target when TMS was used to locate the muscle ‘hotspot” and C3/C4 (i.e.,
unilateral hand/arm regions of the primary motor cortex) or Cz (i.e., bilateral lower extremity
regions of the primary motor cortex) targeted when the 10-20 system for electrode placement
was used (Bornheim et al., 2022; Middleton et al., 2014; Vaz et al., 2019) (Figure 1.3). The
systematic reviews specific to gross motor tDCS studies indicated that the multi-session
treatment protocols were between seven and 30 sessions and involved individual tDCS sessions
lasting between 10 and 20 minutes with current intensities of 1.0 to 2.0 mA (Navarro-L6pez et
al., 2021; Vaz et al., 2019).
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Figure 1. 3. Location of tDCS neural targets on the primary motor cortex according to the

10-20 system (Seeck et al., 2017) for electrode placement.

Legend: Superior view of the primary motor cortices (red); Cz: bilateral lower extremity

representations; C3: right upper extremity representation, C4: left upper extremity representation

In pediatric clinical populations, motor learning tDCS protocols have focused predominantly on
children with cerebral palsy (CP) with protocols that involve gross motor intervention having
positive gait, balance, and mobility outcomes (Elbanna et al., 2019; Salazar Fajardo et al., 2022;
Saleem et al., 2019a). Study protocols most frequently involved 10 sessions over two weeks with
each tDCS session lasting 20 minutes (Saleem et al., 2019a). Current intensities were all 1.0 mA
with the anode most frequently positioned over the primary motor cortex (Elbanna et al., 2019).
The outcome measures used in these studies included various gait parameters (e.g., velocity,
cadence, step length), walking endurance (i.e., 6MWT), motor function (i.e., GMFM-88, PEDI),
and balance (i.e., Pediatric Balance Scale) (Elbanna et al., 2019; Salazar Fajardo et al., 2022;
Saleem et al., 2019a). While tDCS is currently being explored in children with severe ABI with
disorders of consciousness (Saleem et al., 2019b), there is only one published tDCS study in
pediatric ABI that involves motor intervention (based on a review of results from MEDLINE
search: “transcranial direct current stimulation” AND [“brain injuries” OR “stroke’] restricted to

0-18 years old) and no registered clinical trials on ClinicalTrials.gov. The published study is a
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single participant case report that involved a 17-year old girl who sustained an arterial ischemic
stroke at the age of six and presented with hemiparesis of the right upper extremity (Ciechanski
et al., 2020). She underwent a 10-day treatment protocol over two weeks where each session
involved 60 minutes of goal-directed occupational therapy with 20 minutes of cathodal tDCS
(1.5 mA) over the contra-lesional (i.e., right hemisphere) hand region of the primary motor
cortex (Ciechanski et al., 2020). She experienced clinically significant changes in upper
extremity functional outcomes (e.g., Jebsen Taylor Hand Function Test, COPM) that were
maintained six months post-intervention (Ciechanski et al., 2020). These positive preliminary
motor outcomes in childhood onset stroke (Ciechanski et al., 2020) along with similar results in
children with CP (Elbanna et al., 2019; Salazar Fajardo et al., 2022; Saleem et al., 2019a) suggest
that tDCS combined with gross motor interventions has strong potential to be effective in
children with ABI.

1.5.4 Evaluating neural outcomes in tDCS research

Behavioural outcomes in motor learning research are evaluated based on the time required to
complete the task, task accuracy, and/or movement variability (Dayan & Cohen, 2011). In
addition to evaluating behavioural outcomes, there is a need to understand the neural changes
accompanying behavioural change. As such, the neurophysiological effects of tDCS are
frequently explored using TMS, electroencephalography, and functional MRI (Horvath et al.,
2015). MEP measurement in selected muscles is the most common neural outcome when tDCS
is used to target the primary motor cortex (Bastani & Jaberzadeh, 2012; Horvath et al., 2015).
MEPs are a measure of corticospinal tract excitability that involves single pulse TMS eliciting a
muscle contraction in a targeted muscle group (Bestmann & Krakauer, 2015). For example,
when the anode is placed over the motor representation for the tibialis anterior in the primary
motor cortex, tDCS is expected to increase excitability of the underlying motor neurons
responsible for ankle dorsiflexion. By measuring the change in MEP amplitude or MEP latency
in the tibialis anterior pre-post tDCS treatment, researchers can determine if tDCS has influenced

activation of this muscle.

To date, there are few pediatric tDCS studies that have measured MEP outcomes (Gillick et al.,
2015; Moliadze et al., 2015; Rich et al., 2018). Early safety and feasibility work in children
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involved measuring first dorsal interosseus (FDI) MEPs pre and post tDCS without an
accompanying motor intervention (Gillick et al., 2015; Moliadze et al., 2015). Gillick et al.
(2015) randomized 13 children ages 7 to 18 years with congenital hemiparesis to receive 10
minutes of either active (up to 1.5 mA) or sham tDCS where the anode was positioned over the
FDI (i.e., hand representation) of the lesioned hemisphere and the cathode over the FDI of the
non-lesioned hemisphere. They observed no difference MEPs between the sham and active tDCS
groups and noted that several children reported discomfort during TMS (Gillick et al., 2015).
Moliadze et al. (2015) evaluated the impact of different tDCS intensities of FDI MEPs measured
every 10 minutes up to 60 minutes after the tDCS session in typically developing children and
youth. Their crossover protocol involved single sessions of 1.0 mA of anodal and cathodal tDCS
for 10 minutes in 19 children and youth with a follow-up crossover study where 10 of the
original 19 participants received additional sessions with 0.5 mA of anodal and cathodal tDCS
(Moliadze et al., 2015). Interestingly, the 1.0 mA current led to significantly increased MEP
amplitudes up to 60-minutes post-tDCS for both anodal and cathodal conditions, while 0.5 mA
decreased MEP amplitude in the cathodal condition and had no effect in the anodal condition
(Moliadze et al., 2015).

The only pediatric study to evaluate MEP outcomes in a tDCS study involving motor
intervention involved eight children and young adults (7-21 years) with unilateral CP who
participated in 10 cathodal tDCS sessions to the non-lesioned hemisphere concurrent with
bimanual training (Rich et al., 2018). In addition to functional outcomes and other TMS
outcomes, FDI MEPs in the non-lesioned hemisphere were measured one week before and one
week after the treatment protocol (Rich et al., 2018). While MEP amplitude in the non-lesioned
hemisphere decreased (i.e., reduced excitability) in five of eight participants, other measures
TMS outcomes suggested increased excitability in the same hemisphere (Rich et al., 2018). The
authors attributed this inter- and intra-individual variability to anatomical differences among
children with CP, including differences in lesion location and corticospinal circuitry (i.e.,
contralateral versus bilateral), as well as variable interference from the motor intervention

depending on each participant’s functional ability (Rich et al., 2018).

Given the limited pediatric studies along with the potential neuroanatomic differences between

congenital and childhood onset ABI, consideration of adult tDCS studies was required to
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determine the merit of measuring MEPs as a neural outcome in tDCS research involving motor
intervention. To date tDCS protocols involving gross motor interventions in adults with stroke
have had mixed MEP outcomes. When evaluated MEPs in adults with stroke with mixed results
in protocols targeting gross motor function. Chang et al. (2015) found that 10 sessions of anodal
tDCS with conventional physiotherapy in adults with stroke improved tibialis anterior MEPs
(i.e., increased amplitude, decreased latency) and lower limb function compared to sham tDCS

with conventional physiotherapy.

In contrast, Madhavan et al. (2011) found that a single session of anodal tDCS during an ankle
tracking task in adults with stroke led to significant improvements in task performance
(compared to sham tDCS combined with task practice) but no difference in MEP outcomes
between tDCS conditions. Madhavan et al. (2016) went on to look at the impact of anodal tDCS
targeting the leg region of the lesioned primary motor cortex and high intensity interval treadmill
training on MEPs where adults with chronic stroke participated in two 40-minute treadmill
sessions, one with 15 minutes of anodal tDCS (1.0 mA) prior to treadmill training and one with
treadmill training alone. While there were no significant changes in MEPs immediately
following the intervention treadmill training alone, tDCS with treadmill training increased MEPs
in the hemiparetic tibialis anterior and decreased MEPs in the nonparetic tibialis anterior, and
neither group had improved gait speed following the limited number of training sessions
(Madhavan et al., 2016).

Madhavan et al. (2020) built upon their preliminary work by evaluating the impact of tDCS and
high intensity treadmill training in 81 adults with chronic stroke over a four-week period (40
minutes, three days per week). This study also involved an ankle tracking task where participants
were assigned to one of four treatment groups: no intervention prior to treadmill training, ankle
tracking prior to treadmill training, tDCS prior to treadmill training, or ankle tracking and tDCS
prior to treadmill training (Madhavan et al., 2020). Notably, MEPs in the paretic tibialis anterior
were present in only 35 of the 81 participants, generally those with improved lower extremity
function, and nine participants did not tolerate MEPs measurement due to discomfort (Madhavan
et al., 2020). They found that the tDCS and ankle tracking group had greater changes in MEPs
that were retained at the three-month follow assessment, but all groups experienced similar

increases in walking speed post-intervention (Madhavan et al., 2020).
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Most recently, Sivaramakrishnan & Madhavan (2021) conducted a crossover study where adults
with stroke participated in three single sessions of anodal tDCS (1.0 mA for 20 minutes targeting
paretic tibialis anterior), aerobic exercise (on a recumbent stepping machine) with sham tDCS,
and tDCS with aerobic exercise. MEPs could not be elicited in the paretic tibialis anterior in two
of the 25 participants (Sivaramakrishnan & Madhavan, 2021). They found that MEPs were
reduced in the aerobic exercise only condition compared to the tDCS and tDCS with aerobic
exercise conditions, and none of the conditions improved reaction time of the paretic limb
(Sivaramakrishnan & Madhavan, 2021).

This variability between motor and MEP outcomes across tDCS studies that involve motor
intervention suggests that the benefits of MEP outcomes within the context of tDCS combined
with motor practice are unclear. The movement associated with motor practice is thought to
interfere with the tDCS-induced changes in MEPs (Antal et al., 2007; Horvath et al., 2014) but
the extent of this interference may vary (Antal et al., 2007; Bestmann & Krakauer, 2015). While
a systematic review of tDCS without motor practice in healthy adults suggests that MEPs are the
most reliable method of evaluating tDCS-induced neurophysiological outcomes, they noted that
recent studies had variable results (Horvath et al., 2015). Given the variability in MEP results
and the limited tDCS studies in clinical populations that include a motor intervention and
evaluate MEPs, a review of tDCS protocols that measure MEPs and involve motor function in
healthy individuals may clarify the role of MEPs in detecting the neural change associated with
tDCS.

1.6 Rationale and objectives

The primary objective of this dissertation was to evaluate the feasibility of tDCS as an adjunct to
an existing inpatient physiotherapy program for children and youth with moderate to severe ABI.
While feasibility studies are not powered to determine treatment effect, they play an important
role in testing study processes and provide an estimation of treatment effect which informs the
decision to conduct a definitive (i.e., appropriately powered) clinical trial (Thabane et al., 2010).
Prior to conducting a feasibility study, the need to investigate a novel treatment approach should
be established and, in this case, was accomplished by reviewing the current state of inpatient

ABI gross motor outcomes. Once the need is identified, an integral aspect of feasibility study
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design is selecting the outcome measures capable to detecting change associated with the
intervention. Given the ongoing need to understand the neural changes underlying motor

learning, the inclusion of a neural outcome was also explored.

This manuscript-style thesis contains four independent manuscripts (Chapters 2 through 5) that

address the following objectives:

Objective 1. Estimate the gross motor change associated with inpatient ABI rehabilitation for
school-aged children with moderate to severe subacute ABI using standardized clinical outcome
measures. By establishing the gross motor change that occurs during traditional inpatient ABI
rehabilitation (Chapter 2), this work demonstrates the strong potential for change during the
subacute stage of rehabilitation, the outstanding gross motor challenges that children with ABI
contend with beyond inpatient rehabilitation, and the need to enhance motor learning outcomes
during this stage using a novel technology like tDCS as an adjunct to traditional physiotherapy
intervention. It also provides an estimate of gross motor change associated with physiotherapy
intervention that can be used as a benchmark comparator for studies where novel technologies

are applied as adjuncts to physiotherapy.

Objective 2. Determine whether evaluating MEPs in a tDCS protocol that involves motor
performance provides an accurate indication of the neural changes associated with clinical motor
outcomes. By summarizing the impact that the combination of tDCS and motor
intervention/assessment have on MEPs in healthy individuals (Chapter 3), this thesis explores the
suitability of using MEPs as a neural indicator of change in motor learning tDCS protocols.
These findings informed whether MEPs were included as an outcome measure in the feasibility
study protocol that evaluated tDCS as an adjunct to inpatient physiotherapy in children with
ABI.

Objective 3. Evaluate the feasibility of tDCS as an adjunct to inpatient physiotherapy in children
with moderate to severe ABI. By evaluating study feasibility (Chapter 4) and detailing specific
aspects of the study protocol in a case report (Chapter 5), this thesis will inform the design of

future motor learning tDCS studies for children with ABI.
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Chapter 2

Gross motor change after intensive rehabilitation for children and
youth with ABI: A 10-year retrospective review

This chapter was published in its entirety as:

Ryan, J. L., Zhou, C., Levac, D. E., Fehlings, D. L., Beal, D. S., Hung, R., & Wright, F. V.
(2022). Gross motor change after intensive rehabilitation for children and youth with ABI:
A 10-year retrospective review. Developmental Medicine & Child Neurology. 00, 1-8. doi:
0rg/10.1111/dmcn.15471
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2  Gross motor change after intensive rehabilitation for
children and youth with ABI: A 10-year retrospective
review

2.1 Abstract

Aim: Estimate gross motor change in inpatient school-aged children with subacute acquired
brain injury (ABI), identify factors associated with gross motor change, and describe inpatient

physiotherapy focus.

Method: This retrospective chart review involved inpatient children (5-18 years) with subacute
ABI who had either two Gross Motor Function Measure (GMFM-88) assessments or one
GMFM-88 with another pre/post gross motor outcome measure. Outcome change scores and
Goal Attainment Scaling (GAS) T-scores were calculated. Regression analyses examined factors

predicting gross motor change. GAS goal areas were analyzed to determine physiotherapy focus.

Results: Of the 546 charts screened, 266 (118 female) met study criteria. The GMFM-88 was
generally administered first, followed by other measures. GMFM-88 (n=202), Community
Balance and Mobility Scale (n=89), and Six-Minute Walk Test (6MWT) (n=98) mean change
scores were 18.03% (SD=19.34), 17.85% (SD=10.77), and 142.3m (SD=101.8), respectively.
The mean GAS T-score was 55.06 (SD=11.50). Lower baseline scores and increased time
between assessments were most predictive of greater GMFM-88 change (|r[>0.40). Twenty-five

percent of GAS goals were ambulation-based.

Interpretation: Appropriate outcome measure selection is integral to detecting gross motor
change in pediatric inpatient ABI rehabilitation. Mean change score estimates can be used to

compare standard inpatient rehabilitation with new treatment approaches.
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2.2 Introduction

The ultimate goal for most children with moderate to severe acquired brain injury (ABI) is
returning to pre-injury activities at home, school, and in the community (Galvin et al., 2010a;
Gordon & di Maggio, 2012; Lee et al., 2017). Since functional ability plays an integral role in
participation, inpatient ABI rehabilitation typically focuses on relearning the skills necessary for
resuming age-appropriate activities (Galvin et al., 2010b; Rast & Labruyére, 2020). Changes in
mobility are often greatest during the subacute stage of recovery and are influenced by injury
severity and physiotherapy intensity (Dumas et al., 2004a; Dumas et al., 2004b). Physiotherapy
for children with ABI usually involves task-specific practice that addresses individualized goals
related to restoring motor and postural control, maximizing functional mobility, and relearning
previously mastered gross motor skills (Baque et al., 2016; Dumas et al., 2004a; Levac &
DeMatteo, 2009; Levac et al., 2012). Despite substantial physical gains with intensive
physiotherapy during this stage, recovery typically plateaus and long-term motor deficits often
persist (Anderson & Catroppa, 2006; Galvin et al., 2010b; Lee et al., 2017).

While novel treatment adjuncts offer hope for enhancing paediatric rehabilitation outcomes
(Beretta et al., 2018; Gordon & di Maggio, 2012), clinical trials in subacute ABI are constrained
by diagnostic heterogeneity (Gordon & di Maggio, 2012) and time-intensive rehabilitation
schedules (Anderson & Catroppa, 2006). Thus, researchers may use early single group trials
without a control group to focus solely on the new treatment approach (Beretta et al., 2018), or
feasibility randomized control trials that are not, by design, powered to detect a treatment
response (Eldridge et al., 2016; Thabane et al., 2010). Because the extent of gross motor change
associated with traditional physiotherapy using standardized assessments is not well-documented
(Johnson et al., 2009; Popernack et al., 2015), there are limits to understanding the preliminary
treatment effects in these early trials. However, the treatment effect associated with traditional
interventions can be estimated using routinely collected health data where change score estimates
for standardized outcomes serve as preliminary reference points for comparing traditional

physiotherapy with new treatment approaches (Eldridge et al., 2016).

Given the emphasis on function during inpatient rehabilitation (Dumas et al., 2004a; Galvin et

al., 2010b), outcome measures are often situated within the activities (i.e., task execution)
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domain of the International Classification of Function, Disability, and Health (ICF) (Rast &
Labruyere, 2020; World Health Organization, 2001). Physiotherapists evaluate a range of gross
motor abilities in paediatric ABI, from fundamental skills that are precursors to functional
mobility (e.g., lifting head in supine, sitting hands-free) to advanced gross motor skills (e.g.
hopping, walking backwards) that may influence participation in sport (Haley et al., 2010; Ibey
et al., 2010; Linder-Lucht et al., 2007). The Gross Motor Function Measure (GMFM-88)
contains five domains (lying & rolling; sitting; crawling & kneeling; standing; walking, running
& jumping), and is validated for children with ABI (Linder-Lucht et al., 2007; Russell et al.,
1989). While sensitive to change in children of varying abilities, the GMFM-88 does not
evaluate movement quality and has a ceiling effect (Ibey et al., 2010; Russell et al., 1989; Wright
et al., 2010). Additional standardized outcomes may be required to further evaluate balance and
advanced motor skills.

Physiotherapists in our hospital’s inpatient ABI program routinely use the GMFM-88 to
document gross motor change in school-aged children and youth with ABI. The GMFM-88 is
completed by most children upon admission, as cognition, behaviour, and tolerance permit, due
to the breadth of skills it evaluates. Then, based on GMFM-88 performance, other assessments
are administered to evaluate aspects of gross motor function beyond the GMFM-88; the Six-
Minute Walk Test (6MWT) to measure walking endurance (Storm et al., 2020; Thompson et al.,
2008), Community Balance and Mobility Scale (CB&M) to evaluate high level balance and
mobility with an emphasis on movement quality and coordination (Wright et al., 2010), and Goal
Attainment Scaling (GAS) to address skills not covered by other standardized measures and/or
create change increments that better align with the child’s needs (Harpster et al., 2019). These
capacity-based measures are valid, reliable, and responsive to change in pediatric rehabilitation
(Harpster et al., 2019; Ko & Kim, 2013; Steenbeek et al., 2011; Steenbeek et al., 2010; Storm et
al., 2020; Thompson et al., 2008; Wright et al., 2010). They quantify the extent of gross motor
progress during inpatient rehabilitation and provide an indication of the extent that gross motor
function will influence participation in community-based activities upon discharge (Rast &
Labruyere, 2020).

Given the importance of quantifying gross motor change and the availability of these clinical

data, we conducted a retrospective review of gross motor change in our hospital’s inpatient
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pediatric ABI program. Our primary objective was to obtain clinical estimates of gross motor
change in school-aged children with subacute ABI using the GMFM-88, CB&M, and 6MWT.
An estimation of GMFM-88 change was the priority because of its widespread recognition as an
appropriate gross motor outcome in subacute ABI (Gmelig Meyling et al., 2021; Linder-Lucht et
al., 2007; Storm et al., 2020) and frequent use in our program. Secondary objectives were to: 1)
explore differences in gross motor change based on age, sex, diagnosis, and baseline motor
function, and 2) summarize physiotherapy GAS goal areas relative to the child’s gross motor

function to understand the foci of inpatient physiotherapy intervention.

2.3 Methods

This study was a retrospective review of health data for children admitted for intensive inpatient
ABI rehabilitation at our hospital. Admission requirements include: 0-18 years with moderate to
severe ABI, level four (i.e., confused-agitated) or higher on the Rancho Los Amigos Scale, need
two or more clinical services (e.g., physiotherapy, occupational therapy, speech language
pathology). The ABI aetiologies within the program can be categorized as: traumatic, stroke
(ischaemic or haemorrhagic), brain tumour (i.e., post tumour resection), epilepsy (e.g., post
hemispherectomy or grid surgery for intractable seizures), post-infectious (e.g., acute necrotizing
encephalitis, meningitis, cerebellitis), neuroinflammatory (e.g., anti-NMDA encephalitis),
hypoxia (secondary to cardiac arrest or asphyxia). Children receive up to one hour of
physiotherapy per day, five days per week. Physiotherapy intervention focuses on increasing
independence and efficiency of various gross motor skills with the goal of performing these
skills in daily activities. The specific content of each physiotherapy session is guided by the
child’s physical presentation, cognition, individualized goals, and motivation. The Ethics Boards

at our hospital and University of Toronto approved the study protocol.

2.3.1 Participants

Study inclusion criteria were: 5-18 years old at admission, moderate to severe ABI sustained <6
months before admission, and hospital admission between January 1, 2009 and December 31,
2019. Charts also had to meet one of the following conditions: 1) two GMFM-88 assessments, or
2) one GMFM-88 plus two CB&M, 6MWT, or GAS assessments. Charts were excluded if:

length of stay <6 weeks, readmitted to acute care during rehabilitation for >14 days cumulative,
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or participation in the hospital’s robotic-assisted gait trainer (Lokomat®) feasibility study during

their admission.

Hospital administration provided first author (JR) a random order list of charts that met
admission time frame, age, and diagnostic inclusion criteria. JR screened these charts for the

remaining eligibility criteria.

2.3.2 Data abstraction

Data were abstracted by two reviewers (JR, CZ) using a study-specific abstraction manual. Both
reviewers independently abstracted data from the first three charts, meeting after each chart to
establish initial consensus. An interrater threshold for percent agreement (i.e., the number of
agreed upon items divided by the total number of possible agreements) (Portney & Watkins,
2020) >0.90 in the first 15 charts was required before proceeding with data abstraction. JR
assigned the remaining charts in the order provided with the goal of CZ abstracting 30% and JR
abstracting 70%. After all charts were abstracted, senior author (VW) randomly selected five of
JR’s chart for CZ to abstract. These five charts, in combination with the initial 15 charts, were

used to estimate overall interrater reliability.

2.3.3 Statistical analysis

Analysis was conducted using MedCalc Statistical Software (version 20.027; MedCalc Software,
Ostend, Belgium). Descriptive statistics were calculated for the GMFM-88, CB&M, and 6MWT
baseline, discharge and change scores. Change score distribution normality was assessed using
the D’ Agostino-Pearson test (Jakobsen et al., 2017). As the primary outcome, GMFM-88 mean
change scores were calculated for children with two GMFM-88 scores, and repeated using
imputations (i.e., the same score for baseline and discharge for a conservative estimate of
change) (Jakobsen et al., 2017) to include children with one only GMFM-88.

When two scores were available, scatterplots were created for baseline/change scores for each
outcome measure. Correlations between outcome data (e.g., baseline, change scores) and other
independent variables (e.g., age, sex, time between assessments, mobility status) were evaluated
using Pearson’s or Spearman’s correlation coefficients depending on normality. P values <0.05
and |r|>0.40 were used as the threshold for clinically relevant associations (Wright et al., 2008).
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A stepwise multiple regression analysis was conducted for the GMFM-88 change score with
baseline assessment score, time between assessments, sex, age, and diagnosis (stroke, brain
tumour, TBI, epilepsy, post-infectious, neuroinflammatory, hypoxia) as independent variables
(G*Power version 3.1.9.4 requires >123 charts with 11 predictors for alpha 0.05, power 0.80).
Stepwise regression analyses were repeated for CB&M and 6MWT change scores without
diagnosis variables due to fewer charts with these measures (>85 charts required with 4
predictors, alpha 0.05, power 0.80). Variance inflation factor (VIF) was calculated for each
variable in the regression analyses to establish if multicollinearity (i.e., redundancy) existed
between variables (Portney & Watkins, 2020).

GAS goal areas were summarized using categories created by JR (e.g., functional ‘strength’

goals such as planks, push-ups, bridges were divided into core, upper extremity, lower extremity
categories; ‘hopping’ and ‘jumping’ goals were combined into ‘hopping/jumping’), and goals per
category were tallied. When setting GAS goals, a final score of 0 is the desired outcome (Kiresuk
& Sherman, 1968). Scores of -2 or -1 indicate “less than expected” progress while scores of +1

or +2 indicate “better than expected” progress (Kiresuk & Sherman, 1968). As final scores of +2
(i.e., “much better than expected””) may indicate that the goal or timeframe for re-evaluation was
inappropriate, the following calculations were completed: mean post-intervention raw T-score,
percentage of goals that scored >0, and percentage of goals scoring 0 or +1 (to eliminate goals of
insufficient challenge) (Harpster et al., 2019). Baseline goal areas were plotted against baseline
GMFM-88 scores to visually analyze goal setting patterns relative to gross motor ability.

Interrater reliability for the 20 charts abstracted by both reviewers was estimated by: 1) kappa
statistic for categorical variables (e.g., mobility status, sex), 2) intraclass correlation coefficients
(ICCs) for continuous variables (e.g., outcome measure scores, time between assessments), and
3) percent agreement (i.e., not corrected for chance) for nominal variables (e.g., primary
diagnosis, GAS goal areas) (Portney & Watkins, 2020).

2.4 Results

Of 546 charts screened, 266 (48.72 %) were eligible for abstraction with 202 (75.94%) having
two GMFM-88 assessments. Reasons for exclusion (n=280 charts) were: admission <6 weeks

(n=108), ABI onset >6 months after admission (n=10), no GMFM-88 (n=90), one GMFM-88 but
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no other outcomes (n=40), readmitted to acute care >14 days (n=11), Lokomat study participant
(n=18), or other (n=3). Documented reasons for not completing a GMFM-88 were: unable to
follow directions (n=30), weight bearing or activity restrictions (n=18), very high functioning
(n=15), or unexpected discharge (n=5). JR and CZ independently abstracted 174 and 92 charts,
respectively, including the 20 charts abstracted by both reviewers. Interrater reliability varied
from 0.88 (goal areas) to 1.00 (sex, GMFM-88) (Table 2.1).

Table 2. 1. Interrater agreement for the 20 charts abstracted by both reviewers.

Type of Agreement
Agreement* [95% CI]**
Time between assessments ICC 0.97 [0.95 — 0.98]
Primary Diagnosis PA 1.00
Activity Restrictions PA 0.95
Mobility Status Kappa 0.90[0.80 — 0.99]
Sex Kappa 1.00
GMFM-88 ICC 1.00
CB&M ICC 0.98 [0.93 — 0.99]
6MWT ICC 0.97 [0.92 — 0.99]
GAS areas PA 0.88
GAS scores Kappa 0.99 [0.96 — 1.00]

*|CC, kappa statistic, or percent agreement (PA) depending on type of variable.
**95% confidence interval only relevant to ICC and kappa statistic

Table 2.2 outlines child demographics of the eligible charts. The mean age was 11 years 9
months (standard deviation [SD]=3 years 9 months), and mean length of stay was 75 days
(SD=41). On admission, 169 (63.53%) children used a wheelchair as their primary method of
mobility, 19 (7.14%) ambulated with assistance, and 78 (29.32%) ambulated independently. By
discharge, 30 (11.28%) children used a wheelchair as their primary method of mobility, 26
(9.88%) ambulated with assistance, and 210 (79.95%) ambulated independently. GMFM-88 data
were not normally distributed (p<0.001). Data were normally distributed for 6SMWT and CB&M
baseline scores (p>0.05), but their change scores were not (p<0.05). Normality of change score

percentages was also rejected after log and arcsine transformations (Kleinbaum et al., 2013).
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Table 2. 2. Children/youth by diagnostic, sex, and age group.

Total by Age Group
Diagnosis Total | Female | 5-8 9-12 | 13-18
years | years | years
Stroke 84 37 16 29 39
Brain Tumour 63 30 15 24 24
TBI 42 13 10 4 28
Epilepsy 33 16 8 10 15
Post-infectious 18 7 8 7 3
Neuroinflammatory 15 11 2 2 11
Hypoxia 11 4 0 6 5
Total 266 118 59 82 125

The baseline GMFM-88 mean score was 76.73% (SD=28.19) (Table 2.3) with 88 of 251 children
scoring >95.00% on admission. The mean score for the 217 children who completed the GMFM-

88 at discharge was 90.51% (SD=15.47) with 177 children scoring >95.00%. The overall
GMFM-88 mean change scores was 18.03% (SD=19.34) without imputations (n=202) and
13.49% (SD=18.71) with imputations (n=266). GMFM-88 change scores varied widely
depending on baseline GMFM-88 (Figure 2.1) and mobility status: wheelchair users =19.88%
(SD=20.56), ambulates with assistance =5.80% (SD=5.86), and ambulates independently
=1.52% (SD=5.00).

Table 2. 3. Outcome baseline, discharge, and change scores

GMFM-88 [%] CB&M [%0] 6MWT [m]
n Mean (SD) n Mean (SD) n Mean (SD)
Baseline 251 | 76.73(28.19) | 95 | 65.12(16.35) | 121 | 370.4(138.8)
Discharge 217 | 90.51 (15.47) |128 | 78.76 (15.76) | 141 | 468.5 (146.8)
Mean Change Scores*

All agest 202 | 18.03(19.34) | 89 | 17.85(10.77) | 98 | 142.3(101.8)

5-8 years 56 | 20.05(20.27) 5 | 21.50(14.23) 9 99.5 (94.7)
9-12 years 61 | 16.33(16.18) | 30 | 17.99(10.22) | 31 122.5 (96.0)
13-18 years 85 | 17.91(20.83) | 54 | 17.34(10.84) | 58 | 159.3(103.6)

n: Number of charts with data for the outcome measure
*Only charts with baseline and discharge scores for each outcome were included
tMean days between admission and discharge GMFM-88, CB&M, 6MWT were 60(32), 41(17), and

43(18) respectivel

y.
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Figure 2. 1. GMFM-88 change scores for the entire sample (n=266) based on baseline
GMFM-88 score.
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The CB&M mean change was 17.85% (SD=10.77) for the subsample (n=89) with admission and
discharge assessments. A layered approach of administering the GMFM-88 and the CB&M was
observed with 37 of the 88 children who scored >95.0% on the GMFM-88 at admission
completing the CB&M within two weeks of the GMFM-88 with a mean CB&M score of 72.42%
(SD=11.44). Thirty-two of these 37 children completed a discharge CB&M with a mean change
of 14.14% (SD=9.34). For children scoring <95.0% on their admission GMFM-88, 22 completed
two CB&Ms during their admission with a mean 17 days (SD=20) between baseline GMFM-88
and CB&M, and a CB&M mean change of 20.67% (SD=11.38).

Ninety-eight children with admission and discharge 6MWTs had a mean change of 142.3m
(SD=101.8). Ninety-three children completed a baseline GMFM-88 and 6MWT within two
weeks of each other. Seventy-three of these children went on to complete a 6MWT at discharge
with a mean change of 145.9m (SD=102.8). GMFM-88, CB&M, and 6MWT change scores were
negatively correlated with their respective baseline scores (r=-0.88, -0.59, -0.41 respectively,
p<0.001; Figure 2.2). GMFM-88 change scores were positively correlated with length of stay,
time between assessments, and baseline mobility status (r=0.58, 0.55, 0.52 respectively,

p<0.001; Table 2.4).
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Figure 2. 2. Outcome change scores plotted against respective baseline scores.
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Table 2. 4. Correlations for outcome measure baseline, change, and discharge scores.

Outcomet | Outcomet Be-zl:civr\g?an Length E/I?)Sgilliirle Age Sex
baseline DC A of Stay y g
ssessments Status

GMg';M- - 0.78* -0.49* -0.54* 0.52* 0.10 0.03
Baseline
GMgl;M- -0.88* -0.47* 0.55* 0.58* -0.58* | -0.07 | -0.03
Change
6MWT - 0.72* -0.24 -0.53* 0.56* -0.06 | 0.09
Baseline
6MWT -0.41* 0.26 0.40* 0.29* -0.22 0.31* | 0.15
Change
CB&M - 0.70* -0.05 -0.14 0.27* | 0.25* | 0.01
Baseline
CB&M -0.59* 0.07 0.20 0.17 -0.11 0.05 0.04
Change

tOutcome corresponds with the outcome measure listed in the left column; |r| > 0.40

bolded, *p < 0.05
Regression analyses indicated that 74% of the variation in GMFM-88 change score variation was
explained by baseline assessment score (p<0.001), time between assessments (p<0.001), age,
sex, and diagnosis (Pstroke=0.001, Ppost-infectious =0.030) (Table 2.5).1 Thirty-nine percent of
variation in CB&M and 6MWT change was explained by baseline assessment (p<0.001), time
between assessments (psmwr<0.001), sex (pemwr=0.021), and age (psmwt=0.009). VIFs between
1.01 and 1.52 indicated no redundancy among variables across all three regression analyses
except for the brain tumour dummy variable (VIF>10%) in the GMFM-88 stepwise regression
which was then removed from the equation. Regression analyses with change score log and
arcsine transformations did not improve model fit.

1 Addendum to the published manuscript- Regression models for each outcome measure:

e GMFM-88 change =41.63 - 0.50 * (baseline GMFM-88) + 0.11 * (time between GMFM-88s in days) +
6.35 * (stroke: yes = 1, no = 0) + 6.13 (post-infectious ABI: yes = 1, no = 0)

e CB&M change = 35.55 — 0.43 * (baseline CB&M)

e B6MWT change = 12.56 - 0.23 * (baseline 6MWT) + 2.14 * (time between 6MWTs in days) + 6.89 * (Age
in years) + 40.62 * (sex: female = 0, male = 1)
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Table 2. 5. Results of stepwise multiple regression analyses for outcome measure change scores.

GMFM-88: R? = 0.72 (n = 202)

Independent Coefficient Std. t P VIF
Variables Error

Baseline GMFM-88 -0.50 0.03 -15.98 | <0.001 1.52
Time between 0.11 0.03 3.88 | <0.001 1.52
GMFM-88s (days)
Age (years) 0.21 0.19 1.08 0.231 1.08
Sex* 0.24 1.47 0.16 0.872 1.03
Stroke 6.35 1.93 3.28 0.001 1.55
TBI 2.31 2.40 0.97 0.336 1.38
Epilepsy 1.06 2.50 0.43 0.670 1.32
Post-Infectious 6.13 2.80 2.19 0.030 1.24
Neuroinflammatory 3.91 3.74 1.05 0.297 1.16
Hypoxic 1.22 3.94 0.31 0.757 1.15
Brain Tumour Not included in model due to >10*

multicollinearity

CB&M: R?=0.39 (n = 89)

Independent Coefficient Std. t P VIF
Variables Error
Baseline CB&M -0.43 0.06 -7.06 | <0.001 1.10
Time between 0.06 0.06 1.12 0.265 1.04
CB&Ms (days)
Age (years) 0.56 0.35 1.62 0.110 1.12
Sex* -0.02 1.90 -0.01 | 0.992 1.00
6MWT: R?=0.39 (n = 98)
Independent Coefficient Std. t P VIF
Variables Error
Baseline 6MWT -0.23 0.06 -3.66 | <0.001 1.10
Time between 2.14 0.49 4.33 | <0.001 1.14
6MWTs (days)
Age (years) 6.89 2.59 2.66 0.009 1.01
Sex* 40.62 17.24 2.36 0.021 1.04

*Sex was assigned 0 for female and 1 for male in the regression analyses
Bolded values indicate statistical significance (p <0.05)
VIF: variance inflation factor

There were 694 scored GAS goals in 209 charts with a mean post-intervention T-score of 55.06
(SD=11.50). Fifty-eight charts (21.80%) had multiple sets of GAS. GAS scores were >0 in 547
of 694 goals (78.82%) with 388 goals (55.91%) scoring 0 or +1. The GAS goal areas were

documented in the chart according to factors influencing motor function (e.g., balance, strength,

endurance, coordination, range of motion, posture) or specific gross motor skills (e.g., sitting,
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standing, ambulation, transfers, floor to stand). Ambulation was the most frequent goal area
(25% of all goals set) and targeted walking with/without support, speed, endurance (e.g., walking
throughout the day), and quality (e.g., heel strike). Stairs and balance were the second most
frequent goal areas (13% each). Sitting, head control, posture, and range of motion were the least

frequent goal areas (<2% each).

When the baseline GMFM-88 was <50%, admission goals often focused on foundational skills
(e.g., head control, rolling, sitting, transfers, supported standing, four-point) (Figure 2.3). Goals
related to standing balance, stairs, floor to stand transitions, and ambulation spanned a wide
range of GMFM-88 scores (18.2-100%). More advanced gross motor skills (e.g., unipedal
balance, running, jumping/hopping skipping rope) began at GMFM-88 >60%. Goals focusing on
advanced strength, posture, range of motion, and coordination began at GMFM-88 >75%.
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Figure 2. 3. Baseline GAS goal areas relative to the range of baseline GMFM-88 scores for

each goal area (n=209).
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2.5 Discussion

During their admission, school-aged children with moderate to severe ABI experienced change
on the GMFM-88, CB&M and 6MWT (18.03%, 17.85%, and 142.3m) that surpasses the

published minimal clinically important differences for children with ABI (5.3% (Storm et al.,
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2020), 13.5% (Wright et al., 2010), and 38m (Storm et al., 2020), respectively). These
improvements, along with GAS goal achievement, highlight the strong potential for recovery
during the subacute stage of ABI. This GMFM-88 change score can serve as a reference point
for gross motor change associated with traditional inpatient ABI rehabilitation. Our study
identifies variables associated with gross motor change and emphasizes the importance of taking
a layered approach to physiotherapy assessment where performance on one outcome measure

informs the use of subsequent measures.

GMFM-88, CB&M, and 6MWT changes were predicted by their respective baseline scores
where lower scores were associated with greater change. GMFM-88 and 6MWT change was also
predicted by time between assessments where more time was associated with greater change.
These findings are explained by children with extensive motor challenges having more room for
improvement and requiring longer admissions (with more time between pre/post assessments) to
attain their goals. Having a stroke or post-infectious ABI appeared to predict larger GMFM-88
change scores than other diagnoses. However, fewer charts in some diagnostic groups limit the
conclusions drawn from this data. While age and sex did not predict GMFM-88 or CB&M
change, being older and male predicted greater 6MWT change. This finding aligns with typically
developing youth where older males have higher 6MWT scores than their female or younger
male counterparts based on height difference (Geiger et al., 2007). Given that ABI does not
generally affect height, male adolescents with ABI should also have greater room for walking

speed improvements.

Ambulation is often the primary focus of inpatient physiotherapy for children with ABI (Beretta
et al., 2018; Dumas et al., 2004a; Kuhtz-Buschbeck et al., 2003; Levac et al., 2012; Rast &
Labruyeére, 2020). After completing a baseline GMFM-88, ambulatory children were frequently
evaluated with other measures (e.g., CB&M, 6MWT), presumably to identify additional balance
and mobility challenges. This layered approach allowed physiotherapists to identify advanced
mobility challenges (e.g., endurance, quality of movement, high level balance), detect clinically
important change, and develop individualized GAS goals. However, the physiotherapists’
process for determining when to administer measures beyond the GMFM-88 was not explored.
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As gross motor function extends beyond ambulation to skills such as bed mobility, floor to stand
transitions, and standing balance (Dumas et al., 2004b; Russell et al., 1989; Wright et al., 2010),
physiotherapy goals for children with ABI addressed multiple areas of functional mobility. In
this review, GMFM-88 item scores appeared to guide GAS goal development. The
individualized nature of GAS makes it applicable to all inpatient ABI admissions regardless of
functional ability. The physiotherapists structured GAS goals to capture qualitative aspects of
performance (e.g., extent of assistance required to roll, use of equilibrium reactions in unipedal
stance, achieving heel strike during gait) and quantitative aspects of gross motor function (e.g.,
time spent walking throughout the day, consecutive times jumping rope, distance travelled
dribbling a basketball) not captured by the GMFM-88 with input from the child and/or parent.
For example, when a child indicates they want to climb stairs independently at home, the
physiotherapist constructs GAS goal increments based on environmental constraints (e.g.,
number of steps, railing location) and the child’s abilities (e.g., reciprocal versus non-reciprocal
stepping, holding railing versus hands-free). Notably, the documented goal area for stairs tasks
varied across charts, either corresponding with an activity label (e.g., gross motor, stairs) or
based on the primary underlying body structure or function affecting independence on the stairs
(e.g., “strength” for a child with hemiparesis, “balance” for a child with ataxia, “coordination”
for a child with motor planning challenges). While GAS addressed multiple aspects of function,

goal areas appeared to increasingly address movement quality as GMFM-88 scores increased.

Several factors should be considered when interpreting our results: 1) our analysis refers to
association between variables and is not intended to imply causation; 2) the eligible population
was a subgroup of children with ABI capable of participating in standardized assessment and
admitted for inpatient rehabilitation with gross motor goals; 3) our review was limited to children
aged five years and up as the GMFM-88 is not consistently administered on admission in
younger children with subacute ABI at this hospital, due to decreased tolerance to standardized
assessment at this early stage of recovery; and 4) exploring change based on diagnosis was
exploratory and did not take injury location or severity into consideration. While physiotherapy
intervention in this ABI program is typically 60-minute sessions up to five days per week, use of
the electronic health record prevented exact calculation of physiotherapy dose as intervention

dates and durations were not consistently recorded. Finally, this chart review does not
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differentiate between the role of inpatient rehabilitation and natural recovery. However, this
limitation is unavoidable even in prospective research due to the ethical concerns of withholding

standard care (i.e., intensive rehabilitation) for children with subacute ABI.

This chart review summarized the gross motor changes that school-aged children with moderate
to severe ABI make during inpatient rehabilitation and demonstrates the value of using routinely
collected health data to inform research and clinical practice. These clinically derived change
scores can now be used to estimate sample size in studies exploring gross motor treatment
approaches in pediatric subacute ABI and evaluate the preliminary effect of novel treatment
approaches in feasibility trials where a control group is not feasible. With our identification of
goal areas for inpatient ABI physiotherapy, the goal setting process and its role in engaging
children with subacute ABI in physiotherapy can be explored prospectively. Further research is
also required to understand how physiotherapists select appropriate outcome measures and the
relative timing of their administration, explore gross motor change in children with limited
ability to participate in standardized assessment, and evaluate how injury severity and location

influences recovery.
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Chapter 3

Using motor evoked potentials to measure the neural impact of
transcranial direct current stimulation on the primary motor cortex
in healthy participants: A systematic review of studies involving
motor behaviour

At the time of thesis submission, this chapter was under peer review for separate publication.
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3  Using motor evoked potentials to measure the neural
impact of transcranial direct current stimulation on the
primary motor cortex in healthy participants: A systematic
review of studies involving motor behaviour

3.1 Abstract

Background: Motor evoked potentials (MEPS) are a measure of corticospinal excitability
frequently used to evaluate neural change in response to transcranial direct current stimulation
(tDCS) targeting the primary motor cortex (M1). A subset of these studies involves motor

behaviour (i.e., motor practice and/or evaluating motor performance).

Methods: To understand the role of MEPs as an indication of neural change in tDCS studies
involving motor behaviour and explore the association between changes in motor performance
and MEPs, this systematic review summarized unilateral M1-targeted tDCS studies in healthy
individuals that involved motor behaviour and measured change in MEP amplitude. We executed
our search strategy across four bibliographic databases. Two reviewers independently screened
abstracts from all search results using Covidence systematic review management software and
extracted data from eligible manuscripts. Quality assessment was completed using the Revised

Cochrane Risk of Bias Assessment.

Results: Twenty-two manuscripts were eligible (five that evaluated motor performance with no
motor practice, five with motor practice but did not evaluate motor performance, 12 with motor
practice that evaluated motor performance). Treatment parameters varied widely across studies.

MEP outcomes varied considerably and did not always align with changes in motor performance.

Conclusion: While anodal tDCS combined with motor practice frequently increased MEP

amplitude, study findings should be interpreted with caution based on risk of bias assessment
results. Because MEP outcomes did not necessarily align with changes in motor performance,
MEPs may not be the most appropriate indicator of neural change in tDCS studies that aim to

improve motor performance.
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3.2 Introduction

Transcranial direct current stimulation (tDCS) targeting the primary motor cortex (M1) has been
regularly studied in healthy and clinical populations for several decades with the goal of
promoting neural reorganization and changing motor behaviour (Stagg & Nitsche, 2011). tDCS
alters cortical excitability by delivering subthreshold electrical currents to targeted cortical
neurons (Brunoni et al., 2012; Stagg & Nitsche, 2011). In dual electrode montages (i.e., one
anode, one cathode), anodal tDCS refers to placing the anode directly over the neural target
which causes temporary excitation of the proximate grey matter by predisposing axonal resting
membrane potentials toward depolarization (Nitsche & Paulus, 2000; Stagg & Nitsche, 2011).
Cathodal tDCS involves placing the cathode over the neural target and is theoretically associated
with decreased cortical excitability or hyperpolarization of axonal resting membrane potentials in
proximate grey matter (Nitsche & Paulus, 2000; Stagg & Nitsche, 2011). Task practice during
these periods of altered cortical activity is thought to promote neural reorganization by
strengthening existing neural pathways and forming new neural connections, and is associated

with improved motor behaviour (Stagg & Nitsche, 2011).

Motor behaviour encompasses motor learning and performance (Schmidt & Lee, 2014). Motor
learning refers to the acquisition and retention of a motor skill that occurs with practice or
experience, whereas motor performance refers to the ability to execute a motor skill at a single
point in time which varies considerably depending on individual and environmental factors
(Schmidt & Lee, 2014). While motor performance is measured at a single timepoint, motor
learning is inferred by evaluating performance at multiple time points and usually involves a
retention test that occurs after a period without practice (Schmidt & Lee, 2014). M1 is frequently
the neural target in studies evaluating the impact of tDCS on motor behaviour (Stagg & Nitsche,
2011) as M1 is responsible for the initiation of voluntary movement and plays an important role
in motor learning and performance (Dayan & Cohen, 2011; Karni et al., 1998). The somatotopic
organization of M1 allows researchers to target a specific muscle by positioning electrodes on
the scalp such that current is directed toward (i.e., anodal) or away (i.e., cathodal) from the
underlying cortical representation of the muscle or body part of interest (Stagg & Nitsche, 2011).
M1-targeted tDCS aiming to improve motor behaviour often involves repeated practice of an
upper or lower extremity task either during or immediately following stimulation (Bastani &
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Jaberzadeh, 2012). Motor practice provides exposure to a specific motor skill and should
ultimately improve speed (e.g., timed serial reaction tasks), accuracy (e.g., visuomotor tracking),
strength (e.g., isolated joint movement at a percentage of the maximum voluntary contraction),
or endurance (e.g., cycling). Augmenting motor practice with tDCS is thought to increase the
rate and amount of motor learning that occurs compared to practice on its own (Stagg et al.,
2011).

M1-targeted tDCS studies often assess motor performance to evaluate the impact of tDCS on
strength, endurance, speed, and/or accuracy. Equally important is the evaluation of neural
outcomes for identifying the neural processes associated with changes in motor performance.
Motor evoked potentials (MEPS) are the most frequently studied neural outcome in M1-targeted
tDCS research (Bastani & Jaberzadeh, 2012; Horvath et al., 2015). MEP amplitude is a measure
of corticospinal excitability where single pulse transcranial magnetic stimulation (TMS)
delivered to a targeted region of M1 induces a contraction in the associated muscle (Bestmann &
Krakauer, 2015). While MEP amplitude is expected to temporarily change after tDCS with an
increase in amplitude for the muscle whose M1 representation is under the anode and a decrease
for those under the cathode (Nitsche & Paulus, 2000), evidence of prolonged MEP changes and
their association with motor behaviour is unclear (Bestmann & Krakauer, 2015). MEPs change
throughout the various stages of motor practice with the extent and timing of change dependent
on the speed, precision, and force required for a particular movement or task (Bestmann &
Krakauer, 2015; Cinelli et al., 2019; Kidgell et al., 2010; Pearce & Kidgell, 2010). MEPs also
vary considerably based on individual (e.g., resting state, anatomical differences) and
experimental factors (e.g., timing of tDCS relative to motor practice, TMS parameters)
(Ammann et al., 2020; Goldsworthy et al., 2016; Wiethoff et al., 2014). Furthermore, muscle
activation during motor practice is thought to limit the extent that tDCS induces change in MEPs
(Antal et al., 2007; Horvath et al., 2014), and introduces the question of whether MEPs are in

fact a suitable indicator of temporary and/or lasting neural change.

Given the frequency that MEPs are used as a neural outcome in tDCS studies and the lack of
clarity regarding the impact that motor behaviour has on tDCS-induced change in MEPs, a
review of recent M1-targeted tDCS studies involving motor behaviour in healthy individuals is

required. To our knowledge, no systematic review to date has focused solely on tDCS protocols
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that involve both motor behaviour (i.e., motor practice and/or evaluating change in motor
performance) and MEP measurement in healthy individuals (Bastani & Jaberzadeh, 2012;
Dissanayaka et al., 2017; Hassanzahraee et al., 2018; Horvath et al., 2015). Thus, the primary
objective of this review was to determine whether tDCS with or without motor practice induces
change in MEP amplitude pre/post intervention in healthy individuals by synthesizing data from
tDCS studies involving motor behaviour. The secondary objectives were to explore: 1) the
duration of change in MEP amplitude, 2) the impact of tDCS on motor performance, and 3) how
changes in MEPs relate to changes in motor performance.

3.3 Methods

3.3.1 Literature search

Systematic reviews are conducted to establish the appropriateness or effectiveness of a specific
practice (Munn et al., 2018) and, as such, this methodology was the ideal for addressing our
research objectives. We conducted this systematic review according to Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Page et al., 2021). Our
protocol was registered on Open Science (https://doi.org/10.17605/0OSF.1I0/XV3JA). We
executed our search strategy across four databases: MEDLINE, EMBASE, PsycINFO, and

CINAHL. A health sciences research librarian developed the initial search strategy for
MEDLINE (see Appendix A) in consultation with the first author and translated it into the
appropriate terms for the other three databases. The search strategy involved two major concepts:
tDCS and MEPs. The preliminary MeSH terms used were “transcranial direct current
stimulation”, “potentials, motor evoked”, and “motor cortex” and then synonyms and other

keywords were generated. The search was limited to human subjects, articles written in English,
and articles published since 2011 to summarize current trends in this area of study.

3.3.2 Study Selection

Search results from the four databases were uploaded into Covidence (Covidence
systematic review software, Veritas Health Innovation, Melbourne, Australia. Available at
www.covidence.org) which automatically removes duplicates. The remaining articles were

screened independently by two reviewers (J Ryan, E Eng). Study titles and abstracts were
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screened and articles that did not meet study eligibility criteria were excluded. If eligibility could
not be ascertained by the title and abstract, the article underwent a full text review. Screening
discrepancies between reviewers were discussed and resolved at the screening and full text

review stages, consulting the senior author (D Beal) when reviewers could not reach consensus.

3.3.3 Eligibility Criteria

The inclusion criteria were: original peer-reviewed research studies published between Jan 1,
2011 and Dec 31, 2021; healthy participants of any age; any tDCS electrode montage targeting
one M1; protocols involving motor behaviour (i.e., motor practice and/or measurement of change
in motor performance; and pre-post MEPs were measured. The exclusion criteria were: case
studies; drug trials; participants with orthopedic or neurological conditions; treatment protocols
involving other types of non-invasive brain stimulation, peripheral nerve stimulation, imagery,
visual perturbations or sensory stimulation; MEP measurement or motor task practice ipsilateral
to the M1 stimulated by tDCS; bihemispheric or dual hemisphere stimulation of M1; or

stimulation of other cortical areas (e.g., premotor cortex, supplemental motor area).

3.3.4 Data Extraction
One reviewer was designated the primary reviewer and the other was the secondary reviewer for
each eligible manuscript. Once the data were extracted by the primary reviewer, the secondary

reviewer confirmed that all pertinent data were accurately entered.

3.3.5 Quality Assessment

A quality assessment was completed via the same two-step review process described in the Data
Extraction section using the Revised Cochrane Risk of Bias Tool for Randomized Trials (RoB
2), with or without the ‘Additional considerations for crossover trials’ document depending on
study design (Sterne et al., 2019). The RoB 2 scores studies as low risk, some concerns, or high
risk in six domains for parallel group trials (randomization, effect of assignment to intervention,
effect of adhering to intervention, missing outcome data, measurement of the outcome, selection
of the reported result) and in an additional seventh domain for crossover trials (period and
carryover effects) (Sterne et al., 2019). An overall risk of bias rating is determined based on the

ratings in each domain (Sterne et al., 2019).
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3.3.6 Results Synthesis

The appropriateness of conducting a meta-analysis was determined by appraising study
heterogeneity, and given our primary objective, the availability of MEP change scores (mean and
standard deviation). Heterogeneity was appraised based on tDCS parameters, the type of motor
skill, and the timing of tDCS relative to motor practice. If a meta-analysis could not be
conducted due to study heterogeneity and/or the absence of numerical MEP change scores, we
planned to use Campbell et al.’s (2020) Synthesis Without Meta-analysis (SWiM) reporting
guidelines to conduct a narrative synthesis for studies with overall ROB 2 ratings of some
concerns or low risk. This synthesis involved grouping based on the presence or absence of
motor practice within the protocol and, within motor practice, establishing subgroups based on
the type of motor practice before reporting on effect direction for MEP amplitude and motor
performance (e.g., increased, decreased, nil). The timing of MEP assessment and duration of
changes were also discussed.

3.4 Results

Of the 4266 articles generated from the search (1039 MEDLINE, 1662 EMBASE, 771
PsycINFO, 796 CINAHL), 1346 were duplicates, 2591 were eliminated by screening study title
and abstracts, and 307 were removed after screening the full article (Figure 3.1). Twenty-two
articles met the eligibility criteria and were included in the systematic review. All studies
involved adult participants. Participants were either randomized to a treatment group in parallel
trials (n=5) or to an order of treatment conditions in crossover trials (n=17). Sample size varied
from 11 to 60 participants with treatment group sizes of 7 to 20 participants (Figure 3.2).
Eighteen studies involved tDCS targeting the upper extremity region of M1 and four targeted the
lower extremity region of M1. Five studies measured change in motor performance without a
motor practice component (Table 3.1). Seventeen studies involved motor practice:
strength/endurance (n=7), speed/accuracy (n=8), or repetitive (n=2) tasks (Table 3.2). Of the 17

studies involving motor practice, 10 studies measured change in motor performance.
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Figure 3. 1. PRISMA flow diagram (Page at al., 2021).

Records identified from
databases:
n = 4266

\ 4

Records screened:

n=2920

Full-text studies assessed for
eligibility:
n =329

Studies included in review:
n=22

1346 duplicate records removed
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2591 records excluded

307 studies excluded:
No MEPs (n =118)

Not peer-reviewed research article (n = 76)

No motor component (n = 71)
Wrong intervention (n =24)
Not original research (n = 15)

Targeted areas other than M1 (n = 2)

Case study (n=1)




Figure 3. 2. Number of participants allocated to each treatment group.
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(Note: For crossover studies, participants per treatment group is the entire sample size. For
parallel group study designs*, the total sample is divided by the number of treatment groups.
Fujiyama et al. (2017) and Mooney et al. (2019) were further divided into age subgroups.)
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Table 3. 1. Studies that evaluated change in motor performance but did not involve motor practice.

5 o o tDCS
= T o q
(firsstt::t‘:]or Study Design & Motor S & O Z Duration | yhact on | Impact on
=
’ RoB Assessment K g g% (4] tDCS MEP* Motor**
year) = o o
»n Intensity
parallel aroun: | Jebsen-Tavior | ON€ session of: 1) A-DCS (ND), 2) C-tDCS (ND), 3) SDCS 15 min A: 1 (ND) | A: M (ND)
Sohn, 2012 doublegbling’ hand funcZion (ND), or 4) A-tDCS (D). APB A,C,S V(D) nil (D)
o Test MEP Ax: timing not indicated " C: 4 (ND) | C:nil (ND)
Motor Ax: pre-tDCS (ND hand), post-tDCS (both hands) 1.0mA
. One session of each combination of conditions#: 1, 2, or 10
Bastani, 2014 Crossover, . . .
(experiment sinele blind Purdue 3 tDCS intervals with 5 or 25-min breaks. FDI A N PN
P 1) & o Pegboard Test | MEP Ax: after each tDCS interval, 0-120 min post-tDCS
Motor Ax: pre-tDCS, post-tDCS (final interval only) 0.2
Maximum 4 sessions on consecutive days of each conditiont 20
Crossover, L -
Frazer, 2016 double blind Voluntary MEP Ax: timing not indicated FCR AS 2 PN
@ Contraction Motor Ax: Wrist flexor and extensor strength before 1st !
(MVC) and after final tDCS session in each condition 2.0
. Crossover, One session of each condition# 10
Wrightson, . . . .
2020 double blind MVC MEP Ax: 0 min post-tDCS VL AS nil nil
(&) Motor Ax: isometric knee extension to failure post-tDCS 1.0, 2.0
Tracking Error
. ick 20
Karabanov Crossover, o (g\;izs b One session of each tDCS condition¥
" | double blind per Y MEP Ax: 0-60 min post-tDCS FDI AS nil nil
2021 (&) finger Motor Ax: visuomotor assessment tDCS
abduction/ — 0.75
adduction)

RoB = risk of bias (& = some concerns; @ = high risk); ND = non-dominant, D = dominant; tDCS type: A= anodal, C= cathodal, S=sham; Ax= assessment; ftreatment
conditions in crossover studies separated by = 48h — 1 week minimum; APB: abductor pollicis brevis; FDI: first dorsal interosseus; FCR: flexor carpi radialis; VL: vastus
lateralis; *Impact on MEP refers to amplitude (1= increase, nil = no impact, |= decrease); **Impact on Motor refers to motor assessment (1= improvement, nil = no impact, |=

decreased performance)
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Table 3. 2. Studies involving motor practice.

3 o tDCS
. g :
 Study Study Design . S = Duration Impact on Impact on
(first author, & Motor Component Study Description < 7 " "~
1} o tDCS MEP Task
year) RoB 00 o
o = Intensity
STRENGTH/ENDURANCE TASKS
Ax: NA One session of each condition: 1) A-tDCS, 2) C-tDCS, 3) 20 min
Thi c S-tDCS, 4) A-tDCS+VMC, and A
irugnanasam- .rossovgr, Rx: voluntary muscle 5) C-tDCS+VMC :
bandam, 2011 single blind contraction (VMC) 20% of Motor Rx: after tDCS FDI ACS LomA . \EZM\é, . NA
© 1-repetition max [RM] x MEP Ax: O min post-tDCS ' (A+VMC < A)
120s
Parallel Ax: strength testing Nine sessions of: 1) S-tDCS + strength, 2) A-tDCS + 30
group, . . strength, or 3) control (no strength or tDCS). ) _
Hendy, 2013 double blind Rx: wrist extensm;n (4 sets Motor Rx: during tDCS ECRL AS 2.0 AT AT =57
S of 6-8 reps at 70% 1-RM) MEP and Motor Ax:48-72 hours after final session.
Parallel Ax: NA One session of: 1) S-tDCS, 2) A-tDCS, 3) S-tDCS + grip 20 .
group exercise, or 4) A-tDCS + grip exercise Asgrip T
Kim, 2013 double blind Rx: grip exercise Motor Rx: during tDCS (final 30s) FDI AS 2.0 (cocr;r:psalrer? t)o A NA
o MEP Ax: 0 min post-tDCS gnp
Ax: NA 10
Crossover Rx: isometric elbow flexion One session of each conditiont.
Lampropoulou, double inn’d with visual feedback at Motor Rx: Elbow flexion task 35 and 15 min before BB BR | ACS nil NA
2013 o 30,50,70,100% maximum tDCS, then 5, 25, and 45 min post-tDCS. ! e 1.5
voluntary contraction MEP Ax: 1,20,40 min post-tDCS.
(MVC)
Ax: NA One session of each tDCS/motor combination¥: 20
Crossover,
Baltar, 2018 double blind A-tDCS, C-tDCS, S-tDCS TA ACS nil NA
(experiment 2) o Rx: treadmill training (TT) Motor Rx: low or high intensity TT, after tDCS " 2.0
MEP Ax: 0 min post-tDCS, 0-90 min post-TT
Ax: isometric strength 20
Crossover, (MVC) One session of each condition¥: A-tDCS, S-tDCS
Frazer, 2019 double blind | Rx: elbow flexor strength Motor Rx: after tDCS BB AS Nil Al =S4
e training (4 sets of 6-8 reps MEP Ax: 0 min post-tDCS 2.0

80% 1RM)
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_ 3 g tDCS
 Study Study Design - S Z Duration Impact on Impact on
(first author, & Motor Component Study Description < s * -~
[ (@] tDCS MEP Task
year) RoB 00 =} >
K Intensity
Ax: NA One session of each condition#: 1) C-tDCS prime + A-
. Crossover, ) A, 10 .
Pourmajidian, double blind tDCS, 2) S-tDCS prime + A-tDCS FDI Prime: ™ (with NA
2020 . . . Motor Rx: during A-tDCS C-tDCS priming)
© Rx: low intensity cycling MEP Ax: 0-10 min pre and post a-tDCS. SorC 20
SPEED/ACCURACY TASKS
bCl'roCs;.sover,t Ax: tracking accuracy ;))n: ts;zs;odn of eatchkco3n)dsititc|;nct;:j) A—tDtCSkbe'\f/Iorf ta:k, 15
. inding no - uring task, - uring task. Motor Ax: .
sriraman, 2014 | i dicated | Rx: ankle plantar/dorsi- 10,25 min, and 24h post-tDCS | AS o nil T
® flexion tracking task MEP Ax: 0,25 min post-tDCS. :
Crossover, Ax: reaction time One session of each conditiont: 1) A-tDCS then rest, 2) 20 N (a-tDCS only
blinding not A-tDCS then task, 3) A-tDCS during task then rest, 4) S- vs a-tDCS
Amadi, 2015 indicated Rx: visuomotor button- tDCS then S-tDCS during task. FDI AS 1.0 before task), N
D pressing task Motor Ax: during practice ’ Nil (a-tDCS (a-tDCS
MEP Ax: mid-point, end of each session. during task) before task)
parallel Ax: Grooved Pegboard Test One session of: 1) S-tDCS prime + S-tDCS, 20 ™ ™
. 2) S-tDCS prime + A-tDCS, or 3) C-tDCS prime + A-tDCS. A,S, (a-tDCS vs (a-tDCS vs
Christova, 2015 grouEﬁ, ngle Rx: Grooved Pegboard (4 Motor Rx: during A-tDCS APB Prime: 1 sham), sham),
n blocks of 4 trials) Motor Ax: during practice and 14 days post SorC & Priming with a- | Priming T
® MEP Ax: after priming tDCS, 0-60 min post-tDCS tDCS: offline
Ax: Serial Reaction Time 14
Crossover, Task (SRTT) One session of each tDCS condition¥ A
Ambrus, 2016 single blind Rx: 8 blocks of SRTT Motor Rx: during tDCS FDI ACS C'- il nil
® (pressing buttons with 1 of MEP and Motor Ax: during, 15 min post-tDCS 1.0 ’
4 fingers)

Ax: skill index ) _ ) A in both
parallel (isometric abduction) | Younger, older adults ralndomlzed to one session of 1) C- 20 T with age groups
groups; tDCS prime + A-tDCS, or A, cathodal (older <

Fujiyama, 2017 double blgnd Ve IemETE euEien af 2) S-tDCS prime + A-tDCS. FDI Prime: priming younger)
o little finger based on Motor Rx: pre A-tDCS, during A-tDCS, post A-tDCS MEP SorC (no effect of priming: nillat
sTuETsmns e and Motor Ax: 0,20,40min, 24 hours post-tDCS 15 age); nil at 24h 245

computer
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3 o tDCS
. g ;
 Study Study Design - s z D Impact on Impact on
(first author, & Motor Component Study Description < s * -~
[ (@] tDCS MEP Task
year) RoB 80 =] >
K Intensity
Ax: accelerometry (ballistic One session of PA-tDCS, AP-tDCS, or S-tDCS
Parallel . . 12
thumb abduction) Motor Rx: during tDCS .
groups, - . PA,AP, AP: nil AP:
Hannah, 2019 ! . Motor Ax: change during practice, then return next day APB .
double blind Rx: ballistic thumb . S PA: { PA: nil
o bduction task for retention test (no tDCS) 1.0
abduction tas MEP Ax: 5 min post-tDCS
Ax: speed accuracy One tDCS session for each condition¥
Crossover, function for sequential Motor Rx: during tDCS 20
Mooney, 2019 | double blind isometric force task Motor Ax: 0 min, 24 hours, 7 days post-tDCS ECR AS ™ APN=SP
e Rx: visual isometric wrist MEP Ax: 0 min post-tDCS 10
extension task Analysis in two groups: younger and older ’
Crossover, | Ax: accuracy index of ankle One session of each tDCS condition# 15
- iflexi . duri : .
Patel, 2019 b!mc!mg not Flor5| exion Motor Rx dgrlng tDCS TA AAP nil A: T onlyin
indicated Rx: visuomotor ankle Motor Ax: 0 min post-tDCS 1.0 responders
b dorsiflexion task MEP Ax: 10, 30 min post-tDCS ’
REPETITIVE MOVEMENT
Ax: NA 10 tDCS only: 1,
One session of each condition#: 1) A-tDCS, 2) no tDCS + Passive/active
Crossover, . .
blinding not Rx: repetitive passive or active movement, 3) no tDCS + passive movement, 4) A- only and
Miyaguchi, 2013 o & " p. P . tDCS + active movement, FDI A tDCS + active: NA
indicated active finger abduction/ . 2.0
o adduction movement 5) A-tDCS + passive movement $,
MEP Ax: 2,10 min post-tDCS tDCS + passive:
nil
Crossover Ax: NA One session of each condition: 1) S-tDCS before motor 13 ™
Cabral, 2015 ! task, 2) A-tDCS before motor, 3) A-tDCS after motor, 4) when tDCS
double blind — . FDI AS NA
o Rx: repetitive thumb A-tDCS during motor. 1.0 before motor
abduction/adduction MEP Ax: 0 min post-tDCS. ' training

RoB = risk of bias (© = some concerns; @ = high risk); Ax = assessment, Rx = treatment; VMC = voluntary muscle contraction; 1-RM = one-repetition maximum; MVC=
maximum voluntary contraction; TT = treadmill training; NA = not applicable (because motor assessment did not occur); ftreatment conditions in crossover studies separated
by = 48h — 1 week minimum; APB: abductor pollicis brevis; ADM: adductor digiti minimi; BB: biceps brachii; BR: brachioradialis; ECR(L): extensor carpi radialis (longus); FCR:
flexor carpi radialis; FDI: first dorsal interosseus; TA: tibialis anterior; tDCS type: A= anodal, C= cathodal, S=sham, AP= current flow anterior-to-posterior with electrodes equal
distance from M1, PA= current flow posterior-to-anterior with electrodes equal distance from M1; *Impact on MEP refers to amplitude (1= increase, nil = no impact, |=
decrease); **Impact on Motor refers to motor assessment (1= improvement, nil = no impact, |= decreased performance)
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3.4.1 tDCS Parameters

All studies used tDCS montages with two electrodes between 3.14 and 57.75 cm? (35 cm?
electrodes were used in 15 studies). The most frequently targeted region of M1 was the first
dorsal interosseus (n=10). Twenty-one studies involved anodal tDCS, five involved cathodal
tDCS, three involved cathodal priming tDCS (i.e., cathodal tDCS prior to anodal tDCS), and two
involved non-traditional electrode montages (i.e., electrodes centred around M1). Nineteen
studies had a sham tDCS control condition. tDCS durations were 10 to 30 minutes with most
studies (n=9) using a 20-minute duration. tDCS intensities were 0.2 to 2.0 mA; 11 studies used
1.0 mA and eight studies used 2.0 mA. All but two studies (Frazer et al., 2016; Hendy & Kidgell,

2013) involved a single tDCS session per treatment condition.

3.4.2 MEP Measurement

MEP change scores were reported numerically in two studies, and illustrated using graphs in 19
studies. Fourteen studies measured MEPSs using resting motor thresholds, six used active motor
thresholds, and two did not indicate the type of motor threshold (Table 3.3). Nineteen studies
measured MEP amplitude within five minutes of tDCS completion, while only five of those
studies also measured MEPs > 60 minutes after tDCS. MEP measurement immediately upon
tDCS completion (i.e., at 0 min post-tDCS) was the most frequently measured timepoint (n=14).
The number of MEPSs averaged at each timepoint varied between 8 and 30 (mean=15.37,
SD=7.14). The timing of MEP measurement relative to motor outcomes varied among studies

(see Study Description column in Table 3.2).
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Table 3. 3. TMS parameters for MEP measurement.

Target . . . Post-tDCS MEP Timepoints
Study Muscle TMS settings MEPs/ Timepoint i)
Thirugnanasam- FDI AMT; AMT= min Sl to evoke MEP > 100V in 5 of 10 trials at 15% MVC 20 0
bandam, 2011
- - S—ny - - - - >
Sohn, 2012 APB 120% RMT; RMT= minimum st|mu|ator |nte.nS|ty (min SI) to evoke MEP > 50uV NI 0
in 5 of 10 trials
Hendy, 2013 ECRL AMT; AMT= min Sl to evoke MEP > 200uV in 5 of 10 trials at 5% MVC 10 0
Kim, 2013 FDI 120% RMT; RMT= min Sl to evoke MEP > 50UV in 5 of 10 trials 10 0
Lampropoulou, 2013 BB, BR 120% RMT; RMT= min S| to evoke MEP > 50uV in 5 of 10-12 trials 15 1,20,40
Miyaguchi, 2013 FDI RMT; RMT= min Sl to evoke MEP 1 mV in 2 50% of 10 stimuli 12 2,10
Bastani, 2014 FDI 120% RMT; RMT= min Sl to evoke MEP > 50uV in 5 of 10 trials 12 10’20’30'45'60'90'120 (and
between tDCS intervals)
Sriraman, 2014 TA 120% AMT; AMT= min Sl to evoke MEP > 0.4mV in 50% of trials 10 0,25
Amadi, 2015 FDI RMT; RMT= min Sl to evoke MEP approx. 1mV in 10/10 trials 30 0 (after each modulation period- 2
per session)
Cabral, 2015 FDI 1mvVv NI 0
Christova, 2015 APB 110, 130, 150% RMT; RMT= min Sl to evoke MEP > 0.05 mV in 5 of 10 trials 8 After priming tDCS and 0,60
Ambrus, 2016 FDI, FF RMT; RMT= min S| to evoke MEP > 0.05 mV in 3 of 6 trials 20; 10 per task block 15 (and 8 times during task)
110, 130, 150, 170, 190, 210% AMT; AMT= min Sl to evoke MEP > 200uV in 5
Frazer, 2016 FCR of 10 trials during 2% MVC NI 0
Fuijyama, 2017 FDI 90, 110, 130% RMT; RMT= min SI to evoke MEP > 50V in 3 of 5 trials 8 After p”m'”agntfgzha”d 0,20,40,
Post tDCS- 0, post treadmill-
Baltar, 2018 TA 0.4 mvV 20 0,10,20,30,60,90
0, . = H > H
Frazer, 2019 BB 90, 110, 130, 150, 170, 190% AMT; AMT' min Sl to evoke MEP > 200uV in 5 of 10 0
10 trials
Hannah, 2019 APB RMT; RMT= min Sl to evoke MEP >0.5mV in 5 of 10 trials 30 5
Mooney, 2019 ECR 120% RMT; RMT= min S| to evoke MEP > 50uV 24 0
Patel, 2019 TA 80-140% AMT; AMT= min Sl to evoke MEP > 0.4 mV in 50% of trials 8 10,30
Pourmaijidian, 2020 FDI RMT; RMT= min Sl to evoke MEP = 50V in 5 of 10 trials 15 After priming: 3 blocks in 10 min;
post a-tDCS: 3 in 10 min
Wrightson, 2020 VL 120% RMT 10 0
Karabanov, 2021 FDI RMT; RMT= min Sl to evoke MEP of 0.5mV 20 2,60

RMT= resting motor threshold; AMT= active motor threshold; NI= not indicated; MVC= maximum voluntary contraction; APB: abductor pollicis brevis; ADM: adductor

digiti minimi; BB: biceps brachii; BR: brachioradialis; ECR(L): extensor carpi radialis (longus); FCR: flexor carpi radialis; FDI: first dorsal interosseus; FF: finger flexors;
TA: tibialis anterior
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3.4.3 Quality Assessment

The RoB 2 indicated that no studies were low risk, 14 studies had some concerns, and eight
studies were high risk (Table 3.4). While every study indicated that participants were
randomized either to treatment group or order, the ‘randomization’ domain had some concerns in
all but one study (Baltar et al., 2018) because studies did not specify if the randomized allocation
sequence was concealed until participants were assigned to interventions (Sterne et al., 2019).
None of the studies detailed the type of randomization (e.g., simple, blocked) or how the
allocation sequence was concealed (e.g., sealed opaque envelopes). The ‘effect of assighment to
intervention” domain had some concerns in 15 of the 22 studies because they did not indicate if
there was missing data. There were some concerns in the ‘measurement of the outcome’ domain
in 10 studies because assessors were not blinded to the intervention received or assessor blinding
was not indicated. In all crossover trials but one (Wrightson et al., 2020), the ‘period and

carryover effects’ were accounted for and detailed in the manuscript.
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Table 3. 4. Quality assessment results.

Period and Effect of Effect of Missing Measurement | Selection of
Randomization Carryover |Assignment to| Adhering to Outcome of the the Reported OVERALL
Effects Intervention | Intervention Data Outcome Result RISK OF BIAS*

Thirugnanasambandam, 2011 S} S)

Sohn, 2012 S NA S) S

Hendy, 2013 (S) NA (S)

Kim, 2013 S) NA S ©

Lampropoulou, 2013 S} S)

Miyaguchi, 2013 S (S) S}

Bastani, 2014 S S e

Fujiyama, 2014 © S} S)
Sriraman, 2014 S (S) S}
Amadi, 2015 S (S) S

Cabral, 2015 © e S
Christova, 2015 e NA S) S
Ambrus, 2016 S S) S}
Frazer, 2016 S) S S)

Baltar, 2018 S e

Frazer, 2019 e S) S

Hannah, 2019 S NA S) S}

Mooney, 2019 S S}
Patel, 2019 (S) S S

Pourmajidian, 2020 S} S} S)

Wrightson, 2020 S} S} S
Karabanov, 2021 © © S
Low risk © | Some concerns High risk

*Overall RoB Ratings: Low Risk must have ‘low risk’ ratings for all domains; Some Concerns has ‘some concerns’ rating in at least one

domain; High Risk has ‘some concerns’ in multiple domains (Sterne et al., 2019)
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3.4.4 Narrative Synthesis

Given the lack of numerically reported MEP change scores (i.e., only two of 22 studies) and the
heterogeneity of study protocols, a meta-analysis was not conducted. The following synthesis of
results pertains to the 14 studies with a ROB 2 rating of some concerns (i.e., excludes ‘high risk’

studies).

3.4.4.1 MEP Outcomes

Anodal tDCS was associated with increased MEP amplitude in 10 studies and had no effect in
three studies. Both studies without motor practice observed an increase in MEP amplitude with
anodal tDCS (Bastani et al., 2014; Sohn et al., 2012). However, Sohn et al. (2012) only observed
this increase in participants’ non-dominant hand and observed a decrease when tDCS and task
practice targeted the dominant hand. Bastani et al. (2014) did not have a sham comparison but
found that more intervals of anodal tDCS with longer breaks between intervals led to increased
MEP amplitude. While Sohn et al. (2013) did not indicate the timing of MEP assessment post-
tDCS, Bastani et al. (2014) measured MEPSs up to two hours post-tDCS (Table 3.3).

When motor practice involved strength/endurance tasks, four of seven studies observed an
increase in MEP amplitude with anodal tDCS (Hendy et al., 2013; Kim et al., 2013;
Pourmajidian et al., 2020; Thirugnanasambandam et al., 2011). Hendy et al. (2013) found that
nine sessions of anodal tDCS combined with wrist strengthening increased MEPs at 48-72 hours
post-tDCS compared to anodal tDCS or strengthening alone. Kim et al. (2013) found that a
single session of anodal tDCS combined with grip strengthening increased MEPs immediately
following tDCS (compared to strengthening, sham tDCS, or anodal tDCS on their own) but did
not measure MEPs at any later timepoints. Pourmajidian et al. (2020) used sham or cathodal
tDCS priming prior to anodal tDCS combined with cycling and found that MEPSs increased
immediately following tDCS for the cathodal priming condition but did not measure MEPs at
any later timepoints. Of the three strength/endurance protocols that did not observe a change in
MEPs, one measured MEPs immediately following tDCS (Frazer et al., 2019) while the others
measured MEPs up to 40 minutes (Lampropoulou et al., 2013) and 90 minutes (Baltar et al.,

2018) following intervention.
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Both studies with speed/accuracy tasks had increased MEPs (Fujiyama et al., 2017; Mooney et
al., 2019). Fujiyama et al.’s (2017) protocol involved priming tDCS (i.e., cathodal or sham) prior
to anodal tDCS with task practice immediately prior to, during, and after the anodal tDCS with
MEP measurement up to 24 hours post-tDCS. In contrast, Mooney et al.’s (2019) protocol
involved task practice during anodal (or sham) tDCS and only reassessed MEPs immediately
post-tDCS.

While both studies with repetitive movement tasks showed an increase in MEPs with anodal
tDCS, the treatment conditions differed considerably and MEPs were only measured
immediately following tDCS (Cabral et al., 2015; Miyaguchi et al., 2013). Miyaguchi et al.
(2013) observed an increase in MEPs with anodal tDCS alone compared to active repetitive
finger movement on its own or the active movement in combination with tDCS. They also found
that passive repetitive movement with and without tDCS increased MEPs more than the active
repetitive movements with and without tDCS (Miyaguchi et al., 2013). Cabral et al. (2015)
specifically studied the impact of the timing of an active thumb movement relative to tDCS and

found that tDCS prior to the movement was the only condition that increased MEPs.

Cathodal tDCS decreased MEP amplitude in the only study without task practice (Sohn et al.,
2012). Of the three strength/endurance protocols that involved cathodal tDCS only one had an
effect on MEPs. Thirugnanasambandam et al. (2011) observed a decreased in MEP amplitude
immediately following the ‘no practice’ and ‘practice after cathodal tDCS’ conditions. Aside

from being used as primer for anodal tDCS by Fujiyama et al. (2017), cathodal tDCS was not

evaluated in any other task type.

Hannah et al. (2019) evaluated a non-traditional electrode configuration with the anode and
cathode centred around the primary motor cortex. They found that an anteroposterior current had
no effect on MEPs and a posteroanterior current decreased MEPs immediately following tDCS
(Hannah et al., 2019).

3.4.4.2 Motor Performance

Both studies without motor practice had improved motor performance and corresponding
increases in MEP amplitude after anodal tDCS (Bastani & Jaberzadeh, 2014; Sohn et al., 2012).
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However, Sohn et al. (2014) only observed these coinciding improvements in the non-dominant
hand. Of the 12 studies with motor practice, only five evaluated motor performance (Frazer et
al., 2019; Fujiyama et al., 2017; Hannah et al., 2019; Hendy et al., 2013; Mooney et al., 2019).
For strength/endurance tasks, Hendy et al. (2013) observed equal increases in strength at 48-72
hours post-tDCS between the anodal and sham tDCS groups with increased MEPs only after
anodal tDCS. In contrast, Frazer et al., (2019) observed equal decreases in strength and no

change in MEPs immediately following tDCS.

For protocols involving speed/accuracy tasks, the interventions differed considerably. While
Fujiyama et al.’s (2017) found that cathodal priming prior to anodal tDCS increased MEP
amplitude (compared to sham priming), both treatment groups experienced improvements in
motor performance up to 40 minutes following intervention but not at 24 hours post-tDCS.
Mooney et al. (2013) only evaluated MEPs immediately after tDCS and found that anodal tDCS
increased in MEPs. However, they observed increased performance in both the anodal and sham
tDCS conditions immediately following tDCS and at seven days post-tDCS (Mooney et al.,
2019). The effects of Hannah et al.’s (2019) non-traditional electrode montages were only
evaluated immediately after tDCS with MEP and motor results differing; no change in MEPs
coincided with a decrease in motor performance for the anteroposterior montage and a decrease

in MEPs coincided with no change in motor performance for the posteroanterior montage.

3.5 Discussion

This systematic review summarized a decade of unilateral M1-targeted tDCS studies involving
motor behaviour in healthy individuals where MEP outcomes were evaluated. While most
studies in this review concluded that anodal tDCS increased MEP amplitude, there were also
several studies with and without motor practice where tDCS had no impact on MEPs. Across all
studies involving motor practice, practice timing and type differed, and changes in MEPs were
not always accompanied by changes in motor performance. Together these studies highlight the
challenges of using MEPs as an outcome in tDCS research involving motor behaviour, the
complexity of tDCS study design when motor behaviour is involved, and the intricacies of
interpreting changes in motor performance. Finally, our quality assessment identified areas

where the methodological quality of future tDCS studies can be improved.
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3.5.1 MEPs as a neural outcome

While MEP amplitude is a widely accepted measure of corticospinal excitability (Horvath et al.,
2015; Sivaramakrishnan & Madhavan, 2020), its utility in measuring the impact of tDCS in
protocols that involve motor practice may be limited by interference from motor activity
(Horvath et al., 2014). This finding was supported by several studies in the narrative synthesis
that did not observe changes in MEPs post-tDCS (Baltar et al., 2018; Frazer et al., 2019;
Lampropoulou & Nowicky, 2013) and was further supported by the studies that observed greater
change in the tDCS-only condition compared to conditions that combined tDCS and motor
practice (Miyaguchi et al., 2013; Thirugnanasambandam et al., 2011). However, there were also
studies that observed a change in MEPs when tDCS and motor practice were combined (Cabral
et al., 2015; Fujiyama et al., 2017; Hendy & Kidgell, 2013; Kim & Ko, 2013; Mooney et al.,
2019; Pourmajidian et al., 2020), indicating that additional factors influence MEPs.

MEP amplitude is dependent upon the net excitatory and inhibitory input on spinal motor
neurons and does not differentiate between the relative contributions to M1 activation, such as
feedback from the cerebellum, cognitive input from the prefrontal cortex, (Bestmann &
Krakauer, 2015; Cinelli et al., 2019), or tDCS-induced activation. Functional magnetic resonance
imaging, in contrast, is more conducive to identifying the various intracortical (e.g., cognitive,
perceptual, and motor) contributions to motor behaviour (Albouy et al., 2012; Tseng et al., 2020)
and, in doing so, may provide greater insight to their relative activity at the various stages of
motor learning. Additionally, the wide range of factors that influence MEPSs can lead to
substantial inter- and intra-individual variability in MEP measurement (Cinelli et al., 2019;
Horvath et al., 2015; Sivaramakrishnan & Madhavan, 2020) and has the potential to obscure
tDCS-induced changes in corticospinal excitability if variability is not appropriately accounted
for in the assessment protocol. While researchers may attempt to limit variability by controlling
for study session time of day, restricting caffeine or alcohol intake, and excluding smokers (Li et
al., 2015), these details were not consistently addressed by studies in this review. Other
recommendations for reducing variability in MEP measurement are averaging a minimum of 20
MEPs at each timepoint (Li et al., 2015; Sivaramakrishnan & Madhavan, 2020) and using a low-
level of voluntary muscle contraction during MEP measurement (i.e., active motor threshold)

(Darling et al., 2006; Sivaramakrishnan & Madhavan, 2020). However, studies in this review
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measured a mean of 15.37 MEPs per timepoint with only 6 of 22 studies using active motor
thresholds. Thus, trial-to-trial variability may have obscured tDCS-induced changes in MEPs.
Additionally, most studies in this review only measured MEPs immediately post-tDCS which
does not provide sufficient information about the prolonged impact of tDCS on MEPs and does
little to establish whether change in MEP amplitude is an appropriate indication of lasting neural

change.

3.5.2 tDCS study design

Study design is particularly important when developing a tDCS protocol involving motor
practice. Crossover studies are useful because each participant acts as their own control and the
required sample size is less than parallel group studies (Krogh et al., 2019). However, crossover
designs may have increased dropouts and carryover effects depending on the time required for
each study condition and the time between each condition (Krogh et al., 2019). The crossover
studies in this review limited the potential for attrition related to time commitment by using a
single practice session per treatment condition, and all but one study (Wrightson et al., 2020)
clearly delineated an appropriate amount of time between treatment conditions to eliminate
carryover effects. An additional but crucial consideration in crossover studies is the reporting of
results, as the data required to conduct a meta-analysis is frequently omitted from crossover
study publications (Krogh et al., 2019). Unfortunately, most studies in this review did not
provide numerical data (i.e., mean and standard deviation) for post-intervention MEPs or MEP

change scores, opting to present data graphically instead, which was a barrier to meta-analysis.

When designing tDCS studies that involve motor practice, a systematic approach should be used
to evaluate the impact of different treatment variables on MEPs. Most studies in this review used
the same task and timing of practice across treatment groups to compare different types of
stimulation (e.g., anodal, cathodal, sham tDCS). Because none of the studies manipulated tDCS
intensity or duration within a single protocol, the combined impact of tDCS dose and motor
practice on MEPs remains unknown. While the motor practice condition was typically constant
within each study, two studies used task variations to evaluate their impact on MEPs. Miyaguchi
et al. (2013) used combinations of anodal tDCS and/or active/passive finger movement and

found that both passive and active movement alone decreased MEP amplitude, and that active
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abduction in combination with tDCS interfered with MEPs but passive movement in
combination with tDCS did not. Although Baltar et al. (2018) used a similar approach to evaluate
tDCS in combination with high/low intensity treadmill training, their results differed with none
of the treatment conditions having an impact on MEP amplitude. Together these two studies

demonstrate how task type and the muscles involved can have vastly different effects on MEPs.

3.5.3 Interpreting motor outcomes

This review confirms that MEP and motor changes are not necessarily linked to one another,
with few studies detecting change in both MEPs and motor outcome (Bastani & Jaberzadeh,
2014; Christova et al., 2015; Frazer et al., 2016; Fujiyama et al., 2017; Sohn et al., 2012), and
endorses previous findings that motor learning is more likely over the course of multiple tDCS
sessions (Hashemirad et al., 2016). The limited impact of a single tDCS session on motor
behaviour in healthy individuals may be due to participants’ baseline proficiency with simple
motor tasks (Cuypers et al., 2013; Hashemirad et al., 2016; Kimura & Nakano, 2019; Seidel &
Ragert, 2019; Xiao et al., 2020; Zhou et al., 2018) or the need for multiple practice sessions to
consolidate learning for more complex tasks (Dayan & Cohen, 2011; Karni et al., 1998). In this
review, Sohn et al. (2012) highlighted the impact of baseline task proficiency on tDCS study
outcomes with simultaneous induced changes in MEPs and motor performance in the non-

dominant hand but not in the dominant hand.

The studies in this review that involved less functional tasks (i.e., isolated movements or
isometric contractions at a single joint) did not observe improvements in motor performance
(Hannah et al., 2019; Karabanov et al., 2021; Mooney et al., 2019; Patel & Madhavan, 2019;
Wrightson et al., 2020). The simplicity of these tasks may have meant that participants had a
baseline level of task proficiency that limited the potential for further tDCS-induced
improvement. Complex motor tasks involve the coordination of a greater number of muscle
groups (Flament et al., 1993; Tseng et al., 2020) and have increased cognitive demands (Cinelli
etal., 2019; Stuhr et al., 2018). Because improved performance in these types of tasks often
occurs incrementally over multiple practice sessions, the motor learning benefits of an
intervention involving a more functional or complex motor skill can be overlooked if the

treatment protocol only involves one practice session (Karni et al., 1998; Schmidt & Lee, 2014)
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which limits the applicability of these studies to people with neurological conditions who
frequently turn to new rehabilitation technologies with the goal of enhancing motor learning.
Additionally, tDCS-induced improvements in strength and/or endurance outcomes occur more
often in whole body tasks rather than tasks isolated to a single joint (Alix-Fages et al., 2019).

The motor learning benefits of an intervention can also be overlooked when motor performance
is only re-evaluated immediately following motor practice due to the impact of mental and
physical fatigue on performance (Kimura & Nakano, 2019; Schmidt & Lee, 2014). Providing a
period of rest between practice and reassessment of motor outcomes eliminates the noise
associated with fatigue and allows for a more accurate measure of change (Kimura & Nakano,
2019; Schmidt & Lee, 2014) and was supported by improved motor outcomes in studies that had
motor assessments > 40 minutes post-tDCS (Christova et al., 2015; Fujiyama et al., 2017; Hendy
& Kidgell, 2013; Sriraman et al., 2014).

3.5.4 Risk of bias

The RoB 2 ratings indicate that study results should be interpreted with caution, particularly in
the ‘no motor’ practice and ‘speed/accuracy task’ subgroups where most studies were high risk.
The quality of future tDCS studies can be improved by addressing the following concerns
identified in the risk of bias assessment: 1) detail the randomization process such as the
randomization schedule (e.g., simple, blocked), the people with access to the randomization
schedule (especially whether the person obtaining consent), how participants are allocated to
treatment group (e.g., sealed envelopes), and when the study team members and/or participant
become aware of a participant’s treatment allocation (e.g., before/after informed consent); 2)
specify which members of the research team are blinded (e.g., assessors, staff administering the
treatment protocol); and 3) indicate whether data is available at all timepoints for each
participant (Chan et al., 2013; Sterne et al., 2019).

3.5.5 Limitations

Results synthesis was limited by the heterogeneity of study protocols. While we attempted to
minimize heterogeneity by grouping studies according to the presence and/or absence of motor

practice and dividing the motor practice studies into subgroups based on the type of motor
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practice, substantial differences within these subgroups (e.g., upper versus lower extremity tasks)

may have obscured other results.

3.6 Conclusion

The studies in this review had vastly different treatment protocols focusing on a variety of motor
tasks, practice timing, and tDCS parameters. While movement interferes with tDCS-induced
MEPs, this systematic review suggests that unilateral M1-targeted anodal tDCS in combination
with motor practice in healthy individuals tends to temporarily increase MEP amplitude after a
single treatment session. However, few studies evaluated MEP amplitude beyond 30 minutes
post-tDCS. The studies in this review confirm that changes in MEP amplitude are not necessarily
accompanied by similar changes in motor performance, suggesting that MEPs are not the optimal
outcome measure for tDCS studies evaluating the neural changes associated with motor learning
and performance. Because the goal of M1-targeted tDCS is usually to improve motor outcomes
and motor learning is more likely to occur with an increased practice dose, future tDCS treatment
protocols in healthy individuals should involve multiple treatment sessions, more complex tasks,
follow-up assessment of motor performance and neural outcomes beyond the immediate post-
tDCS period, and neural outcomes that differentiate between the relative intracortical

contributions to motor output.
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Chapter 4

Evaluating the feasibility of transcranial direct current stimulation
as an adjunct to inpatient physiotherapy in pediatric acquired
brain injury: A randomised feasibility trial

At the time of thesis submission, this chapter was under peer review for separate publication.
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4 Evaluating transcranial direct current stimulation as
an adjunct to inpatient physiotherapy in pediatric acquired
brain injury: A randomised feasibility trial

4.1 Abstract

Background: Children and youth with moderate to severe acquired brain injury (ABI) make
substantial improvements in gross motor function in the first six months after their injury.
However, they also experience plateaus in recovery that affect their long-term physical function.
To improve upon motor outcomes, rehabilitation technologies are frequently explored as
adjuncts to traditional physiotherapy intervention. When transcranial direct current stimulation
(tDCS) is paired with physiotherapy, children with cerebral palsy have experienced improved
motor outcomes. However, the use of tDCS to promote motor learning has not been evaluated in
the early stages of childhood onset ABI. Thus, we evaluated the feasibility of tDCS as an adjunct
to inpatient physiotherapy in children and youth with ABI.

Methods: This randomised feasibility trial was conducted in children (5-18 years) with moderate
to severe ABI. Participants were allocated (dynamic blocked randomization), to receive either 20
minutes of active or sham anodal tDCS immediately prior to 16 of their existing inpatient
physiotherapy sessions. Participants, physiotherapists, assessors, and primary investigators were
blinded to treatment allocation. The following feasibility outcomes were evaluated against a

priori targets: eligibility, recruitment, retention, tolerance, preliminary treatment effect.

Results: Of 232 children admitted over 21 months, six children were eligible (2.6%) and four
were recruited (66.7%). One participant completed the entire study protocol, two were
withdrawn for unrelated changes in medical stability (after five and seven study sessions,
respectively), and one did not commence the study due to COVID-19 restrictions. Three
participants were allocated to sham tDCS and one was allocated to active tDCS. Pre/post tDCS
session tracking indicated that participants tolerated active/sham tDCS with sub-electrode
itchiness being the primary transient side effect in both treatment groups. Tracking symptoms
pre/post tDCS allowed researchers to differentiate between tDCS side effects and ABI

symptoms.
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Conclusions: While the study lacked feasibility from eligibility and retention perspectives, study
procedures (e.g., assessment, treatment, side effect tracking, physiotherapy session
documentation) were successfully implemented and should be applied in guide future pediatric
tDCS studies.

4.2 Background

Children with moderate to severe acquired brain injury (ABI) participate in inpatient
physiotherapy during the subacute stage of recovery to relearn and refine the gross motor skills
affected by their injury (Dumas et al., 2004a; Ryan et al., 2022). Depending on injury location,
children can experience altered motor control, strength, balance, endurance, and coordination,
leading to varying levels of mobility challenges from complete dependence for care to advanced
gross motor deficits (Kelly et al., 2015; Popernack et al., 2015; Ryan et al., 2022). Motor
function involves multiple complex networks of neural pathways within the brain, with the
primary motor cortices being responsible for voluntary movement (Nishiyori et al., 2016; Nudo,
2013).

Motor learning, or ‘relearning’ in neurorchabilitation settings, refers to the acquisition and
retention of a motor skill achieved through practice or experience (Nudo, 2013). The functional
changes associated with motor learning are thought to be accompanied by cortical reorganization
within the brain (Nishiyori et al., 2016; Nudo, 2013). Physiotherapists (PTs) aim to promote
motor learning by using specific, individualized therapeutic actions based on child- and task-
specific factors called motor learning strategies (MLS) that involve verbalizations (e.g.,
instructions, feedback), actions (e.g., demonstration, physical guidance), or treatment session
organization (e.g., whole skill practice, random order practice) (Levac et al., 2011; Ryan et al.,
2019).

While children with ABI experience substantial improvements in gross motor function with
inpatient rehabilitation (Dumas et al., 2004a; Ryan et al., 2022; Tailor et al., 2013), their
recovery tends to plateau toward the end of the subacute stage of recovery, and long-term motor
deficits may persist (Haley et al., 2003; Kuhtz-Buschbeck et al., 2003). As such, novel treatment

approaches, often with limited evidence, may be implemented on their own or in combination
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with physiotherapy to enhance recovery. However, without a direct evaluative comparison
between traditional and novel approaches, it is impossible to determine whether the novel

approach further improves motor skill recovery.

Transcranial direct current stimulation (tDCS) is a safe form of non-invasive brain stimulation
that facilitates adaptive patterns of neural activity and suppresses maladaptive patterns, and can
be paired with physiotherapy to try to enhance the gains associated with motor skill practice
(Stagg & Nitsche, 2011). tDCS temporarily modulates cortical excitability by delivering small
subthreshold currents to targeted areas of the brain (e.g., the primary motor cortex when the
individual has motor learning goals (Stagg & Nitsche, 2011). The effects of tDCS last beyond
the stimulus duration with evidence of approximately 90 minutes of altered cortical excitability
that is thought to prime the brain for the formation of new cortical networks when accompanied
by motor skill practice (Stagg & Nitsche, 2011).

There are many unanswered questions regarding tDCS feasibility and efficacy in pediatric
clinical populations (Palm et al., 2016) with most research conducted in children with cerebral
palsy (CP) (Elbanna et al., 2019; Saleem et al., 2019a). Preliminary motor learning outcomes in
tDCS studies involving gait and balance training in children with CP have been positive (Grecco
et al., 2014; Grecco et al., 2015), but had not incorporated aspects of individualized
physiotherapy intervention in their protocol until Salazar Fajardo et al. (2022) demonstrated that
the combination of tDCS and an individualized physiotherapy program led to greater
improvements in gross motor function than physiotherapy alone. With the increased potential for
neural recovery in the early stages of a neurological condition, there is demand for more tDCS
studies to be conducted in the subacute stage of ABI (Bornheim et al., 2020; Ulam et al., 2015),
an area of study that has yet to be explored in pediatric rehabilitation. Given that the motor
deficits caused by ABI are detrimental to children’s development, mobility, and participation in
physical activity, and the enhanced ability to promote motor recovery during the subacute stage
(Anaby et al., 2012; Fragala et al., 2002; Galvin et al., 2010b; Haley et al., 2003), there is a need
to determine if tDCS can be used to augment the motor outcomes associated with traditional
inpatient physiotherapy for children with ABI. However, the feasibility of incorporating tDCS
into an existing intensive ABI rehabilitation program needs to be evaluated before its

effectiveness can be determined.
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4.3 Aim

The primary objective of this study was to evaluate the feasibility of using tDCS as an adjunct to
an existing inpatient physiotherapy in children and youth with ABI. The secondary objective was
to document the MLS content of inpatient physiotherapy for children with subacute ABI as a

preliminary way of understanding how PTs promote motor learning.

4.4 Methods

4.4.1 Study design

Feasibility studies are small scale studies that evaluate study procedure before determining
whether the protocol can or should be used in a larger scale investigation with process indicators
often addressing eligibility, recruitment, retention, and adherence, and scientific indicators
addressing treatment safety, dose, and an estimation of treatment effect (Lancaster et al., 2004;
Thabane et al., 2010). This randomised feasibility trial (Eldridge et al., 2016; Lancaster et al.,
2004) (ClinicalTrials.gov Identifier: NCT04422886) involved children/youth with moderate to
severe ABI admitted as inpatients for ABI rehabilitation at Holland Bloorview Kids
Rehabilitation Hospital, Toronto, Canada. Using a parallel group design, participants received
either active or sham (control) anodal tDCS intervention immediately prior to their existing
inpatient physiotherapy treatment sessions for up to 16 sessions over four weeks. This study
protocol was approved by research ethics boards at Holland Bloorview Kids Rehabilitation
Hospital and the University of Toronto. Written informed consent was obtained from participants
(or participant assent with parent consent when participants did not demonstrate the capacity to

provide consent).
4.4.2 Participants

Study inclusion criteria were:
e moderate to severe ABI confirmed with diagnostic imaging,
e 5-18 years of age,
o admitted for first intensive inpatient bout of ABI rehabilitation (i.e., subacute stage of

recovery) at Holland Bloorview,
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medically stable,

receiving active motor learning-based physiotherapy to address ABI-specific gross motor
goals,

length of stay permits at least three weeks of study intervention,

tolerates 45 minutes of physiotherapy,

sits independently at the edge of the bed for 5 seconds,

cognitively and behaviorally capable of completing standardized physiotherapy
assessment, and

accurately communicates discomfort (verbally or non-verbally).

Study exclusion criteria were:

pre-existing seizure disorder (i.e., prior to ABI),

anti-seizure medication use if seizure(s) occurred during acute care admission,
brain tumour,

neurodegenerative diagnosis,

metal implants in the head,

cranial bone flap removed,

stitches/staples on the head,

wounds or unhealed incisions at tDCS electrode sites,

experience with tDCS (as this could affect participant blinding),

diagnosed with another neurological disorder(s) affecting gross motor function (e.g.,
cerebral palsy, spinal cord injury),

lower extremity weight bearing restrictions at the time of study enrollment, or
physiotherapy sessions with > 15 minutes of non-motor learning content (e.g.,

behavioural redirection, passive range of motion).

In 2017-2018 (two years prior to the launch of the tDCS study), 338 children were admitted for

ABI rehabilitation at this hospital, 223 of whom were 5-18 years of age. Based on a recent

unrelated feasibility study with similar primary eligibility criteria in our inpatient ABI program

involving physiotherapy (Wright et al., 2018), we estimated that up to 20% of admissions would

be eligible for the tDCS feasibility study and 50% of eligible children would ultimately enroll in

77



the study (i.e., 22 children per year). We planned to enroll up to 30 participants over a 24-month
period, a pragmatic determination consistent with the design parameters for feasibility studies as

they have no specific sample size (power) requirements (Thabane et al., 2010).

4.4.3 Recruitment

The first author screened inpatient program admissions on a weekly basis. Any child who met
the age and preliminary diagnostic criteria (i.e., moderate to severe ABI unrelated to brain
tumour or epilepsy) underwent further screening. The child’s clinical PT was consulted to
confirm physiotherapy-related eligibility criteria. Children who met these criteria underwent
medical screening by the study physician who consulted with the child’s physician in the
program. Eligible children and their legal guardian(s) were then approached by their clinical PT
to determine if they were interested in learning about the study. The study research manager met
with families to explain the study and obtain written informed consent if they were interested in
participating.

4.4.4 Randomization and blinding

After baseline assessment, an independent research assistant (RA) assigned each child to ‘sham’
or ‘active’ tDCS groups using a computer-generated blocked randomization schedule developed
by the RA. Randomization was stratified by the child’s primary method of mobility (i.e.,
ambulation or wheelchair) to ensure similar levels of baseline physical ability between treatment
groups. Only the independent RA was aware of the randomization schedule. The two study team
members who administered tDCS and the independent RA were aware of each participant’s
treatment allocation, while participants, assessing/treating PTs, and other study investigators

were blinded.

4.4.5 Intervention

4451 tDCS

Study treatment sessions were scheduled by the participant’s treating PT in their weekly
inpatient rehabilitation schedule. All treatment sessions except the first were 90 minutes in

duration, with the first 30 minutes allocated to tDCS and the final 60 minutes allocated to

78



physiotherapy. The first study treatment session was 120 minutes with 60 minutes allocated to
tDCS measurements and setup. Depending on allocation, a trained research assistant provided
either 20 minutes of active or sham anodal tDCS (Soterix 1x1 LTE tDCS Device Limited Total
Energy tDCS For Susceptible Subjects) immediately prior to each physiotherapy sessions for up
to 16 sessions. While the goal was to complete study treatment over a four-week period,
treatment was permitted to take up to six weeks to make up for missed sessions related to illness

or medical appointments.

Participants were given the option of sitting in bed or their wheelchair (i.e., a supported sitting
position) on the inpatient unit during tDCS intervention. Using a dual-electrode montage and the
10-20 system for electrode placement, 5x5cm electrodes were positioned over Cz (anode) to
target the lower extremity region of bilateral primary motor cortices and the central supraorbital
(Fpz) area of the forehead (cathode) (Seeck et al., 2017). tDCS current intensities typically range
from 1.0 to 2.0 mA (Buchanan et al., 2021; Stagg & Nitsche, 2011). The first tDCS session
began with tDCS intensity ramping up to 1.0 mA of stimulation over the first minute for both the
sham and active tDCS groups. The active tDCS group’s stimulation then continued at 1.0 mA for
the remaining 19 minutes while the sham tDCS ramped down and turned off with the electrodes
remaining in place for the remainder of the session (Ambrus et al., 2012; Kessler et al., 2012).
The sham group continued to receive 1.0 mA for the first minute for all sessions while the tDCS
intensity for active group was titrated upward by 0.5mA per session to a maximum of 2.0 mA
depending on participant tolerance.

tDCS causes a tingling or itching sensation that fades over time (Kessler et al., 2012). This
sensory adaptation in combination with sham treatment protocol was expected to prevent

participants from accurately determining whether they were receiving active or sham tDCS
(Ambrus et al., 2012; Kessler et al., 2012). To promote participant blinding, both treatment
groups were told they may not feel the stimulation throughout the entire treatment, as their

bodies adapted to the sensation.

4.4.5.2 Physiotherapy

The physiotherapy intervention immediately following tDCS involved the typical intervention
that children receive in this inpatient ABI program consisting of four to five sessions of motor
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learning-based physiotherapy per week, provided by a combination of PT and/or PT assistant,
depending on the child’s goals and gross motor ability. Physiotherapy sessions are intended to
promote motor learning by focusing on functional tasks related to the child’s individualized
functional goals. Therapists individualize the intervention by adapting the tasks, instructions,
feedback, and challenge based on the child’s needs. In the study, therapists were free to choose
the tasks and MLS they felt were appropriate for the child. However, to ensure all therapists had
the same baseline level of MLS knowledge, they completed the MLS Online Training Program
(Ryan, 2017) prior to the study. Following each study session, the therapist documented the
functional tasks completed, along with task duration and focus (i.e., selected primary and
secondary foci from a menu of common physiotherapy intervention foci: stability/balance,
coordination, strength, motor skills, fitness/endurance, education, practice outside of therapy,
other).

4.4.6 Outcomes

Eligibility, recruitment, retention, adherence, tolerance, and treatment outcomes were used to
evaluate the feasibility of the study protocol (Table 4.1). Screening data were collected to
determine the proportion of eligible admissions and document reasons for exclusion. Because
anodal tDCS increases cortical excitability for up to 90 minutes after receiving tDCS and motor
practice should ideally occur during this period of enhanced excitability (Stagg & Nitsche,
2011), the start/stop times and duration of the tDCS and physiotherapy sessions were

documented.
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Table 4. 1. Study feasibility outcomes.

TYPE INDICATOR TARGET DESCRIPTION
Children/youth admitted for inpatient
Eligibility rate 20% ABI rehabilitation who meet eligibility
Eligibility criteria
Eligibility criteria n/a Diagnosis, a:cge, and reasons for exclusion
or all admissions
Recruitment Recruitment rate 70% Eligible admissions who enroll
Retention Treatment sessions 75% Completed > 12 treatment sessions
completed
Mean time between tDCS completion
Time between tDCS <15 and physiotherapy commencement (to
and physiotherapy minutes ensure motor practice occurs during
period of enhanced cortical excitability)
Adherence Session duration n/a Mean time (in ”?‘””tes) of tD(_:S sessions
and physiotherapy sessions
Completion of 95%% Completed < 7 days after final treatment
Reassessment 1 session
Completion of Completed three months (+/- 2 weeks)
80%
Reassessment 2 after treatment protocol
80% Tolerated > 1.0 mA for > 1_0 minutes of
tDCS tolerance every tDCS session
n/a Subjective report of tDCS experience
Pre/post session report rating of
tDCS side effects n/a symptoms/side effects using five-point
scale
Scientific Gross motor change | 5 points GMFM-88 mean change score difference
(active > sham)
. COPM mean change score difference
Goal change score 2 points .
(active > sham)
Intervention logs that document task
Physiotherapy n/a order, focus, duration

session content

MLSRI-22 rating of two video-recorded
sessions

GMFM-88: Gross Motor Function Measure (Russell et al., 2021); COPM: Canadian
Occupational Performance Measure (Law et al., 2014); MLSRI-22: Motor Learning Strategies
Rating Instrument (Levac et al., 2011; Spivak et al., 2021)

To evaluate tDCS tolerance, participant symptoms were tracked before and after each tDCS

session using study-specific standardized reporting forms (Appendices B and C). Before each

session, participants were asked if they had experienced any new health concerns, seizures,

syncope, or skin irritation/redness at electrodes sites, fatigue, headaches, upset stomach, or

dizziness since the previous tDCS session. If they were currently experiencing fatigue,
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headaches, upset stomach, or dizziness, participants were then asked to rate the extent of each
symptom on a five-point rating scale (e.g., 0 = ‘not at all’, 1 = “a little bit’, 2 = ‘a bit more’, 3 =
‘even more’, 4 = ‘a whole lot”) that was accompanied by images of facial expressions for each

rating.

After each tDCS session (just prior to physiotherapy), participants used the same scale to rate
fatigue, upset stomach, headache, dizziness again. They also rated additional side effects (itchy,
tingly, hot, weird taste in mouth) that were unlikely to persist beyond the tDCS session and were
therefore not part of the pre-session ratings. REB-approved monitoring rules required that if
participants rated headache, upset stomach, or dizziness as “4” post-tDCS, the research assistant
would notify their ABI nurse, contact the principal investigators, and complete an adverse event
form. If a seizure or syncope occurred at any time during study participation, the entire study
would have been put on hold until the participant was evaluated by their ABI physician and the
adverse event was reviewed by the feasibility study DSMB. There was also an open comment
section on the post-session tDCS tolerance form to capture additional participant-specific
challenges encountered during the tDCS treatment (e.g., decreasing tDCS current due to

persistent symptoms, difficulties rating symptoms, behavioural concerns).

Overall tDCS tolerance was evaluated using a modified version of Garvey et al.’s (2001)
pediatric non-invasive brain stimulation questionnaire where, at baseline, participants identified
one most enjoyable activity and one least enjoyable activity that they had experienced in the last
month. They then separately ordered seven pre-determined activities from most enjoyable to
least enjoyable, and their self-identified most and least enjoyable activities were added at the
beginning and end of the ordered list of pre-determined activities (Garvey et al., 2001). At the
post-intervention assessment, participants were asked to rate their experience with tDCS relative
to their pre-intervention list (Garvey et al., 2001). The questionnaire was modified by having
participants answer the following questions: 1) Would you say yes to having tDCS again? 2)
Would you tell other kids to try tDCS? 3) What did you like best about the tDCS? 4) Do you
think you received a lot or a little bit of tDCS? 5) How sure are you of your answer above? 6)
Did you have any side effects?
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Physiotherapy assessments were conducted by a blinded independent PT without access to
previous assessment results and occurred according to the timeline outlined in Figure 4.1. The
co-primary outcome measures were the Gross Motor Function Measure (GMFM-88) (Russell et
al., 2021), an assessment of gross motor function, and Canadian Occupational Performance
Measure (COPM) (Law et al., 2014), where the child and/or parent/guardian set three to five
gross motor goals pre-randomization. Secondary outcome measures were the ABI-Challenge
Assessment (ABI-CA) (an assessment of advanced gross motor skills) (Ibey et al., 2010), 10m
fastest walk test (LOmFWT), and parent-reported ‘Daily Activity’ and ‘Mobility” domains of the
Pediatric Evaluation of Disability Inventory (Haley et al., 2011). Goal Attainment Scaling
(Kiresuk et al., 2014) goals for the four-week study duration were created and evaluated by the
child’s treating PT. In addition to documenting physiotherapy session content, two physiotherapy
sessions were video recorded for each study participant and the MLS content was measured
using the Motor Learning Strategies Rating Instrument (MLSRI-22) (Spivak et al., 2021).

Figure 4. 1. Assessment timeline.

3-6 weeks 3 months

A

Baseline Treatment Post Post

Assessment Protocol Assessment 1

Assessment 2

Upto7 Upto7
days days

4.4.7 Changes to trial design

Study process was monitored, and iterative adaptations made to the protocol to address
challenges encountered. Initially, eligibility was restricted to children with cerebral stroke or
traumatic brain injury (TBI) in the preceding six months. Due to low eligibility rates in the first
nine months of the study, we expanded the inclusion criteria to any child with an ABI
participating in their first bout of inpatient rehabilitation. We also eliminated the exclusion
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criterion that prevented children who could balance greater than 5s on their most affected leg

from enrolling.

After the first participant, adaptations were also made to include baseline tracking of ABI
symptoms to differentiate between ABI symptoms and tDCS side effects. To this end, the study
team introduced a modified version of the Safety Monitoring Uniform Reporting Form
(SMURF) (Coates et al., 2018) to document the pattern, severity, duration, and factors
contributing to any symptoms the participant experienced in the period leading up to the study
treatment and thus provide a point of comparison for the study investigators and the DSMB
when reviewing an adverse event. Symptom tracking before each session was also updated.
Initially, any pre-session symptoms were only documented as present or absent. However, to
better track symptom changes pre/post tDCS, the five-point rating scale used post-tDCS was
implemented pre-tDCS to rate the extent of fatigue, headache, upset stomach, or dizziness.

4.4.8 Data analyses

Feasibility study analyses should be descriptive and address specific objectives (Lancaster et al.,
2004). Accordingly, descriptive statistics were used to describe group characteristics and
summarize the feasibility indicators outlined in Table 4.1. In feasibility studies, feasibility
indicators along with the primary outcome measure mean change scores are used to determine if
next stage research is warranted (Eldridge et al., 2016; Thabane et al., 2010). If warranted,
comparative magnitude change scores and standard deviation of change for the primary outcome
measures are of particular interest when calculating the sample size for a next stage randomised
control trial (Eldridge et al., 2016; Thabane et al., 2010).

Each gross motor outcome was reviewed to determine its appropriateness. To examine
physiotherapy session content, data from participants were pooled. Descriptive statistics were
used to summarize task duration and focus. The plan was to visually compare MLSRI-22
individual item scores between weeks one and four for each participant, followed by a graphic

summary of MLSRI-22 item scores for weeks one and four, respectively.
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45 Results

Of 232 children admitted to the inpatient ABI program over 21 months (Table 4.2), six were
eligible for the study and four (two with traumatic brain injury, two with stroke) enrolled (Figure
4.2). Three participants were primary wheelchair users and one participant was ambulatory. One
participant (wheelchair user) was allocated to the active tDCS group and three participants (two
wheelchair users, one ambulatory) were allocated to receive sham tDCS. One participant
completed the entire study protocol, two were withdrawn from the study after five and eight
sessions, respectively, for unrelated medical reasons (as determined by the DSMB in
collaboration with the participant’s ABI physician) that required readmission to acute care, and
one (the ambulatory participant) was unable to commence the baseline assessment due to early
COVID-19 restrictions on research at our hospital (i.e., clinical trials were put on hold for six
months). During this research hold, admissions were not screened for eligibility. Once research
activities resumed, the age and diagnosis of admissions during that six-month period were
retroactively obtained but further clinician screening was not completed due to the likelihood for
inaccurate recall post-discharge. Finally, given the low eligibility and retention rates, we

discontinued study enrollment three months earlier than the planned 24 months.

Table 4. 2. Program admissions between January 1, 2020 and September 30, 2021 by age

and diagnosis.

0-4 5-8 | 9-12 | 13+ TOTAL
years | years | years | years

Stroke 12 4 6 20 42
Traumatic brain injury 16 7 8 22 53
Brain Tumour 12 10 15 13 50
Neuroinflammatory 2 6 6 14 28
Post-infectious 4 2 2 4 12
Epilepsy 19 9 6 6 40
Hypoxia 1 1 3 2 7

TOTAL 66 39 46 81 232
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Figure 4. 2. Study flow diagram.
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4.5.1 Feasibility outcomes

The eligibility rate (2.6%) was well below the a priori target (20%). Exclusions were due to: age
(n=66), brain tumour (n=38), seizures (n=26), short admission (n=12), behavioural challenges
(n=8), decreased tolerance to physiotherapy (n=8), physiotherapy goals unrelated to ABI (n=7),
bone flap removed (n=5), communication challenges (n=5), scalp wounds/incisions (n=4), not
receiving active physiotherapy (n=4), ABI not confirmed (n= 4), chronic ABI (n=4), decreased
medical stability (n=3), weight bearing restrictions (n=3), other neurological diagnoses (n=2),
pacemaker (n=1), metal fragments in head (n=1).

The recruitment rate (66.7%) of eligible admissions was close to the a priori target (70%). The a
priori target for completed treatment sessions was 75%. Only one participant surpassed that
target, completing all 16 treatment sessions, while the other two participants withdrawn from the
study for medical reasons completed five (31.25%) and seven (43.75%) tDCS sessions,
respectively. The participant who completed the treatment protocol, did the first reassessment in
less than seven days after his final tDCS session and reassessment two in the three-month
timeline. The two participants withdrawn from the study did not complete the reassessments but
their baseline assessments and tDCS session data were included in the analysis. The mean tDCS
setup time was 7.36 minutes (SD=4.04) and the mean tDCS duration was 20 minutes (i.e.,
participants completed every tDCS they started). The mean time between tDCS completion and
physiotherapy commencement was 10.50 minutes (SD=7.31) with a maximum of 30 minutes and

minimum of 4 minutes between sessions (Figure 4.3).
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Figure 4. 3. Time between tDCS completion and physiotherapy session commencement by

participant.
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The a priori target for tDCS tolerability was 80%. While all three participants (100%) who
received tDCS (active or sham) tolerated 20-minutes of tDCS in every session that they attended,
only one participant was allocated to the active tDCS treatment. Pre/post tDCS session tracking
indicated that participants reported itchiness under the electrodes in both sham and active groups
(Table 4.3). No challenges were documented in the open comments section of the tDCS post-
session tolerance form. Only one participant (allocated to active tDCS), completed Garvey’s
tDCS Tolerability Questionnaire post-intervention which is detailed in a separate case report
(Chapter 5). Three adverse event forms were filed during the feasibility study: two for
participants being readmitted to acute care, and one for a participant reporting hair loss. The Data
Safety Monitoring Board (DSMB) reviewed these events with the participants’ ABI physician,

and all were deemed unrelated to study participation.
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Table 4. 3. Mean (standard deviation) pre- and post-tDCS session tracking of side effects,

rated from O to 4.

Sham tDCS* Active tDCS
(n=2) (n=1)
Tired 0 2.44 (1.03)
Pre-session Headache 0 0.69 (0.60)
Upset stomach 0.13 (0.35) 0.31 (0.70)
Dizzy 0.13 (0.35) 0.19 (0.54)
Tired 0 2.31 (1.25)
Headache 0.38 (0.51) 0.31 (0.60)
Upset stomach 0.15 (0.38) 0
Post-session Dizzy 0 0
Itchy 0.92 (0.76) 2.06 (1.29)
Tingling 0.31 (0.48) 0.38 (0.72)
Hot 0.38 (0.77) 0.19 (0.75)
Weird taste 0.08 (0.28) 0

*Pre-session rating only available for one participant in sham group due to
protocol change

4.5.2 Gross motor assessment

Because only one participant completed reassessments one and two, mean change scores were
not calculated. However, baseline physiotherapy assessments for the three participants provided
insight into their level of physical function upon study enrollment. All three participants used a
wheelchair as their primary method of mobility at baseline. They each completed the GMFM-88
(mean: 35.49%, standard deviation (SD): 21.22) at baseline. Two participants were unable to
complete the 10mFWT (one was non-ambulatory, one required substantial therapist assistance to
take steps) while the third completed it with a two-wheeled walker. None of the participants
achieved the requisite level of gross motor function to complete the ABI-CA (i.e., they could not

independently walk a short distance without a gait device).

All three participants’ parents completed the Daily Activities (scaled score range: 43-52, where
scores can be a minimum of 20 and a maximum of 80) and Mobility (scaled score range: 38-52)
sections of the PEDI-CAT, and participants (with parent input) created four to five mobility-
based COPM goals with guidance from the PT assessor. Examples of COPM goals included:
walk again on my own, improve sitting balance, improve standing balance, go to the washroom

on my own, use the stairs on my own, transfer in and out of bed on my own. While some GAS
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goals (all of which were created by the treating PT) overlapped the COPM goals (e.g., sliding
board transfers, sitting balance, standing balance, ambulation), there were additional goal areas
not identified by the child or parent, including rolling, stepping over obstacles, and sit to stand

transition.

The one participant who completed the reassessments had the highest baseline scores for all
outcome measures. From baseline to the first reassessment, this participant improved by 33.05%
points on the GMFM-88, 4.31s on the 10mFWT, 2 and 6 scaled score points on the Mobility and
Daily Activities domains of the PEDI-CAT (see Chapter 5 for details).

4.5.3 Physiotherapy session content

The physiotherapy intervention logs were completed by the treating therapists for all study
sessions. The mean duration of physiotherapy sessions in the study was 56.55 (SD=6.42)
minutes, with a mean of 5.93 (SD=1.70) tasks per session and 8.26 (SD=3.23) minutes spent on
each task varying from 2 to 30 minutes per task. Of the 178 tasks occurring across 30
physiotherapy sessions, PTs provided education on 12 and recommended practice outside of the
session for seven. ‘Stability/balance’ and ‘motor skills’ were the most frequent primary and
secondary task focus (Figure 4.4). ‘Coordination’ was the least frequent primary focus and
‘other’ was the least frequent secondary focus. The ‘other’ category included foci such as vision,

range of motion, assessment, and proprioceptive awareness.
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Figure 4. 4. Task focus* across all physiotherapy sessions.
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*Tasks had one primary focus but could have multiple secondary foci.

For all three participants, several clinicians were present during the video-recorded
physiotherapy sessions (e.g., occupational therapist, PT assistant, PT student). Figure 4.5 outlines
the mean MLSRI-22 item scores for the video-recorded session in the first week of the tDCS
protocol. Week four mean MLSRI-22 item scores could not be calculated due to participant
withdrawal nor could within participant visual comparisons between weeks one and four be
completed. Comparisons of videos from weeks one and four are detailed in a separate case report
(Chapter 5).
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Figure 4. 5. Mean MLSRI-22 item scores for the videos recorded (n=3 participants) in the
first week of the tDCS protocol.
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Scores are the extent that each MLS was observed (e.g., 0 = very little [O-
5%], 1 = somewhat [6-24%], 2 = often [25-49%], 3 = very often [50-75%)],
4 = mostly [76-100%]) (Spivak et al., 2021).

4.6 Discussion

Despite drawing upon our experience conducting a previous intervention study in this ABI
program and reviewing admission trends, eligibility was the primary limiting factor to study
feasibility. While it is impossible to definitively determine, the COVID-19 pandemic appeared to

also have an impact on program admissions and eligibility. Specifically, several children were
9
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excluded from the study due to decreased medical stability possibly because of earlier transfer to
rehabilitation based on bed shortages in acute care. Conversely, several children (predominantly
those with TBI) with high level balance and mobility concerns had decreased lengths of
rehabilitation stay, possibly due to families opting to minimize the time spent in hospital during

the pandemic.

Unfortunately, expanding diagnostic eligibility criteria beyond stroke or TBI mid-trial did not
improve the eligibility rate. Participants who enrolled in this study either had a stroke or TBI
suggesting that children with other diagnoses were affected by other exclusion criteria. While
expanding eligibility to children with balance greater than five seconds on their most affected leg
included children with important advanced balance and mobility goals, these children were likely
the same children who had reduced lengths of stay since a high level of mobility increases the
likelihood of being safely discharged from an inpatient setting. While a shorter treatment
protocol may have been suitable for these children, the logistics of screening, consenting,
assessing, and treating participants in a more condensed timeframe could be still be a barrier to
feasibility. Thus, an outpatient tDCS protocol shortly after discharge may have been more
feasible.

Individual medical circumstances (e.g., medication adjustments to address ABI symptoms,
recovery from acute care interventions) also often led to study exclusion. In these situations, an
outpatient tDCS protocol after this subacute phase may have been more suitable as medical
issues often resolve or improve over the course of an inpatient admission. For instance, children
with TBI and orthopedic injuries often have weight bearing restrictions throughout most of their
inpatient admission which limit participation in a motor learning focused physiotherapy program
and standardized physiotherapy assessment. Additionally, children with stroke or TBI may have
a bone flap removed post-decompressive craniectomy which is a contraindication to tDCS.
Decreased tolerance to physiotherapy assessment and treatment, as well as inconsistent
communication, is often more prevalent earlier in rehabilitation and would have prevented
participants from following study protocol. The medical acuity of children with subacute ABI
was further evident in the two participants withdrawn from the study due to changes in their

medical stability despite being stable at the time of study screening.
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Conversely, recruitment rates were within acceptable limits and demonstrated the willingness of
eligible children (and their parents) to use tDCS during inpatient rehabilitation. The 90-minute
treatment session duration provided ample time to administer tDCS in the participant’s room on
the inpatient unit and transition to the physiotherapy gym. It is imperative that physiotherapy
intervention occurs during the tDCS-induced cortical excitability to optimize the motor learning
potential of the treatment protocol (Stagg & Nitsche, 2011). While there was more variability in
time between tDCS and physiotherapy in the first two treatment sessions across participants, the
timing was still within acceptable limits, and became more consist over subsequent sessions,

likely as the participant and RA established a routine.

The study also demonstrated that tracking tDCS side effects pre/post-tDCS is an effective way of
differentiating between ABI symptoms and tDCS side effects, and is critical to evaluating tDCS
tolerance. Participants in both treatment groups reported symptoms pre- and post-tDCS,
suggesting that some symptoms may be attributable to their ABI rather than tDCS and/or that
tDCS did not exacerbate ABI symptoms. Further, the reports of itching and tingling post-tDCS in
both treatment groups indicated that the sham protocol mimicked the itching and tingling
sensations of active tDCS. While the lack of challenges documented in the open comments
section of the tDCS post-session tolerance form suggest that participants did not encounter
challenges during the tDCS sessions, future iterations of this form should include more specific
questions to ensure that nothing is overlooked. For example, a “yes/no” question indicating if the
participant needed parent/RA assistance with symptom rating, followed by an open text area to
elaborate on the assistance provided, would identify whether younger children or children with

cognitive difficulties require an adapted version of the rating scale.

While mean change scores could be not calculated for co-primary outcomes as only one
participant completed the protocol, this study allowed our team to determine the suitability of the
primary and secondary gross motor outcome measures for these children. With a mean baseline
of 35.49% on the GMFM-88, there was substantial room to detect improvement on this co-
primary outcome. While only one participant could complete the 10mFWT at baseline, its
inclusion as a secondary outcome remains useful for detecting functional changes in walking
speed. The Daily Activities and Mobility domains of the PEDI-CAT were also easily

administered with the parent completing the questionnaire while the participant completed other
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gross motor assessments. While none of the participants met the minimum ability threshold for
completing the ABI-CA, its use in future study protocols will be particularly beneficial for
detecting change in children and youth with ABI who have advanced mobility goals (lbey et al.,
2010), as these children would likely reach the ceiling of the GMFM-88 at baseline. Participants
and parents created meaningful mobility based COPM goals that complemented the GAS goals
developed by the treating PT. This combination of tracking goal areas, documenting
physiotherapy session content (i.e., tasks and task foci), and evaluating MLS content was not
only viable but critical to understanding the ingredients of motor learning interventions for
children and youth with ABI.

While it is unclear whether the eligibility challenges we encountered would generalize to other
inpatient pediatric rehabilitation hospitals, our experiences can inform the design of future tDCS
studies in children with ABI. Based on our experiences, we have several recommendations for
future tDCS studies in children and youth with ABI. As administering the treatment protocol
itself was feasible and there is still potential for tDCS to enhance motor learning after ABI,
future studies embedded in a clinical setting should: 1) allocate 30 minutes to tDCS and 60
minutes to physiotherapy sessions, 2) document tDCS parameters, 3) track symptoms pre- and
post-tDCS, 4) administer the complement of gross motor outcome measures used in this study to
ensure that change is detected at all levels of functional ability, 5) individualize physiotherapy
intervention based on child-specific abilities and goals, and 6) document and analyze
physiotherapy session content to support exploration of how it may have contributed to motor
learning. Based on the challenges encountered in this trial, future studies should consider the
following options to increase enrollment: 1) conduct a multi-center study, 2) reduce treatment
protocol duration to two weeks for inpatient children with advanced gross motor goals, and 3)
develop outpatient protocols for children who either have reduced lengths of stay or may only

meet eligibility criteria after discharge from inpatient rehabilitation.

4.7 Conclusions

While implementing tDCS as an adjunct to inpatient physiotherapy may enhance gross motor
outcomes in children and youth with ABI and may be of particular benefit in subacute ABI due

to the increased potential to influence neuroplasticity early in recovery, our study protocol was
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not feasible from both eligibility and retention perspectives. As such, a definitive randomised
control trial is not warranted at this time. However, our study procedures (e.g., assessment,
treatment, side effect tracking, physiotherapy session documentation) were feasible and should
be used to inform the design of future tDCS feasibility protocols in children and youth with ABI.
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Chapter 5

Integrating transcranial direct current stimulation into an existing
inpatient physiotherapy program to enhance motor learning in an
adolescent with traumatic brain injury: A case report

This chapter was published in its entirety as:

Ryan, J. L., Beal, D. S., Levac, D. E., Fehlings, D. L., & Wright, F. V. (2023). Integrating
transcranial direct current stimulation into an existing inpatient physiotherapy program to
enhance motor learning in an adolescent with traumatic brain injury: A case report.
Physical and Occupational Therapy in Pediatrics. doi: 10.1080/01942638.2022.2163214
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5 Integrating transcranial direct current stimulation into
an existing inpatient physiotherapy program to enhance
motor learning in an adolescent with traumatic brain injury:
A case report

5.1 Abstract

Purpose: Describe how transcranial direct current stimulation (tDCS) was incorporated into an
inpatient physiotherapy program for an adolescent with severe traumatic brain injury (TBI),
detail the motor learning focus of the physiotherapy sessions, and summarize gross motor

progress.

Method: This case report describes an adolescent who received 20 minutes of anodal tDCS
immediately prior to 16 physiotherapy sessions over four weeks. Potential side effects were
tracked pre/post tDCS. Gross motor outcomes were measured pre-intervention, post-intervention,
and three months post-intervention. Physiotherapy session content was analyzed using therapist
documentation and the Motor Learning Strategies Rating Instrument.

Results: The youth tolerated tDCS well. The primary side effect was itchiness under the
electrodes during tDCS sessions. His mobility progressed from wheelchair use pre- ‘tDCS +
physiotherapy’ to ambulation with a walker post-intervention. His Gross Motor Function
Measure score increased 33.1% points pre/post intervention. Session tasks often had several foci
(e.g., skill acquisition, strength, and balance) with task focus changing as the youth progressed.

Various motor learning strategies were layered within tasks to support performance and learning.

Conclusions: tDCS was successfully integrated into an existing inpatient physiotherapy program
for an adolescent with TBI. This protocol provides a structure for implementing, monitoring, and

measuring tDCS + physiotherapy in pediatric rehabilitation.
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5.2 Introduction

Acquired brain injury (ABI) can be traumatic or non-traumatic (e.g., stroke, encephalitis,
tumour) in nature (Giustini et al., 2013). Children and youth with moderate to severe acquired
brain injury (ABI) experience physical and cognitive challenges that affect their development
and participation (Anderson & Catroppa, 2006; Braga et al., 2005; Galvin et al., 2010a). Because
the subacute stage of ABI is a critical period for neural recovery, children are often admitted to
inpatient rehabilitation where they receive intensive multidisciplinary intervention to address
functional goals (Anderson & Catroppa, 2006; Dumas et al., 2004a). Inpatient physiotherapy
after ABI focuses on relearning and refining a range of gross motor skills while simultaneously
addressing strength, endurance, balance, and coordination deficits (Dumas et al., 2004b; Ryan et
al., 2022). Physiotherapists (PTs) often employ individualized therapeutic actions based on child-
and task-specific factors called motor learning strategies (MLS) to promote skill acquisition and
refinement (Levac et al., 2011). These strategies consist of verbalizations (e.g., instructions,
feedback), actions (e.g., demonstration, physical guidance), and practice organization (e.g.,

whole versus part practice, random versus blocked practice) (Spivak et al., 2021).

Ambulation is a common inpatient physiotherapy goal for children with ABI (Ryan et al., 2022)
due to its association with independence and community access (Dumas et al., 2004a). While
experts agree upon the importance of functional mobility and task-specific practice in children
with ABI, there is no consensus regarding the optimal content of physiotherapy intervention
(Bague et al., 2016; Dumas et al., 2004b). Children with ABI typically make substantial gross
motor progress during inpatient rehabilitation (Dumas et al., 2004a; Ryan et al., 2022), followed
by a plateau in recovery with persisting functional deficits (Braga et al., 2005; Galvin et al.,
2010a; Gordon & di Maggio, 2012). Because of the long-term sequelae associated with pediatric
ABI, new treatment approaches are often explored to determine if superior outcomes can be
achieved (Anderson & Catroppa, 2006; Gordon & di Maggio, 2012). The influx of technology in
neurorehabilitation has led to therapists increasingly adopting its use as an adjunct to traditional
intervention when they anticipate a therapeutic benefit and are supported in its implementation
(Hamilton et al., 2019; Bower et al., 2021). Some technologies influence motor learning on a
behavioural level by augmenting feedback (e.g., active video gaming, robotic-assisted gait
training) while other technologies target change on a physiological level (e.g., functional
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electrical stimulation, non-invasive brain stimulation) (Gordon & di Maggio, 2012; Takeuchi &
Izumi, 2013).

Transcranial direct current stimulation (tDCS) is a form of non-invasive brain stimulation that
temporarily modulates neural activity by delivering small subthreshold currents to a targeted
region of the brain via electrodes placed on the scalp (Stagg & Nitsche, 2011). When motor
learning is the goal, tDCS electrodes are typically positioned over the primary motor cortex
(Stagg & Nitsche, 2011). tDCS alters cortical activity for approximately 90 minutes after a
treatment session by hyperpolarizing (i.e., excitation) the resting membrane potential of neurons
located beneath the anode and hypopolarizing (i.e., suppression) neurons beneath the cathode
(Stagg & Nitsche, 2011). This altered neural state is thought to prime the brain to form new
cortical networks, and strengthen existing networks, when motor practice is introduced (Stagg &
Nitsche, 2011; Takeuchi & Izumi, 2013). However, the subthreshold influence on cortical
activity means that tDCS likely does not enhance motor learning on its own (Stagg & Nitsche,
2011). As such, the motor learning content of the practice accompanying the tDCS is integral to

its effectiveness.

While tDCS safety is well-established (Bikson et al., 2016; Zewdie et al., 2020), there are many
unanswered questions regarding its feasibility and efficacy. tDCS is well-tolerated among
children with cerebral palsy (CP) and youth with concussion (Zewdie et al., 2020). Pediatric
motor skills-based tDCS research has predominantly occurred in children with CP with positive
gross motor outcomes after treadmill training (Grecco et al., 2014), virtual reality balance
training (Lazzari et al., 2017), and neurodevelopmental treatment (Salazar Fajardo et al., 2022).
However, the exact motor learning content of these interventions is unclear. Additionally, the
effect of tDCS on motor learning in children and youth with ABI has yet to be explored. Further
tDCS research is also required in the subacute stage of neurological recovery when the potential

to influence neuroplasticity is increased (Bornheim et al., 2020).

When exploring a novel intervention, case reports permit an in-depth examination of a single
participant’s experience and can be used to inform future stages of research (Nissen & Wynn,
2014). Given the novelty of tDCS in pediatric subacute ABI and the limited information about

physiotherapy session content in these children, the aims of this case report were to demonstrate:
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1) the incorporation of tDCS into an existing pediatric inpatient ABI physiotherapy program, 2)
the motor learning and treatment session content of the physiotherapy intervention paired with
the tDCS, and 3) the process for evaluating gross motor progress and skill retention using a

complementary set of outcome measures.
5.3 Methods

5.3.1 Case description

This case report involved a participant who took part in a feasibility randomized control trial
(RCT) (ClinicalTrials.gov Identifier: NCT04422886) evaluating tDCS as an adjunct to an
existing inpatient physiotherapy program for children and youth with ABI. The protocol was
approved by the hospital’s research ethics board (REB). Within the feasibility RCT, children and
youth ages 5 to 18 years with ABI (i.e., traumatic or non-traumatic) received either active or
sham anodal tDCS immediately prior to 16 physiotherapy sessions. Participants, assessors, and
PTs were blinded to treatment allocation. While feasibility RCT results are reported in a separate
manuscript (i.e., Chapter 4), this case report provides a more detailed account of study protocol
nuances for an adolescent with traumatic brain injury (TBI).

5.3.2 Case report participant

Ethan (pseudonym) is an adolescent who was admitted to inpatient rehabilitation six weeks after
sustaining a severe TBI. In addition to receiving one hour of physiotherapy five days per week
throughout his admission, Ethan participated in occupational therapy and speech language
pathology interventions up to five days per week, and he attended school within the hospital
between therapy sessions. On admission, Ethan’s primary method of mobility was a manual
tilting wheelchair. He had a right hemiparesis and hypertonia. Ethan was capable of following
verbal directions in physiotherapy sessions. He took steps with moderate assistance from two
people and his Gross Motor Function Measure (GMFM-88) (Russell et al., 2021) total score was
22.6%. Ethan had vocal cord paralysis on admission and was fed via gastrostomy tube. When he
started the tDCS treatment protocol, in the final month of his three-month admission, he was

verbal, ate orally, and walked indoors with a two-wheeled walker. After completing the

101



feasibility RCT, Ethan provided written informed consent to describe his participation in the

feasibility RCT within this case report.

5.3.3 tDCS Treatment

Treatment sessions were 90 minutes in duration with the first 30 minutes allocated to tDCS,
including 10 minutes for equipment set-up and administering tDCS symptom questionnaires,
followed by 60 minutes of physiotherapy. tDCS protocols either provide tDCS immediately prior
to (Bornheim et al., 2020) or during behavioural intervention (Salazar Fajardo et al., 2022). In
this case, tDCS occurred before physiotherapy to maintain electrode positioning and prevent
tDCS equipment from interfering with gross motor tasks. tDCS sessions were conducted by a
tDCS-trained research assistant on the inpatient unit where Ethan opted to sit in bed rather than
in a chair with armrests or his wheelchair. tDCS training involved practical and didactic training
under the supervision of the second author who is certified in its use.

Ethan was allocated to the treatment group that received active tDCS. He received 20 minutes of
anodal tDCS (Soterix 1x1 LTE tDCS Device Limited Total Energy tDCS For Susceptible
Subjects) immediately prior to 16 physiotherapy sessions. Using the electroencephalography 10-
20 system for electrode placement (Seeck et al., 2017), our dual electrode tDCS montage (5x5cm
electrodes) positioned the anode over Cz (i.e., the lower extremity region of bilateral primary
motor cortices) and the cathode over Fpz (i.e., centre of the forehead) (Figure 5.1). Each tDCS
treatment began with the current ramping up over the first minute to the target current that was
then maintained for 18 minutes. In the final minute, the current ramped down and turned off.
tDCS current intensities generally vary between 1.0 and 2.0 milliamperes (mA) (Stagg &
Nitsche, 2011). The starting current intensity was incrementally increased over the first three
tDCS sessions (i.e., 1.0 mA in the first session, 1.5 mA in the second session) with the goal of
reaching 2.0 mA by the third session; 2.0 mA was used for the remaining sessions. The research
assistant documented the time that tDCS finished and the PT documented the time that the
physiotherapy session started to determine if physiotherapy occurred during the period of

enhanced cortical excitability.
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Figure 5. 1. Study tDCS electrode montage.

Side effects were tracked immediately before and after each tDCS session using study-specific
standardized reporting forms. Before each session, Ethan reported any new health concerns,
seizures, syncope, skin irritation/redness at electrode sites, fatigue, headaches, upset stomach, or
dizziness since the previous tDCS session. If he reported fatigue, headache, upset stomach, or
dizziness, Ethan was asked to rate the extent of the side effect(s) on a five-point rating scale
(e.g., 0="‘not atall’, 1 = ‘alittle bit’, 2 = ‘a bit more’, 3 = ‘even more’, 4 = ‘a whole lot’). After
each tDCS session (prior to physiotherapy), he used the same scale to rate fatigue, upset
stomach, headache, dizziness again. He also rated additional side effects (itchy, tingly, hot, weird
taste in mouth) that were unlikely to persist beyond the tDCS session and were therefore not part
of the pre-session ratings. REB-approved monitoring rules dictated that headache, upset stomach,
or dizziness ratings of “4” post-tDCS required the study team to notify the participant’s nurse
and complete an adverse event form. Seizure or syncope at any time during the study protocol
would have led to a study hold until the participant was evaluated by their ABI physician and the

adverse event was reviewed by the Data Safety and Monitoring Board.
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5.3.4 Physiotherapy intervention

The content of the individualized physiotherapy sessions paired with the tDCS was at the
discretion of Ethan’s treating PT in the inpatient ABI program. Physiotherapy intervention in this
inpatient ABI program focuses on increasing independence and efficiency of various gross motor
skills with the goal of transferring these skills to meaningful activities. Physiotherapy session
content is guided by individual physical function, cognition, and goals. Children/youth in the
program receive up to five 60-minute physiotherapy sessions Monday to Friday provided by a
combination of PT, a PT assistant (PTA), and/or PT with the PTA, depending on the level of
assistance required. While there is inherently a motor learning focus within the inpatient ABI
program, all PTs and PTAs in the program completed the MLS Online Training Program (Ryan
etal., 2017) to ensure a minimum level of MLS knowledge prior to providing treatment in the
study. The online program consists of four modules with skill testing questions at the end of each
module and takes approximately four hours to complete (Ryan et al., 2017). It describes various
motor learning concepts (e.g., factors that influence motor learning, implicit versus explicit
motor learning), defines 22 MLS, and provides multiple video examples of how to apply MLS in

various clinical scenarios (Ryan et al., 2017).

The PT/PTA documented the tasks completed in each physiotherapy session, in the order
performed, on a study-specific intervention log. For each task, they recorded task duration and
variations and selected primary and secondary task foci from a menu of pre-determined
physiotherapy principles: stability/balance, coordination, strength, motor skill, endurance/fitness,
other. They also indicated if they provided task-specific education or recommended practice
outside physiotherapy. Two physiotherapy sessions were video recorded, one at the beginning of
the study and one near the end to capture changes in session content and MLS use based on
progress over the study intervention period. The first author, a practicing PT with 16 years of
clinical experience in pediatric ABI and Motor Learning Strategies Rating Instrument (MLSRI-
22) (Levac et al., 2011; Spivak et al., 2021) certification, analyzed the MLS content of these
video-recorded sessions using the MLSRI-22. The MLSRI-22 documents the frequency and
extent that 22 MLS are observed in a video-recorded physiotherapy session for children/youth
with ABI (Levac et al., 2011; Spivak et al., 2021). MLSRI-22 items are divided into three
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categories: therapist verbalizations (items #1-11), the therapist (i.e., therapist actions) (items

#12-17), and practice is (i.e., session organization) (items #18-22) (Spivak et al., 2021).

5.3.5 Outcome measures

The same independent PT assessor, blinded to treatment group and previous scores, completed
study assessments pre-intervention, post-intervention, and three months post-intervention.
Outcome change from pre-intervention to post-intervention evaluated change associated with the
combined tDCS and physiotherapy program. Change scores for post-intervention to three months
post-intervention provided insight into progression and/or retention of skills beyond the inpatient
admission. The pre-intervention assessment occurred eight weeks into Ethan’s admission. The
post-intervention assessment occurred the week that he was discharged (i.e., four weeks after the

pre-intervention assessment).

The following outcome measures evaluated a breadth gross motor skills with input from the
parent and youth. The co-primary outcome measures were the: Gross Motor Function Measure
(GMFM-88) (Russell et al., 2013), that evaluates five dimensions (A: lying and rolling, B:
sitting, C: crawling and kneeling, D: standing, E: walking, running, jumping), and Canadian
Occupational Performance Measure (COPM) (Carswell et al., 2004), where the participant set
four gross motor goals in collaboration with the assessing PT and parent. The GMFM-88 is a
reliable and responsive outcome measure (Ko & Kim, 2013) that has been validated for children
with ABI (Linder-Lucht et al., 2007). The COPM is also a reliable and valid outcome measure
that has demonstrated responsiveness in pediatric rehabilitation research (Carswell et al., 2004;
Cusick et al., 2007). The minimum clinically important difference for the GMFM-88 and COPM
are 5% (Storm et al., 2020) and 2 points (Law et al., 2014), respectively.

The following secondary outcome measures were also evaluated: 10-metre Fast Walk Test
(10mFWT) (Thompson et al., 2008), and the parent-reported Pediatric Evaluation of Disability
Inventory (PEDI-CAT; Speedy versions of the ‘Daily Activity’ and ‘Mobility’ domains), where
scaled scores range from a minimum of 20 to a maximum of 80 points (Haley et al., 2011). The
PEDI has been validated for use in pediatric ABI (Ziviani et al., 2002) and is responsive to
change during inpatient rehabilitation (Fragala-Pinkham et al., 2016). The 10mFWT is reliable in

children with CP, with 10m representing the minimum distance that a child must walk
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independently to be considered a functional ambulator (Thompson et al., 2008). The treating PT
also used Goal Attainment Scaling (Kiresuk et al., 2014) to create three individualized functional
goals specifically for the study treatment period (Table 5.1), following the same process the PTs
in this program regularly use in their clinical practice (Ryan et al., 2022a). In general, GAS is

valid, reliable, and sensitive to functionally meaningful change (Cusick et al., 2006; Schlosser,

2004).

Table 5. 1. Ethan’s study-specific GAS goals.

Walking*

Stepping Over
Obstacles

Standing Balance

Starting level

Walks on the
[inpatient] unit with
two-wheeled** walker,

Unable to step over

Stands > 10 seconds
with left foot on 8-inch

supervision

(-2) uses wheelchair obstacles of any height step
throughout the hospital
Slightly Less Walks_ full d_a ys [in the Steps over 2- to 3-inch | Stands > 10 seconds
hospital] with a two- ; )
Than Expected : obstacle with one arm | with left foot on large
wheeled walker with
(-1) support foam roll

Expected Level
(0)

Walks full days [in the
hospital] using a
rollator walker*** with
supervision

Steps over 2- to 3-inch
obstacle (hands free)
with close supervision

Stands > 10 seconds
with left foot on soccer
ball

Slightly Better
Than Expected
(+1)

Walks full days [in the
hospital] with a cane
with supervision

Steps over an obstacle
at mid-calf height with
close supervision

Right foot unipedal
stance 3 to 5 seconds

Much Better
Than Expected
(+2)

Walks full days [in the
hospital], unaided, with
supervision

Steps over an obstacle
at knee height with
close supervision

Right foot unipedal
stance > 5 seconds

*The inpatient unit is where patients eat, bathe, and sleep. Thus, walking on the inpatient unit would
consist of walking short distances sporadically at times when not in school or therapy. Walking full
days involved walking to therapy appointments or school which are on different floors of the hospital.

**A two-wheeled walker is a suitable for indoor use only. It has small, non-swivel wheels.

*** A rollator walker is suitable for community mobility. It has four wheels that swivel and hand
brakes to control speed.

At the pre-intervention assessment, Ethan completed the baseline of an adapted version of

Garvey et al.’s (2001) questionnaire that documents children’s subjective reactions to

transcranial magnetic stimulation where he identified his own most and least enjoyable activities

106




in the last month and then separately ordered Garvey’s seven pre-determined activities from
most enjoyable to least enjoyable. At the post-intervention assessment, Ethan then rated his
experience with tDCS relative to the ordered list of activities he provided pre-intervention and
answered questions about his tDCS experience (Table 5.2).

5.4 Findings
5.4.1 tDCS sessions

To ensure that Ethan’s tDCS sessions could be incorporated into his busy inpatient schedule, all
treatment sessions were scheduled by his treating PT prior to the first study session. Ethan
completed 16 tDCS sessions over 23 days as scheduled. He did not receive treatment on
weekends as physiotherapy was not offered in the program at those times. tDCS duration and
progression of current intensity proceeded as planned. Every tDCS treatment was 20 minutes
with a mean (standard deviation) set up time of 6.31 (3.09) minutes. The mean time between
tDCS completion and physiotherapy session commencement was 9.56 (3.65) minutes. Ethan’s
highest mean pre-session symptom was fatigue which remained the same post-session (Table
5.2). The only side effects rated “4” post-tDCS were: itchy (one session), tired (two sessions).
There were no seizures or syncope. Ethan rated his enjoyment of tDCS between ‘going to the

dentist’ and ‘getting a needle’ (Table 5.2).
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Table 5. 2. Ethan’s tDCS session symptom ratings and tolerability questionnaire.

Symptom Rating? tDCS Tolerability Questionnaire?
- ; Talking with friends* 1. Would you say yes
S Pre b SPo§t b MOST . : to having tDCS
ession ESSION™ | ENJOYABLE | Playing a (video) gamet again? Yes
- : 2. Would you tell other
1.
Tired 2.4 (1.0) | 2.3(1.3) Long car ride Kids to try tDCS?
Headache 0.6 (0.6) | 0.3(0.6) Watch TV+ Yes, if it is needed
: 3. What did you like
l{[prsr?t ) 0.4 (0.7) 0 Go to a birthday partyt best about the
stomac tDCS? Sitting in bed
Dizzy 0.2 (0.7) 0 Go to the dentistt during the tDCS
— 4. Do you think you
Itching n/a 2.1(1.3) tDCSE received a lot or a
Tingling® n/a 0.4 (0.7) Get a needlet :'tt“e bit of tDCS? A
[0)
Hot® n/a 0.2 (0.8) Throw upt 5. How sure are you of
Weird taste n/a 0 Pain at gastric-tube your answer above?
in mouth LEAST site** very sure
ENJOYABLE 6. Did you have any

side effects? No

a- Completed at each tDCS session

b- Mean (SD). Ratings are on a five-point scale where 0 = not at all, 1 = a little bit, 2 = a bit more, 3 = even more,
4 = awhole lot

c- Refers to symptoms under electrode sites
n/a- Symptoms were only rated post-session

d- Adapted from Garvey (2001). Prior to the first tDCS session, Ethan generated his own most* and least**
enjoyable activities in the last month. He then separately ordered Garvey’s seven pre-determined activitiest from
most enjoyable to least enjoyable. For reassessment, the researchers added the most and least enjoyable activities to
the beginning and end of Ethan’s ordered list of pre-determined activities. At the post-intervention assessment,
Ethan rated his enjoyment of tDCSf relative to this ordered list of activities.

5.4.2 Physiotherapy intervention

Ethan spent a mean of 46.38 (6.0) minutes per physiotherapy session actively participating in
tasks with a mean of 4.94 (1.1) tasks per session and 9.67 (3.6) minutes spent on each task. The
time spent on each task varied from 2 to 35 minutes. Across all study sessions, the most frequent
primary task focus was motor skills (1.9 [1.1] tasks per session), and stability/balance was the
most frequent secondary task focus (2.8 [1.1] tasks per session). Coordination was the least
frequent primary task focus (0.2 [0.4] tasks per session) and strength was the least frequent
secondary task focus (0.7 [0.8] tasks per session). Figure 5.2 presents these data as cumulative

task performance numbers across sessions. The PT documented ‘recommending practice outside
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physiotherapy’ for only two walking tasks (primary focus: motor skills, secondary focus:
fitness/endurance) across all sessions and did not document any instances of ‘providing

education’ related to the tasks practiced during the sessions.

Figure 5. 2. Task foci across all physiotherapy sessions.

Motor Skills Strength Stability/Balance Endurance Coordination
Task Foci

50
45
40
35
30
25
20
1
1

Number of Tasks

U O um

M Primary Focus  ® Secondary Focus*
*Tasks could have multiple secondary foci.

In the first video, Ethan used a two-wheeled walker with minimal assistance to walk within the
physiotherapy gym. Figure 5.3 details the tasks (in order) and MLSRI-22 item scores. The
primary task foci in video one were: strength (squats, step-ups), motor skills (walking, stride
stance), stability/balance (standing + upper extremity [UE] activity). Coordination was the
secondary focus for four tasks: standing + UE activity, stride stance, step-ups, treadmill walking.
Additional secondary foci were: motor skill (step-ups), stability/balance (stride stance),

fitness/endurance (treadmill walking).
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Figure 5. 3. MLS content documented using the MLSRI-22 for the video-recorded

physiotherapy sessions.

THERAPIST VERBALIZATIONS:

1. Provide encouragement

2. Direct attention to object/environment
3. Direct attention to body

4. Ask to promote problem solving
5. Relate to performance

6. Relate to results

7. Indicates what was done well

8. Indicates what was done poorly
9. Involves analogy

10. Link activity to other activities
11. Encourage mental practice

VIDEO 1

Tasks

Squats (pick up
darts + throw)

Standing + upper
extremity
activities

Walking (parallel
bars, treadmill)

Stride stance
activities (weight
shift onto
affected leg)

THE THERAPIST:

12. Uses demonstration

13. Provides physical guidance

14. Permits errors as part of learning

15. Uses external device to augment feedback
16. Recommends practice outside therapy

17. Provides education

Step-ups

VIDEO 2

Tasks

Stationary bike
(intervals)

Bridging
(unweight less
affected foot)

PRACTICE IS:
18. Repetitive
19. Whole
20. Variable
21. Random

22. Progressive

o
[
N
w
IS

W Videol mVideo2

Hip hiking
(standing on
affected leg)

Stride stance
(weight shift
onto affected

leg)

Step-ups

Walking
(in the hall)

Scores are the extent that each MLS was observed (e.g., 0 = very little (0-5%), 1 = somewhat (6-24%),
2 = often (25-49%), 3 = very often (50-75%), 4 = mostly (76-100%)) (Spivak et al., 2021). Tasks and the
order (#) that the tasks occurred in the session are provided for each video.

(Note: task order informs scoring for item 21.)

In the second video, Ethan walked hands-free between tasks with the PT providing minimal

support using a gait belt. The primary task foci in video two were: stability/balance (stride

stance), fitness/endurance (stationary bike), strength (bridging, hip hike, step-ups), motor skill

(walking). Stability/balance was the secondary focus for four tasks: stationary bike, bridging, hip
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hike, step-ups, walking. The following were additional secondary foci: motor skill (stride

stance), coordination (walking), fitness/endurance (walking).

Across the two video-recorded sessions, the most used MLS by MLSRI-22 category were:
therapist verbalizations ‘direct attention to the body’ (item #3), the therapist ‘provides physical
guidance’ (#12), and practice is ‘repetitive’ (#18). The least used MLS by MLSRI-22 category
were: therapist verbalizations ‘encourage mental practice’ (#12), the therapist ‘recommends

practice outside of therapy’ (#16), and practice is ‘random’ (#21) and ‘progressive’ (#22).

5.4.3 Gross motor outcomes

Ethan’s GMFM-88 total score at pre-intervention, post-intervention, and three-month follow-up
were 50.9%, 84.0%, and 86.1%, respectively. His GMFM-88 goal totals (i.e., the average of
dimensions D and E) (Russell et al., 2021) were 33.5%, 69.4%, and 72.3%, respectively. His four
COPM goals listed in self-reported order of importance were: walk on my own, go to the
washroom on my own, get dressed by myself, and be independent with self-care. Ethan’s
performance ratings at pre-intervention, post-intervention, and three-month follow-up varied
considerably: walking on my own (9, 5, 8), going to the washroom on my own (5, 5, 10), getting
dressed by myself (10, 5, 8), and being independent with self-care (6, 9, 10) (Figure 5.4).
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Figure 5. 4. COPM goals with parent and youth ratings of satisfaction and performance.
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Pre-intervention, Ethan completed the 10mWT in 7.7s using a two-wheeled walker and wearing
a right ankle foot orthosis (AFO). Post-intervention, he walked 10m in 3.4s using a rollator
walker and wearing the AFO. At the three-month follow-up, he walked 10m in 6.0s without a
gait aid or AFO. Ethan achieved the expected level (‘0”) for all three GAS goals (T-score = 50.0)
(Table 5.1). PEDI-CAT scaled scores at pre-intervention, post-intervention, and three-month
follow-up were: Daily Activities- 50, 56 and 56, respectively; Mobility- 52, 54 and 62,

respectively.

5.5 Discussion

PTs have an opportunity to optimize functional outcomes and enhance neuroplasticity in
pediatric subacute ABI by integrating rehabilitation technologies into their interventions. By
demonstrating how tDCS can be incorporated into an existing inpatient physiotherapy program
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for a youth with TBI and providing preliminary evidence that tDCS can be tolerated during this
early stage of recovery, this case report provides a structure for future tDCS research conducted
in clinical settings. Further, this case emphasizes the importance of differentiating between TBI
symptoms and tDCS side effects. Given the influence that the motor practice portion of tDCS
protocols has on optimizing motor learning outcomes, this case report also highlights the need to
analyze the motor learning content of the physiotherapy paired with tDCS as a precursor to
evaluating treatment protocol effectiveness. Finally, by summarizing Ethan’s gross motor
progress, we demonstrate the benefits of a complementary set of outcome measures to detect
gross motor change (and skill retention) associated with tDCS and individualized motor skills-

based physiotherapy.

Scheduling tDCS sessions within a busy inpatient schedule requires advanced planning and
regular communication between the clinical and research teams. To optimize the motor learning
potential of tDCS, motor practice should occur during a period of tDCS-induced cortical
excitability and therefore must be scheduled appropriately. With less than 10 minutes between
tDCS and physiotherapy sessions in this case, research and clinical staff demonstrated that it is
possible to efficiently transition between the two components of the intervention in an inpatient
setting. This process was aided by including the tDCS sessions on the youth’s clinical schedule,
as well as having a consistent location for all tDCS sessions (i.e., the youth’s room on the
inpatient unit) and a designated waiting area for all physiotherapy appointments. Finally, having

a parent or nurse escort the youth between locations ensured timely transitions.

Because fatigue (Crichton et al., 2018), headaches (Blume et al., 2012), and dizziness (Maskell et
al., 2006) are symptoms associated with pediatric TBI, and possible transient side effects of
tDCS (Bikson et al., 2016; Stagg & Nitsche, 2011), the systematic tracking of side effects before
and after tDCS sessions was integral to differentiating between TBI symptoms and tDCS side
effects in our analysis. Ethan’s fatigue, headaches, and dizziness ratings were higher prior to
tDCS than immediately following tDCS, indicating that tDCS did not exacerbate his TBI
symptoms. We surmise that sitting in bed during the tDCS sessions contributed to the reduction
in Ethan’s fatigue, headaches, and dizziness post-tDCS due to the cognitive and physical break
from his rehabilitation schedule. While Ethan rated his enjoyment of tDCS as relatively low, he

indicated that he would be willing to do it again. Together, the pre/post-session symptom ratings
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(i.e., individual session tolerance) and the tDCS Tolerability Questionnaire (i.e., tolerance across
the entire protocol) indicated that Ethan tolerated tDCS treatment. These metrics for evaluating
tDCS tolerance provide important context to tDCS safety and acceptability that can be
implemented in future tDCS protocols for children and youth with any type of ABI.

Given the motor learning emphasis of neurorehabilitation (Takeuchi & lzumi, 2013), it was not
surprising that the primary focus of most tasks in Ethan’s physiotherapy sessions was acquiring
and refining motor skills (Figure 2). However, because sensorimotor cortex damage directly
affects the muscle strength, postural stability, and intralimb coordination that underlies gross
motor function (Lima et al., 2011), these areas of concern were often secondary foci. And when
strength, balance, or coordination was the primary task focus, motor skill was usually listed as a
secondary focus, which further emphasizes the need to address multiple factors contributing to
motor function. While the focus of some tasks remained the same across both video-recorded
sessions (e.g., motor skill for walking), the foci of other tasks shifted as Ethan’s gross motor
function improved. For example, the primary focus of the stride stance task was the motor skill
in video one with coordination and stability/balance being secondary foci. However, in video
two, the primary focus became stability/balance while motor skill became a secondary focus.
These changing foci suggest that stability/balance only became a priority once Ethan had learned

the requisite components of the movement (e.g., weight shifting over his hemiparetic leg).

Documenting MLS use is integral to ultimately establishing the effective components of any
motor learning focused intervention (Levac et al., 2011). The video-recorded physiotherapy
sessions in this case demonstrated that within each task, the PT used overlapping MLS from all
three MLSRI-22 categories. The most frequently used therapist verbalization MLS in both
videos was MLSRI-22 item #3 ‘direct attention to the body’. While motor learning research
recommends using an external focus of attention (i.e., #2 ‘direct attention to
object/environment’) (Pourazar et al., 2017), PTs use an internal focus of attention (i.e., #3
‘direct attention to body”) more often (Durham et al., 2009; Johnson et al., 2013). Although
enhanced education regarding focus of attention may influence PTs’ practice, an external focus
may not always be practical in clinical scenarios, particularly in subacute ABI when there is
often an emphasis on movement refinement. Similar to Spivak et al. (2021) who analyzed the

MLS content of robotic-assisted treadmill training in inpatient pediatric ABI, the least used
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therapist verbalization in this case report was #11 ‘encourage mental practice’. While motor
imagery ability can be impaired in children with ABI (Caeyenberghs et al., 2009), the potential
benefits of combining mental and physical practice in neurorehabilitation (Alashram et al., 2020;
Souto et al., 2020) should not be overlooked. When fatigue and safety limit the physical practice
of certain gross motor skills, particularly in early stages of ABI inpatient rehabilitation, mental

practice may provide an opportunity to increase practice dose.

The most used therapist action MLS was #13 ‘provides physical guidance’, while #17
‘recommends practice outside of therapy’ was not observed in either video. Physical guidance is
frequently used neurorehabilitation and can be beneficial in pediatric ABI when processing
verbal information is a challenge. It can also be used concurrently with verbalizations, as was
observed frequently in the video-recorded sessions. Physical guidance not only reduces falls risk
but also provides learners with the spatial and temporal feedback necessary for movement
refinement (Wulf et al., 1998). However, practice outside of therapy sessions is equally
important because it promotes the transfer of a motor skill to a functional and meaningful
environment, and increases practice dose (Braga et al., 2005). While the video-recorded
physiotherapy sessions did not include recommending practice outside therapy, study
intervention logs indicated that the PT recommended task practice outside physiotherapy in other
study sessions. Thus, Ethan had an opportunity to practice gross motor skills in a meaningful

context and was an integral part of his physiotherapy intervention.

All five practice organization MLS were applied in each video-recorded physiotherapy session,
illustrating how these MLS can be layered within a single treatment session. Repetitive practice
is frequently used in neurorehabilitation because of its link with neuroplasticity (Lee et al., 1991)
and was, indeed, a foundation for both video-recorded sessions. Within those repetitions,
variable practice was observed when Ethan worked on walking in the parallel bars, on the
treadmill, throughout the physiotherapy gym, and in the hallway. Within each task, the PT also
progressed the level of difficulty by reducing support or increasing step distance. Given the
complexity of ambulation and Ethan’s ability to follow directions and coordinate movement,
ambulation was addressed through a combination of whole and part practice, with part practice
used to refine specific components of gait before working on the skill in its entirety. For

example, the stride stance task targeted efficient weight transfer onto Ethan’s more affected leg.
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Following stride stance, the PT then emphasized the same weight transfer while Ethan walked
across the gym. Random practice (i.e., interspersing the practice of one task among other tasks)
(Lage et al., 2015) was also incorporated into the session. The contextual interference created by
random practice increases cognitive demands and is considered essential to skill retention and
generalization to real-life situations (Lage et al., 2015). By returning to walking, step-ups, and
stride stance tasks within the same session, the PT intentionally challenged Ethan’s ability to
retain a motor plan after introducing other tasks that involved different motor plans which

mimics the contextual interference occurring in daily activities.

The outcome measures documenting Ethan’s gross motor progress demonstrated the strong
potential for gross motor recovery during inpatient ABI rehabilitation. While a single case cannot
determine whether tDCS augmented the effect of physiotherapy, Ethan’s GMFM-88 change
score after four weeks of tDCS intervention (33.05% points) surpassed the reference mean of
18.03% points (19.34) (Ryan et al., 2022) for inpatient children and youth with moderate to
severe ABI over an entire admission. This improvement coincided with an increase in walking

speed and PEDI-CAT Daily Activities and Mobility domain scores.

COPM goal satisfaction and performance ratings fluctuated between assessments, possibly due
to changing parent and youth expectations during the rehabilitation process. These changing
expectations highlight how the uncertainty of recovery, individual experiences, and the desire to
return to pre-ABI level of function influence perceptions of progress throughout rehabilitation
(Holliday et al., 2007). For example, Ethan rated his walking performance higher pre-
intervention than post-intervention despite an increase in walking speed on the 10mFWT,
attainment of his GAS walking goals, and a 36.91% increase on the dimensions D and E of the
GMFM-88 (i.e., standing, walking, running, jumping). We speculate that this decreased
performance rating may have been due to Ethan’s changing expectations regarding his recovery
and/or increased awareness of his mobility challenges with exposure to new ambulation

opportunities during his admission.

While improvements observed between discharge and three-month follow-up can be attributed to
community-based therapies and/or natural recovery rather than the tDCS intervention alone,

change during this timeframe demonstrate the benefits of using a complementary set of outcome
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measures to detect gross motor progress throughout recovery. Ethan’s GMFM-88 total score
changed by only 2.10% points between post-intervention and three-month follow-up, and his
PEDI-CAT Daily Activities score and several COPM ratings plateaued which is indicative of
skill retention rather than progress. However, Ethan’s PEDI-CAT Mobility score changed the
most (8 points) during the same period. The difference between GMFM-88 and PED-CAT
Mobility change score patterns is likely due to the environmental context of PEDI-CAT items
(e.g., getting on/off a school bus) and increased exposure to community-based gross motor
activities after discharge. This interplay among correlated outcome measures demonstrates the
value of employing a battery of complementary assessments to detect change at different points

in the rehabilitation process.

While this case is not intended to infer intervention effectiveness, it illustrates the process and
experience of incorporating tDCS into an inpatient motor learning-based physiotherapy program
for a youth with ABI and provides structure for future research involving tDCS and pediatric
motor skills-based interventions. Like the individualized physiotherapy intervention detailed in
this case report, research-based motor learning interventions in pediatric ABI should be adapted
to each child’s physical and cognitive abilities and address meaningful goals to provide a true
indication of the intervention’s motor learning potential. By detailing the content of these
individualized interventions, including MLS use, researchers will not only have an opportunity to
determine the motor learning ingredients of effective interventions, but they will also increase

the likelihood of replicating effective interventions in clinical practice.
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Chapter 6

6 General discussion and conclusion

6.1 Summary of findings

The primary aim of this thesis was to evaluate the feasibility of tDCS as an adjunct to inpatient
physiotherapy for school-aged children and youth with moderate to severe ABI. However, prior
to conducting the feasibility study, the gross motor change associated with traditional inpatient
physiotherapy in children and youth with ABI had to be established and the decision of whether
to evaluate neural outcomes alongside gross motor outcomes had to be determined. This chapter
summarizes the key findings and implications from each manuscript, describes the dissertation’s
strengths and limitations within the context of advancing pediatric rehabilitation research, and

proposes ideas for future research in children with ABI.

6.1.1 Study 1: Change in gross motor function with intensive rehabilitation
for children and youth with ABI: A 10-year retrospective review
School-aged children and youth with moderate to severe subacute ABI who participate in
inpatient physiotherapy make substantial gross motor progress during their admission (Dumas et
al., 2004a). However, until this retrospective chart review, the documentation of gross motor
change using standardized physiotherapy outcome measures in the literature was limited.
Because the GMFM-88 is validated for and frequently used in pediatric ABI (Linder-Lucht et al.,
2007; Storm et al., 2020), it was the primary outcome of interest in this review. Other outcomes
frequently administered in the inpatient ABI program at Holland Bloorview Rehabilitation
Hospital are the 6MWT, CB&M, and GAS, and were therefore secondary outcomes in this

review.

This chart review involved health record data from 266 children (118 female) ages 5 to 18 years
with subacute ABI who had either two GMFM-88 assessments or one GMFM-88 with another
pre/post gross motor outcome measure in their chart. The mean GMFM-88 was 76.73%
(SD=28.19) at baseline and 90.51% (SD=15.47) at discharge. There were 202 charts that had two
GMFM-88 assessments with a mean change score of 18.03% (SD=19.34). The 6MWT (n=98)
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and CB&M (n=89) mean change scores were 17.85% (SD=10.77) and 142.3m (SD=101.8),
respectively. The baseline outcome measure score and the time between assessments explained
most of the change score variation for each outcome measure. The mean GAS T-score was 55.06
(SD=11.50). While the most frequent goal area was ambulation (25% of all goals set), PTs set a
variety of goals targeting gross motor skills, balance, strength, coordination, and endurance.
Goals for children with greater gross motor limitations (i.e., low baseline GMFM-88) often
targeted foundational gross motor skills such as head control, sitting, or supported standing,
while goals for children with fewer gross motor limitations (i.e., high baseline GMFM-88)
focused on advanced gross motor skills and refining aspects of posture, balance, and

coordination.

6.1.1.1 Implications of study 1

This review indicates that children with subacute ABI make substantial improvements in gross
motor function during inpatient rehabilitation but are often discharged with outstanding mobility
challenges that have implications for their long-term development and participation. Subacute
ABI is a critical period for neuroplasticity (Anderson & Catroppa, 2006; Giza et al., 2009) and,
as such, may be the optimal time to introduce novel treatment approaches that enhance gross
motor outcomes. While feasibility studies are frequently conducted in pediatric ABI, the very
nature of their design means that they are underpowered and, thus, insufficient for determining
treatment effectiveness. However, evaluating feasibility study change scores are an important
factor when deciding whether a full-scale clinical trial is warranted. Comparing feasibility
change scores with the mean change score estimates from this chart review can provide a
preliminary indication of whether a novel treatment approach may improve gross motor
outcomes compared to standard inpatient ABI physiotherapy. As there is no single outcome
measure that adequately detects gross motor change across the range of functional abilities in
pediatric ABI, this review also highlights the need to select a complementary set of standardized
outcome measure capable of collectively detecting change across the spectrum of gross motor

abilities.
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6.1.2 Study 2: Using MEPs to measure the neural impact of tDCS on the
primary motor cortex in healthy participants: A systematic review of
studies involving motor behaviour

While studies evaluating M1-targeted tDCS in healthy individuals frequently use MEPs as a

measure of neural change, tDCS research in clinical populations focuses predominantly on motor

outcomes. Given the need to understand the neural changes that accompany changes in motor
function in pediatric ABI and the absence of tDCS research evaluating MEPs in clinical
populations, we conducted a systematic review of M1-targeted tDCS involving motor behaviour

(i.e., motor practice and/or evaluation of motor performance) in healthy individuals that

evaluated MEPs. Of the 22 manuscripts eligible for review, five evaluated motor outcomes with

no motor practice, five involved motor practice but did not evaluate motor outcomes, and 12

involved motor practice and evaluated outcomes. Treatment parameters and MEP outcomes

varied widely among studies. Eight studies were excluded from narrative synthesis due to a high

risk of bias rating. Of the 13 studies in the narrative synthesis that evaluated anodal tDCS, 10

studies observed changes in MEPs. However, only four studies evaluated MEPs beyond 60

minutes post-tDCS which limits conclusions regarding prolonged change in MEPs. Five studies

in the narrative synthesis evaluated change in motor performance. While four of these studies
observed a change MEP amplitude that coincided with a change in motor performance, two
studies observed similar changes in motor performance after sham tDCS. Overall, anodal tDCS
combined with motor practice had a tendency toward increasing MEP amplitude. However,
because MEP outcomes do not necessarily correlate with motor outcomes, MEPs may not be the
most appropriate indicator of neural change in tDCS studies aiming to enhance motor

performance.

6.1.2.1 Implications of study 2

Given the variability in results among the studies in this systematic review, MEPs do not appear
to be the ideal neural outcome for tDCS studies involving motor practice. As such, we opted not
to evaluate MEPs as part of our feasibility study evaluating tDCS as an adjunct to physiotherapy
for children and youth with ABI. One of the primary challenges with MEPs is that they do not
differentiate between the various cortical contributions to gross motor function, of which there

are many. While other neural outcomes were not explored as part of this thesis, the use of MRI in
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future tDCS studies for children with ABI should be considered, as MRI provides an opportunity
to evaluate changes in brain structure, function, and connectivity (Turner, 2016) and has
successfully detected the neural changes associated with motor learning (Frizzell et al., 2022;
Hamano et al., 2021; Kraeutner et al., 2021).

6.1.3 Study 3: Evaluating the feasibility of tDCS as an adjunct to inpatient
physiotherapy in pediatric ABI: A randomised feasibility trial
This blinded feasibility RCT allocated children ages 5 to 18 years with moderate to severe ABI
receiving inpatient rehabilitation to receive 20 minutes of active or sham anodal tDCS
immediately prior to 16 of their existing inpatient physiotherapy sessions. Feasibility was
evaluated using the following indicators: eligibility, recruitment, retention, tolerance, preliminary
treatment effect. Of 232 children admitted over 21 months, six were eligible (2.6%) which was
far below the targeted 20% eligibility rate. However, four of the six eligible participants enrolled
(66.7%) which was close to our recruitment target of 75%. One participant completed the entire
study protocol, two were withdrawn midway for unrelated medical reasons, and one did not
commence the study due to COVID-19 restrictions. The primary reasons for exclusion (age:
n=66, brain tumour: n=38, seizures: n= 26) were expected based on past admission trends.
However, the cumulation of other exclusion criteria (e.g., short admission, behavioural
challenges, physiotherapy goals unrelated to ABI, bone flap removed, scalp wounds/incisions,
decreased medical stability) was unexpected and not something we could have extrapolated from
previous admission trends or the retrospective chart review. Pre/post tDCS session tracking
indicated that the three participants tolerated the 20-minute active/sham tDCS with sub-electrode
itchiness being the primary transient side effect. Tracking participant-reported symptoms

pre/post tDCS allowed differentiation between tDCS side effects and ABI symptoms.

6.1.3.1 Implications of study 3

While the study was not feasible from eligibility and retention perspectives, study procedures
(e.g., assessment, treatment, side effect tracking, physiotherapy session documentation) were
successfully implemented and can be applied to future pediatric tDCS studies. Our feasibility
results suggest that children and youth with ABI are often not medically ready to for tDCS

during their inpatient admission. However, a tDCS and physiotherapy intervention may be
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appropriate after inpatient rehabilitation when many medical concerns (e.g., bone flap removal,
scalp incisions, decreased tolerance, decreased medical stability, weight bearing restrictions)

have resolved.

To improve enrollment, future tDCS studies in children and youth with ABI should be multi-
centre and the feasibility of an outpatient protocol should be explored. While similar tDCS
parameters should be used (i.e., up to 2.0 mA for 20 minutes prior to physiotherapy), the
frequency, number, and timing of treatment sessions will likely need to be adjusted to address
feasibility challenges that are more often encountered in an outpatient protocol (e.g., travel,
school schedule). From a process perspective, our study protocol was feasible and demonstrated
the need for a designated research coordinator to act as a liaison between the clinical team, the
child/family, and tDCS personnel. On a preliminary level, study participants tolerated the
active/sham tDCS but needs to be evaluated in more children/youth to definitively conclude that
it is tolerated in children with ABI. The established process for tracking symptoms and/or side
effects before and after tDCS is an important contribution to tDCS research involving clinical
populations with underlying symptoms that may overlap with tDCS side effects (e.g., fatigue,
headache, dizziness).

6.1.4 Study 4: Integrating tDCS into an existing inpatient physiotherapy
program to enhance motor learning in an adolescent with TBI: A case
report

To complement the feasibility study results, this case report described how tDCS was

incorporated into an inpatient physiotherapy program for an adolescent with severe TBI, detailed

the content of his physiotherapy sessions, and summarized how gross motor progress was
evaluated. The youth was allocated to the active tDCS treatment group and received 20 minutes
of anodal tDCS immediately prior to 16 physiotherapy sessions over four weeks. He completed
all tDCS sessions as planned with the primary side effect being itchiness under the electrodes
during the tDCS sessions. Tasks in his individualized physiotherapy session often had several
foci (e.g., skill acquisition, strength, and balance) with focus changing as the youth progressed.

MLS were layered within tasks to support performance and learning. His GMFM-88 score

increased by 33.05% points over the four-week intervention period. The three-month follow-up

assessment indicated that his GMFM-88 gains were retained but did not progress substantially.
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However, his functional mobility (i.e., PEDI-CAT mobility score) progressed predominantly
after discharge home. This case also identified some challenges with using the COPM to
evaluate mobility goals during the study and as the youth transitioned from an inpatient to
community setting. The youth and parent reported decreased performance and satisfaction
related to walking despite other outcomes (i.e., GMFM-88, GAS, PEDI-CAT mobility domain,
10mFWT) indicating substantial improvement. This discrepancy may have been due to changing
expectations and increased awareness of mobility limitations throughout inpatient rehabilitation
and after discharge.

6.1.4.1 Implications of study 4

While the feasibility of tDCS use in one inpatient pediatric ABI program was limited by
eligibility and retention, delving into the single case experience demonstrated how tDCS can be
successfully integrated into an existing inpatient physiotherapy program when a participant
meets study eligibility criteria. By detailing symptom tracking pre/post tDCS sessions, this case
demonstrated how it was possible to differentiate between ABI symptoms and tDCS side effects
in a youth who experienced considerable fatigue. The content of the behavioural intervention
paired with tDCS is critical to motor learning. Thus, a descriptive analysis of task and MLS
progression during the study protocol provided insight into how the physiotherapy portion of the
intervention promoted motor learning. This analysis was not only beneficial for the feasibility
study but is also an indication of how physiotherapists create opportunities for motor learning
during inpatient ABI rehabilitation. Finally, detailing how a complementary set of outcome
measures was used to detect gross motor progress at various points in recovery exemplifies how
certain measures may detect more change at different points in rehabilitation than others. It also
demonstrates potential challenges with patient-reported outcomes when used across a continuum
of care. The details of this case report combined with the feasibility study results provide
structure for implementing, monitoring, and measuring outcomes in future tDCS research in

pediatric rehabilitation.
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6.2 Thesis strengths and contributions

6.2.1 Identifying a set of clinical outcome measures for gross motor
research in pediatric ABI
A common thread throughout this dissertation is the need for a set of complementary outcome
measures capable of detecting the gross motor changes associated with an intervention,
particularly in a heterogeneous clinical population like pediatric ABI. While pediatric
rehabilitation research publications and our team’s clinical experience was the foundation for the
initial selection of outcomes for the feasibility study, the chart and systematic reviews further
supported this set of outcome measures. The chart review provided empirically derived estimates
of gross motor change associated with inpatient rehabilitation for school-aged children and youth
with subacute ABI using several clinically relevant outcome measures. The mean change scores
for the GMFM-88, CB&M, and 6MWT can now be used as benchmarks in clinical care during
the sub-acute stage of rehabilitation as well as in future gross motor research in inpatient
pediatric ABI. In particular, the regression models derived from the chart review (p. 40) can be
used to estimate gross motor change that occurs with inpatient ABI rehabilitation, with the
GMFM-88 model having greater predictive value compared to the CB&M and 6MWT models.

In addition to individualizing interventions, clinicians and researchers should use individualized
goal setting to detect meaningful change in function (Cusick et al., 2007; Law et al., 1997,
Schlosser, 2004). Both GAS and the COPM are individualized outcomes capable of detecting
significant within (and between) group change in pediatric rehabilitation research (Cusick et al.,
2006) and, as such, were included in the feasibility study. The chart review results supported the
use of GAS, particularly when more standardized measures did not evaluate a specific gross
motor skill or did not include scoring increments suitable for the child’s level of function. While
the COPM was not used by the clinical PTs in the chart review, its frequent and successful use in
pediatric clinical research evaluating motor interventions (Hilderley et al., 2020; Hilderley et al.,
2016; Kirton et al., 2017; Komar et al., 2016; Morgan et al., 2016; Schnackers et al., 2018)
supported its use in the feasibility study to gain a parent and child perspective on aspects of
mobility and participation. Although both measures are individualized, their unique properties
make them complementary when used in combination. The COPM involves the child and/or

parent specifying their own goals in a semi-structured interview with the therapist, but evaluation
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of performance and satisfaction is entirely child/parent-reported (Cusick et al., 2006; Law et al.,
1990). For GAS, the child/parent may work with the therapist to identify goal areas, but the
therapist constructs the appropriate levels for each scoring increment based on their clinical
expertise and scores the goals at reassessment (Cusick et al., 2006).

The benefit of using both individualized measures is obtaining perspectives from the child/parent
and physiotherapist. In the feasibility study, children and parents identified more generalized
goals (e.g., “to walk again on my own”’) while the GAS goals created by the physiotherapist were
more detail-oriented (e.g., “to walk half days in the hospital using a rollator walker”) with more
concrete differences in scoring levels. However, while the case report participant met his GAS
goals, his COPM scores were more variable with his walking scores declining over time despite
objective improvements in walking speed (i.e., 10mFWT) and walking-specific items on the
GMFM-88. Similar to studies involving COPM goals in children with CP (Kang et al., 2020;
Rich et al., 2016), this discrepancy highlights some of the challenges of using the same COPM
goals over a prolonged period of time during which child and/or parent priorities and perceptions

may change.

The PEDI-CAT is another outcome measure that is frequently and successfully used in pediatric
rehabilitation research (Grecco et al., 2017; Pin et al., 2019; Vidal et al., 2021). This measure
solicits parent input about their child’s functional abilities beyond what is observed in a therapy
session with the parent reporting the ease with which the child performs a set of tasks within the
context of their daily activities (Haley et al., 2011; Haley et al., 2010). Six to 15 points of change
on the PEDI-CAT represents the minimum clinically important change during inpatient
rehabilitation with children with TBI typically changing a mean of 8.1 points throughout their
admission (lyer et al., 2003). The combined use of the GMFM-88 and the PEDI-CAT in the case
report demonstrated the complementary nature of these two measures and the benefits of using
two outcome measures to detected change in gross motor skills at different points in recovery
where the GMFM-88 evaluates gross motor skills within a standardized clinical context and the
PEDI-CAT provides an indication of gross motor skills within the context of daily life. The
youth experienced substantial improvement on the GMFM-88 during the four-week study
protocol (33%) but not on the PEDI-CAT mobility domain (2 points), followed by substantial

gains on the PEDI-CAT mobility domain three months post-intervention (8 points) with limited
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change on the GMFM-88 (2%). Had only one of these measures been used, we may have
mistakenly concluded that either the youth made no change during the study intervention (i.e., if
the PEDI-CAT was the sole measure) or he made no gains after discharge from inpatient
rehabilitation (i.e., if the GMFM-88 was the sole measure), neither of which would have

accurately represented his gross motor progress.

Timed walk tests of various durations or distances are a measure of walking ability frequently
used to evaluate response to an intervention with mixed success (Kane et al., 2016). While the
6MWT is frequently used in pediatric clinical care (Chapter 2) and research (Storm et al., 2020),
children often have difficulty sustaining their effort during longer tasks (Bartels et al., 2013) and,
as such, the 6MWT may not provide the most accurate measurement of the farthest distance a
child can walk in six minutes. In contrast, distraction or disengagement are less likely to occur
during a brief task like the 10mFWT. Ten metres is the minimum distance a person must be able
to walk without PT assistance to be deemed a functional ambulator (Thompson et al., 2008) and
is an attainable distance for individuals who have recently regained the ability to walk after ABI
(Watson, 2002). Thus, we decided to use the 10mFWT instead of the 6MWT in the feasibility
study. Unlike the 6MWT, the 10mFWT does not evaluate walking endurance. However, the
chart review and the case report indicated that PTs frequently use GAS to evaluate walking
endurance, thus ensuring that multiple aspects of ambulation were assessed with the set of

outcome measures featured in the feasibility study.

While the GMFM-88 aligned with the gross motor abilities of the participants in the feasibility
study, children with more advanced gross motor challenges would have required an additional
gross motor measure to evaluate both quantitative and qualitative changes in advanced motor
skills. The decision to use the ABI-CA to complement the GMFM-88 was informed by the chart
review that demonstrated the GMFM-88 ceiling effect in children who were ambulatory on
admission to the inpatient ABI program. Although the CB&M was the measure used in the chart
review once children met the GMFM-88 ceiling, the CB&M only evaluates the balance and
mobility aspects of gross motor skills and does not evaluate aspects of strength, agility, and
coordination required for advanced gross motor skills (Wong et al., 2014). Due to its high
correlation with the CB&M and ability to evaluate multiple aspects of advanced gross motor

skills (Wong et al., 2014), the ABI-CA was used in the feasibility study instead of the CB&M.
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By providing a requisite level of function (i.e., ability to walk down a hallway unaided) to
complete the ABI-CA for the feasibility study, we ensured that the child was challenged at a

level that was safe and appropriate for them.

6.2.2 Feasibility study design

Of all study designs, appropriately powered RCTs provide the highest level of evidence (Burns
et al., 2011). However, feasibility studies play an integral role in determining the need for a
definitive RCT, calculating an appropriate RCT sample size, and refining study processes (El-
Kotob & Giangregorio, 2018; Lancaster et al., 2004; Morgan et al., 2018; Thabane et al., 2010).
Feasibility studies are, by design, underpowered and, as such, should evaluate a priori feasibility
targets such as process (e.g., eligibility, retention, adherence, data collection) and scientific
indicators (e.g., estimate of treatment effect, safety, dose) rather than calculating statistical
significance (Lancaster et al., 2004; Thabane et al., 2010; Eldridge et al., 2016). Our feasibility
study demonstrated how to apply CONSORT guideline recommendations for randomized
feasibility trials (Eldridge et al., 2016) to pediatric rehabilitation research. The a priori targets in
this feasibility study were established in part by our recent experience evaluating the feasibility
of robotic assisted treadmill training as part of the same inpatient ABI physiotherapy program
(Wright et al., 2018). By using a feasibility design, we were able to refine inclusion and
exclusion criteria in response to low eligibility after nine months of admission screening and,
while eligibility remained the primary barrier to study feasibility, tracking the age, diagnosis, and
reasons for exclusion of all inpatient ABI admissions provided valuable information for
designing future gross motor studies involving children and youth with ABI.

Thabane et al. (2010) describes the possible outcomes of a pilot or feasibility study as the main
study is a) not feasible, b) feasible with modifications, c) feasible with closer monitoring, or c)
feasible without modifications. However, our feasibility study’s challenges and successes
illustrate the multifaceted nature of feasibility itself, where some elements of a study may not be
viable while other aspects of the study meet the feasibility targets. For example, the eligibility
criteria were not feasible in this inpatient ABI rehabilitation program and retention was a
challenge due to unrelated changes in medical stability. In contrast, the tDCS treatments were
tolerable, a timely transition between tDCS treatment on the inpatient unit and the physiotherapy
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gym was attainable, and the study documentation/assessment processes were manageable for
staff and participants. Thus, it is not only important to consider a breadth of feasibility indicators
when designing a study, but researchers must also contemplate the weight of each indicator in
determining the overall success of the study. While a main study for the current tDCS protocol is
not feasible, the success of specific feasibility indicators (e.g., process, tolerance) demonstrate

the potential for other avenues of tDCS research in pediatric ABI.

Although feasibility studies do not need to be randomized, a randomized feasibility trial permits
testing of the randomization process (Eldridge et al., 2016; Thabane et al., 2010). Our feasibility
study demonstrated that participants could be allocated to treatment group using a dynamic
blocked randomization process while maintaining blinding of participants, study assessors,
treating PTs, and the members of research team conducting data analysis. The active nature of
most rehabilitation interventions makes it challenging to blind participants to group allocation
(Armijo-Olivo et al., 2017; El-Kotob & Giangregorio, 2018). However, tDCS provides a unique
opportunity where participants can be blinded to treatment allocation by using sham tDCS
(Ambrus et al., 2012; Palm et al., 2013). A study design where participants are blinded to group
allocation also increases the likelihood of similar adherence rates between groups and decreases
the potential for performance bias (El-Kotob & Giangregorio, 2018). By adhering to Eldridge et
al.’s (2016) extension to the CONSORT statement for randomized feasibility trials, we improved
the reporting quality and interpretation of our feasibility study results. Further, by applying these
guidelines, we are encouraging this level of rigour in future tDCS feasibility studies in children
and youth with ABI.

Tracking the age, diagnosis, sex, and study exclusion criteria for all inpatient ABI admissions
over a 21-month period provides valuable information for future gross motor research in this
clinical population. From a practical perspective, the minimum age for this study was five years
due to the potential challenges associated with younger children adhering to standardized
physiotherapy intervention and accurately reporting tDCS symptoms. Tracking data over a 21-
month period indicated that 71.6% of inpatient ABI admissions were five years of age or older,
which not only supports this threshold from an eligibility perspective but also identifies

possibilities for research at this facility in children under the age of five.
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Currently, research in inpatient pediatric ABI tends to concentrate on TBI or combines TBI and
non-TBI without providing a breakdown of the diagnostic groups within the sample. By
identifying the diagnostic makeup of inpatient ABI admissions and considering the clinical
presentation(s) associated with a particular diagnosis, there is now further opportunity at our
facility to develop and evaluate new treatment approaches geared toward specific diagnoses or
clinical presentations. The school-aged ABI admissions (n=166) by diagnostic group were: brain
tumour 22.9% (n=38), TBI 22.3% (n=37), stroke 18.1% (n=30), neuroinflammatory 15.7%
(n=26), epilepsy 12.7% (n=21), post-infectious 4.8% (n=8), and hypoxia 3.6% (n=6). Given that
77.1% of program admissions were non-traumatic ABIs, the feasibility study emphasizes the
need for gross motor research in diagnoses beyond TBI. Specifically, brain tumour and epilepsy
were study exclusions that accounted for 64.5% of school-aged program admissions. While
children who have had a brain tumour resection or undergone surgery for intractable seizures are
often excluded from intervention-based research in the subacute stage of recovery due to
concurrent treatments (e.g., radiotherapy) or decreased stability (e.g., unknown seizure status),
they also contend with gross motor challenges that necessitate inpatient ABI rehabilitation. As
such, it is important to either evaluate new treatments that they can benefit from along with
children from other diagnoses within ABI (e.g., circuit training, lower extremity constraint
induced movement therapy) or explore new treatment approaches specific to their needs (e.g., a

novel approach to balance training for children with ataxia after cerebellar tumour resection).

The feasibility study identified additional exclusion criteria specific to tDCS (n=11; bone flap
removed, scalp/wounds/incisions, pacemaker, metal fragments in head) as well as other
exclusions that could apply to many rehabilitation interventions (n=60; reduced length of stay,
behavioural challenges, communication challenges, not receiving active physiotherapy, ABI not
confirmed, chronic ABI, decreased medical stability, weight bearing restrictions, other
neurological diagnoses). While each of these exclusions were known possibilities when the
feasibility study was developed, the frequency that these exclusions would be encountered was
unknown. These data can now be used to inform the design of future gross motor intervention

research in pediatric ABI.
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6.2.3 Physiotherapy session content

Historically, the active ingredients of rehabilitation interventions in clinical and research settings
have not been clearly defined (Hart et al., 2014; Whyte & Hart, 2003; Zanca et al., 2019). While
we know that the intensity of inpatient physiotherapy in children and youth with ABI is linked to
improved mobility outcomes (Dumas et al., 2004b), there is limited description of what takes
place during their physiotherapy sessions. By documenting physiotherapy session content, there
IS an opportunity to unpack and ultimately identify the effective ingredients of a treatment
session or an overarching treatment approach (Whyte & Hart, 2003). However, simply listing the
tasks completed in a treatment session overlooks the PT’s rationale for selecting each task and
how the PT facilitates performance and/or learning. By combining PT documentation from the
physiotherapy intervention log (Appendix D) with MLSRI-22 scores in this feasibility RCT, we
were able to delve into the PTs’ session-specific goals and observe how the PTs applied MLS in
an attempt to achieve these goals. The physiotherapy intervention log was an adapted version of
the intervention log from Hilderley et al. (2016) where, at the end of each treatment session, the
PT documented the tasks practiced in the session (in the order performed), along with the
primary and secondary foci of each task, thus, providing information on the physiotherapy
principles (i.e., stability/balance, coordination, strength, motor skill, fitness/endurance) they were
targeting with each task. The menu of task foci on the intervention log provided an element of
standardization to the treatment process within an individualized treatment session and a basis of

comparison between treatment sessions and among participants (Hilderley et al., 2016).

Because inpatient physiotherapy for children and youth with ABI typically focuses on relearning
and refining motor skills, it is reasonable to surmise that the MLS content of a treatment session
is likely an active ingredient of the intervention (Levac et al., 2011). Thus, documenting the
extent and type of MLS observed in a treatment session provides insight into how the PT
facilitates motor learning (Levac et al., 2011). PTs tend to approach treatment sessions with an
intervention plan, such as a list of tasks (and ideas for potential variations or progressions) to
address specific session goals, but then adapt their approach within the session based on the
child’s performance and understanding (Ryan et al., 2020). For example, the PT may have to
decrease the level of challenge of a particular task or provide more physical guidance than
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planned due to the child’s fatigue, or they may demonstrate how to perform a task when the child

does not appear to understand the verbal instructions.

While tDCS primes the brain to form new neural pathways and strengthen existing connections
(Stagg & Nitsche, 2011), the quality of the motor practice that occurs during this state of altered
cortical excitability is also integral to motor learning. As practice quality is associated with MLS
application, using the MLSRI-22 to detail the MLS content of the video-recorded physiotherapy
sessions in the feasibility RCT provided critical information about the PT’s role in promoting
motor learning within the intervention paired with tDCS. By comparing MLS application across
participants and PTs early in the feasibility study treatment protocol, it was evident that directing
attention to the body, physical guidance, repetition, and whole practice are frequently used with
the study participants. While we cannot generalize these observations to all children with ABI,
this preliminary look at MLS content can be combined with Spivak et al.’s (2021) observations
in the same inpatient ABI program to suggest that this combination of MLS may be frequently
used during inpatient ABI physiotherapy for children and youth who are not yet capable of
independent ambulation.

The case report provided further insight into how MLS application can evolve and/or remain
consistent across treatment sessions. To optimize the motor learning benefits of an intervention,
it is important to provide an appropriate level of challenge based on the task, task conditions, and
the skill of the learner (Guadagnoli & Lee, 2004; Pollock et al., 2014). As such, PTs continually
evaluate performance within a particular session and adapt MLS application based on their
observations (Ryan et al., 2020). The case identified the MLS used consistently across both
video-recorded treatment sessions (e.g., directing attention of object/environment, physical
guidance, repetition, progressive practice) and the MLS that changed. We speculate that these
changes were to some extent based on the youth’s progress (e.g., direct attention to body, errors
as part of learning, whole practice) or the tasks presented (e.g., link task to other activities,
external device that augments feedback). While these observations highlight the task-specific
nature of MLS (Levac et al., 2011), they also emphasize the static (i.e., unchanging child and
therapist characteristics) and dynamic (i.e., aspects that gradually change based on the child’s
progress toward their therapeutic goals) factors associated with MLS application (Ryan et al.,

2020). Future directions for MLS research are detailed in section 6.4.
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6.3 Limitations

The limitations of each study are detailed in Chapters 2 through 5. However, in its entirety, this
dissertation also illustrates several overarching limitations associated with evaluating tDCS as an
adjunct to inpatient physiotherapy in pediatric ABI and many of these limitations generalize to
other gross motor interventions research in these children. The primary limitation that affects all
pediatric ABI research is the heterogeneity within this clinical population. However, there are
additional limitations related to isolating the effective components of an intervention,
understanding the neural changes that accompany gross motor improvements, and using
retrospective clinical data to compare current intervention practices with new treatment

approaches.

6.3.1 Heterogeneity of pediatric ABI

The heterogeneity of clinical presentations within any diagnostic group complicates the
development of clinical trial protocols in rehabilitation. While defining subgroups within a
diagnosis can help to control for heterogeneity, it is not always possible. For example, the Gross
Motor Function Classification System (Palisano et al., 1997) can be used in gross motor research
in children with CP, but it is not validated in childhood onset ABI (Towns et al., 2018).
Heterogeneity is amplified within pediatric ABI due to the numerous diagnoses that fall under
this diagnostic umbrella and the variable timing of ABI onset relative to other developmental
processes (Bedell, 2008). The variability in medical procedures and stability during subacute
ABI further increases heterogeneity and had substantial implications when establishing eligibility
criteria, standardizing treatment protocols, and evaluating outcomes in this dissertation. When
establishing study eligibility criteria in clinical trials (Portney & Watkins, 2020), researchers aim
to minimize confounding variables that could obscure the treatment effect. By expanding our
inclusion criteria after the first nine months of the trial in an attempt to increase eligibility, we
introduced additional confounding variables (e.g., diagnoses beyond stroke or TBI, increased
range of gross motor abilities) that could have obscured a preliminary treatment effect had we
recruited more participants. Ultimately, these changes had no impact on our results, as all
participants met the original eligibility criteria. Further, when reflecting on our eligibility criteria
at the conclusion of the study, we decided that there were no additional changes that we could

have made without compromising the scientific rigour of the study or participant safety.
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When creating a physiotherapy treatment plan, PTs consider the child’s clinical presentation
which is shaped by ABI location and severity, developmental age, motivation, and goals (Levac
etal., 2012; Ryan et al., 2020). While individualizing therapeutic intervention is necessary for
optimizing gross motor outcomes in pediatric ABI (Braga et al., 2005), it creates added
challenges when developing a research treatment protocol as implementing a set list of
standardized exercises in these children is likely neither feasible nor effective. Thus,
rehabilitation researchers need to establish creative ways of comparing individualized
interventions. As neurological physiotherapy focuses on restoring movement and function
through tasks that target either the functional activity (e.g., walking, running) or the underlying
impairment (e.g., balance, strength, coordination) that impedes function (Dumas et al., 2004b;
Lennon, 2011), categorizing tasks based on common task foci in neurological physiotherapy
(e.g., strength, stability/balance, coordination, motor skills, endurance) permits comparison of
individualized interventions. While documenting task foci during the feasibility study sessions
according to a menu of physiotherapy foci provided an appropriate basis of comparison, it did
not actually standardize the physiotherapy intervention as the PTs were not required to address
specific foci as part of the study protocol. The feasibility study design allowed children to
receive the motor skills-based physiotherapy approach and intensity already provided through
the inpatient ABI program, which ensured that their treatment was individualized, but meant that
we had little control over treatment session content. Had a menu been used to outline the extent
that each focus was addressed within a physiotherapy session, the intervention would have been
slightly more standardized. However, this standardization could have been detrimental to

participants’ obtaining their individualized goals.

The success of a clinical trial is not only based on the effectiveness of an intervention but is
contingent upon researchers selecting the most suitable outcome measures to detect clinically
meaningful change in a specific construct (Coster, 2013). Our decision to use the GMFM-88 as a
co-primary outcome in the feasibility study was entirely appropriate for the three participants
who completed the baseline assessment. However, if children with more advanced gross motor
goals had enrolled in the study, the GMFM-88 ceiling effect would have decreased our ability to
detect improvements. To account for the range of gross motor abilities within pediatric ABI, we

intended to use the ABI-CA as a co-primary outcome instead of the GMFM-88 for participants

133



capable of walking independently down a hallway at baseline. However, given the sample
enrolled, we did not need to implement this option. While substituting the ABI-CA for the
GMFM-88 addresses the GMFM-88 ceiling effect in children who are ambulatory upon
admission to inpatient rehabilitation would be straightforward in the feasibility study, we would
not have had a reference mean change score for the ABI-CA. However, the use of these two
measures would have implications for analysis of the treatment effect in a full-scale clinical trial.
For example, we would need to determine if a pooled index (Kueper et al., 2020; Collada et al.,
2021) that combines GMFM-88 and ABI-CA scores would be beneficial as a primary gross

motor outcome rather than evaluating the outcomes separately.

6.3.2 Isolating the effective components of inpatient physiotherapy

The chart review indicated that inpatient ABI physiotherapy focused on relearning motor skills
and addressing the underlying impairments (e.g., strength, motor control, tone, balance,
coordination, endurance) that contributed to decreased motor function was associated with
improved gross motor outcomes. However, treatment effectiveness is likely also associated with
the PT’s ability to adapt intervention content to address each child’s individual needs. Given the
variability in PT documentation in the health record, the chart review did not provide sufficient
detail for identifying the effective components of physiotherapy intervention beyond stating the
focus of intervention based on GAS goal areas. Accordingly, an analysis of the physiotherapy
session content beyond health record data was required. As practice and/or experience
undoubtedly contributes to a child’s motor learning, and research in healthy and clinical
populations indicates that MLS also play a role in promoting motor learning, the feasibility study
used session documentation and videos to explore the task and MLS content of the physiotherapy
sessions paired with tDCS. While documenting session content is the first step toward
understanding the active ingredients of physiotherapy intervention, it does not directly indicate
how various aspects of an MLS-based intervention contribute to treatment effect.

Unlike laboratory-based motor learning research in nonclinical populations that evaluate the
effect of a single MLS applied within a highly standardized process, there are ethical and
practical considerations that prevent similar protocols from being implemented in clinical

research, particularly in the subacute stage of ABI when the established standard of care involves
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individualized physiotherapy intervention where MLS and other treatment choices need to
consider the child’s characteristics and needs. This dissertation described the physiotherapy
session content to demonstrate that standardized session documentation is a necessary precursor
to evaluating intervention effectiveness but does not establish the effectiveness of specific MLS.
Further, MLSRI item mapping in this thesis, as well as in work from Spivak et al. (2021) and
MacWilliam et al. (2021), indicates that therapists often use combinations of MLS that vary
based on the clinical situation. This individualization and overlapping of MLS may limit the
ability to definitively determine the effectiveness of single MLS in future research. However,

ideas for addressing MLS effectiveness are provided in section 6.4 Future directions.

6.3.3 Understanding the link between neural and functional outcomes

Researchers continue to explore the link between functional and neural outcomes with the goal
of explaining the mechanisms underlying motor learning and optimizing motor learning
interventions in neurorehabilitation. However, our understanding of this link is still in its infancy.
There are multiple technologies that evaluate neural outcomes but, like functional outcome
measures, each technology has its limitations. Further, the availability of these technologies and
the burden of additional assessments can be barriers to administering both neural and functional
outcome measures in clinical research. Evaluating change in MEPs seemed like a possible option
given our lab’s access to TMS, the limited time commitment for participants relative to MRI, and
their frequent use as neural outcomes in tDCS research involving healthy participants. However,
these advantages were offset by concerns about the validity of MEPs as an indicator of motor
learning (Bestmann & Krakauer, 2015), participants’ tolerance of TMS (Croarkin et al., 2011),
and the ability to elicit an MEP in a child with ABI (Nemanich et al., 2019). While many of these
questions could have been evaluated as part of the feasibility study, we had to determine the
scientific appropriateness of evaluating change in MEP amplitude as neural outcome which led

to our systematic review.

Our decision to conduct a systemic review in a nonclinical population was two-fold: 1) the
availability of tDCS studies involving motor behaviour that measured MEPSs, and 2) the desire to
isolate the effect of MEP results in these tDCS protocols independent of neurological injury.

Most tDCS studies in clinical populations focus on functional outcome measures and, for the few
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studies in clinical populations that measured MEP outcomes, it is unclear how their results would
translate to children with ABI. A limitation of synthesizing research in a nonclinical population
was the difficulty isolating the impact of a tDCS treatment protocol on MEPs in an optimally
functioning nervous system, particularly when a variety of factors contribute to intraindividual
MEP variability. However, on the positive side, the absence of neurological injury limits
response variability associated with different injuries and provides a more accurate indication of
how tDCS protocols involving motor behaviour influences MEPs. While the systematic review
results suggest that a different neural outcome is likely better suited to evaluating the
neurophysiological underpinnings of motor learning, exploring additional neural outcomes was

beyond the scope and timeframe of this thesis.

6.3.4 Using a chart review as a foundation for the feasibility study

Drawing upon retrospective health data permitted the estimation of gross motor outcomes
associated with current inpatient physiotherapy intervention and provided a basis of comparison
for the feasibility study results. However, the assessment conditions and documentation accuracy
are unknown. Further, change score calculations were limited to the outcome measures used by
the PTs in the program. Fortunately, the outcome measures used in this inpatient program (e.g.,
GMFM-88, CB&M, GAS, 6MWT) are validated for children and youth with ABI and two of the
four outcome measures abstracted in the chart review provided valuable reference points for the
feasibility study. However, the chart review did not provide a basis of comparison for the
COPM, 10mFWT, or ABI-CA.

Given our challenges with feasibility study eligibility, an outstanding question is whether the
chart review could have been designed to identify these concerns. The chart review was designed
to identify school-aged children who were admitted for inpatient ABI rehabilitation for a
minimum of six weeks and capable of participating in standardized physiotherapy assessment at
two time points in their admission. This design indicated that 48.7% of school-aged children in
the inpatient ABI program met these criteria. However, the chart review was not designed to
collect details regarding medical stability, tolerance to physiotherapy intervention, bone flap
removal, or scalp incisions. While this information could have theoretically been found
somewhere within the health record (i.e., physician, physiotherapist, or nursing progress notes),
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there was no guarantee that it would have been documented consistently across charts and,
therefore, would probably not provide an accurate picture of participant eligibility. Some
exclusion criteria could have been easily identified using admission assessment documentation.
For example, a brain tumour diagnosis, bone flap removal, or metal instrumentation would be
clearly documented in an admission assessment and would remain unchanged over the course of
the admission. Conversely, a child’s medical stability, physiotherapy tolerance, and wound
healing would be difficult to ascertain from a single note and subject to fluctuations throughout
an admission and likely prone to reporting variability depending on the clinicians involved in the

child’s care.

Further, a 10-year retrospective chart review cannot forecast future admission trends, particularly
admissions during the COVID-19 pandemic. While we followed many of Huang et al.’s (2018)
recommendations for improving clinical trial recruitment over the course of developing and
conducting the feasibility study (e.g., eliminate eligibility criteria not necessary for ensuring
patient safety, engage stakeholders in the process, reduce procedures to those related to the
scientific question), an environmental scan prior to commencing the study would have likely
identified eligibility concerns. Instead, we relied on our recent experience recruiting for a
Lokomat robotic treadmill training feasibility study in the inpatient ABI program to estimate
recruitment for the tDCS study due to many similarities between the physiotherapy assessment
and treatment protocols and adjusted our estimates based on the differences in eligibility criteria
(e.g., the Lokomat study had more narrow gross motor criteria, the tDCS study had more
restrictions based on cranial defects). Had we formally tracked eligibility criteria of inpatient
ABI admissions over a six-month period using the tDCS feasibility tracking document
(Appendix E), we would have likely concluded that eligibility would not meet our targets and
proceeded with a different plan.

6.4 Future directions

This dissertation led to several recommendations for future gross motor research in pediatric
ABI: 1) evaluate the feasibility of an outpatient tDCS and physiotherapy protocol, 2) research

gross motor interventions for children often excluded from clinical trials, 3) investigate MLS
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effectiveness within physiotherapy interventions, 4) explore the link between neural and
functional outcomes, and 5) involve multiple sites to optimize recruitment.

The challenges associated with tDCS protocol eligibility during inpatient ABI rehabilitation
suggest that an outpatient protocol may be more feasible. An outpatient protocol could target
school-aged children in the subacute stage of recovery who do not require inpatient admission
and/or children in the chronic stage of recovery. Either demographic would likely involve
children with fewer exclusion criteria (e.g., decreased medical stability, decreased tolerance,
bone flap removal, unhealed scalp incisions) which should improve their eligibility potential.
However, an outpatient study requires an additional time commitment (i.e., for travel) from
children and their families that could adversely affect recruitment and retention. There is also
potential to explore tDCS and physiotherapy in children under five years of age, although tDCS
parameters as well as tolerability and gross motor assessments would require adaptation to meet
the needs of a younger age group. Additionally, a more interdisciplinary approach to tDCS
intervention could be explored in pediatric ABI where tDCS is directed toward a neural target
that influences both cognitive and motor function and is paired with cognitive and motor
intervention (i.e., cognitive intervention during tDCS and motor intervention during the period of
altered cortical activity immediately following tDCS). The dorsolateral prefrontal cortex could
be one such target as it is active during the early stages of motor learning (Dayan & Cohen,

2011) and is frequently the neural target in cognitive tDCS interventions (Zaninotto et al., 2019).

To optimize physiotherapy assessment and treatment in children with ABI of all ages and
abilities, researchers should focus on understudied children to address their rehabilitation needs.
Children with brain tumours or epilepsy account for a large proportion of inpatient admissions in
this ABI program (a combined total of 36% of charts abstracted in the chart review and 39% of
admissions during the feasibility study). While our chart review demonstrates that these children
benefit from inpatient physiotherapy, they are often excluded from gross motor research during
the subacute stage of recovery due to ongoing medical interventions (e.g., radiotherapy,
optimizing seizure medication), decreased medical stability, or technology-specific
contraindications. Thus, researchers should consult with key stakeholders within these diagnostic
groups (e.g., children, families, community partners, physicians) to determine their specific gross

motor needs and explore interventions accordingly. There are also children with ABI who benefit
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from inpatient physiotherapy but are excluded from gross motor research due to difficulty
participating in standardized physiotherapy assessment for cognitive or behavioural reasons. In
clinical practice, PTs frequently adapt assessment and treatment for children who have difficulty
following directions which indicates that similar adaptations could also occur in a research
setting. Thus, alternative methods of assessment should be considered and validated in these

children.

Although implementing novel treatment adjuncts during physiotherapy intervention may
enhance motor learning, the physiotherapist’s ability to optimize MLS application while using
the treatment adjunct is likely essential to the motor learning process (Levac et al., 2012; Ryan et
al., 2020; Spivak et al., 2021). However, with little limited evidence of the effectiveness of
specific MLS in pediatric ABI, it is difficult to definitively conclude why an intervention
promotes motor learning. Thus, the next step in motor learning research for children with ABI is
evaluating the effectiveness of specific MLS independent of adjunctive treatments. Some MLS
(e.g., mental practice, analogy, random practice) may be easier to isolate within a treatment
protocol compared to others (e.g., repetition, promoting errors as part of learning) that are likely
optimized when layered with other MLS. Researchers could start by evaluating the MLS that can
be isolated in a study design where the MLS is either present or absent from a particular
treatment protocol. The MLS needs of younger children with ABI and children with substantial
cognitive challenges should also be explored by looking at the MLS content of physiotherapy
sessions for children with limited ability to follow directions.

Given the ongoing need to establish the link between functional and neural outcomes, future
gross motor research should include neural outcomes. As gross motor function involves a
complex network of cortical and subcortical structures with variability in activation depending
on the person’s skill proficiency, it is important to use neural outcomes that have good spatial
resolution and are sensitive to change, with MRI likely being the most suitable option.
Differences in recovery patterns based on injury location and severity may provide insight into
why a particular treatment approach optimizes gross motor outcomes in children with specific
clinical presentations. Recovery should also be explored by observing the areas of brain

activation at different stages of motor skill recovery.
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Where possible, clinical trials should involve multiple sites to optimize recruitment (as needed in
this study) and increase generalizability of results (Swartwout et al., 2019; Weinberger et al.,
2001). Multisite clinical trials may be more challenging when research takes place within an
existing inpatient ABI program due to varying service delivery models across institutions.
However, given that children’s functional goals would be similar across institutions and
standardized MLS training would ensure that all physiotherapists possess a baseline level of
MLS knowledge, multisite trials would be possible when the appropriate environmental scans
and stakeholder consultation occurs prior to protocol development. Given the time constraints
and medical concerns encountered with some inpatient admissions, outpatient-based clinical
trials may be more conductive to multisite design. As multisite research often requires increased
coordination and funding, a feasibility trial should precede any definitive clinical trial to refine
study processes and ensure that a clinical trial is warranted. However, the eligibility and retention
challenges encountered during our inpatient feasibility study would likely persist in other
inpatient settings. As such, it makes the most sense to proceed with an outpatient tDCS

feasibility trial rather than conducting a multi-site inpatient RCT.

6.5 Concluding remarks

While novel adjuncts to traditional motor skills-based physiotherapy provide an opportunity to
enhance the gross motor outcomes associated with inpatient rehabilitation for children and youth
with moderate to severe ABI, rigorous evaluation is necessary to determine their effectiveness.
To our knowledge, this is the first time that tDCS has been evaluated in the subacute stage of
pediatric ABI. Our study involved evaluating the feasibility of integrating tDCS into an existing
inpatient physiotherapy program and permitted analysis of clinical physiotherapy session content
which has received limited attention in the literature to date. Although few children admitted for
inpatient ABI rehabilitation were eligible to participate in the tDCS and physiotherapy protocol,
this feasibility study identified a process for tracking ABI symptoms and tDCS side effects and
demonstrated both the viability and importance of analyzing the physiotherapy MLS session
content that accompanied the tDCS. The GMFM-88 mean change score from our chart review
served as a reference point for judging the progress of the participant who completed the entire
tDCS study protocol and can now be used as a benchmark for other children with subacute ABI
and in future gross motor intervention studies in inpatient pediatric ABI rehabilitation. This
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dissertation highlights the importance of evaluating protocol feasibility prior to conducting a full
scale clinical trial, the value of using a set of comprehensive outcome measures to evaluate the
range of gross motor change that occurs during the subacute stage of recovery in a heterogeneous
clinical population, the need to identify viable approaches for exploring the neural reorganization
that accompanies gross motor change, and the benefits of evaluating MLS content of

physiotherapy interventions for children and youth with moderate to severe subacute ABI.
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Appendix A. MEDLINE search strategy for the systematic review
1. Transcranial Direct Current Stimulation/

2. ("TDCS " or " tDCS " or "anodal stimulation transcranial direct current stimulation* " or
"anodal stimulation tdcs" or "cathodal stimulation transcranial direct current stimulation* " or
"cathodal stimulation tdcs™ or "transcranial electrical stimulation*" or "repetitive transcranial
electrical stimulation*" or “transcranial direct current stimulation*" or *'cathodal tDCS" or
"anodal tDCS").kf,tw.

3.0r/1-2
4. exp Evoked Potentials, Motor/
5. electrodiagnosis/ or electromyography/

6. ("motor cortical excitability”" or "MEP*" or "motor evoked potential*" or “cortical
excitability" or "electrodiagnosis” or "electromyography").kf,tw.

7. Cortical Excitability/

8. (corticospinal adj2 excitability).kf,tw.
9. or/4-8

10. Animals/ not (Animals/ and Humans/)
11.3and 9

12. limit 11 to yr="2014 -Current"

13.12 not 10

14. remove duplicates from 13
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Appendix B

tDCS Pre-Session Status Assessment Form

Research staff: Complete this form with a parent and/or child at the beginning of each tDCS session.
When completing the form before the first treatment session, replace “Since your last brain stimulation
session” with “Since your admission to the Holland Bloorview”. For YES responses, follow directions in
the “If YES, then” column. Go on then to complete p. 2. DO NOT proceed with the tDCS session for FACES
scale ratings of 4. Instead notify the child’s nurse and the primary investigators.

QUESTION: Since your last brain stimulation session on [day]:

NO | YES If YES, then... Details

1. Have you had any new
physical or health concerns?
(i.e., something that started to
become a problem during this
time or an old problem that
got worse.)

Record new concerns,
time/date of onset,
frequency, duration.
Indicate if the
symptoms of an old
problem are getting
worse.

2. Have there been activities that
you didn’t do as often or
didn’t do at all because you
did not feel well?

Record dates and
missed activities.
Indicate which
symptoms caused the
child to miss the
activity.

i ?
3. Have you had any seizures? DO NOT continue with

tDCS session. Notify
primary investigators.
Record time, date,
frequency.

4. Have you fainted?

5. Has the skin on your head

Record location on
been red or irritated?

head. If it is under the
electrode sites, do not
proceed with the
session if the skin is
broken. Notify
physician. If skin is not
broken, can proceed
with session, but
notify the
nurse/physician after.
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When completing Part A before the first treatment session, replace “Since your last brain stimulation session” with “Since your admission to the

Holland Bloorview.” For Part B of the remaining questions, ask the participant to rate their current symptoms using the FACES rating scale.

o~ —— —~
& 2 0% £ ‘68"
\/ - = —. =
Not at all A little bit A bit more Even more A Whole Lot
0 1 2 3 4
“Since your last brain NO | YES If YES, then... Details FACES Rating
stimulation session...”
6 a) :Ihave you |f-flt more tired Record time/date of 6 b) I-!o:; tlred?are you
an usuat: extra fatigue onset Tght NOW
and any activities they
feel were related
7 a) Have you had Record dates/times, 7 b) How muc.h is Your
headaches? . head aching right
frequency, duration
now?
8 a) I-Itave yc:‘u hat:an upset? Record which 8 b) I-Itow up;e? |rs‘tyour .
stomach or thrown up? symptoms along with stomach right now?
dates/times,
frequency, duration
9 |a) Have you felt dizzy? Record dates/times, 9 b) :Im;v .dlrz;y do Y’ou
frequency, duration, eel Mgnt Now:
and activities leading
up to symptoms.
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Appendix C

tDCS Session Tolerance

Instructions to the participant: “Tell me how the brain stimulation felt today. Did it/you feel (on
your head)? How did it feel? Does it still feel now?”

Instructions to staff: Place a checkmark in the rating the child provides. If the symptom is still present at
the end of the tDCS session, put an asterisk in the box beside the checkmark.

™ —_— g o
€9 €9 B3 ) “@e-
>/ S Sl —~ ~
Not at all A little bit A bit more Even more | A Whole Lot
0 1 2 3 4
Itchy
Tingly
Hot

Weird taste in mouth

Tired

Upset Stomach

Headache

Dizzy

Other:

How long did the feelings last? Place a tick in the appropriate box.

Symptom identified

Brief
(few minutes)

About half
of session

Most or all
of session

Additional comments related to tolerance (continue on p. 2 as needed):

If the child is still experiencing a symptom in a gray box at an intensity of 4 at the end of the session:
a) notify the child’s nurse before leaving the unit,
b) notify the study principal investigators, and
¢) complete an Adverse Events (AE) Form.

For skin irritation beyond transient redness, syncope, or seizures that occur during a tDCS session,

provide details the “additional comments section”, and complete the AE Form with the study principal

investigators.
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Appendix D

PARTICIPANT ID

PHYSIOTHERAPY TREATMENT LOG*

1. Record tasks completed in session in the order they occur
2. Include relevant details regarding variations, progressions, etc... (a new variation/progression can be listed in separate task box or indicated in ‘details’)
3. Indicate focus of the task (1 for primary focus, 2 for secondary foci)
4. Use a checkmark to indicate if you provided task education or recommended practice outside PT
5. Use “other focus” box to capture ‘motor learning’ focus not indicated in other columns OR to describe a ‘non-motor learning’ focus (e.g. PROM)
-
TASK o g o
Q [= (V]
c © o
(C — —
- c " 3 =
DATE 2 P ,g =2 c 8
(dd/mm/yy) | = o | © =2 | w
9 NAME DETAILS Es| Z|£|%5| 2|3 | S| 8 OtherFocus
= . - ) . TE| = | T e 5 b S | & | (specifyin box)
(@) (include variation, equipment, or progression to g ~ .g o o 5 g s 9 pecity
S
differentiate btwn similar tasks) o 18 1 &ls| /8| &

*Adapted from Hilderley et al.’s (2016) Lokomat® and physiotherapy session logs
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Appendix E

tDCS Eligibility Tracking Sheet

Check off all criteria that exclude child from being eligible for the tDCS study. The status of items in white boxes may be subject to change
throughout admission. Consult with treating PT and/or physician to determine if/when re-evaluation is appropriate.
*** When age excludes child, no further medical information will be screened beyond diagnosis and sex
(unless they will be turning 5 years old during the admission, and then birthday (dd/mmm) will be noted in “date to re-evaluate” column).

Date 8| . Date to
w| © < 4] re-
(dd/mm/yy) ¢l 9 = = —
32| © | = > a . o = evaluate
] 3| & S| 8| & £ 5 o €| 5 S| 2 =| (enter
o . . o . ) = R
o Diagnosis Admission Screenin vl S 5 5| | &| ol = 5 ol o] 8 J N A .
=] o O o | c e =l > child
E v ?:D = £ g o > g 5 s 2 o2 E z 8 8 $ ~. | initials, so
S — —_ o o— ) S E Q — = . 4
z el B 2| = 5| 8| 8| 2| 5| 3| S| 2|2 2| B E| | 2| 3| Q| theyean
©| .2 6] S 2 ey ca
< © [t + — 7% =) Q [ © <
o =| 9 2l ol c| 2| Bl & S| a g ol F|l x| x| 2| E| of V| 2 be
= ) ] c| Bl © © | < H I 0| »n oo . e
< 3| w| 2| 5| 6| ©| 8| o| 5| &| | o © % 2| 5| S| 4| =| &| = identified
(@] Al |l &l &| @l @] 8| | O] =| m| O 2| 8| 2| <| | Al &| 2] @ on census)
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