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Abstract

Cerebral palsy (CP) is a heterogeneous condition, defined by shared clinical
features: motor impairment due to an insult to the developing brain. As the most
common cause of motor disability in childhood, clinically relevant and time-efficient
interventions to improve motor function in CP are urgently needed. Transcranial
direct current stimulation (tDCS) has been proposed as a therapeutic tool to augment
neuroplasticity and improve function. However, tDCS study outcomes are discordant,
with significant inter-individual variation. This thesis investigates the utility of this
technique in CP, and explores potential contributing factors to variability.

Chapter 2 is an opportunistic study conducted during the COVID-19 lockdown.
It demonstrated the negative effect of interrupting rehabilitation on motor function
in CP and highlighted the need for improved rehabilitation techniques.

Chapter 3 details a pilot clinical trial of motor training and tDCS, versus training
alone. While both groups showed improvement in motor function, there was no
additional group-level effect of anodal primary motor cortex tDCS on outcome.

Further chapters assessed pre-intervention neuroimaging data to explain variation
in response to the trial intervention, with the aim of identifying possible biomark-
ers of rehabilitation potential with tDCS. Chapter 4 applies a novel automated
individualised probabilistic tractography technique to quantify corticospinal tract
(CST) integrity. This technique is feasible and robust to structural lesions in the
study population. At baseline, CST integrity correlated to hand function but not
lower limb function or eventual rehabilitation outcome.

Finally, Chapter 5 interrogates the effect of electric field strength as a potential
explanation for tDCS wvariability. Substantial variation in electric field focality
and strength was demonstrated across participants. This may contribute to inter-
individual variability but did not predict individual motor outcome.

This work demonstrates the positive potential of motor training in improving
function in CP. There may be a role for advanced neuroimaging and computational
models to introspect rehabilitation outcomes in complex heterogenous conditions
such as CP in future studies to better model the effect of tDCS across the clinical
and pathologic spectrum of CP.

Approximate thesis word count: 29 34/
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1.1 Cerebral palsy - a clinical syndrome

The broad condition of cerebral palsy (CP) was first described and studied by
Sigmund Freud, William Little and William Osler in the late 19th centuryl24,



2 1.1. Cerebral palsy - a clinical syndrome

Sigmund Freud was likely the first to write about cerebral palsy as a clinical
entity, unifying several infantile motor deficits into one syndrome®. William Little,
several years previously, demonstrated a relationship between birth complications
and mental and physical developmental disorders. He suggested that injuries to
the brain could occur during or immediately after birth, and described a clinical
picture of spastic rigidity, which became one of the 4 main clinical forms of CP.
Although Little never described these under the term cerebral palsy, the term
“Little’s disease” was used for many years as a generic term to refer to all types
of cerebral palsy®?. William Osler published articles in 1886 and 1888 regarding
cerebral palsy, before publishing his monograph, “The Cerebral Palsies of Children”,
in which he described a case series of 151 children, classifying them as infantile

hemiplegia, bilateral spastic hemiplegia, or spastic paraplegia®.

1.1.1 Defining a clinical entity

Various historical descriptions and classifications of cerebral palsy have persisted to
the present day, which continues to demonstrate heterogeneity in aetiology, severity,
and clinical features. Since Sigmund Freud, William Little, and William Osler,
several groups have come together to attempt to better define the condition.
The first unified definition was presented at the First International Study Group
on Child Neurology and Cerebral Palsy, held in Oxford in 1958. The memorandum
proposed that cerebral palsy be defined as: “a persisting qualitative motor disorder
appearing before the age of three years, due to a non-progressive interference with

development of the brain™.

They highlighted the practical value of a unifying
diagnosis of cerebral palsy. The term could be “useful in the study of a group of
conditions often of obscure origin affecting the brain and arising in early life... and
a practical value largely because the affected children .. have certain special motor,
intellectual and emotional difficulties and so may have certain special therapeutic
and educational needs in common™.

Various definitions have been proposed in the decades since the First Interna-

tional Study Group on Child Neurology and Cerebral Palsy. In 2005, the most recent
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consensus definition was proposed as follows: “Cerebral palsy describes a group of
permanent disorders of the development of movement and posture, causing activity
limitation, that are attributed to non-progressive disturbances that occurred in the
developing foetal or infant brain. The motor disorders of cerebral palsy are often
accompanied by disturbances of sensation, perception, cognition, communication
and behaviour, by epilepsy and by secondary musculoskeletal problems™.
However, the new definition, despite being welcomed by many, has been criticised
for perceived ongoing ambiguity. Critics have felt that the use of “non-progressive”
is not clearly defined, and that the definition fails to apply an age limit or suggest
if any syndromes should be excluded”. Proponents, however, have argued that
“non-progressive” adds sufficient meaning to the definition, as static does not imply
‘unchanging’, allowing for the evolution of the injury to intersect with development,
which may result in changing symptoms over the lifespan®. There are strengths
of a wide unifying diagnosis - including flexibility for the definition to continue to
evolve over time and ensuring that clinical diagnosis is not hindered by burdensome
criteria. The wide scope of the definition of cerebral palsy remains an important
research limitation, however, resulting in differing case definitions across studies,
adding complexity in comparisons across cohorts and across time, and potentially

missing out on targeted therapies for subsets of patients.

1.1.2 Epidemiology of Cerebral Palsy

Globally, cerebral palsy is the most common cause of motor disability in childhood
and a significant contributor to morbidity and mortality overall”.
Population registers in Australia and Europe have historically reported a

1L A recent systematic

prevalence of between 1.5 — 2.5 cases per 1000 live births
analysis evaluating the global birth prevalence of cerebral palsy across 27 countries
reported an overall decline to 1.5 cases per 1000 children in Europe and Australiat!.
This study population included children with CP born from 1995 onwards and

differentiated between pre- / perinatal cerebral palsy, in which a brain injury or

malformation occurred before the 28th day of life, and postnatal CP, in which the
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injury happened between day 28 and age 2 years. In developed countries, the data
suggests that pre- and peri-natal CP case prevalence is declining, while post-natal
CP prevalence has remained static over the preceding 2 decades. From very limited
data in low to middle-income countries, the prevalence ranged from 2.3 to 3.7 per
1000 children, and unfortunately, there was not enough data was available to model
the trends in prevalence over time for these regions''.

The United Kingdom does not have a population-based registry for cerebral
palsy, therefore data on prevalence is based on cohort studies across the country,
as well as statistical modelling. Reported birth prevalence in the UK is estimated
between 1.2 to 2.7 per 1000 for pre-/perinatal CPI#L and 0.8 to 3.9 per 1000
for postnatal cerebral palsy. Variation in reported prevalence is likely partly
explained by different inclusion criteria across studies, as well as differences in

socio-economic status across regions'?.

Mortality rates in children with cerebral palsy are higher than in children without
CP, with severe impairments linked to higher mortality. Modelling estimates from
historical data in the UK estimate that survival to the age of 16 years ranges from
64-67% for those with the most severe manifestations of CP to between 97-100%
for those with non-severe typest*2. Despite a declining overall prevalence, there
are more children in the UK living with cerebral palsy now than there were a
decade ago, attributed to improved neonatal intensive care provisions, treatments
for complications, and better socio-economic provisions. The estimated number
of children aged 3 to 15 years with CP was approximately 22,100 in 2020, which
is a 7.5% increase since 2013, Data from life expectancy models is particularly
important to demonstrate the growing need for the provision of services for children
with cerebral palsy, including access to rehabilitation across the lifespan. In Chapter
2] the importance of the ongoing provision of rehabilitation services and the impact

of interruptions will be further explored.
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1.1.3 Pathophysiology

William Little is attributed as the first to describe a causal link between birth
trauma and motor and intellectual disability. In a presentation to the Obstetrical
Society of London in 1861, Little presented a case series of more than 200 children
who had suffered neurological complications as a result of prematurity, prolonged
labour, and asphyxia®. The understanding of the pathways leading to cerebral
palsy has since greatly increased, with evidence from population-based studies,
neuroimaging data, improved perinatal care, post-mortem studies, and animal
models of disease. However, a unified explanation of the large phenotypic variations
in patients with cerebral palsy remains elusive. In this section, the pathological

processes that are known to be related to cerebral palsy will be briefly discussed.

Prematurity and perinatal hypoxia: traditional risk factors

Perinatal hypoxia and prematurity have been proposed as two primary mechanisms
of injury since William Little first demonstrated a relationship between birth
trauma and developmental abnormalities. The risk of developing cerebral palsy
decreases with each gestational week approaching 38 weeks, and the risk of CP
for an infant born before 28 weeks is 50 times greater than the risk of an infant
carried to full term!”. In full-term infants a low Apgar score at birth, indicating
birth depression (such as not breathing or moving as expected), increases their risk
of developing CP!*2  However, this may be a symptom of an underlying issue
rather than directly causative, as less than 10% of children with cerebral palsy

have a history of birth asphyxia or trauma’*<Y,

Further exploration of risk factors

A large meta-analysis, published in 2013, included 21 studies and identified 10
risk factors in term-born infants that were statistically significant predictors of
cerebral palsy. These were: placental abnormalities, birth defects, low birthweight,
meconium aspiration, instrumental/emergency Caesarean delivery, birth asphyxia,

neonatal seizures, respiratory distress syndrome, hypoglycaemia, and neonatal



6 1.1. Cerebral palsy - a clinical syndrome

infection®!. Proving causality remains an ongoing challenge with these risk factors,
and many of these may be symptoms of an unknown underlying cause rather
than causative in themselves.

2923124

Other major risk factors include multiple births , intra-uterine growth

restriction®, maternal infections such as toxoplasmosis, rubella, cytomegalovirus

26427128

and herpes simplex virus , and developmental anomalies®3?, Perinatal stroke

and kernicterus as a result of neonatal jaundice remain the two largest causes of

cerebral palsy in the postnatal period?132:33,

A combination of insults: The multi-hit model

Given the large spectrum of risk factors in the perinatal period, most of which
are necessary but not sufficient, two-hit and multi-hit models have been proposed
that suggest two or more risk factors converge to synergistically increase the risk
of cerebral palsy2#3%:3%57 This model suggests that the combination of a hostile
intrauterine environment (such as placental insuffiency, pre-eclampsia, intra-uterine
infection) with neonatal complications (such as birth asphyxia), especially among
premature neonates, leads to neurologic damage and the development of CP3%.
In a retrospective study of over 200 000 pregnancies, pre-eclampsia combined
with neonatal infection, birth asphyxia and complications of prematurity were
cumulatively associated with an increased risk of CP#?, Wang et. al. identified that
the combination of hypoxic risk factors such as birth cardiopulmonary resuscitation,
patent ductus arteriosus ligation or chronic lung disease; and the addition of sepsis
led to a cumulative increased risk of cerebral palsy=”.

Downstream from these primary insults, a pathophysiological mechanism that
has been proposed as a “final common pathway” in cerebral palsy is maternal and
neonatal inflammation. Inflammation, whether triggered by infection and/or hy-
poxia, is common to the majority of risk factors, and the release of pro-inflammatory
cytokines has been shown to damage of neurons, disrupt vascular endothelial cells

and promote microglial activation and demyelinationS#5%0,
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In summary, cerebral palsy likely results from combined primary insults, under-
lying vulnerability, and the response/subsequent development of neural tissues. Not
all insults are equal, and their impact is likely determined by the brain’s underlying

vulnerability, the timing of the insult, and the presence of other risk factors.

1.1.4 The spectrum of brain lesions

In parallel with the variety of CP mechanisms and risk factors, there are various

possible brain imaging findings. The timing of the initial injury to the developing

brain will determine the extent and location of the injury seen on imaging.
Most individuals with CP (approximately 88%) who have MR imaging will

4l However not all children with CP will have

have an identifiable brain lesion
neuroimaging. The diagnosis of cerebral palsy is made on clinical findings, and
imaging, such as ultrasound or MRI, is generally used to exclude other diagnoses or
to assist with understanding the aetiology of CP when clinically unclear*?. In the
UK, the National Institute for Health and Care (NICE) guidelines recommend the
use of MRI when the aetiology of CP is not clear from clinical history, developmental
milestones, clinical examination and the results of cranial ultrasound; and highlight
that subtle findings may not be visible until at least 2 years of age??.

As a result, it can be challenging to estimate the true population spectrum
and prevalence of brain lesions in children with CP. Results from observational
studies may be skewed towards including cases with diagnostic uncertainty, or
populations with easier access to neuroimaging.

In large European cohort studies of children with CP*Y the approximate

distribution of MRI-identified brain lesions are as follows:

white matter damage: 45%

basal ganglia or deep grey matter damage: 13%

congenital malformation: 10%

focal infarcts: 7%
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A

Figure 1.1: Examples of MRI patterns of injury in children with cerebral palsy. A:
Predominant white matter injury; B: Maldevelopment with polymicrogyria bilaterally; C:
Stroke related injury - a right-sided cystic lesion corresponding with a previous middle
cerebral artery stroke, which has evolved to be a porencephalic cyst

The three most common types of brain lesions in cerebral palsy are periventricular
leukomalacia, which mainly affects preterm infants; grey matter injury most
commonly seen in term infants with hypoxia, and cerebrovascular injuries which

may occur perinatally or postnatally.
Periventricular leukomalacia

Periventricular leukomalacia (PVL) is the most common cause of CP in pre-
mature infants*.

The pathogenesis of PVL is closely entwined with neurodevelopment in utero,
and the interplay of three important factors: 1) Incomplete development of the
vascular supply to white matter; 2) Maturation-dependent impairment of cerebral
autoregulation, and 3) Vulnerability of oligodendrocyte-precursor cells to ischaemia
from inadequate blood supply; which results in vulnerability of the white matter to
ischaemic insults if the third trimester is interrupted by preterm delivery**4. In
these infants, even small derangements in systemic blood pressure due to sepsis or

other causes can greatly increase their risk of ischaemia to the forebrain®9,
Grey matter injury

In approximately 13% of children with cerebral palsy who undergo MRI, bilateral

injury to the deep grey matter structures, cortex and subcortex, is demonstrated®Z.
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This pattern of injury is most associated with hypoxic-ischaemic events in term
infants; but may be seen in premature infants exposed to an additional insult,

such as infection, kernicterus, or hypoglycaemia®".

Cerebrovascular insults

Focal infarcts and stroke may occur perinatally, between late gestation and 28 days
after birth, or postnatally up to the age of approximately two years*®. Perinatal
stroke is the most common cause of hemiparetic cerebral palsy, but it is important
to highlight that stroke only accounts for 7% of CP cases. Identifying the cause of
stroke is difficult in most cases, however, causes for arterial strokes include cardiac
disease and bacterial meningitis; causes for venous strokes include sepsis, meningitis,
dehydration, and perinatal asphyxia®”. Structural lesions or bleeding disorders may
cause haemorrhagic strokes occurring in term-born children, while preterm children

with at-risk brains experience germinal matrix and intraventricular haemorrhage.

1.1.5 Classification of cerebral palsy

The difficulty in consensus definition (outlined in section , poorly understood
causation (section and variety of brain pathology (section all point to
cerebral palsy being a hugely heterogenous disorder. It encompasses a range of clin-
ical phenotypes and motor impairments ranging from mild to severe. Traditionally,
CP has been classified across several domains:

Firstly, classification by motor phenotype into four main categories:
a) Spastic, the most common form, characterised by hypertonia
b) Ataxic, characterised by co-ordination difficulties

c¢) Dyskinetic, involving abnormal muscle contraction causing involuntary move-

ments (athetosis and or dystonia)

d) Hypotonic, with decreased muscle tone
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These motor impairments may evolve over time, and are not mutually exclusive,
such that multiple types can be present simultaneously.
Secondly, classification typically includes a description of the topography of the

impairment, either unilateral or bilateral, and then further subclassified as follows?%:

a) Hemiplegia, where only one side of the body is involved, and both arm and

leg of that side are affected

b) Monoplegia, where one limb is affected, usually a lower limb

c) Diplegia, where both lower limbs are involved more than upper limbs

d) Triplegia, involving both lower limbs and one upper limb

e) Quadriplegia, involving both upper and lower limbs

This classification is illustrated in Figure [I.2]

Unilateral cerebral palsy Bilateral cerebral palsy
Monoplegia Hemiplegia Diplegia Triplegia Quadriplegia

Figure 1.2: Unilateral cerebral palsy encompasses monoplegia, affecting one limb and
typically a lower limb, and hemiplegia affecting one side of the body. Bilateral CP
encompasses: diplegia which affects all limbs but lower limbs are more affected; triplegia
with unilateral upper limb involvement and asymmetric lower limb involvement; and
quadriplegia in which all four limbs are more equally involved than diplegia. Reproduced
with permission from Graham, H. K. et al. (2015) Cerebral palsy. Nat. Rev. Dis. Primers.
doi:10.1058/nrdp.2015.82
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While prevalence varies between countries, the most common subtype of cerebral
palsy is typically bilateral spastic CP, which includes diplegia, triplegia, and
quadriplegia, accounting for approximately 50% of cases® . Approximately one-
quarter of children with CP have unilateral hemiplegic spastic CP5Y. Approximately
two-thirds of children with CP have motor deficits in more than one limb52,

Lastly, functional status can also be employed to classify CP. The Gross Motor
Function Classification System5® classifies motor function according to ease of
mobilisation, and requirement for mobility aids such as walkers and wheelchairs,

illustrated in Figure [1.3]

GMFCS expanded and revised between 6 and 12 birthday: descriptors and illustrations

GMFCS level |

Children walk at home, school, outdoors and in the
community. They can elimb stairs without the use of a railing.
Children perform gross motor skills such as running and
Jjumping, but speed, balance and coordination are limited.

GMFCS level Il

Children walk in most settings and climb stairs holding
onto a railing. They may experience difficulty walking long
distances and balancing on uneven terrain, inclines, in
crowded areas or confined spaces. Children may walk with
physical assistance, a hand-held mobility device or use
wheeled mobility over long distances. Children have only
minimal ability to perferm gross motor skills such as running
and jumping.

GMFCS level Il

Children walk using a hand-held mobility device in most
indoor settings. They may climb stairs holding onto a

railing with supervision or assistance. Children use wheeled
mobility when travelling long distances and may self-propel
for shorter distances,

GMFCS level IV

Children use methods of mobility that require physical
assistance or powered mobility in most settings. They may
walk for short distances at home with physical assistance
or use powered mobility or a body support walker when
positioned. At school, cutdoors and in the community
children are transported in a manual wheelchair or use
powered mobility.

GMFCS level V

Children are transperted in a manual wheelchair in all
settings. Children are limited in their ability to maintain
antigravity head and trunk postures and control leg and
arm movements.

Figure 1.3: The Gross Motor Function Classification System (GMFCS) is recognised as
the gold standard to classify motor function cerebral palsy. It is an ordinal classification
with different descriptors appropriate to the age of the child. The descriptors illustrated
are for children aged 6-12 years. The descriptors were devised by Palisano et al (1997).
Reproduced with permission from Graham, H. K. et al. (2015) Cerebral palsy. Nat. Rev.
Dis. Primers. doi:10.1038/nrdp.2015.82
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The Manual Ability Classification Score describes how well children with CP
are able to use their hands to handle objects of daily activity, ranging from 1
— able to handle objects easily and at most, limited in ease of performing tasks
requiring speed and accuracy, to 5 — Not able to handle objects and severely limited
54

ability to perform simple actions

The MACS is similarly an ordinal scale and is rated from 1 to 5 as follows:

1. Handles objects easily and successfully. At most, limitations occur
in activities requiring speed and accuracy, but limitations do not restrict

independence

2. Handles most objects but with reduced quality and/or speed. Certain
activities may be avoided or achieved with difficulty, but this does not usually

restrict independence in activities of daily living (ADL).

3. Handles objects with difficulty and needs help to prepare and/or
modify activities. Performance is slow and achieved with limited success.

ADL’s can be performed if they have been adapted.

4. Handles a limited selection of easily managed objects in adapted
situations. Activities are performed with effort, require continuous support,

and are achieved with limited success.

5. Does not handle objects and has severely limited ability to perform

even simple actions.

1.1.6 Clinical Trajectory

Cerebral palsy is characterised by motor impairment and a delay in achieving
gross motor milestones, related to abnormal muscle tone, weakness, and/or poor
muscle co-ordination®”. As a result, children with CP have limitations in performing
activities of daily living (ADL), which include washing, toileting, feeding, and

mobilising. These activities have been shown to be important aspects of quality of
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life in this population, and achieving independence in personal care and mobility
are highly rated goals for children with CP2%27,

Children with cerebral palsy have slower trajectories of motor skill acquisition,
and more difficulty in performing activities of daily living (ADLs), than typically
developing children®®. These trajectories correspond with GMFCS, such that a
child with a lower GMFCS category will acquire more motor skills, and at a faster

2 However,

rate, than a child with a higher GMFCS score (i.e. more severe)
despite an initial upward trajectory in motor skill function in childhood, children
with CP experience an overall decline in function and mobility from adolescence

6OIGTIG2

into adulthood and onwards . This is linked to reduced overall function in

activities and lower participation in work and sport®*6l,

Participation in therapy and physical exercise is therefore particularly important
for adolescents with cerebral palsy heading into adulthood, as it helps to prevent the
cycle of physical impairment leading to deconditioning that, in turn, worsens the
level of disability®®. Regular stretching and loading of muscles is vital to maintaining
muscle length and strength, decrease spasticity, and prevent contractures®. Ongoing
physical training and therapy across the lifespan of children and adolescents with

CP has shown to be of benefit in motor function and quality of life®®. This evidences

the critical contribution of ongoing physical training and therapy motor functioning.

1.1.7 Current therapies in Cerebral Palsy

While there is promising work ongoing regarding prevention of cerebral palsy, there
remains no cure. Symptomatic management is therefore focused on maximising de-
velopmental potential and minimising complications®”. By definition, children with
cerebral palsy have motor impairments, and most treatments aim to address these.

There is substantial evidence, including good quality clinical trials, to support the
use of several training-based interventions to improve motor function®®. Two notable
examples training-based interventions include constraint-induced movement therapy
(CIMT) and hand-arm bimanual intensive training (HABIT). CIMT was first

designed as a stroke rehabilitation therapy for adults%?, before adaptation for children
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with unilateral spastic CP. It consists of intensive, unimanual practice with the more
impaired upper extremity, while the less impaired upper extremity is restrained™.
Several randomised controlled trials and reviews have found it to be effective at
improving the hand function of the affected hand for children with hemiplegia™:™273,

Intensive bimanual training (such as HABIT) was developed as an alternative
to CIMT as it was increasingly recognised that children’s functional independence
was related to the use of both arms in a coordinated way™. It has similarly been
shown to improve hand function of the affected side in several randomised control
trials and systematic analyses™:7 8 This training was further expanded with the
introduction of Hand-Arm Bimanual Intensive Therapy Including Lower Extremities
(HABIT-ILE), which includes activities which require trunk and lower extremity
adaptations with upper extremity bimanual tasks™.

Novak et al (2010) conducted a recent meta-analysis of current therapies for
cerebral palsy and analysed the evidence for 63 different motor interventions®®.
They demonstrated that interventions which improve function and performance
of tasks have the following shared attributes: they involve the practice of real-life
tasks, using self-generated movements, at a high intensity and are goal-directed
by the participant®.

These findings are in keeping with the general principles of motor learning after
brain injury, which include: repetition, specificity, increasing difficulty, intensity,

SOIRTIR2ISS

time, and salience . The proposed neuro-biological mechanism of action

underlying these principles is experience-dependent plasticity®%s%,

Looking to the future of therapies

Reid et al (2015) have hypothesised that further development of clinically beneficial
therapies will likely be driven by two main areas of research: Firstly, a better
understanding of patterns of atypical brain development. Structural abnormalities
on imaging reflect both damage to a focal brain region, as well downstream influences
on processes such as neuronal migration, dendritic branching, and synaptic pruning

85

during vital periods of brain development The effect of this early insult on
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the development of interconnected brain networks and regions remains poorly
understood, and is likely highly variable depending on insult timing and location®?.
These insults lead to impaired and adaptive behaviours, which differ from adult-onset
insults, such as strokes, which lead to compensatory behaviours®.

Secondly, characterisation of how and which brain networks respond to therapy
may be necessary for clinical translation - including understanding the underlying
conditions that facilitate response to treatment. These may include indirect factors
such as genetic differences, co-existing conditions such as attention deficits, or

individual network properties which prevent neuroplastic changes¢:788,

1.2 Defining neuroplasticity in health and disease

Neuroplasticity is broadly defined as the ability of the nervous system to reorganise
its structure and/or function in response to extrinsic or intrinsic stimuli®”. This
reorganisation has been described across molecular, cellular, and behavioural levels.

Within this overarching theme of ‘neuroplasticity’, here we will consider two
common usages relevant to this work: firstly, as part of the normal development
of the nervous system, and secondly to describe activity-dependent changes in

synaptic connections.

1.2.1 Developmental neuroplasticity

It is increasingly understood that the brain is continuously plastic and brain
remodelling can occur, or be induced, throughout the lifespan®*?. However, there
is also a recognition that the developing nervous system has a unique ability

9 Developmental neuroplasticity, therefore,

to undergo certain plastic changes®
refers to the complex interplay between neurogenesis, neuronal cell migration,
synapse formation, synaptic pruning, and neuronal network formation, which
all contribute to the brain’s ability to acquire and refine motor and non-motor

t24 Aspects of

behaviours and adapt to a changing environment during developmen
this neuroplasticity are genetically pre-programmed and are time-sensitive during

development. For example, neurogenesis is most prominent during early fetal
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development, while synaptogenesis occurs mainly during the first two years of
life??. Synaptic pruning can occur until mid-adolescence in some cortical areas™”,
and processes of synapse proliferation and pruning seem to be influenced by both

intrinsic control as well as environmental factors?2.

1.2.2 Hebbian Plasticity

One mechanism of neuroplasticity is Hebbian Plasticity. Hebbian Plasticity spans
across the lifespan and has been described in both health and disease states.
Hebb’s postulate, which asserts that repeated synchronous activity in pre- and
postsynaptic neurons leads to strengthened synaptic connection”, has remained a
core principle of neuroplasticity and been shown to be physiologically credible over
the last century®*222% The discovery of Long Term Potentiation (LTP) established
a mechanism underlying the theory by which synaptic strength could be increased,
facilitating plasticity*’.

Experimental LTP can be divided into an induction and expression phase. The
induction phase consists of a brief event, such as a train of stimulation to a neuronal
circuit. The expression phase is the subsequent time period in which specific and
durable changes in synaptic transmission occur®.

Originally, LTP was described in hippocampal neurons, and referred to a specific

PIU00Y - Since this discovery, synaptic

process thought to underlie memory formation
plasticity driven by LTP has been demonstrated in the neocortex, including M1,
where it is referred to as LTP-like plasticityl0210304105 Tt g likely that the

physiological effects of non-invasive brain stimulation are related to LTP-like

plasticity (Section :

1.2.3 Applications to cerebral palsy

Using the development of the corticospinal tract as an example, we can illustrate how
the timing of the insult affects the outcome and clinical presentation in children with
cerebral palsy. Motor cortex development is driven by axon guidance molecules that

are genetically programmed and then refined by activity-dependent plasticity during
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pre- and perinatal life'". During development, the motor cortex ‘wires’ projections
bilaterally to spinal motor neurons, before ipsilateral projections are retracted and
contralateral projections are strengthened™”. If an early, unilateral lesion occurs
during development before competitive elimination of the ipsilateral corticospinal
tract, ipsilateral projections from the intact motor cortex may out-compete fibres
from the damaged contralateral corticospinal tract. This results in control of
bilateral limb movements from the healthy hemisphere, and is demonstrated clinically
by ‘mirror movements’: involuntary ipsilateral movements when trying to move
the contralateral limb**®. These mirror movements often impair function of the
paretic limb, and are considered maladaptive. However, if the injury occurs after
the elimination of ipsilateral fibres, reorganisation does not take place, and the
result is a hemiparetic limb%.

Increasingly, non-invasive methods such as magnetic resonance imaging (MRI),
magnetoencephalopgraphy (MEG) and transcranial magnetic stimulation (TMS)
are being used to probe structural and functional plasticity in cerebral palsy?#10108
However, these studies are as yet only able to examine downstream effects on white
matter microstructure and aberrant connectivity - the impact of early brain injury

on LTP-like processes remains poorly understood.

1.3 Augmenting neuroplasticity with transcranial
direct current stimulation

Non-invasive brain stimulation techniques have become increasingly popular in the
last 3 decades for both observational and interventional studies of neurophysiology™.
The two most commonly used techniques are transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS). While TMS uses focal
magnetic fields to induce an electric field just under the coil, tDCS modulates
cortical excitability more diffusely between two electrodes in a polarity-specific

1

manner™, Additionally, tDCS offers several advantages over TMS, including

benefits in safety/tolerability, affordability, and accessibility 4.
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In tDCS, a constant low-intensity current is applied to the scalp, typically
through two electrodes: an anode and a cathode. As the stimulation begins, a
change in the membrane potential of neurons leads to depolarization or hyper-
polarization of neurons at the target regions. Anodal tDCS depolarizes target

ST Farly

neurons, whereas cathodal tDCS hyperpolarizes target neurons
work demonstrated that the downstream behavioural effect of M1 stimulation,
measured by motor-evoked potentials (MEPs), was polarity specific: anodal tDCS
augmented MEP size in the contralateral hand muscle, while cathodal tDCS reduced
MEP sizet?. Anodal stimulation is, therefore, typically seen as facilitatory and
cathodal stimulation as inhibitory.

However, this dichotomy is increasingly understood to be dynamic and de-

L6 Several studies have

pendent on several factors including current intensity
shown that increasing the tDCS intensity, or ‘dose’ can ‘flip’ the effect, such that
cathodal stimulation becomes excitatory at higher intensities' ™ Understanding

the effective dose experienced by those undergoing tDCS may therefore aid in

understanding individual differences in tDCS response.

1.3.1 Physiology and mechanism of action

Unlike other forms of non-invasive brain stimulation, tDCS cannot induce action
potentialst?, but rather modulates spontaneous neuronal network activity by the
polarity-dependent shift of resting membrane potential*?V. These changes have been
shown to persist after the removal of the stimulust!,

While the exact mechanism of action is not fully understood, changes in cortical
excitability, inhibition, and plasticity underpin current explanations for the effects
observed with tDCSMU22272 Pharmacological and spectroscopy studies have demon-
strated that tDCS modulates multiple neurotransmitter systems, including inhibitory
v-Aminobutyric acid (GABA) and facilitatory glutamate systemst22123128125 Tt hag

also been presumed that tDCS strengthens synaptic connections™2%12%128 through a

mechanism similar to long-term potentiation (LTP), a cellular correlate of learning
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T20)130

and memory . The ongoing effects are protein synthesis-dependent!3122:132

and are also related to altered intracellular cAMP4 and calcium levelst3*

1.3.2 Preclinical models of tDCS

Preclinical studies, involving both in vitro studies using slice preparations of
neural tissue, and in vivo studies using rodent and primate models, have allowed
for direct investigation into the cellular and molecular changes during and after
stimulation and testing of safety parameters. Early electrophysiological studies in
rodents demonstrated spontaneous and evoked cortical potentials were facilitated
by application of anodal direct current, and inhibited by cathodal direct current
stimulation2>13%37 T addition to being polarity-specific, these effects persisted
beyond the duration of the DC (direct current) stimulation, suggesting an effect
at the synaptic level®®. Biksom et al (2004), characterised the effects of DC
current on neuronal excitability using rat hippocampal slices, and showed that
the direction of applied electric current parallel to neurons induced polarization,
whilst perpendicular applied current did not induce polarization. Additionally, they
were able to trigger epileptiform activity when large negative fields (>80 mV mm1,
1 s) were applied; helping to establish safety thresholds in clinical translation®,
Using cortical M1 slices from mice, Fritsch et al (2010) investigated the cellular
and molecular mechanisms of DC stimulation by simultaneously applying anodal
DC stimulation with low frequency stimulation (0.1Hz). They demonstrated that
direct current stimulation induced long-lasting synaptic potentiation which was
polarity-specific, and outlasted the duration of stimulation. The effect was weaker
with concurrent low frequency stimulation of a different frequency, and was not
found with anodal DC alone™®4, This work demonstrated that the underlying
neuronal activity, or state, is a necessary mediator of effect.

Animal models have not only been extensively used to test the physiological ef-

fects of tDCS, in studies ranging from measuring the effects of tDCS on cerebral blood

139 140

fow!? motor excitability!*?, and visual tasks'*, but also used to study stimulation

142 45

effects in models of stroke™®?, epilepsy**¥, depression™®*, and pain'®®, among others.
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1.3.3 Modifying effects of tDCS

tDCS has now been extensively studied as a tool for establishing brain-behaviour
relationships across motor, cognitive, social, and affective paradigms, in healthy
and disease statesi49.

Anodal tDCS applied to the primary motor cortex (M1) has demonstrated
varying degrees of improvement in tests of motor speed, dexterity, motor learning,

LATLASIA9I 265085 - Ty particular, the application of M1 anodal tDCS

and adaptation
to modulate motor learning, the ability to acquire new skills or refine motor actions
through repeated practice, may be relevant to rehabilitation interventions more

151152 These behavioural effects of anodal tDCS depend on the relative

widely
timing of the stimulation and the task. Online stimulation, where anodal tDCS
and performance of an implicit learning task are done concurrently, leads to an
improvement in the rate of learning of that task*?®. When the task is performed
after a period of stimulation, so called offline stimulation, the rate of learning
is reported to be unchanged*.

Although most early tDCS studies were performed in the motor cortex, tDCS
does not only induce long-lasting alterations of motor-evoked potentials, but also
affects somatosensory** and visual-evoked potentials'®®, dependent on the cortical
area stimulated. Translational studies evaluating motor function in various disease
states, including cerebral palsy, stroke, spinal cord injuries and traumatic brain
injuries have predominantly stimulated the motor cortex to target motor recovery*>Y,
but other targets for neuromodulation include the posterior parietal cortex for post-
stroke neglecti®™°% the inferior frontal gyrus for aphasiat®”, and the sensorimotor

T60|T61

cortex for post-stroke dysphagia . To date, there are no studies evaluating

alternative stimulation targets for cerebral palsy. Across psychiatric disorders, tDCS

has been applied to the dorsolateral prefrontal cortex (DLPFC) for depressiont®2163,

1698166 qutism®? and attentional disordersi®®; and to

schizophreniat®®, addiction
M1 and the DLPFC for pain syndromes®%17,
An ongoing challenge remains the range of behavioural responses to tDCS

amongst healthy individuals and patient populations, even when stimulation
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parameters used are the same ™ HLT2LITTEIT - Nany of these studies report clusters
of participants who show a strong behavioural response to stimulation, and those
who do not!™1% This should not be surprising, however, given the plethora of
within-subject factors that could theoretically alter both the mechanistic delivery
of the modulating electrical stimulation, as well as the functional response to it.

176|149

Factors that have been described thus far include brain state , pharmaco-

T77IT78
)

logical influences!®®127 biological sex and hormonal cycles age™, baseline

T80/123 TRI182 T831R4I185

neurochemistry , genetic , and anatomical factors

1.3.4 Non-invasive brain stimulation in stroke

tDCS has been investigated in stroke as a promising adjunct to motor rehabilitation.
Investigations of tDCS in stroke have focused on utilising anodal tDCS to increase the
activity of the ipsilesional (affected) hemisphere or cathodal tDCS to reduce activity
in the contralesional hemisphere, thereby seeking to restore the ‘interhemispheric
imbalance’ of the cortices. The interhemispheric imbalance (IHI) model suggests
that, in stroke, the ipsilesional hemisphere’s function is reduced by the initial insult
of neuronal loss and then by an increase in inhibitory signals from the contralesional
hemisphere, which becomes hyperactive®18%187 - Anodal tDCS therefore may work
by ‘boosting’ activity in the lesioned hemisphere, while cathodal tDCS may suppress
the overactive non-lesioned hemisphere.

This model provides a rationale for applying cathodal tDCS to the contralesional
(non-lesioned) M1 in an attempt to decrease excitability and thereby upregulate
the ipsilesional M1 through a reduction in interhemispheric inhibition from the
contralesional hemisphere.

However, this model remains controversial. The original study by Murase
et al (2004) was small (n = 9), and more recent studies have been unable to

8

replicate the findings'®®. One of the main arguments to refute the role of IHI

in stroke rehabilitation is that an increase in contralesional activity could be
compensatory rather than maladaptive!®?12U88 - Digruptive TMS applied to the

contralesional side can lead to a decrease in performance of the affected hand?192
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while Xu et al (2019) demonstrated that the emergence of abnormal interhemispheric
inhibition. Several reviews have therefore suggested that the interhemispheric
imbalance model may be too simplistic and that a more individualised approach is
needed that accounts for the extent of structural damage as well as the availability of
residual motor pathwayst®1%2. The largest meta-analysis of corticomotor excitability
and interhemispheric inhibition post-stroke found no clear evidence for increased
excitability of the unaffected hemisphere, nor evidence suggestive of imbalanced
interhemispheric inhibition®®. The authors conclude that facilitating ipsilesional
M1 excitability may, therefore, be more beneficial than suppressing contralesional
M1 excitability to promote recovery*.

Despite ongoing uncertainty and efforts to elucidate the underlying mechanisms
by which tDCS may improve function after stroke, a relatively large body of work

on tDCS in stroke rehabilitation has now accumulated. There is evidence that both

JL19AIT95 Q421195

ipsilesional anoda and contralesional cathodal tDC improve motor
function post-stroke. However, there are also many studies that have failed to
show any beneficial effect of anodal or cathodal tDCS on functional recovery post-
stroket. The most recent Cochrane review of tDCS in stroke highlights ongoing
uncertainty in this field: they report evidence of moderate quality regarding tDCS
improving activities of daily living outcomes (ADL), while ongoing disparities on
the effect, if any, on upper and lower limb*?. Variability of tDCS protocol, as
well as inter-individual differences (Section are cited by many as the likely

cause of these discrepancies in study results'“®,

1.3.5 tDCS in Cerebral Palsy

tDCS in a paediatric and adolescent population has been shown to be safel?#2%0,

However, there is only a small body of literature on the use of tDCS in chil-

dren and adolescents with CP, with studies of lower limb function appearing

201})202)203)204

promising , but those of upper limb function still unclear as to whether

there is a benefit205:206/207/208/209
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Effect of tDCS on improving lower limb function

Two single-session studies, delivering anodal tDCS for 20 minutes and assessing
lower limb function, have yielded inconsistent results between them. Grecco et al.
delivered 20 minutes of anodal tDCS to the dominant hemisphere of participants with
hemiparetic or diparetic CP, and assessed gait and balance. They demonstrated
a significant reduction in sway and an increase in walking speed for the active
group compared with sham, but no change in cadence. Follow-up only extended
to 20 minutes post-intervention and stimulation was applied to participants at

t21 Lazzari et al. delivered anodal to the motor cortex (side unspecified)

res
for 20 minutes in combination with virtual reality mobility training and assessed
balance, demonstrating increased sway velocity (worsened balance), for both groups
immediately post-intervention and no clear group effect’®. Follow up time periods
are significant limitations of both of these studies with post-stimulation assessment

203 or at only 20 minutes?™. Tt is difficult to exclude fatigue

performed immediately
or draw any conclusions about longer term effects.

Several studies have assessed multiple sessions of anodal tDCS for promoting
lower limb function and have demonstrated improvement in various measures of
balance and/or gait. Duarte et al. delivered anodal tDCS of the ipsilesional side to
hemiparetic and diparetic participants during 10 sessions of treadmill training=.
They demonstrated improved scores on the paediatric balance scale (PBS), as well
as reduced sway, in the experimental group. Between group comparisons are difficult
to interpret as mean scores were analysed using a one way ANOVA, rather than
change scores. Lazzari et al. similarly demonstrated improvements in the PBS, as
well as in the TUG, following anodal tDCS (laterality unspecified) compared with
mobility training using virtual reality®™®. Grecco et al. (2015) combined ipsilesional
anodal tDCS with virtual reality gait training for 10 sessions and demonstrated
greater improvement in walking velocity and cadence in the tDCS group compared

to sham, but not in any other variables measured?’?.
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Effect of tDCS on improving upper limb function

Three studies have assessed the impact of a single session of anodal tDCS to
improve upper limb function®®®2E22" demonstrating an improvement in a single
metric of reaching with the affected hand®®®, and an improvement in box and block

22120 Aree-Uea et al. administered 5 sessions of ipsilesional M1 anodal

score
tDCS and demonstrated a reduction in spasticity of the affected side of those
who received anodal stimulation versus those in the sham group®®. They did not
assess any measures of upper limb function apart from spasticity. Auvichayapat
et al. similarly demonstrated decreased spasticity (lower Tardieu score) of the
affected arm post-intervention, and also demonstrated improved hand function
(assessed by the QUEST); however, there was no control group and the sample
size was small (n = 10)2.

Two studies have evaluated the use of 10 sessions of tDCS to improve upper
limb function; both utilising cathodal stimulation to the contralesional M1 and 120
minutes of CIMT per session?%?213 Gillick et al. found a significant increase in the
primary behavioural outcome of hand function (Assisting Hand Assessment) in both
groups pre- and post-intervention and pre-intervention to 6 month follow up; but no
significant change between groups“®. Of note, this sample size remained small (10
in each group) and the dose of tDCS was smaller than other similar studies, using
0.7mA rather than 1mA which is more common in the literature.*** similarly found
no between-group differences, with a modest increase in hand function in both
groups as assessed by the AHA. Subjective measures of upper limb performance
(Canadian Occupational Performance Measure) showed significant improvement in
the active group compared to sham. Multiple objective and subjective measures
were included as part of the secondary outcomes with no significant effect of group

found. Inclusion criteria for this study was only for a subset of children with CP

- only those with perinatal stroke and hemiparetic CP.
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Combined upper and lower limb interventions

To our knowledge, only one study has combined tDCS and an intervention targeted
at both upper and lower limb function. Fajardo et al. assessed the effect 15 sessions
of ipsilesional anodal tDCS combined with neurodevelopmental treatment (NDT )<,
The primary outcome was change in Gross Motor Function Measurement-88 (GMFM-
88) which assesses lying and rolling, sitting, and mobilising, and Modified Ashworth
Scale (MAS) assessing spasticity. Both the active and control groups showed
improvement over time in overall GMFM-88 scores, while the tDCS group also
demonstrated an improvement in spasticity at follow-up. There are several important
limitations of this study: the control group did not include sham stimulation, no
between-group analysis was performed, and the rehabilitation intervention (NDT)
has been consistently shown to be ineffective with low quality evidence grading

on systematic I‘evievvnovakZO13AEv1dence‘

1.3.6 Limitations of current evidence

There are several important limitations to consider in the current literature eval-
uating the use of tDCS in cerebral palsy. Firstly, several studies either have no

2198208 o1 do not utilise sham stimulation for their control group, such

control group
as Radwan et al., who compared the effects of anodal tDCS with VR, with no
sham condition*®, and Fajardo et al*#. Utilisation of a sham condition typically
involves a short period of stimulation (30 seconds or less) where current is increased
and then turned off, and replicates the cutaneous sensations that are associated
with changing current. Sham tDCS is generally regarded as an effective blinding
technique for participants, especially for those who are naive to tDCS2L7218:21
and assists with researcher blinding.

Two studies utilise a within-subject crossover design to probe tDCS effects, with

ST2211

only 24 hours between conditions . Current consensus suggests a minimum

of 7 days between stimulation sessions to enable any stimulatory effects to have

been washed out between conditions™®Y.
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210 ytilised a non-standard electrode placement, placing the anode over

One study
M1 on the contralesional side (rather than ipsilesional side), and the cathode over
the inion, rather than supraorbitally, with no stated rationale. Type of stimulation
and stimulation intensity also vary greatly between studies, ranging from 0.7 mA2%
to 1.5 mA cathodal tDCS?2, and 1 mA206:205208 6 1 5 mA of anodal tDCS*:
the majority of studies using 1 mA anodal tDCS .

Several studies did not specify if participants were engaged in any activity or
training during tDCS2Y%212210 Eneaging participants in a related motor task while
applying a-tDCS to M1, has become a fundamental principle of tDCS, often referred

0

to as online stimulation, or task-specific modulation®®¥. This principle is based

on the evidence that tDCS will preferentially enchance or consolidate a specific

123221 For example, Stagg et al.

pattern of activity if performed during stimulation
showed that tDCS applied during sequence learning task led to polarity-specific
modulation of behaviour: anodal tDCS was associated with faster sequence learning,
cathodal stimulation was associated with slower sequence learning. Application
of tDCS prior to performing the task led to slower learning in both anodal and
cathodal stimulation groups'®.

Finally, only certain subtypes of cerebral palsy are included in many of these
studies - several studies include only children with perinatal stroke and hemi-

paretic CP2132152M while Auvichayapat et al. and Aree-Uea et al. only included

participants with spasticity of the right upper limb29>2%,

1.4 Aims of this thesis

Cerebral palsy is a common childhood disability that encompasses a range of
underlying pathologies and clinical presentations, but is foremost a disability that
affects motor function in children. Great strides have been made in prevention
and treatment, but the overall number of children and adolescents with cerebral
palsy continues increase, as life expectancy increases and complications decrease.
There is a need for effective, time-efficient, rehabilitation strategies to improve

motor function to facilitate activities of daily life.
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Non-invasive brain stimulation, transcranial direct current stimulation in particu-
lar, is a potentially promising treatment avenue which could augment rehabilitation
strategies by facilitating neuroplasticity. However, previous evidence in stroke,
and emerging data in cerebral palsy, suggest high inter-individual variability in
response to tDCS.

This thesis examines the utility of tDCS in improving motor function in a
clinically relevant cerebral palsy cohort, exploring inter-individual differences in
treatment response according to baseline corticospinal tract integrity and modelled
electric field strength.

In Chapter 2, the impact of the COVID-19 pandemic on access to rehabilitation
and motor function in children with cerebral palsy is described. This opportunistic
study assessed the impact of unprecedented disruption to rehabilitation on young
people with cerebral palsy.

In Chapter 3, the results of a randomised, double-blind, sham-controlled clinical
trial investigating the effect of anodal tDCS and motor training in children with
cerebral palsy are presented.

In Chapter 4, individualised probabilistic tractography using diffusion magnetic
resonance imaging data is used to generate individual metrics of white matter
tract integrity. The inter-individual variability in corticospinal tract integrity at
baseline is assessed, along with correlation to the pattern of functional deficit
and response to rehabilitation.

Finally, in Chapter 5, individualised electric current simulations are used to
explore the inter-individual variation in electric field generated by anodal tDCS
in a heterogenous cerebral palsy population, to determine if measures of electric
field strength in the target primary motor cortex and field focality can predict

response to tDCS.
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2.1 Introduction

While the causative brain injury in cerebral palsy is static, symptoms and children’s

functional abilities may fluctuate over time?22. Developmental trajectories of mobility

and performance of activities of daily living (ADLs) are slower than typically

developing children, and begin to plateau in early adolescence®. From adolescence

29
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into adulthood, an overall decline in motor function and mobility occurs®, which
is linked to reduced overall function and lower participation in work and sport®?.
Routine monitoring and physical rehabilitation, used to maximise function and
prevent secondary complications, is vital both to slow functional decline and ensure
maximal improvement in domains that still show scope for improvement such as
spinal alignment, joint range of motion, and strength?%3.

Children with cerebral palsy have complex needs across life stages, and in the
United Kingdom (UK), children may access medical and rehabilitative care through
state (National Health Service) and private healthcare, and through education
services at dedicated specialist schools or specialist units in mainstream schools.

When the COVID-19 pandemic led to a nationwide lockdown in the UK in
March 2020, a significant reduction in healthcare support occurred®?*. For most
children, this did not resume for many months, or even longer**. Understanding
the physical consequences of the UK’s lockdown on children with cerebral palsy
is essential so that appropriate support can be implemented.

We gathered data following the period after the first national lockdown in

the United Kingdom to record and evaluate the physical and functional effects

on children and adolescents with CP.

2.1.1 Key aims of this chapter

1. Determine if children with cerebral palsy experienced a change in their ability

to perform motor tasks during the nationwide lockdown

2. Describe the patterns of access to exercise and physical & occupational therapy

before and during the lockdown

3. Describe how children with cerebral palsy used their time during lockdown,

with a focus on time spent on exercise
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2.2 Methods

This cross-sectional retrospective study was conducted in the United Kingdom

between October 17 2020, and February 8 2021.

2.2.1 Study participants

A population-based convenience sample of guardians of children with CP in the UK
was utilised in the CP@QHome study. All guardians of children aged 16 years or
younger with CP were eligible to participate. The survey included two sections; one
for guardians to complete and one for children with cerebral palsy, if they were aged
10-16 years. Guardians provided electronic consent to participation and publishing
of data prior to participation. Eligible children provided electronic assent.

The survey was hosted on REDCap (Research Electronic Data Capture), a
secure, web-based data management software. Study information and the survey
link were distributed via social media, cerebral palsy and neurodevelopmental
disorder charities, and schools.

Ethical approval for the CP@Home study was obtained from the University of
Oxford Research Ethics Committee (R71276/RE001).

2.2.2 Variables of interest

Demographics collected included age and gender of child, gender of guardian
respondent, relationship of the respondent to child, presence of a confirmatory
diagnosis of CP, and parent-reported Gross Motor Function Classification System
(GMFCS) category®. Information related to schooling and extra provisions were
obtained. A history of COVID-19 infection and illness for children and households
were obtained, in order to determine if any reported changes could be associated
with COVID-19 infection.

There were 4 main sections in the survey to assess the impact of the na-

tionwide lockdown.
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1. Ability to perform ADLs and motor tasks was assessed using a modified
version of the Activities of Daily Living & Independence and Gait Function

& Mobility section from The Gait Outcomes Assessment List (GOAL™ )22,

2. Access to exercise and physical & occupational therapy before and during the

lockdown, and mode and utility of provision.

3. Time usage of children during lockdown, including estimated time spent doing
low and high-intensity exercise, defined as gentle physical activity (e.g. walking
or stretching); and cardiovascular workouts (e.g. running and high-intensity

interval training) respectively.

4. Children’s sleep patterns, understanding of the disease and lockdown and their
feelings surrounding staying at home, including modified use of the Pandemic

Anxiety Scale (PAS)#%". Data not included in this thesis.

The majority of questions were presented as multiple-choice answers, with an
‘other’ option and free text for clarification; or Likert scales which included a ‘not
applicable’ option. A free text box was included at the end of the survey for
guardians to share any additional information that they felt was pertinent.

The optional child survey was abbreviated from the guardian survey. Similar
to the guardian survey, ADL and motor task experiences based on the GOAL ™22

and a modified PAS was included.

2.2.3 Data Processing and Analysis

Data were exported from the REDCap server for statistical analysis using IBM SPSS
Statistics for Mac (version 27) and plotted using GraphPad Prism (version 9.02).

Given the descriptive nature of the study, the majority of the data are described
using a percentage of responses for each question. Where relevant, data were tested
for normality using a Shapiro-Wilk test. Wilcoxon matched-pairs signed rank test
was used as a paired difference test, and two-sided Fisher’s Exact test for categorical

variables. The threshold for significance was set as p < 0.05.
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2.3 Results
2.3.1 Participants

A total of 67 guardians showed interest in completing the survey, with 54 complete
or near-complete responses (defined as as > 75% completion). All respondents
identified as parents and will be referred to as such. The mean age of the
respondents’ children was 8.9 4 4.8 years and all children had a confirmed diagnosis
of CP. Six adolescents completed the child survey. Participant demographics
are reported in Table [2.1]

2.3.2 Access to medical care, therapy and physical activity

koK

. ] Access to
therapy/exercise

I No access to
therapy/exercise

Percentage of children (%)
AN
o
1

Prior to During
lockdown lockdown

Figure 2.1: Children’s access to care during the lockdown: Access to therapy and/or
supervised exercise was significantly decreased during the lockdown versus prior to
lockdown. (Two-sided Fisher’s Exact test, p < 0.0001)

We asked parents about therapy attendance before lockdown for their child, and

how this had changed during lockdown. Before lockdown, 82.4% reported attending
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Table 2.1: Demographics of survey respondents - guardians and children, as well as
characteristics of CP, therapy provisions, and illness with Covid-19 during survey period.
Data are reported as n (%). PCR: Polymerase chain reaction

Demographic n (%)
Guardian Gender
Female 43 (81%)
Male 6 (11%)
Other/prefer not to say 4 (7.5%)
Child’s gender
Female 20 (37%)
Male 33 (61%)
Other/prefer not to say 1 (2%)
Gross motor function score
I 3 (5.9%)
1 17 (33.3%)
11T 8 (15.69%)
v 13 (25.5%)
\ 10 (19.6%)
Type of school attended
State school 17 (44%)
Independent school 3 (8%)
Special provision school 13 (33%)
Home educated 0 (0%)
Other/not specified 6 (15%)
Primary caregiver for child
Respondent (parent) 31 (73.8%)
Child’s other parent 1(2.4%)
Joint responsibility 8 (19%)
Respondent’s partner 0 (0%)
Family member 0 (0%)
Child’s sibling 0 (0%)
Carer 1(2.4%)
N/A 1(2.4%)
Illness with COVID-19
PCR diagnosed and recovered Parent 1(2.4%)
Child 0 (0%)
Household 1(2.4%)
PCR diagnosed and still ill Parent 0 (0%)
Child 1 (2.4%)
Household 0 (0%)
Suspected and recovered Parent 7 (16.6%)
Child 2 (4.8%)
Household 4 (9.5%)
Suspected and still ill Parent 0 (0%)
Child 0 (0%)
Household 0 (0%)
Never ill Parent 34 (81.0%)
Child 39 (92.6%)
Household 37 (88.1%)
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Figure 2.2: Parent reported outcomes during the lockdown: Parents reported increased
difficulty in accessing care for their child during the lockdown across several domains.

physical or occupational therapy at least once a month. The majority of children
attended therapy monthly (33%) or weekly (27.5%), with only 9.8% of children not
receiving any therapy prior to lockdown. In terms of access to supervised exercise
classes (including school and gym classes), the majority (56.9%) attended weekly,
19.6% attended daily, and 23.5% did not attend any supervised exercise prior to
lockdown. These services were accessed through schools (44.7%), the NHS (28.9%),
privately (19.7%), and through charities and local clubs (6.6%). In contrast to
the 92.3% of children who had access to therapy and/or supervised exercise prior
to lockdown, only 25.5% of children had access to these services during lockdown.
The percentage of children who accessed supervised exercise or therapy differed
significantly before lockdown vs. during lockdown, p < 0.001 (Figure .

The majority of parents reported overall negative experiences and effects of
lockdown on their ability to care for, and access medical care for, their child (Figure

. 76.2% of parents reported feeling that it was difficult to access medical care
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for their child and 41.5% reported difficulty in accessing medication. Important
care or surgery had been postponed for 69% of children and 90.2% had medical

or therapy appointments cancelled or postponed.

2.3.3 DMotor skills, ability to perform activities of daily
living and access to exercise

Washing/bathing

Opening a door

Standing at a counter

Carrying an object while
walking

Picking up a small object
Getting dressed

Getting around at home

More/ much
Getting in & out a vehicle more difficult
Getting in & out of bed Il The same
Getting in & out of a .
chair/wheelchair M Easier/ )
much easier

Walking > 250m
Walking for >15min
Walking up & down stairs

0 20 40 60 80 100
Percentage of children

Figure 2.3: Children’s activities of daily living: Parents reported substantially more
difficulty experienced by their child in performing common activities of daily living when
compared to their ability prior to lockdown.

A specific focus of the questionnaire was to understand the effects the lockdown
had on the ease or difficulty they experienced in performing motor tasks and ADLs.
Parents were asked to state if they thought their child found a series of everyday
tasks, based on the GOAL™ questionnaire, easier, the same, or more difficult than
before. Across the different tasks, between 12-61% reported finding activities more
challenging (Figure . Mobility tasks were reported as the most challenging, with
children finding it more/much more difficult to walk up and down stairs (61%),
to walk for more than 250m (58%), to walk for more than 15 minutes (58%), and

to get out of a chair/wheelchair (44%).
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Figure 2.4: Proportion of time spent on high- and low-intensity exercise per day: Parents
reported that, as a proportion of time spent on all activities in a day, very little time
was spent by their child on high-intensity exercise. However, a much greater percentage
recorded at least 30 minutes of low-intensity exercise on an average day.

We evaluated the time children spent on exercise during their day, as a proportion
of the total time spent on all activities in a day. The majority spent little to no time
on high-intensity exercise: the median proportion of time spent on high-intensity
exercise was 0 (0-7.4%), and the median proportion on low-intensity exercise was
18% (13-23%). The median proportion of time spent by children on any exercise

(low-intensity, high-intensity or not specified) was 20% (15-29%) (Figure [2.4).
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2.3.4 Alternative methods of providing therapy: evaluation
of online offerings

8%

B It was difficult to take time out of
my day to do this with my child

[ Online therapy would have been
helpful, but it was too difficult to do
this with my child

15% .
& The call quality was poor

[ We didn't have the correct equipment

B It was difficult to balance doing the tasks
with managing the technology

46%

Figure 2.5: Parents experiences of the challenges associated with online therapy during
lockdown. Many parents felt that online therapy was too difficult to do with their child,
or it was difficult to take the time to do it.

Of the 13 children who had access to therapy or supervised exercise during
lockdown, 8 were able to access it online, 3 in person, 1 both online and in person,
and 1 was unspecified. Of the small sample who had access, 6 of the 9 parents
reported that they felt the online offering was helpful, but not to the same extent
as in person therapy (Figure . One parent reported that it was not helpful at
all. When exploring the reasons for these sentiments, parents reported that it was
difficult to carry out the instructions given (n=2), that technical issues made it
more challenging (n = 3) and taking time to attend with their child was challenging
(n = 1) (Figure[2.5). Of the adolescent respondents, only one had attended therapy

since the onset of lockdown, and stated that they did not enjoy online therapy.

2.4 Discussion

The COVID-19 pandemic, and subsequent lockdowns, presented an unprecedented

challenge to delivering schooling, healthcare, and physical activity to children
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with Special Educational Needs and Disabilities (SEND)%*. A rapidly changing
situation made it difficult to fully understand the impact, or adequately plan for and
accommodate children with neurodevelopmental disorders. However, it is crucial to
ensure that we understand these impacts in order to mitigate them and support
these children, as well as to inform future public health decisions.

In this dataset, parents of children with CP in the UK reported marked changes
in their access to therapy and physical activity. To our knowledge, this is the
first UK-wide study to evaluate the impact of the COVID-19 lockdown on motor
and functional consequences in children with CP.

Our sample had low rates of COVID-19 infection and no hospital admissions
were reported. This is in keeping with other studies which show that very few
children with neurodevelopmental disabilities have been hospitalised with COVID-
19227228229 though children with CP were classed as ‘clinically vulnerable’, and
may have been shielding.

Most respondents reported cancellation and/or postponement of medical and

230 231

rehabilitative care, congruent with studies in Italy=*" and France=** as well as charity
and government reports*2%224232 Qur study indicated that children in the UK had
lower levels of access to therapy (25%), than similar reports in Italy, where 49.5% of
the children with neurological illnesses had access to telerehabilitation®", and in the
USA where 72% of those surveyed had access to video-based telerehabilitation®,
This suggests that provision was disproportionately reduced in the UK compared
to other high-income countries.

Our study indicated a sub-population of approximately a third of children with
a decline in ability to perform physical activities which form part of activities of
daily living. In particular, gross motor activities of walking for >250m or >15
minutes, walking up and down stairs, and standing from sitting were found to be
more difficult. This did not appear to correlate with GMFCS or the regularity
of previous access to rehabilitative care. This is in keeping with Theis et al.22?,

where 61% of respondents had observed negative physical changes in their child

with a physical/intellectual disability since lockdown began. For children with CP,
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it is recommended that moderate to high-intensity physical activity be undertaken
at least 5 days per week, and that sedentary behaviour be limited to < 2 hours

233 Our data suggest that during the lockdown

a day or be broken up regularly
60-71% of the children spent at least 4 hours a day in sedentary activities, and
only a small minority undertook any high-intensity exercise.

Participation in therapy and physical exercise is particularly important for
children with CP, as it helps to prevent the cycle of physical impairment leading to
deconditioning that, in turn, worsens the level of disability®”. Regular stretching
and loading of muscles is vital to maintaining muscle length and strength, decrease
spasticity and prevent contractures®”. Furthermore, the early brain injury in CP
results in an overlapping window for developmental age-related motor learning,
and post-injury motor recovery?*#. Both animal studies®*® and non-invasive brain
stimulation studies of motor development“*® have demonstrated plastic motor
organization continues through childhood and adolescence. In parallel to this,
physical training and therapy across the lifespan of children and adolescents with
CP has shown to be of benefit®. In summary, ongoing physical training and therapy
are critical to support neural plasticity and motor functioning.

This study highlights several of the effects of lockdowns, with drastically
reduced /disrupted service provision, on children with CP. Education and health
systems are at the forefront of working with children and families to address both
existing physical and psychosocial needs, as well as new issues that have arisen.
This will include focusing on recovering lost motor function, especially mobility,
reinstating routine monitoring for spasticity and other complications, and revising
clinical and education, health and care (EHC) plans where appropriate.

It is also critical to continue to pursue better interventions to improve motor
function and increase the independence of young people with CP. Non-invasive brain
stimulation (NIBS) techniques, which have gained increasing favour over the last
two decades, offer the potential to modulate neural activity following an acquired
brain injury2%238239  Previous clinical trials have demonstrated that tDCS of the

primary motor cortex (M1), when applied during rehabilitation, may improve upper
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limb function in stroke patients®%!42. Chapter [3| will explore the effect of tDCS

on motor outcomes in a cohort of children with CP.
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3.1 Background

The clinical manifestations of Cerebral palsy are diverse, with motor deficits
often accompanied by disturbances of sensation, cognition, communication and
perception*!. Regardless of the severity, or the subtype, children with CP experience
a lower Quality of Life (QoL) across all domains, in particular, physical and emotional

24024Y Progress over the last 20 years has resulted in a reduction in the

well-being
incidence of cerebral palsy in developed countries™. However, the overall prevalence
of people with cerebral palsy is forecast to continue to increase as life expectancy
and medical care improvet?.

The COVID-19 pandemic demonstrated that even short gaps in access to
rehabilitation and physical activity can have detrimental effects on children and
adolescents with cerebral palsy (Chapter . Therefore, it is critical to continue to

pursue effective interventions to improve the quality of life, improve motor function,

and increase the independence of children with cerebral palsy.

3.1.1 Current therapies for cerebral palsy

Over the last two decades, rehabilitation protocols based on motor learning principles
have been developed for children with cerebral palsy. These include interven-
tions for upper extremity function, such as constraint-induced movement therapy
(CIMT)#22%3 and modified CIMT (mCIMT)*** hand-arm bimanual intensive
training (HABIT)2232%%8% and later the development of hand and arm bimanual
intensive therapy including lower extremities (HABIT-ILE) to additionally improve
lower limb function22®2247

Intensive bimanual training (such as HABIT and HABIT-ILE) have gained pop-
ularity as it is increasingly recognised that children’s functional independence is re-

lated to the use of limbs in a coordinated way, with real-world applicability™. These

techniques of rehabilitation have been recognised to improve function when principles
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of motor learning and neuroplasticity are utilised, such as practice specificity,
feedback, repetition, increasing movement complexity, motivation, and reward®.

An important limitation of many current rehabilitation strategies, both those
with evidence for benefit, and those with emerging evidence or unclear benefit, is

novak2013AEvidence For example
* Y

how time- and resource-intensive they are to run
the total training time for CIMT varies between 20 to 504 hours in studies evaluating
the utility of CIMT#®; while a recent systematic review found that nearly half of all
studies evaluating HABIT were based on participants having 6 hours of intervention

a day for three consecutive 5-day weeks, totalling 90 hours per participant™. It is

therefore important to investigate ways to improve the efficiency of rehabilitation.

3.1.2 Non-invasive brain stimulation as an addition to cur-
rent therapy

Non-invasive brain stimulation (NIBS) techniques, which have gained increasing
favour over the last decade, offer the potential to modulate neural activity and
recovery following an acquired brain injury®*”. One such technique is transcranial
direct current stimulation (tDCS) - a non-invasive brain stimulation technique
that modulates cortical excitability?.

Transcranial direct current stimulation offers the benefit of being low-cost and
portable. As such, it has been widely studied as a therapeutic adjunct in a wide
spectrum of clinical conditions. Most significantly, tDCS has been thoroughly
investigated as a tool to assist with recovery of motor function post-stroke, with
long-term improvement in motor function2°%25Y,

There is a large body of research demonstrating the potentially promising effects

194195252 The underlying

of both ipsilesional anodal and cathodal stimulation
mechanisms remain poorly understood, and several meta-analyses have shown
extensive variation in response, with a resulting estimated small-to-moderate effect
size of tDCS in improving motor rehabilitation outcomes!®*197,

Whilst tDCS has been extensively investigated in adult stroke patients, it cannot

be assumed that these findings will translate to children with cerebral palsy, given
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that cerebral palsy is an early insult to a developing brain, while adult stroke

is a late insult to a mature brain.

tDCS in cerebral palsy

tDCS in a paediatric and adolescent population has been shown to be safel™

However, there is only a small body of literature on the use of tDCS in chil-

dren and adolescents with CP, with studies of lower limb function appearing

201)202J1203/1204

promising , but those of upper limb function still unclear as to whether

t205’206’207’208’209’211

there is a benefi . This literature is summarised in Table [3.1]
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As outlined in Section there are several important limitations of the
current literature examining the impact of tDCS in motor rehabilitation in CP.
Generalisability of studies is limited by studies without control groupst>2% and
those that don’t utilise sham stimulation for their control group?®24, Without
control groups utilising sham stimulation, it is not possible to blind participants
and researchers to condition.

Variation in the type of stimulation, and stimulation intensity (0.7 mA to

2 mA 2220020520821 make comparison between studies challenging. Many

studies did not engage participants in a motor activity during training20®212:216,
which is recognised as important to consolidate the plasticity boosting effects
of stimulation!2322L

Lastly, limiting inclusion criteria to specific subtypes of cerebral palsy, for

213 or unilateral upper limb impairment?%>2%! limits the

example perinatal stroke
generalisability of results.

While these studies have been fundamental to improving our understanding
of the safety and tolerability of tDCS in children with cerebral palsy, the efficacy
of tDCS in this population remains unclear. Variability in stimulation protocols,
motor interventions, outcome measures, and statistical analysis makes it more
difficult to interpret these findings in a broader context of clinical utility for
real-world clinical populations.

Given that approximately two-thirds of children with CP have motor deficits
in more than one limb°?, it is of value to investigate whether combining tDCS
with therapy involving both upper and lower limb training would be feasible and
have the potential to be effective. To our knowledge, no studies have evaluated the
use of tDCS to improve both upper and lower limb function in the same session,
coupled with well-evidenced motor training.

Additionally, there are no studies, to our knowledge, that evaluate the effect
of targeting tDCS electrode placement to modulate the cortex corresponding to

both upper and lower limbs, in combination with therapy interventions for both
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upper limb and lower limb. This study aimed to address this gap in the literature,

and the above discussed limitations of previous work.

3.1.3 Key aims of this chapter

Building on our findings in Chapter 3, which showed children with cerebral palsy
experienced a decline in motor outcomes, and specifically the ability to perform

activities of daily living, we aimed to:

1. Describe the effect of 10 sessions of upper and lower limb training on motor

ability in children with CP.

2. Determine if anodal tDCS of the motor cortex enhances the effects, if any,
of 10 sessions of training on upper and lower limb function (with a control

group receiving sham stimulation).

3. Assess feasibility, safety, and tolerability for the intervention.

3.2 Methods

3.2.1 Study participants

StimCP was a randomised, double-blind, multi-centre, sham-controlled pilot study,
registered at www.isrctn.com (ISRCTN74235136). The study was approved by
National Research Ethics Service and the Health Research Authority (REC ref:
20/WM/0046) and carried out in accordance with the Declaration of Helsinki. Par-
ticipants younger than 16 provided written assent (with parent/guardian providing
written informed consent). Participants aged 16 years were considered competent
youths and provided written informed consent.

Participants were recruited through participating NHS trusts, schools, and
word of mouth.

Inclusion criteria were as follows:
1. Age 10-16 years

2. Clinical diagnosis of cerebral palsy
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3. Gross motor function classification score (GMFCS) I to III
4. Manual ability classification score (MACS) I to III
5. Upper and/or lower limb impairment

6. Able and willing to participate, with a parent or guardian that is willing and
able to provide informed consent on behalf of the participant (if under 16

years of age)

Exclusion criteria included: 1) contraindications to tDCS, including seizures
within the preceding 2 years; 2) contraindication to physical therapy as determined
by the clinical team; 3) cognitive impairment to the degree that the participant
would be unable to interact and follow instructions; 4) scheduled elective surgery or
other procedures requiring general anaesthesia during the trial; 5) life expectancy of
fewer than 6 months; 6) female participant who is pregnant, or planning pregnancy
during the course of the trial; 7) any other significant disease or disorder which
may either put the participants at risk, or may influence the result of the trial,
or the participant’s ability to participate in the trial and 8) participants who
have participated in another research trial involving an investigational medicinal

product in the preceding 12 weeks.

3.2.2 Sample size

It was difficult to accurately estimate the expected effect size given the limited
reporting from prior studies, wide variety in effect sizes reported, and differing
patient profiles where these can be estimated. The median estimate from a selection
of relevant previous studies is approximately d = 0.5 (Cohen’s d). The proposed
sample size of 30 participants would provide adequate power (80%) to detect a true
effect if this estimate is correct (alpha 0.05, power 0.8, allowing for 20% attrition),
or to give a better indication of the effect size if not. As a pilot study a secondary
aim was to evaluate feasibility of recruitment and delivery of the intervention.
The study start date was delayed by 18 months due to the COVID-19 pandemic.

Ethics approval was obtained in April 2020, and recruitment to new studies was
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Baseline Measures

Safety Screening Gait
History Hand Function
Baseline Measures Mirror
Gait Movements
Hand Function Combined with personalised General
Mirror Tiw upper and lower limb function
Movements T2w functional training Process Assessment
General function DTI Tolerability
Resting State measures

Figure 3.1: StimCP study design: Participants completed a baseline assessment which
included safety screening and functional assessment. For those who opted in, a structural
and functional MRI was performed before intervention. The ten-day intervention period
consisted of 20 minutes of anodal or sham stimulation during a 90 min training block each
day. Outcome assessments were done 1, 6, and 12 weeks after the end of the intervention

on hold until August 2021. Further information can be found in Appendix [A]l As
a result, a smaller sample size has been obtained, however, study retention has

been higher than expected, with no attrition.

3.2.3 Study Design

Enrolled participants completed 15 study visits: baseline assessment, MRI scanning
session, 10 intervention sessions and 3 follow-up assessments (Figure [4.2)). The
MR scan was not a necessity for enrolment in the trial, and participants could

opt out (for more details, see Chapter (4)).

Primary outcome measures

The primary outcome for the upper limb was the change in performance time for
the Jebson-Taylor hand test?®® at 1-week post-intervention. The primary outcome
for the lower limb was the change in the performance time for the Timed Up and

Go test®¥ at 1 week. Secondary outcome assessments included:
1. 10 metre walk test50

2. The Children’s Hand Use Experience Questionnaire??
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3. Gait Outcomes Assessment List#?

4. Modified Ashworth Scale®>®

The Jebson Taylor Test assessed in the standard manner. Participants were
familiarised with the tasks prior to assessment at the baseline session. At each
assessment session, participants completed each task three times, and the best
time (in seconds) was taken. Participants were instructed to perform as quickly
as they could whilst avoiding making mistakes. The maximum time allowed for
each subtask was 120 seconds, and participants were given the maximum time if
they were unable to complete the task. A total time was calculated by summing
the best time for each of the 6 subtasks.

Participants were allowed to use any walking aids they typically required to
complete the Timed Up and Go test. They were instructed to perform the task at
their usual pace, and at each assessment session, participants completed the task

three times if possible. The best time was used for analysis.

Secondary outcome measures

Secondary outcomes were as follows: JTT and TUG assessed across all time-
points, spasticity assessed with the Modified Ashworth Scale (MAS) and 10m walk
test. We also included parent/guardian and child-reported measures: The Gait
Outcomes Assessment List (GOAL) and the Children’s Hand Use Experience
Questionnaire (CHEQ).

3.2.4 Safety and tolerability

A process evaluation questionnaire to assess the feasibility and acceptability of
the study was completed by parents and participants at their final follow-up visit.
Tolerability and side effects were assessed based on a pediatric non-invasive brain

2592000 which ranks the session

stimulation safety and tolerability questionnaire
in comparison to seven common childhood experiences ranging from playing a

game to going to the dentist.
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The questionnaire additionally included questions on the acceptability of session
duration and number, difficulty level of motor training, and participants’ perception

of what effect, if any, the study had on them.

3.2.5 Study intervention

Motor activities

The intervention of ten sessions over two weeks consisted of 90 minutes of mo-
tor activities paired with 20 minutes of anodal or sham tDCS. The activities
included functional upper and lower limb tasks incorporating principles of the Hand
Arm Bimanual Intensive Therapy (HABIT)“Y the upper limb intensive (Magic)
camp programme®®! and the HABIT Including Lower Extremities (HABIT-ILE)*4¢,
HABIT uses tasks that require both arms to improve the use and coordination of
arms in daily function. HABIT-ILE additionally incorporates lower limb activities
with the bimanual activities, aiming to improve participants’ ability to carry out
activities of daily living and participate in social activities. The HABIT-ILE method
applies the principles of structured motor learning in functional and playful tasks,
with a gradually increasing motor difficulty. Finally, the Magic camp programme
incorporates learning and performing carefully selected magic tricks in an organised,
easy-to-follow way, to motivate children whilst learning a bimanual magic trick.

The activity plans were designed by a multidisciplinary team including phys-
iotherapists, occupational therapists and motor neuroscientists. Each session was
delivered by a qualified physiotherapist, with additional support from physiother-
apists and movement science students as needed.

Activities were individualised to accommodate for level of motor function, and
incorporated a step-wise approach to increase difficulty as appropriate to their
abilities. Activities were designed to be fun and engaging, while also including the
participant’s own functional goals wherever possible. To ensure ongoing engagement,
two sets of motor activities were prepared for each participant, and were changed
over after session 5. The activities remained constant between participants, however,

depending on baseline function and ongoing ability, participants may progress
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more or less quickly over time. Examples of lower-limb activities included carefully
controlling a football through a series of obstacles, following a pattern on the floor
that incorporates stepping up and down off a single or double step, and replicating a
pattern with cones spread over the floor. Examples of upper-limb activities include
wrapping a present, placing ping-pong balls in a pattern in a muffin tray, learning

a magic trick, and building a tower with juggling balls.

(@) (b)

Figure 3.2: Pictured is one example of a motor activity used in the trial. This task
required participants to lunge forward and pick up an object in their more affected hand
(a). The object, an elastic toy, then needed to be stretched with both hands and released
at a target (b). The activity targeted upper and lower limb function, as well as balance.
Images of trial physiotherapist used with permission

Transcranial Direct Current Stimulation

Anodal tDCS was delivered during the first 20 minutes of each 90-minute intervention
session. Two Sem x 7em conductive rubber electrodes in saline-soaked (0.9%
NaCl) sponges were attached to a direct current stimulator (Nurostym, Neuro
Device Group S.A., Poland). The anode was placed on the motor cortex of the
contralateral hemisphere of the more affected upper/lower limb, using the EEG
10-20 system (C3/C4), and placed as close to the midline as possible. This placement
is often referred to as ipsilesional. The cathode was placed on the supraorbital

ridge contralateral to the anode.
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Stimulation was ramped up over 30 seconds to a current of ImA. Anodal
stimulation lasted 20 minutes before being ramped down over 10 seconds. Sham
stimulation was delivered in the standard manner: ramped up over 30 seconds,
then ramped down and switched off for the remainder of the 20 minutes. This
sham protocol is effective for establishing the initial sensations (tingling/itching)

induced by tDCS which will then fade*®.

3.2.6 Randomization and blinding

An online computer-generated minimisation randomisation method (rando.la) was
used by a non-participant-facing researcher to allocate participants to active or
sham stimulation (1:1 treatment to control ratio). The variables considered in the
minimisation of between-group differences were age, and upper and lower limb
function, using Jebsen-Taylor test scores and timed up-and-go times at baseline.
Participants and their parents were blinded to treatment assignment. For researcher
blinding, a five-digit numerical code, linked to the sham or active condition, was
generated during randomisation. Utilising the tDCS device’s ‘study mode’, the
blinding codes ensured the appropriate stimulation condition was delivered, while
displaying only the generic stimulation parameters, thus maintaining blinding for

the researcher delivering stimulation.

3.3 Data analysis
3.3.1 Statistical analysis

Data were analysed using GraphPad Prism (v10.2.3) and SPSS (v29.0.2, IBM
inc). Data were assessed for normality of the standardised residuals using Shapiro-
Wilk tests and visual inspection of frequency histograms. If data were assessed
to be normally distributed, then parametric statistics were utilised, otherwise,
non-parametric statistics were used. Significance was set at p < 0.05. For post-
hoc tests, multiple comparisons were corrected for using Bonferroni correction

unless otherwise specified.
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To determine if there was an effect of time (1 week, 6 week, and 12 week)
on outcome measures (JTT, TUG and 10m walk test), Friedman’s Two Way
Analysis of Variance was performed. A ‘last one carried forward’ approach was
employed if 1 data point was absent, and the participant was excluded from
analysis if 2 or more data points were missing. Where an effect was found, a
pairwise comparison, with Bonferroni correction, was then performed to explore
the timepoints at which differences occurred.

To determine if there was an effect of condition (anodal or sham) on outcome
data, independent samples t-tests or Mann-Whitney U tests were used on the
percentage change scores in outcome in the two groups, at each timepoint (1

week, 6 weeks, and 12 weeks).
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3.4 Results
3.4.1 Population and demographics

Ninety-eight families were contacted to discuss enrollment. Of the 98 potential
participants identified, 37 did not complete screening or lost contact, 17 were
ineligible, and 15 declined participation. The most common reason to decline
participation was due to the time commitment required for the study. Adherence to
the study protocol was good, with 74% of participants completing all 10 intervention
sessions, and 100% of participants completing the primary endpoint (1 week follow-
up assessment). The CONSORT diagram is illustrated in Figure [3.3]
Participant characteristics are described in Table [3.2]

Table 3.2: Participant demographics and clinical characteristics including predominant
motor type and distribution of motor impairments.

Active Sham
N 14 13
Age: mean (SD) years 13 (1.6) 12 (1.9)
Sex (F:M) 4:10 6:7
Motor cortex stimulated 12:2 7:6
(R:L)
GMFCS: median (range) 2 (1-3) 2 (1-3)
MACS: median (range) 2 (1-3) 2 (1-3)
JTT, seconds: mean (SD) 99 (102) 117 (170)
TUG, seconds: mean (SD) 10 (2) 25 (31)




3. Transcranial direct current stimulation to improve motor function in Cerebral

palsy: A pilot study 59
Approach 98 Potential participants
. 78 from NHS sites
. 5 from participating school
. 4 from advertising or word of
mouth

Excluded (n=71)

. 17 ineligible (7 too severely affected, 8
contraindications to tDCS, 3 not in age range, 1
other neurological condition)

. 37 lost contact or did not complete screening

. 15 declined participation

v

Baseline Assessment
(n=27)

v

Randomised (n=27)

I

Allocation

Enrollment

14 Allocated to Active tDCS Group
10 completed all 10 sessions
1 completed 9 sessions [1]
2 completed 8 sessions [1]
1 completed 5 sessions [3]

13 Allocated to Sham tDCS Group
10 completed all 10 sessions
1 completed 9 sessions [2]
1 completed 8 sessions [1]
1 completed 7 sessions [1]

Follow up

14 completed 1 week follow-up 13 completed 1 week follow-up
. 0 withdrawn . 0 withdrawn
. 14 analysed for primary timepoint . 13 analysed for primary timepoint

v v

12 completed 6-week follow-up 11 completed 6-week follow-up

. 1 unavailable [1] .

. 1 withdrawn [3]

1 unavailable [5]
. 1 withdrawn [4]

v

v

12 completed 12-week follow-up
. 1 unavailable [5]
. 1 withdrawn [3]

11 completed 12-week follow-up
. 1 unavailable [5]
. 1 withdrawn [4]

Figure 3.3: CONSORT flow diagram of study recruitment and retention. Reasons for
not attending a session were: [1] scheduling difficulties & staff availability, [2] injury (not
related to study), [3] declined to continue, [4] left the UK, [5] participant on holiday
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3.4.2 Effect of 10 sessions of motor training on upper and
lower limb function
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Figure 3.4: JTT times for participants across follow-up assessments in (a) all participants
(b) participants with a time of less than 200s to better illustrate trends. A decrease in
time denotes an improvement of function.

Baséline 1wleek 6wéeks 12 wleeks

The two primary outcome measures were the Jebson Taylor Test (JTT) for upper
limb function, and the Timed Up and Go (TUG) test for lower limb function. We
hypothesised that after 10 sessions of motor training, participants would demonstrate
lower JTT and TUG time, indicating an improvement from baseline. We also
hypothesised that this effect would persist at follow-up timepoints.

A Friedman test was conducted to determine whether there was an effect of
session on JTT time across baseline, 1 week, 6 weeks and 12 week follow-up, as
shown in [3.4l The effect of the 10-session motor training intervention, irrespective
of tDCS condition allocation on hand function, showed a significant effect of time
(x*(3) = 18.09, p = 0.0004). To determine the pattern of differences, pairwise
comparisons were performed, with Bonferroni correction for multiple comparisons,

which showed a significant improvement between baseline and 12-week JTT time
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(z = 3.67, p = 0.0015), as well as between 1 week and 12 week JTT (z = 2.027,

p=0.01). No other comparisons were found to be statistically significant.
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Baseline 1 week 6 weeks 12 weeks Baseline 1week 6 weeks 12 weeks
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Figure 3.5: TUG times across follow-up assessments in (a) all participants (b)
participants with a time of less than 35s to better illustrate trends. A decrease in
time denotes an improvement of function.

To evaluate changes in lower limb function, Timed Up and Go times, as well
as 10m walk test times, were evaluated. A Friedman test was conducted to test
the hypothesis that there was an effect of time on TUG times, see Figure [3.5] The
results show no effect of time (x*(3) = 2.73, p = 0.44) and the null hypothesis
was retained. However, a Friedman test conducted on the 10m data demonstrated
a significant effect of time on 10m walk times (x*(3) = 14.59, p = 0.0022). To
determine the pattern of differences, pairwise comparisons were performed, with
Bonferroni correction for multiple comparisons, which demonstrated a significant
improvement between baseline and all three follow-up time points (1 week: z =

2.96, p = 0.018; 6 week: z = 2.85, p = 0.0262; 12 week: z = 3.35, p = 0.0048).
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Figure 3.6: 10m walk test times across all follow-up assessments. A decrease in time
denotes an improvement in function.

3.4.3 Effect of tDCS condition on upper limb outcome
measures

Fourteen participants were randomised to receive anodal tDCS to the motor cortex
of the hemisphere contralateral to their most affected limb. We hypothesised that
participants who received active tDCS would show more consistent and persistent
motor improvements than sham participants (n = 13).

To probe this hypothesis for upper limb function, we performed multiple Mann-
Whitney tests of percentage change in JTT time in active versus sham (condition)
groups. No significant effect of condition was found for the percentage change in
JTT time for any of the follow-up assessment sessions (1 week: U = 80, p = 0.62; 6
weeks: U = 64, p = 0.93; 12 weeks: U = 43, p = 0.28). See Figure .

To test our hypothesis that participants who received anodal tDCS would show
more consistent and persistent improvements in lower limb function, we assessed
the percentage change in score with multiple Mann-Whitney tests in score in active
versus sham (condition) groups. No significant effect of condition was found for

percentage change in TUG time at any time point - Figure (1 week: U =
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(a) Percentage change in JTT from baseline, according to stimulation condition. A
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Slo ¢
AN
=T 1

>

<&
@

] ] 1 ] 1 1
1 6 12 1 6 12

Weeks post-intervention

60+ e Active
o Sham
Q
£
é 404 o
E <&
4
© e @ O o
] 204 o
e 2 o o
[0}
()]
- (T 5]
-LC) J
(]
(=]
8
s k3 -
v § _20_ o @ o
[
o
o —o—
<o
'40 ] 1 1 1 I 1
1 6 12 1 6 12

(b) Percentage change in TUG time from baseline, according to stimulation condition.

Weeks post-intervention

A negative percentage change indicates an improvement in lower limb function
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55, p = 0.08; 6 weeks U = 45, p = 0.21; 12 weeks U = 56, p = 0.82). No

significant effect of condition was found for the percentage change in the 10m

walk test, data shown in Figure (1 week: U = 61, p = 0.37; 6 weeks: U

61, p = 0.57; 12 weeks: U = 64, p = 0.69).
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Figure 3.8: Percentage change in 10m walk time from baseline, according to stimulation
condition. A negative percentage change indicates an improvement in lower limb function

3.4.4 Probing participants’ perception of upper and lower
limb functional changes

In addition to quantitative metrics of the JTT, TUG and 10m walk, we collected
several self-reported metrics of upper and lower limb function.

Using the Children’s Hand Use Experience Questionnaire (CHEQ), we evaluated
the experience of participants in using the affected hand in activities where usually
two hands are needed. Across both the active and sham group, participants
reported increased use of both hands in bimanual activities after the intervention.
There was a significant effect of time (x*(3) = 22.43, p = <0.0001) on CHEQ
score. A follow-up pairwise comparison, with Bonferroni correction, demonstrated
a significant improvement between baseline and 6-week score (z = 2.96, p =
0.018), baseline and 12-week score (z = 4.36, p < 0.0001), and 1-week and 12-week
score (z = 2.74, p = 0.037).

To account for large variations in baseline score across participants, percentage

change scores were then used for group wise comparisons. There was no difference
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Figure 3.9: Percentage change in CHEQ score from baseline, according to stimulation
condition. A positive change in score indicates increased use of both hands in bimanual
activities

in effect across condition, reflected in Figure [3.9, which was tested using multiple
Mann-Whitney tests of the percentage change in score in active versus sham
(condition) groups (1 week: U = 75, p = 0.89; 6 weeks: U = 45, p = 0.21; 12
weeks: U = 59, p = 0.68).

The Gait Outcomes Assessment List (GOAL™) was used to assess self-reported
functional mobility, priorities, and expectations of participants and their parents.
The GOAL questionnaires (v5.0; parent and child versions) were completed on
paper, with children and parents separated during completion. A researcher was
present to support as needed. Scoring of the GOAL was performed automatically
by a formula-protected analysis sheet provided by the GOAL developers. A higher
score reflects greater ease in performing activities independently.

There was no main effect of time on the child-reported GOAL score (x*(2)
= 1.9, p = 0.387). The child-reported measure is illustrated in Figure ,
reflecting the percentage change in score from baseline to 1, 6 and 12-week follow-up
scores. The percentage change score was used for between group comparisons,

and no statistically significant group differences between anodal and sham group
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Figure 3.10: Percentage change in GOAL score from baseline, according to stimulation
condition. (a) Child reported and (b) Parent reported. A positive percentage change
indicates a self-reported improvement functional mobility, including the ability to perform
ADL’s involving the lower limbs.

at the follow-up assessments (1 week: U = 44, p = 0.467; 6 weeks: U = 47, p
= 0.605; 12 weeks: U = 36, p=0.197).
There was no main effect of time on the parent-reported GOAL score (x*(2) =

0.613, p = 0.736). For between-group comparisons, the percentage change in score
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from baseline to 1, 6, and 12 week follow-up scores was used, and is illustrated in
Figure [3.10b] There were statistically significant group differences between between
the anodal and sham group at the 1-week and 6-week follow-up assessments (1 week:
U =16, p = 0.037; 6 weeks: U = 11, p = 0.046); but not at 12 weeks (U = 22, p
= 0.599), after applying Bonferroni correction for multiple comparisons.

We included the Modified Ashworth Scale (MAS) assessment in baseline and
follow-up visits, to assess if there was an effect of group on limb spasticity. Figure|3.11
demonstrates the change in MAS score from baseline for each follow-up assessment.
At one week, 77% of the active group and 85% of the sham group showed no
change or an improvement in spasticity, at 6 weeks this was 69% of the active
group and 85% of the sham group showed and at 12 weeks 85% of the active group
and 100% of the sham group showed no change or an improvement in spasticity.
There was no main effect of time on spasticity (x*(2) = 5.56, p = 0.062). There
was no significant difference in the change in MAS score between the two groups
at any of the follow-up assessments (1 week: U = 73, p = 0.56; 6 weeks: U =
70, p = 0.45; 12 weeks: U = 67, p = 0.35).

104

5__ . o Active
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Change in MAS score
o
o
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Figure 3.11: Change in Modified Ashworth Scale scores from baseline
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3.4.5 Safety and Tolerability

As this was a pilot study, we additionally probed the safety and tolerability of
the intervention.

At their first follow-up, participants were given a process evaluation questionnaire
to gather information on their experience of the intervention. In terms of programme
design, participants were asked about the length of session and difficulty level of
tasks. The majority of participants in both active (71%) and sham (91%) groups
reported that sessions were the appropriate length of time (90 minutes) and that
the activities and exercises were targeted at the appropriate level (69% of active
group and 60% of sham group). 93% of the active group reported that 10 sessions
was the appropriate number of sessions, but only 55% of the sham group shared
this sentiment, while 27% felt that 10 sessions were too many.

To better understand the participants’ perceptions of brain stimulation, we
asked them to rank how pleasant the tDCS was compared to common childhood
experiences, from a birthday party (very pleasant) to getting an injection (very
unpleasant). The most common experience of participants was to liken the
experience to taking a long car ride (50% of the anodal group, and 42% of the sham
group). 14% of the active group, and 25% of the sham group likened the experience
to the most unpleasant experience on the scale - getting an injection. There was no
clear relationship between receiving active stimulation and a less pleasant experience.

We also asked participants which, if any, of the commonly reported side effects
they experienced after tDCS. Participants were able to report more than one side
effect. Feeling tired was the most common effect reported by parents (Table in
both active and sham groups (Parents: 31% active, 27% sham, Participants: 21%
active group, 64% sham), while the most common effect reported by participants
was itchiness, in 50% of the active group, and 82% of the sham group.

There was no difference between groups for the proportions rating each of the

common adverse effects (Table [3.4] ) and no other adverse effects were identified.
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Table 3.3: Participant evaluation

Active Sham
The 90-minute sessions were. ..
Too long 3 (21%) 1 (9%)
Too short 1 (7%) 0 (0%)
Just right 10 (71%) 10 (91%)
10 sessions of exercises were. ..
Too many 0 (0%) 3 (27%)
Too few 1 (7%) 2 (18%)
The right amount 13 (93%) 6 (55%)
The activities and exercises?
Too easy 4 (31%) 2 (20%)
Too difficult 0 (0%) 2 (20%)
It was alright 9 (69%) 6 (60%)
Do you think the study helped you?
Yes 13 (93%) 10 (91%)
No 1 (7%) 1 (9%)
It helped me with moving my arm(s) 12 (86%) 10 (91%)
It helped me with moving my leg(s) and/or 13 (93%) 10 (91%)
walking
It helped me with my balance 4 (29%) 5 (45%)
It helped me make friends 2 (14%) 1 (9%)
I think the brain stimulation was as pleasant as:
A birthday party 0 (0%) 0 (0%)
Playing a game 2 (14%) 2 (17%)
Watching television 1 (7%) 1 (8%)
Long car ride 7 (50%) 5 (42%)
Going to the dentist 1 (7%) 1 (8%)
Throwing up 1 (7%) 0 (0%)
Getting an injection 2 (14%) 3 (25%)
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3.4. Results
Table 3.4: Frequency of side effects reported

Participant reported Parent reported

Active Sham Active Sham
Headache 3 (21%) 2 (18%) 1 (8%) 0 (0%)
Itchiness 7 (50%) 9 (82%) 3 (23%) 1 (9%)
Feeling dizzy 0 (0%) 3 (27%) 0 (0%) 0 (0%)
Tingling 3 (21%) 5 (45%) 3 (23%) 0 (0%)
Neck pain 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Feeling tired 3 (21%) 7 (64%) 4 (31%) 3 (27%)
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3.5 Discussion

This pilot study has demonstrated that delivering 10 sessions of tDCS and motor
training for the upper and lower limbs is feasible in children with cerebral palsy.

Firstly, we hypothesised that after 10 sessions of motor training, participants
would show improvements in upper and lower limb function, measured by JTT
and TUG times. We also hypothesised that this effect would continue to persist at
follow-up sessions. We demonstrated that hand function improved post-intervention,
with a statistically significant difference between baseline and 12-week JTT times.
While a familiarity /practice effect may contribute, our findings are are in keeping
with prior studies and systematic reviews that have demonstrated intensive bimanual
training improves upper limb function in children with CPTO™ These studies
have assessed intensive bimanual therapy against other training modalities, such as
CIMT, as well as against no-therapy controls, and shown consistent group effects of
bimanual therapy. While we acknowledge that conclusions may be limited by the lack
of a no-therapy control group, this was outside the scope of our study design. This
is likely a true effect of the intervention based on concordance with previous studies.

We did not find an effect of time on Timed Up and Go times, our primary lower
limb outcome measure, but did demonstrate an effect of time on 10m walk test
across all follow-up time points (1, 6, and 12 weeks). One potential explanation
for this discrepancy in lower limb outcomes may be that the TUG test evaluates
a more complex task, of standing from sitting as well as walking, testing balance
and mobility skills, while the 10m walk tests mobility2®2.

Secondly, we wanted to determine if anodal tDCS of the motor cortex enhances
the effects of the 10-day intervention. Overall, we found no effect of stimulation
on motor function in any of the objective outcome variables for upper and lower
limb motor function at any time-point.

Thirdly, we did not demonstrate any between-group effects on spasticity post-
intervention.

There are several possible reasons for this lack of effect. While our sample

size was comparatively larger than the majority of similar studies, it remains
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small, with 14 participants in the active group and 13 in the sham group. Our
sample size calculation (15 per group) was based on limited previous studies,
which had varying methodologies and effect sizes. Our population, while more
closely mirroring the clinical population of children with cerebral palsy, was more
heterogenous than other studies that opted to recruit primarily participants with CP
from perinatal stroke??®297. The diversity of underlying pathology and differences
in brain anatomy as a result may have affected the current flow during stimulation
and led to decreased current flow at the site of the M1 target®®®. Improved targeting
of the motor cortex could potentially be achieved with neuronavigation using brain
imaging, or transcranial magnetic stimulation (TMS) to localise a motor ‘hotspot’,
which may have allowed for a more personalised and accurate electrode placement.
However, the use of TMS adds additional burden to both researcher and participant
in what were already logistically difficult intervention sessions, while requiring
access to MRI may exclude participants and worsen recruitment challenges. Many
of our participants had bilateral motor involvement, adding to the complexity of
the underlying motor networks and physiology.

Anodal tDCS remains of uncertain benefit in this population. While studies

on upper limb effects have demonstrated an effect on movement duration®’®

2061205 211212

spasticity , and manual dexterity , most of these effects have been sec-

ondary outcome measures and results are inconsistent between studies. Studies of

cathodal stimulation on upper limb function have not demonstrated group effects

209)207]

of stimulation over training without stimulation We found no effect on

primary outcome measures or spasticity. Subjective scores of upper limb function
(CHEQ) demonstrated a significant effect of time but not condition and subjective
parent scores of lower limb function demonstrated a significant effect on the group

at 1 and 6 weeks follow-up. Studies on lower limb function have demonstrated

d201 2 04

improvements in walking speed?’, velocity and cadence,’# and improved balance®
in participants who received anodal M1 stimulation. However, a group effect of

stimulation was not seen in all studies?%3.
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Our third aim for this study was to demonstrate the safety and tolerability
of a 10-session tDCS intervention in children with CP. In general, both active
and sham stimulation were well tolerated, with similar side effect profiles. The
most common side effect reported by participants was tiredness, while headache,
itching and tingling also occurred. This is in keeping with other studies, such as
Gillick et al 2%, Gillick et al. (2018) also report their side effects were headache
(40% in active and 10% in sham) and itchiness (10% active and 30% sham). We
had no adverse events in this study.

Overall, our study was safe and tolerable, but we found no effect of stimulation on
motor function in any of the outcome variables at any study time-point. Conducting
and publishing large, well designed studies of tDCS in cerebral palsy adds to the
literature, and even negative results are valuable in mitigating possible publication
bias in the literature.

Lack of consistent stimulation effect may also be due to participant variability.
A better understanding of subject variability may help us disentangle whether
tDCS can be a useful therapy in children with CP. Some potential avenues may
include the development of robust and clinically relevant biomarkers to assist in
predicting treatment response and electric field modelling to understand potential

variability arising from abnormal underlying anatomy.
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4.1 Introduction

Current rehabilitation interventions in cerebral palsy are predicated on motor
system integrity and motor learning principles (Section . However, a spectrum
of insults can contribute to cerebral palsy, and conventional magnetic resonance
imaging (MRI) shows both gross structural lesions and ‘apparently normal’ structure
(Section . Diffusion-weighted imaging and automated tractography can non-
invasively measure motor network white matter tract integrity in patients with CP.
In this chapter, I applied this approach to measure corticospinal tract integrity
at baseline, as well as intervention-related plasticity, in a clinical rehabilitation

trial for children with cerebral palsy.

4.1.1 Rehabilitation interventions in CP are predicated on
motor system integrity and motor learning principles

As described in Chapter |3, many current rehabilitation protocols based on motor
learning principles have been developed over the last two decades to address motor
function in children with cerebral palsy. These include interventions for upper ex-

tremity function2#24324584 and programmes to improve lower limb function24679%247
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These interventions have been developed with the underlying principle of neuro-

plasticity in mind, encouraging experience-dependent motor learning™.

While there is moderate to strong evidence for functional improvement for
specific programmes such as HABIT, HABIT-ILE and mCIMT?*4 to assist with
functional improvement, reliably demonstrating neuroplastic changes has been

challenging using both non-invasive brain stimulation and neuroimaging?°.

Clinically translating the approach of optimising motor learning in cerebral palsy
assumes some level of maintained integrity and function of the motor system to
allow learning and plasticity. In particular, corticospinal tract integrity may be a key

determinant of motor system function at baseline and in response to intervention®?.

4.1.2 White matter plasticity

In recent years, another facet of brain plasticity has been identified involving
white matter and myelination. While this plastic process is distinct from synaptic
plasticity, it also has similarities in common: it is activity dependent, and it

is implicated in learning2“®.

Activity dependence has been clearly demonstrated in extensive preclinical
studies which demonstrate that myelination processes can be influenced by in-

207268 and pharmacological

creases in neuronal activity. High-frequency stimulation
manipulation®® which increase neuronal firing rates, result in increased myelin
sheath formation and myelin compaction within 2-14 days. Hines et al (2015)
demonstrated that neuronal activity guides the selection of axons for myelin
wrapping and directs maintenance of sheaths of only active neurons*™”. Furthermore,

preclinical evidence using transgenic mice has also demonstrated that myelin is

necessary for novel motor learning®.
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Advances in neuroimaging have also allowed us to study changes to white matter
structure in vivo in response to learning. Longitudinal studies have demonstrated
that metrics of white matter integrity within relevant white matter tracts increase
after training: examples include 6 weeks of juggling practice?™, 6 weeks of balance
training*™, 4 weeks of unimanual motor training“®, 3 weeks of unicycle training®

and 9 sessions of visuo-spatial motor training"®.

4.1.3 Conventional MRI shows both gross structural lesions
and ‘apparently normal’ structure

Diffusion-weighted imaging, optimised for probabilistic tractography, will be utilised
in this chapter to probe corticospinal tract integrity. In section in Chapter
[1 the current state of neuroimaging in cerebral palsy was outlined - including
cranial ultrasound in neonates and conventional structural magnetic resonance

7

imaging (MRI) in neonates and children*. Brain lesions in CP vary by insult

and developmental period, reflecting the specific vulnerability of blood supply

278

and developing cells Differing brain lesions contribute to clinical phenotype

heterogeneity®.

The prevalence of different patterns of injury in children with CP varies across the
literature, but a recent systematic review suggests white matter lesions predominate:
present in 57.8% of all children with unilateral CP (uCP), 67.0% of all children
with bilateral CP (bCP), and 33% of children with mixed CP subtypes. Grey
matter lesions were most frequently seen in children with dyskinetic CP (42.2%).
Five percent of children with uCP were found to have brain malformations, and
none were found in children with bCP. No visual abnormalities on structural MRI
were reported in 5.7% of all cases?™.

These findings differ from previous studies which estimated the prevalence of a

‘normal” MRI (no detectable abnormality on T1- and T2-weighted MRI) to be as high
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as 14 - 17% of children with cerebral palsy with functional limitations=U:28Li282283

The variation in estimates is likely related to between-country variations in diagnostic
protocols: in many Scandinavian countries routine MRI scanning is performed in
children with cerebral palsy in infancy and in childhood, and are therefore likely
to better reflect the spectrum of injury. In contrast, in the UK, MRI tends to

be used when there is diagnostic uncertainty.

This substantial proportion of ‘apparently normal’ scans highlights a limitation of
MRI in CP - a focus on macroscopic lesions and an inability to probe microstructural
integrity. Furthermore, even if gross pathology is identified, clinical scans do not

reflect the underlying function or organisation of brain.

4.2 Diffusion MRI and its clinical translation

potential in CP

4.2.1 Diffusion imaging

Diffusion weighted imaging is a form of magnetic resonance imaging which utilises
differences in the random (Brownian) motion of water molecules within a voxel
of tissue, to generate signal contrast“®*. Diffusion of water molecules is restricted
within tissues, therefore mapping the diffusion process can reveal microscopic details
about tissue architecture28>286,

To overcome the limitations of conventional MRI, we utilised modern diffusion-
weighted magnetic resonance imaging (DWI) incorporating multiple b-values and a
large number of field gradient directions. Through sensitising the MR signal to water
diffusion at microscopic scale - DWI indirectly probes brain tissue microstructure
in-vivo to a resolution of 2-3 orders of magnitude finer than typical millimetre-scale
MRI voxels?®?. In areas with few barriers to movement, such as cerebrospinal fluid

(CSF), diffusion of water molecules will occur at the same rate in all directions,
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known as isotropic diffusion. If diffusion is restricted, for example, due to the
presence of cell membranes or myelin, water will move more freely along the
principal axis of the tract rather than perpendicular, known as anisotropic diffusion.
The degree of anisotropy of water molecules’ diffusion directions, and the principal
direction of movement, are influenced by many factors such as fibre density, fibre
diameter, and myelination. By fitting computational models to the diffusion data in
each voxel, these parameters and the underlying biological factors can be estimated.

28259 a5 well

The validity of these models has been tested in healthy individuals
as post-mortem imaging in preclinical models*”” during the development of the
modality. More recently, a meta-analysis by Lazari and Lipp (2021) demonstrated
good concordance between various myelin histology metrics and markers from

different MRI modalities, including fractional anisotropy®.

4.2.2 The Diffusion Tensor Model

The diffusion tensor (DT) describes the diffusion of water molecules using a Gaussian
model, and is the most commonly fitted model to define diffusion data2?2293294i288
This model describes diffusion at each voxel using an ellipsoid or tensor to estimate
the average diffusion in all directions, known as mean diffusivity (MD), and
the degree of anisotropy of a diffusion process, known as fractional anisotropy
(FA). Fractional anisotropy is a scalar measurement from 0 to 1, corresponding

to completely isotropic diffusion to completely anisotropic diffusion, respectively,

and is used as a measure of white matter tract integrity.

In areas with high isotropic diffusion, such as in the ventricles, FA will be the
lowest and close to 0 (Figure A), and in areas of anisotropic diffusion, such
as white matter tracts, FA will be higher (Figure B). White matter FA values
in healthy adults vary from approximately 0.45 in subcortical white matter, to
0.58 in highly organised white matter tracts such as the corpus callosum®®. FA

is influenced by the size, organisation and number of myelinated axons, as well
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Figure 4.1: Patterns of diffusion and the corresponding diffusion tensor model. Diagram
A illustrates isotropic, or unrestricted diffusion, which tends to occur in CSF. Diagram B
illustrates anisotropic, or restricted diffusion, along myelinated neurons. FA Fractional
anisotropy.

as by local tissue microstructure, where it is higher in areas with denser axon
packing??297 and lower in areas of damaged myelin28%2%_ Diffusion tensor imaging
(DTT) measures of white matter are therefore summary measures of integrity and

do not reflect a single biological change in tissue microstructure.

The measures from DTI can be derived at the spatial resolution of individual vox-
els across the whole brain, or summarised in specific regions of interest. Additionally,
DTTI data can be used to reconstruct tracts computationally by sequentially joining
together voxel-level estimates of fibre orientation to create continuous 3-dimensional

tracts - a technique called tractography.

4.2.3 DTI metrics across development

The ability to probe white matter tract integrity in vivo has changed, expanded, and

refined our understanding of white matter development across the lifespan. From
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imaging the subtle structures of the fetal brain in utero at 18 weeks gestation®,

to understanding the temporal course of white matter maturation across the third
trimester and neonatal period from inner to outer layers, and from anterior to pos-

terior; DWI has given us far greater understanding of white matter development=“,

Beyond demonstrating that regional maturation varies in timing across develop-
ment, DTI methods have also demonstrated that the maturation of white matter
tracts is non-linear, with the greatest rates of change observed in the majority of
tracts by 5 years of age?®#0. Lebel et al (2008) demonstrated in a large study
of 202 typically developing children, adolescents, and young adults that maximal
FA measures were achieved at different time points for different tracts. While
90% of participants reached maximal (adult) FA values by the age of 11 in the
corpus callosum and the inferior longitudinal fasciculus (connecting occipital and
temporal lobes), maturation was only achieved between 13 to 20 years for the
anterior limb of the internal capsule (connecting cortex to medulla) and by 21-24
years of age for the projection fibres in the external capsule (coursing between basal
ganglia and cortex), posterior limb of the internal capsule (containing corticospinal

295

and sensory fibres), and corticospinal tracts**®. Further, white matter change is

likely to continue throughout the lifespan’® given it has the ability to undergo
change in an activity-dependent manner??.

If we consider the ongoing maturation of motor-related white matter tracts,
such as the corticospinal tract, in the context of activity-dependent changes and
boosting plasticity through anodal tDCS (as outlined in Chapter , this presents

an ideal therapeutic target for cerebral palsy.

4.2.4 Clinical translation of DWI in Cerebral Palsy

Based on the underlying pathophysiology and timing of brain insult, many have

hypothesised a correlation between lesion type and functional ability in cerebral
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palsy, as well as white matter integrity and ability.

With the benefit of advanced DWI sensitive to white matter microstructure,
numerous studies have linked white matter integrity of the corticospinal (CST)
and somatosensory pathways (e.g. thalamocortical projections) to upper limb
sensorimotor function in children with unilateral CP. In this population, white
matter microstructural impairment (decreased FA and increased mean diffusivity) of

the CST in an ROI (affected posterior limb of the internal capsulé®®>=%%: and cerebral

305)

pedunclé was moderately to strongly associated with worse upper limb function.

Evidence in children with bilateral CP is more limited - there only two studies,
to our knowledge, that correlate functional classification with DTI metrics. In
children with spastic bilateral CP, Arrigoni et al (2016) reported reduced FA
in the corticospinal tracts, posterior thalamic radiations, corona radiata, and
superior longitudinal fasciculus in children with higher GMFCS and MACS levels®.
Ballester-Plané et al (2017) utilised network-based analysis to identify reductions
in FA in sensorimotor system connections, as well as prefrontal, temporal and
occipital connections correlated with GMFCS?™ in children with dyskinetic CP.
More research is therefore warranted in children with CP to better understand the
relationship between white matter integrity and functional classification, particularly

in subtypes of CP which affect more than one limb.

An important caveat of these findings is that the studies tend to be stratified by
clinical features (e.g. unilateral spastic cerebral palsy) or radiological subtype (e.g.
periventricular leucomalacia). Therefore, these findings are challenging to generalise
to a more heterogenous real-world population of children with CP. This is a significant
limitation of the field, as the majority of clinical guidelines for treatments of cerebral
palsy do not sub-stratify guidance according to radiological or pathological CP type,
but rather on the basis of functional classifications such as Gross Motor Function

Classification (GMFCS)*™ and Manual Ability Classification Score (MACS ).
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In the UK, this has implications for designing research trials in children with CP,
as most potential participants will have a clinical but not a radiological diagnosis

of CP, and therefore will not be easily classifiable into subtypes.

To our knowledge, there are currently no studies that have evaluated the
relationship between white matter integrity and baseline upper and lower limb

function in an undifferentiated CP population.

4.2.5 Reliably measuring functional change using diffusion
metrics is challenging

Following on from the findings that the integrity of motor tracts in children
with CP could relate to function, several studies have evaluated the sensitivity
of diffusion metrics to functional improvement following rehabilitation protocols.
The majority of these studies are limited by small sample sizes. Weinstein et al
(2015) evaluated corticospinal and corpus callosum tract integrity before and after
a 60-hour HABIT intervention in 12 children with congenital hemiparesis. They
found a correlation between baseline FA in the corpus callosum and hand function,
and demonstrated that the intervention resulted in group-level improvements in
hand function. However, there were no group-level changes in CST or CC tract

integrity following the intervention®"¥,

However, more recently, FA and mean diffusivity (MD) of the CST were shown
to be responsive to a 2-week rehabilitation intervention in a larger study of 40
children with CP%°. These findings are more in keeping with motor learning
studies in healthy participants, which demonstrated that training in a complex
visuo-motor skill could result in changes in white matter architecture?™; and studies
in stroke survivors demonstrating increased corticospinal tract FA following a

rehabilitation and tDCS intervention®"?.
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4.2.6 Study aims

An unmet need in CP research and clinical practice is a robust, reproducible, and
generalisable biomarker of underlying brain motor system integrity across disease
sub-types. An effective biomarker would explain variability in function at baseline,
and predict response to interventions. Diffusion tractography, as discussed, could
be a promising candidate, but applying tractography in this population has been
historically challenging due to protocol and analytic variability, and the challenge

of reproducibly identifying tracts in brains with structural lesions.

The overarching aim of this study was therefore to utilise diffusion-weighted
imaging to aid in our understanding of our study population, and determine if
metrics of white matter integrity in the corticospinal tract would correlate to
response to a treatment which utilises principles of motor learning and activity-

dependent plasticity.

To our knowledge, there are no studies that evaluate the utility of diffusion met-

rics as a predictor of rehabilitation response in an undifferentiated CP population.

To achieve this, we utilised probabilistic tractography in a heterogenous pae-

diatric cerebral palsy population and aimed to:

1. Demonstrate the feasibility of automated tractography in deriving corticospinal

tract measures in a heterogeneous adolescent CP cohort

2. Test the hypothesis that better functional classification (GMFCS and MACS)

would be associated with greater CST integrity in an undifferentiated cohort

3. Explore the relationship between baseline measures of upper and lower limb

function with corticospinal tract integrity
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4. Determine if baseline corticospinal tract metrics can be used to explain

variability in response to a 2 week rehabilitation intervention

4.3 Methods

This chapter presents the neuroimaging component of the StimCP study, the full
details of which are found in Chapter [3

4.3.1 Study participants

Participants with a clinical diagnosis of cerebral palsy and aged between 10-16
years were recruited. Participants were required to have a Gross Motor Function
Classification Score of between (GMFCS) I-III and a Manual ability classification
score (MACS) between I-III; in other words, to have at least enough function in
their more affected hand to handle objects with some assistance®®, and be able

to walk with assistance for short distances®!V.

Participants were recruited from both within the Oxfordshire area, as well as
from partner sites further afield. To minimise travel time, impact on schooling and
fatigue levels, participants were offered the choice of attending study visits at the
nearest site to their home or our site in Oxford. As a result, several participants
attended sessions outside of the Oxfordshire area. We deemed it inappropriate to
exclude participants from the trial if they were unable to travel to Oxford for the
baseline MRI. Additionally, we did not want a contraindication to MRI to result in
the exclusion of participants from the trial. Therefore, participation in the MRI
component of the study was an optional component of the full study, and standard

MRI safety exclusions were applied to those who opted in.
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Figure 4.2: StimCP study design: Participants completed a baseline assessment which
included safety screening and functional assessment. For those who opted in, a structural
and functional MRI was performed before intervention. A ten-day intervention period
consisted of 20 minutes of anodal or sham stimulation during a 90 min training block each
day. Outcome assessments were done 1, 3 and 12 weeks after the end of the intervention

4.3.2 Study Design

Full trial design is outlined in Chapter 3 section MR imaging was performed at
baseline, before the 10-day tDCS and training intervention (Figure .

4.3.3 Magnetic Resonance Imaging (MRI)

MRI data were acquired in a single scanning session at the Wellcome Centre for
Integrative Neuroimaging prior to the start of the intervention. Data were collected
using a 32-channel head coil in one of two identical 3.0-T Prisma Magnetom
Siemens scanners, software version VE11C (Siemens Medical Systems, Erlangen,
Germany). Head movement was minimised through the use of foam padding and
limb strapping as needed, on an individual basis. Structural, DWI, and resting

state functional MRI data were acquired.

The T1w sequence was acquired with a Magnetization Prepared Rapid Acquisi-

tion Gradient Echo (MPRAGE) sequence®™: TR = 1900 ms, TE = 3.97 ms, voxel
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size = 1.0 x 1.0 x 1.0 mm, flip angle = 8°, total slices = 192, FOV = 192mm?.

Diffusion-weighted echo-planar imaging (EPI) data (TR = 2483ms, TE =
78.20ms, FOV = 214mm?, voxel size = 1.8mm isotropic, multiband factor of 4)
were collected for two b-values (1250 and 2500s/mm?), over 120 directions. An
additional 15 volumes were acquired at b=0, 11 in the anterior-posterior phase

encoding direction and 4 in the posterior-anterior (PA) phase-encoding direction.

During image acquisition, participants watched an age-appropriate movie they
selected to keep them focused and minimise movement and boredom. For partici-
pants with dyskinesia, where possible, additional padding was used around the head
for stabilisation, and limbs were wrapped to the body as tightly as was comfortable.

Children were given the option of having a parent present in the scanner room.

4.4 Data analysis

4.4.1 Image preprocessing

Image preprocessing and analyses were performed using the FMRIB software library
(FSL version 6.0) tools**?. Structural T1 images were processed as part of the

fsl_anat pipeline as follows: bias-field corrected using the FAST toolP!?, brain

314 3151316

extracted®**, and registered (linear and non-linear) to MNI152 standard space

4.4.2 Diffusion processing pipeline

Diffusion data were analysed using FMRIB’s Diffusion Toolbox (FDT). Data were
collected with reversed phase-encode directions, resulting in pairs of images with
distortions in opposite directions. From these pairs, the susceptibility-induced off-

resonance field was estimated using a method similar to that described in Anderson
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et al. (2003) as implemented in FSL#, and the two images were combined into

a single corrected one using the topup tool21851,
Brain extraction using BET** was then performed on the distortion-corrected
b0 output and further processed using eddy*? to correct for eddy currents and

intra-volume head motion.

4.4.3 Tractography

Then, to assess white matter integrity, we selected the corticospinal tract which
is particularly affected in cerebral palsy, and performed probabilistic tractography

to define the tract.

Probabilistic tractography is an automated technique for identifying white matter
tracts. The advantage of this method is that it is less amenable to biases than other
methods of estimating white matter tracts, such as manual segmentation using
anatomical landmarks or atlas-based techniques that may be less robust in patient
groups with variable anatomy. Another advantage of probabilistic tractography
is that data can be analysed in native space, mitigating the potential limitation
of other techniques such as TBSS which require higher quality registrations to
standard space. This was an important consideration for analysis choice in this
subject group, who encompass a spectrum of ages and pathologies, and who clearly

have a great degree of structural variability and size on visual inspection.

Within FSL, we ran bedpostz (Bayesian Estimation of Diffusion Parameters
Obtained using Sampling Techniques for Crossing Fibers) to model the diffusion
data incorporating crossing fibres within each voxel. Subject data in diffusion space
were registered to MNI152 standard space by combining linear registration from
native DWI to native T1w space using epi reg with the nonlinear registration

generated by fsl_anat.
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Using FSL’s XTRACT tool, probabilistic tractography with the probtrackz2 tool
was run in each subject’s native space. probtrackz?2 simulates streamlines originating
from each voxel in the seed region that propagate preferentially according to bedpostz
model parameters fitted to the data in that voxel and surrounding voxels. These
streamlines are terminated on reaching a voxel within the target mask or excluded
if they reach a voxel within the exclusion mask. The standard XTRACT protocol
for corticospinal tract identification was used including seed region, exclusion
mask and probtrackz?2 settings (3000 streamlines, loopback checking, step length
0.5mm, 2000 steps). The seed, exclusion and target masks are transformed from
standard space into each subject’s native space using registrations described above.
Tractography was then run in native space as specified. Summary statistics (volume,
length, median fractional anisotropy, median mean diffusivity) were generated
for each tract using the xtract stats tool with a threshold of 0.01 applied to

the tract probability map.

Data were visually inspected at each preprocessing stage, as well as post-
tractography to assess seed, waypoint and endpoint position, as well as overall

tract position.

Tractography has historically been limited by high analytic flexibility in the
choice of seed, target and exclude regions and the configuration of streamline
behaviour. The FSL tool XTRACT represents a large body of work in generating
and testing standardised protocols in large datasets to improve the reliability and
robustness of identifying important white matter tracts. The reliability of tract
identification in UK Biobank data and HCP with thousands of subjects was shown,
with high inter-cohort correlation of subjects scanned in both datasets. Finally, the
protocols were shown to be robust to incidental and pathological structural lesions.
The resultant tool incorporates standard protocols for a range of tracts by specifying
seed, target, waypoint, and exclusion masks that are transformed to native space

using the provided registrations in order to run tractography in native space.
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Figure 4.3: Analysis steps for automated tractography using the XTRACT toolbox. In
this example, the left arcuate fasciculus (AF) for the human brain is shown. Reused with
permission.Iml

This maintains the data resolution as acquired and allows for some degree
inter-individual tract variability in native space, as opposed to a technique such as

TBSS which requires tight overlap of the entire tract in standard space

4.4.4 Outcome measures

As outlined in Chapter 4, the primary outcome measures for the trial were a change
in performance time for the Jebson Taylor hand test and a change in performance
time for the instrumented Timed Up and Go test, at 1-week post-intervention. In
this analysis, we will examine these primary outcome measures, as well as further

follow-up visits at time points 6 weeks, and 12 weeks.
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4.4.5 Statistical analysis

Statistical analysis was performed using GraphPad Prism (Version 9.0). Data were
assessed for normality of the standardised residuals using Shapiro-Wilk tests and
visual inspection of frequency histograms. If data were assessed to be normally
distributed, then parametric statistics were utilised, otherwise, non-parametric
statistics were used. The significance threshold was p < 0.05. Data are presented
as individual subjects to aid interpretation or as mean =+ standard deviation of

the mean (SD) unless otherwise specified.

Planned comparisons using paired samples t-tests were conducted comparing

the FA of right and left corticospinal tracts.

One-way ANOVA’s were used to assess relationships between white matter
integrity (FA) and functional classification (MACS and GMFCS). Pearson (or
Spearman) correlations were used to assess for relationships between FA and
baseline, and baseline and follow-up (1, 6, and 12 week) upper and lower limb

outcome measures (JTT and TUG).
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4.5 Results

4.5.1 Population and demographics

Full recruitment for the larger clinical trial is detailed in Chapter 4. An overview
relevant to this chapter is presented in (ﬁgure:. Of the 27 participants enrolled in
the trial, 20 participants were able and willing to consent to undertake the MRI scan.
One scan was excluded due to excessive head motion, and one scan was excluded
as there was a technical problem during the acquisition of the diffusion-weighted

images. Eighteen scans were therefore analysed for this section.

Seven females and eleven males are included in this subset of the data (median
age = 12.9 years, range 10.2 to 15.8 years). Functional classifications, most affected

side and site of stimulation are included in Table .11
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Participants (n)

Sex Male 11
Female 7
GMFCS 1 3
2 12
3 3
MACS 1 9
2 7
3 1
Predominant motor type Spastic 15
Dyskinetic-Dystonic 2
Unknown 1
Topographic distribution Hemiplegia 5 - right (1), left (4)
Diplegia 6
Triplegia 5
Tetraplegia 2
Stimulation type Anodal 10
Sham 8

Table 4.1: Participant demographics for this subset of data including functional
classification and topographical distribution.
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Families contacted (n=98)

Excluded (n=28)

17 ineligible
— | 37did not complete screening or lost contact
15 declined participation

A4

Participants recruited for study
(n=27)

A4

Consented for MRI (n= 20)

l

18 usable diffusion scans
(2 excluded - excessive motion artefact
and technical challenges)

Figure 4.4: CONSORT flow diagran of recruitment into the StimCP clinical trial and
optional imaging sub-study
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4.5.2 Corticospinal tract integrity in an undifferentiated
cerebral palsy cohort

Our automated tractography protocol was successful in generating anatomically
plausible tracts in all participant scans that passed initial quality control. One scan
was excluded as image acquisition failed, and one scan was excluded during the
initial quality control inspection due to excessive motion artefact. Whilst being a
robust automated method for the consistent reconstruction of tracts, our method

also respected the underlying anatomical variation, as is demonstrated in Figure [4.7]

Fractional anisotropy was used as the primary metric of white matter integrity.
FA in both corticospinal tracts was measured, with the hemisphere on the side
of brain stimulation (contralateral to the weaker hand/arm) labelled as the ‘more
affected side’, and the hemisphere contralateral to the less affected side labelled as
‘less affected’. The distribution of mean FA =+ standard deviation of the corticospinal

tract (CST) across both hemispheres is shown in figure
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Figure 4.5: Mean fractional anisotropy 4 standard deviation of the corticospinal tract
in the more and less affected side. Participants with unilateral motor impairments are
unshaded, and those with bilateral impairments are shaded.

A paired samples t-test was conducted to determine if there was a marked
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difference in corticospinal tract integrity between the more and less affected sides.
The results show no significant difference between the more affected side (mean

FA = 0.43; SD = 0.024) and the less affected side (mean FA = 0.43; SD = 0.024);
[t(17) = 0.18, p = 0.86], see Figure

Representative images of participants who showed variation in brain size and

shape, but no gross structural abnormality are illustrated in Figure [4.7]

Three participants had grossly abnormal imaging; representative images demon-
strate structural abnormalities including loss of brain volume (porencephalic cysts
in Figures and unilateral cortical atrophy (Figure . The same three
participants showed a more marked CST asymmetry than the rest of the cohort.
These participants had a history of perinatal infection and resultant complications.
Participant (e) suffered from a right middle cerebral artery (MCA) infarction and
resultant left hemiplegia, while participant (f) developed bilateral intraventricular
haemorrhages, left side more severe than the right side, and resultant triplegia

(right arm and leg, and left arm).

0.504

0.45

Mean FA =+ SD
o
3

T
More affected Less affected
corticospinal tract corticospinal tract

Figure 4.6: Group level comparison of corticospinal tract FA - more vs. less affected
side. There was no significant difference, p>0.5
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(d)
Figure 4.7

4.5. Results
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(g) unilateral cortical atrophy

Figure 4.7: Tractography of the corticospinal tracts in participants illustrating brain
size, shape, and pathology variation. The tracts are overlaid against the participants’
bias-corrected T1w image
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4.5.3 Functional classification does not correlate with
corticospinal tract integrity

One-way ANOVAs were performed to compare the effect of functional classification
on corticospinal tract integrity. The two classification scales used measured upper
limb (MACS) and mobility (GMFCS). Corticospinal tract FA on the more affected
side was used for upper limb measures. For lower limb measures, a mean of right
and left CST FA were used, as walking relies on function of both limbs. A one-
way ANOVA revealed that there was no statistically significant difference in CST
integrity between MACS categories (F(2, 15) = 1.66, p = 0.22), Figure [4.8h. A
one-way ANOVA revealed that there was no statistically significant difference in

CST integrity between GMFCS category (F(2, 15) = 0.535, p = 0.6) Figure [4.8p.
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Figure 4.8: Mean FA of the CST on the more affected side does not correlate to MACS.
Mean FA of left and right CST does not correlate with GMFCS classification.



4. The potential utility of corticospinal tract integrity as a correlate of function 01

4.5.4 Baseline hand function correlates with corticospinal
tract integrity
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Figure 4.9: Corticospinal tract integrity of the more affected side correlates with baseline
JTT.

Spearman’s rank correlation was computed to assess the relationship between
baseline hand function of the more affected side, measured using the Jebson-
Taylor Test (JTT) and corticospinal tract integrity of the corresponding side. The
relationship is demonstrated in Figure There was a strong negative correlation
between the two variables, r(17) = -0.7, p = 0.0013, which was statistically significant.
In other words, higher FA is associated with faster performance time in the JTT

and better hand function.

It was noted that the participants with the three slowest times might be, at least
in part, driving this effect. Notably, these participants were previously noted to
have a greater CST asymmetry and have lesions in their most affected hemisphere

in the motor cortex and CST regions, therefore this effect is unsurprising.

To further explore this effect, we tested to see if there was a relationship between

volume of the CST and baseline hand function, shown in Figure [£.10] Spearman’s
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Figure 4.10: Corticospinal tract volume of the more affected side correlates with baseline
JTT.

rank correlation was computed to assess the relationship between baseline JT'T
time of the weaker hand, and corresponding corticospinal tract volume. There
was a strong negative correlation between the two variables, r(16) = -0.56, p =
0.0161, which was statistically significant. This indicates that lower CST volume

is associated with slower JTT (worse upper limb function).

Spearman’s rank correlation was then computed to assess the relationship
between fractional anisotropy and tract volume in the corticospinal tract con-
tralateral to the more affected side (Figure . There was a strong positive
correlation between the two variables, r(11) = 0.6648, p = 0.0003, which was

statistically significant.

Given that the tracts were generated using individualised tractography rather
than atlas-based ROls, where the volume is fixed, this result indicates that tracts
vary in both volume and FA. Our findings demonstrate a strong linear relationship

between volume and FA, indicating concordance that tracts with greater integrity
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Figure 4.11: Corticospinal tract fractional anisotropy correlates with tract volume.

have both a higher volume and greater FA. Worse hand function is associated with

smaller volume tracts and lower FA in this cohort.

4.5.5 Baseline lower limb function does not correlate with
corticospinal tract integrity

For lower limb function, the Timed Up and Go Test (TUG) measure is not specific
to one side, but rather measures the overall function and coordination of the right
and left leg as a unit. Therefore, the mean of the right and left corticospinal

tracts was used for analysis.

The relationship between baseline lower limb function, measured using the TUG
and corticospinal tract integrity of both sides was assessed using a Spearman’s rank
correlation, and plotted in Figure 4.12] There was a weak negative correlation be-

tween the two variables, r(16) = -0.24, p = 0.33 which was not statistically significant.

Given that 10m walk time, but not TUG time, improved with the rehabilitation
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outlined in Chapter [3, we additionally assessed the correlation between baseline
10m time and FA. However, there was no statistically significant correlation: r(16)

= 0.05, p = 0.87.
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Figure 4.12: Mean FA across left and right corticospinal tracts does not correlate with
baseline TUG time.

The relationship between TUG time and corticospinal tract volume (right and
left side) was assessed using Spearman’s rank correlation (Figure [4.13]). There
was a weak positive correlation between the two variables, r(16) = 0.25, p = 0.32

which was not statistically significant.
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Figure 4.13: Tract volume of the left and right corticospinal tracts does not correlate
with baseline TUG time.

4.5.6 Corticospinal tract integrity does not correlate with
response to rehabilitation

Given the range of baseline scores for both the JTT and TUG times across
participants, the percentage change in test time was used in preference to raw
time. Percentage change was calculated as [follow-up time| - [baseline time] /
[baseline time] x 100. A negative percentage change indicates an improvement in

time to complete the assessment compared to baseline.

The relationship between baseline corticospinal tract FA, of the more affected
side, and change in JTT time was assessed using Spearman’s rank correlations
for each time point (1 week, 6 weeks and 12 weeks). There were no statistically
significant correlations between the two variables at 1 week (r(16) = [0.18], p
= [0.46]), 6 weeks (r(14) = -0.11, p = 0.68) and 12 weeks (r(14) = 0.072, p =
0.79), demonstrated in Figure [4.14]
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Figure 4.14: More affected CST integrity in relation to the percentage change in JTT
time across timepoints: a) 1 week follow up, b) 6 weeks and c) 12 weeks

The relationship between corticospinal tract FA (mean of left and right side), and
percentage change in TUG time was assessed using Spearman’s rank correlations
for each time point (1 week, 6 weeks and 12 weeks)(Figure [4.15). There were
no statistically significant correlations between the two variables at 1 week (r(16)
= [0.348], p = [0.16]), at 6 weeks (r(14) = 0.14, p = 0.60) and at 12 weeks
(r(14) = 0.165, p = 0.54).

Similarly, there was no statistically significant correlation between corticospinal

tract volume and change in JTT score (1 week (r(16) = -0.023, p = 0.92), 6 weeks
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Figure 4.15: Mean FA of the right and left CSTs in relationship to the percentage
change in TUG time across timepoints: a) 1 week follow up, b) 6 weeks, and c) 12 weeks
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(r(14) = -0.11, p = 0.67), 12 weeks (r(14) = 0.026, p = 0.92). There was no
correlation between CST volume and change in TUG scores (1 week (r(16) = -0.15,
p = 0.54), 6 weeks (r(14) = 0.19, p = 0.48), 12 weeks (r(14) = 0.037, p = 0.89).
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4.6 Discussion

In this chapter, probabilistic tractography was used to characterise CST integrity
in a heterogenous clinical cohort of cerebral palsy patients. Additionally, the
relationship between baseline function, as well as treatment response, to metrics

of CST integrity was explored.

Implementation of an automated tractography tool in a paediatric
patient population

Cutting-edge neuroimaging analysis tools are often designed for, and validated
in, cohorts of healthy adults. Through careful implementation and meticulous
inspection, I have demonstrated that an automated probabilistic tractography tool,
XTRACT, can be successfully utilised in a paediatric population with structural
pathology. No participants were excluded, despite several having large lesions

in the affected hemisphere.

This is a significant advance, as much of the previous work on tractography in

3221323324J325|.
)

cerebral palsy has relied on manual delineation of tracts or ROIs or

has excluded participants with large lesions?20327i528:325
In our sample of 18 individuals, we have demonstrated the feasibility of auto-
mated tractography in deriving corticospinal tract measures in a heterogeneous,

clinically relevant, adolescent CP cohort.

Corticospinal tract variation

Our patient cohort demonstrated less variability of CST morphology than ex-
pected. Of the 18 participants, three showed marked CST asymmetry, all having

evident lesions.
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The mean CST FA of the more and less affected sides did not differ significantly,
with values of 0.430 and 0.432, respectively. These do not appear to be markedly
lower than FA values of CST in typically developing adolescents in the same age
group in a longitudinal study conducted by Lebel et al (2011); though exact values
were not reported®??. There does not seem to be a consensus on what is considered
the normal range in typically developing adolescents, with reports varying from
0.3827 t0 0.57% and 0.67%L; and at least partially dependent on scanner magnetic

field strength and processing pipeline.

These findings, while limited by the small sample size, allude to the more global
nature of brain involvement in patients with cerebral palsy and demonstrate the
importance of rehabilitation techniques, such as HABIT and HABIT-ILE, that focus
on bimanual, co-ordinated tasks involving the left and right limbs. In future work,
additional assessment of corpus callosum integrity may add value in characterising

response to these rehabilitation techniques.

Corticospinal tract integrity and baseline functional classification

Previous studies have demonstrated a possible correlation between CST integrity
and motor function classifications such as the MACS for hand function2%=%%,
However, these studies included only children with unilateral upper limb involvement.
In our cohort, we found no correlation between MACS and CST FA, and no
correlation between GMFCS and CST FA. We feel that our sample benefits from
being more reflective of the typical clinical caseload of children with cerebral palsy,
but acknowledge that the small sample size might be underpowered to detect a
correlation between FA and functional classification. Furthermore, we included
participants with mild to moderate CP, with MACS and GMFCS classifications

of 1-3. More severe CP, with classifications of 4 and 5, was not included in our

study, and may have markedly different tracts.
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Corticospinal tract integrity, tract volume, and baseline hand function

Next, we evaluated the relationship between baseline upper and lower limb function,
with corticospinal tract integrity. We found a strong, statistically significant,
negative correlation between baseline CST FA and baseline Jebson Taylor Test time,
which measures hand function, on the more affected side. Worse hand function
was associated with lower FA values. We also identified that the three participants

with the lowest FA and worst hand function had large lesions.

Next, we demonstrated that this correlation was also present between JTT time
and CST tract volume. Our results suggest that greater impairment is associated

with both lower FA and smaller tract volumes.

We then demonstrated that CST tract volume and FA were strongly positively
correlated. One possible explanation is that the fibre structure of the tract itself is
abnormal - with higher FA driven by having larger or less densely packed fibres.
In the context of this population who have had an early insult, with subsequent
development and maturation, we propose an alternative hypothesis: in participants
with injuries to areas through which the CST normally passes, it is likely that
the CST did not develop or mature fully and, therefore, has a lower volume and
lower FA. This explanation would be in keeping with the previously demonstrated
longitudinal findings of Lebel et al (2013,) which demonstrated that during normal
developmental changes of the corticospinal tract, in typically developing adolescents,
increased tract volume over time correlated with increased or static FA, rather than
decreased FA. Given CP occurs during brain development, the tracts with a lower
FA, which represents the integrity of the tract (such as fibre density, axonal diameter,

and myelination) are likely to be less well developed/more degenerated as well.
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Interpretation of DTI metrics

While DTT is highly sensitive to changes in white matter microstructure, it has
significant limitations. The tensor model is most useful in regions of highly coherent
fibres, and is more difficult to accurately interpret where fibres cross or have
complex paths?*?. Diffusion tensor metrics from a given voxel, though derived from
microstructural properties at ~ micrometre scale, are a voxel mean at ~ millimetre
scale. FA is a summary measure of white matter integrity, and can be influenced
by various underlying microstructural properties or pathologies, including axon

296:290:333 - DTT measures of

packing, axon diameter, oedema, and fibre numbers
white matter therefore cannot be attributed to one specific microstructural change.
As cerebral palsy is an umbrella condition, DTT metric alterations may have varying
contributions from different underlying pathologies in different patients. In this
work, fractional anisotropy is treated as a broad overall measure of white matter

integrity, for which it is robust®#

Corticospinal tract integrity, tract volume, and baseline lower limb func-
tion

We did not demonstrate any statistically significant relationships between baseline
TUG time and CST metrics. The TUG test has been shown to be a reliable test to
assess balance, anticipatory postural control, and functional mobility23#3354336i337
Our results may imply that there is no relationship between overall CST integrity
and lower limb function, or it may be that the TUG test is not sensitive enough to
test leg function, as balance and coordination contribute to results. The corticospinal

d#3¥ and quantifying tract integrity in the more

tract is somatotopically organise
superior parts of the tract corresponding to the lower limb as it fans out across

the motor cortex might be more sensitive to lower limb function.
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4.6.1 CST as a predictive tool

Finally, we aimed to determine if baseline corticospinal tract metrics would be a

sensitive metric to be used as a predictor of response to rehabilitation.

Our findings do not show a correlation between a change in upper or lower
limb function with metrics of corticospinal tract integrity. Previous studies have
found reduced FA in the lesioned CST in children with hemiparesis correlated
with simple motor assessments such as the Gross Motor Function Classification
System”*%, Others have demonstrated that reduced FA and increased MD correlate
with bimanual motor function as measured by the Assisting Hand Assessment

339340 - However,

and Melbourne Assessment of Unilateral Upper Limb Function
these studies are similarly limited by small sample sizes, are restricted to the
hemiparetic cerebral palsy subtype rather than undifferentiated CP, and do not

assess for correlations with treatment response or outcome.

It is possible that the lack of relationship between CST diffusion metrics and
treatment response may be due to the heterogenous underlying pathology in our
sample. Kuxzynski et al (2018) have described differences between two specific
stroke types (AIS and PVI), demonstrating disease-specific differences in CST
structural connectivity relative to controls. It is possible that there is not enough
common pathology between participants to be united by one measure. Another
explanation may be that the relationship between corticospinal tract integrity and
rehabilitation potential may not increase linearly. Significant motor improvements
may be possible across a wide range of corticospinal tract integrity, as long as

it is above a critical threshold.

Despite this, children with CP have a shared syndrome, with significant shared
clinical features and shared responses to rehabilitation, regardless of the subtype.
Work should continue to be done to probe possible interactions between more metrics

of white matter integrity, as well as different tracts, and treatment responses.
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5.1 Introduction

As outlined in Chapter [3 our clinical trial investigating the effects of 10 sessions
of ipsilesional anodal tDCS did not demonstrate an effect of condition over time.
Studies of transcranial direct current stimulation in the last two decades have often
demonstrated inconsistent effects, with many avenues of inter-subject variability

investigated!®,

The universally held adage of paediatricians is that “children are not just small
adults” - and this is particularly important to bear in mind with regard to the
developing brain. Differences in skull size and thickness, brain volume, grey/white
matter ratios, and cerebrospinal fluid (CSF) volume could all impact the electric
current flow of tDCS2HEEE342 - Given that there is growing interest in using tDCS
in children with neurological disorders, including CP, it is important to better

understand the impact of structural variation on current flow and treatment effects.

This chapter will use computation modelling to generate personalised electric
field models for a subset of participants from the StimCP trial and explore whether

these models can provide insight into treatment response.

5.1.1 Understanding variance in tDCS response

Protocol variations

In the adult population, tDCS has been shown to modulate neuronal membrane

potentials, and induce long-lasting, polarity-dependent changes in cortical excitabil-
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ity in humans™?. Polarity of the effect is determined primarily through electrode
placement, with membrane depolarisation induced through anodal stimulation, and
membrane hyperpolarisation induced through cathodal stimulationt!2147%120  Thjg
same early work by Nitsche and Paulus interrogated the optimal tDCS stimulation
duration, current intensity, and electrode placement on motor-evoked potentials
(MEPs)*4. They demonstrated the critical role for electrode position in achieving
the behavioural effects of anodal stimulation, with only one configuration (motor
cortex and contralateral forehead) resulting in significant excitability changes™.
Secondly, they demonstrated that higher current intensity and greater stimulation
time resulted in higher amplitude MEPs which persisted for a longer duration
after stimulation®*14% In other words, the dosage of current materially affects the

behavioural outcome, and selecting the correct stimulation site, current dosage, and

stimulation duration are vital to maximising possible effects.

Individual factors

It is increasingly recognised that beyond protocol variations, there are also many
possible inter-individual factors which lead to variation in response, including neu-
rochemical, genetic, developmental, and anatomical factors*®®, which are discussed

in greater detail in Chapter

5.1.2 Anatomical differences between adults and children

Anatomical factors are particularly relevant to our study population, as the
adolescent brain is still undergoing developmental changes, while also having
underlying pathology as a result of the early insult which led to cerebral palsy.
These may influence brain volume, grey/white matter ratios, and cerebrospinal

fluid (CSF) volume, which all impact electric current flow during tDCS342,
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Skull and scalp changes through the lifespan

Skull thickness and size undergo rapid changes during the newborn to toddler phase,
where skull thickness increases 6-fold in the first three years of life#4d. Skull and
overall head size show a logarithmic increase in early childhood®*¥ before growth

slows, but continues to increase until approximately 16 years of age®,

Early current modelling studies showed that both scalp and skull thickness
differed between a 12-year-old adolescent and a 35-year-old adult and were important

factors in explaining differences in current flow as well as peak current intensities®.

Brain volume increases and ratio changes of CSF, grey, and white matter

At birth, the brain is ~25% of the volume of an adult brain, and undergoes rapid
growth in the first two years of lifé*® (Figure [5.1)). Thereafter, it continues to
increase in size until adolescence (age 12-15 years, sex-dependent) before gradually

declining across the rest of the lifespan4°.

Both grey and white matter volume
changes reflect overall brain volume changes across the lifespan; however, grey
matter volume declines with age more than white matter volume, resulting in a high
grey:white matter ratio at birth, declining over childhood and reaching a plateau in
ageing. Unlike brain volume, cerebrospinal fluid (CSF) volume increases steadily

over the lifespan from birth to advanced age>**319,

5.1.3 Computational modelling of current flow in tDCS

Computational finite-element method (FEM) modelling has enabled us to begin
to untangle the effect of anatomical differences on current flow in both clinical

populations’® and healthy adults*®*®. These models have advanced our mechanistic
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Figure 5.1: Total brain volume (a) across the lifespan increases rapidly in childhood and
declines slowly after adolescence. The immature brain has a greater grey:white matter
ratio, which declines rapidly during childhood and plateaus in adulthood (b). CSF volume
increases linearly across the lifespan (c). Reused with permission from Chourchesne et al,
Neuroradiology (2014)

understanding of the current flow during the application of transcranial direct

current stimulation (tDCS), particularly regarding how lesions affect current flow'®%.

The effect of these anatomical differences, including brain and CSF volume,
and skull thickness, on electric field strength and distribution is an area of ongoing
investigation, and is likely non-linear. Increased electric field peak strength was
found to be strongly correlated with skull thickness in children in a study of 58
healthy children, adolescents and adults,**?, but not correlated to skull thickness or
grey /white matter volume in a more recent study of 32 children and adolescents®.,
Despite no clear correlation between discrete anatomical differences and field
strength, several modelling studies have found higher peak electric field in children

347,345,348,342,349’ as

than in adults, when applying the same tDCS current and montage
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well as more expansive electric field spread across the brain®#4. This is likely resultant

of a complex interplay of anatomical factors that are not clearly understood.

Nearly all modelling studies have been performed in adults, with very few studies
evaluating how anatomically abnormal paediatric brains alter electric field strength
and distribution of current. Cerebrospinal fluid is a particularly good electrical
conductor, and modelling studies in adults have shown that differences in CSF
distribution dramatically change tDCS current flow estimatest®**%7, Large CSF-
filled areas post-infarction, or changes in ventricle shape and size, both common
findings in cerebral palsy, are likely important factors determining current fow!%,
It is, therefore, important to strive to ensure that current modelling studies are

inclusive of the full spectrum of pathologies for which tDCS could be applicable.

5.1.4 Electric field modelling to explain response variation

While it is clear that the emerging technique of modelling current flow, particularly
in children and patients, can provide useful insights into the biomechanics of
current flow; it is not yet clear if there is a direct relationship between expected
current flow and response to tDCS. To date, very few studies have examined
electric field modelling parameters in relation to study outcomes. Of the handful of
published studies, it appears promising that electric field strength in the proposed

3

tDCS target area may correlate to outcome measures in depression®" and working

3511352 Omne study has evaluated the relationship between electric field

memory
and functional connectivity changes, in a cohort of stroke patients®*®. Yuan et al.
(2022) demonstrated a positive correlation between functional connectivity of the
ipsilesional sensorimotor region after anodal tDCS, and electric field strength of
the ipsilesional M1, hypothesising that anodal tDCS facilitates improved functional
connectivity in chronic stroke subjects, and individual electric field predicts the

functional outcomes®?. Unfortunately, the study did not include any behavioural

outcome scores to further evaluate this claim.
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5.1.5 Key aims of this chapter

Electric field modelling is a tool that facilitates better understanding of how
individual anatomical factors can affect current flow. This may be a promising avenue

to further our understanding of the causal reasons for variation in response to tDCS.

In this chapter, I have tested a model of electric current strength simulation

in a clinical paediatric population to address the following questions:

1. Is electric field modelling feasible in a real-world paediatric cerebral palsy

population?
2. Does electric field modelling suggest consistent target engagement of M17?7

3. Does electric field modelling help to predict motor outcome after an anodal

tDCS intervention?

5.2 Methods

5.2.1 Study design

Data presented in this chapter were collected as part of a larger randomised control
trial, outlined in Chapter In brief, children aged 10-16 with cerebral palsy
underwent a 10-day motor training. Each session consisted of upper and lower limb
training for 90 minutes, and participants received anodal or sham tDCS during
the first 20 minutes of the training. An optional baseline MRI was performed

before the intervention, and outcome measures were collected at baseline, 1, 6,

and 12 week follow-ups (Figure [4.2).
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5.2.2 Magnetic Resonance Imaging (MRI)

MRI data were acquired in a single scanning session at the Wellcome Centre
for Integrative Neuroimaging prior to the start of the intervention. Data were
collected using a 32-channel head coil in one of two identical 3T Prisma Magnetom
Siemens scanners, software version VE11C (Siemens Medical Systems, Erlangen,
Germany). Head movement was minimised through the use of foam padding and
limb strapping as needed on an individual basis. Data from the structural scans

were utilised in this chapter.

The T1-weighted structural image was acquired with a Magnetization Prepared
Rapid Acquisition Gradient Echo (MPRAGE) sequence*: TR = 1900 ms, TE
= 3.97 ms, voxel size = 1.0 x 1.0 x 1.0 mm, flip angle = 8°, total slices = 192.
A field view of 192mm?® was set as standard; if this FoV did not include the full
scalp perimeter, an additional T1w scan was acquired for use in the computational

modelling of the electric fields.

T2-weighted images were acquired in the sagittal plane: TR = 5000ms; TE
= 397ms; voxel size = 1.0 x 1.0 x 1.0 mm; slice thickness = 1.05mm; 192

slices; FOV = 256mm?.

Transcranial Direct Current Stimulation

Anodal transcranial direct current stimulation was delivered during the first 20
minutes of each 90-minute intervention session. Two 5 x 7cm conductive rubber
electrodes in saline-soaked (0.9% NaCl) sponges were attached to a direct current
stimulator (Nurostym, Neuro Device Group S.A., Poland). The anode was placed
on the contralateral hemisphere of the more affected upper/lower limb, using the

EEG 10-20 system (C3/C4), and placed as close to the midline as possible. For
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simplicity, this is referred to as the ipsilesional side. The cathode was placed on

the contralesional supraorbital region.

5.3 Data analysis

5.3.1 Current Modelling

Electric field current modelling was generated using the standard SimNIBS pipeline
[version 4]**#. In brief, T1w and T2w FLAIR scans were bias-corrected and affinely
co-registered. Next, using the SimNIBS tool CHARM (Complete Head Anatomy
Reconstruction Method)** the anatomical volumes are segmented into 15 tissue
types, employing a combination of intensity, atlas, and machine learning based

segmentation. The tissue types are listed in Figure 5.2

Segmented volumes were visually inspected for accuracy, and manual clean-up
of inaccurately segmented masks was performed. In particular, segmentation errors
were seen at CSF / brain interfaces. In these cases, Freesurfer Freeview v7.1.1
was used to manually reclassify tissue within the brain, and FSLeyes v1.0.13%°
to delete erroneously classified voxels at the skin/air interface. To generate the
volume conductor from voxel segmentations, surface meshes are generated using
triangular elements, and the volumes between the surfaces are filled in with
tetrahedral elements, using Gmsh**”. The surface meshes represent the boundaries
between tissue types. Together, these volumes and surfaces form the basis of the
finite element model (FEM) of the electric field generated by tDCS. Previously

established conductivity values for each of the 15 tissue types were assigned to

the appropriate meshes.



Tissue Details
. Air cavities, such as sinuses and the
Air Internal (Al) |} thriaat
Large arteries in the head and
Artery (AR) [ | neck
Cerebrum gra
um gray Bl | Cerebral and cerebellum cortex.

matter (GM)

Cerebrum white

Cerebral and cerebellum WM

matter (WM) including subcortical structures.
Cerebrospinal u Cortical CSF, ventricles, CSF around
fluid (CSF) spinal cord, meninges.

Eyes (EY) B Vitreous body, cornea, lens.

Other tissues

Soft tissues not belonging to any of

(0T) . the other classes.
Rectus Muscles
(RM) B Muscles around the eyes.
Mucosa (MU) [71| Mucous tissue in the nasal cavity.
Visual Nerve Visual nerve from the eyes to the
(VN) optic chiasm.

. Outermost tissue layer of fixed
=kin (5k) u thickness on the head.

. From the inferior part of the scan

/ - .

spinalcord {5} Ml to the beginning of the brain stem.
Veins (VE) Major veins in the head and neck.

Bone cortical
(8C)

Compact bone in the skull and
vertebrae.

Bone cancellous
(BS)

Spongy bone in the skull and
vertebrae.

5.3. Data analysis

Figure 5.2: Tissue types segmented with SimNIBS CHARM: A reference segmentation
with corresponding colour-coded tissue labels for the 15 tissue types
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5.3.2 tDCS configuration

Simulated electrodes were placed on the reconstructed head meshes of individual
participants to model anodal tDCS of M1. Electrode placement was guided by the
standard 10/20 EEG system but manually corrected where needed. M1 electrodes
were placed on C2 (right-sided, for participants with a weaker left side) and C1
(left-sided, for participants with a weaker right side). The cathode was centred
on the contralateral forehead at AF3 (right-sided stimulation) or AF4 (left-sided
stimulation). These landmarks differ from the previously reported studies which
utilise C3 and C4 for M1, and Fpl and Fp2 as co-ordinates for the anode and
cathode respectively. The anode in our study was deliberately placed in a coronal
orientation with the aim of capturing both upper and lower limb regions of the
motor cortex. Furthermore, given the smaller head sizes in our cohort, traditional
placement of the frontal electrode on Fpl or Fp2 resulted in obscuring parts of
the eyebrow and eye, thus we opted for a higher-up placement. This is illustrated
in Figure 5.3] All simulations were visually inspected and manually corrected to

ensure electrode placement mirrored real-life placement.

Electrodes were modelled within SimNIBS to represent those produced by
NeuroStym. Rectangular sponges (7 x 5cm) of 6mm thickness and a rubber
electrode of 1 mm were specified. Standard conductivity values as recommended
by SIMNIBS were used: Rubber electrode conductivity was set to 0.100S/m, and

saline-soaked sponges at 1.00S/m. Current strength was set to 1mA.
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(a)

(b)

Figure 5.3: Electrode placement for right M1 anodal stimulation as used (a) for this
study versus (b) previously reported electrode placement illustrating the frontal electrode
obscuring part of the left eyebrow, as well as the differences in placement of the anode.
The red electrode represents the anode, and blue electrode represents the cathode
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Region Atlas labels

Motor 4
Supplementary motor 6mp, 6ma, SCEF
Premotor FEF, PEF, 55b, 6d, 6v, 6r
Occipital V1

Table 5.1: Summary of atlas regions selected for subsequent ROI-based analyses

5.3.3 Regions of interest analysis

The HCP MMP1 atlas is a multimodal atlas derived from structural T1w and
T2w data, as well as task and resting state fMRI data®*®. The atlas was chosen
for this reason as its parcellations may have functional, in addition to anatomical,
relevance, and StimCP was a trial of neuromodulation of motor function. This atlas
is also notable for fine-grained parcellations of motor regions of interest (ROIs),
including primary motor areas, premotor, and supplementary motor areas. Table
summarises the atlas regions that made up the ROIs used for analysis. The

occipital ROI was included as a control.

As part of segmentation and creation of mesh surfaces, SImNIBS calculates 6
degrees-of-freedom, 12 degrees-of-freedom and non-linear MNI transformations. For
specified ROI labels, SimNIBS transforms atlas regions from MNI space to subject
space. Mean electrical field strength of all the triangular nodes in each ROI in

subject space was calculated, weighted by the area of each node.

5.3.4 Variables of interest

Heat maps of electric field strength were generated for each participant. Variables

of interest included:

1. Peak electric field strength (in V/m), which corresponds to the 99.9th

percentile value of the electric field strength values associated with each
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mesh element

2. Field focality was extracted as the volume (cm?) of grey and/or white matter
tissue that had electric field strength values greater than or equal to the peak

electric field strength.

3. Regions of interest, namely motor, premotor, supplementary, and occipital

regions, were used to extract the mean electric field strength in each region.

5.3.5 QOutcome scores

Motor outcomes were assessed at 1, 6, and 12 weeks post-intervention. The
percentage change in upper limb outcome, measured by the Jebson Taylor Test
(JTT) and lower limb outcome, measured by timed up and go time (TUG) were
calculated at each follow-up period. Further details are outlined in [3.2.3]

5.3.6 Statistical analysis

Data were analysed using GraphPad Prism (Version 10.2.3) and SPSS (v29.0.2, IBM
inc). Data were assessed for normality of the standardised residuals using Shapiro-
Wilk tests and visual inspection of frequency histograms. If data were assessed
to be normally distributed, then parametric statistics were utilised, otherwise,
non-parametric statistics were used. Significance was set at p < 0.05. Multiple

comparisons were corrected for using Bonferroni correction unless otherwise specified.

All participants (sham and active stimulation) were included in analyses eval-
uating electric field distribution and strength. Independent samples t-tests were
used to determine if there was an effect of stimulation laterality on the mean

electric field in specified regions of interest.
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Only participants who received active stimulation were analysed in the outcomes
section. Primary outcomes, the JTT and TUG, were assessed by using the percentage
change in score from baseline to each time point (1 week, 6 weeks, and 12 weeks)
Pearson’s correlation analyses were run to determine whether mean electric field of

each ROI was related to outcome (upper and lower limb outcome).

5.4 Results

5.4.1 Demographics

Data in this chapter were analysed prior to completion of the full StimCP study,
therefore this represents a subset of the first 18 participants in the study. Four
participants did not consent to the baseline MRI and 3 participants were excluded
after initial MRI quality checking due to movement artefact and inadequate field
of view. Five females and six males are included in this analysis (median age =
12.7 years, range 10.2 to 15.8 years). Functional classifications, most affected side,

and site of stimulation are included in Table .2l

5.4.2 Electric field modelling in children with cerebral palsy
can be achieved with standard tools

Our results show that current modelling was feasible in this population with
robust quality control of segmentation and tissue classification employed. Two
main technical challenges arose in preparation of the head models for the electric
field simulation. Firstly, segmentation errors of CSF occurred in two participants,
similar to those previously described by Carlson et al (2022). The first participant,
illustrated in Figure [5.4] had a large CSF-filled defect at the site of a previous right
middle cerebral artery stroke. Initial segmentation (Figure incorrectly classified

this region as white matter, which could be manually re-classified correctly, as seen
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Table 5.2: Participant demographics for this subset of data, including those who received
sham stimulation. The site of active stimulation and the number of participants receiving
active stimulation are also included.

Sex

Male 6

Female 5
GMFCS

Level 1 3

Level 11 6

Level III 0
MACS

Level 1 5

Level 11 6

Level II1 0
Most Affected Side

Left - Leg 3

Left - Arm 3

Right - Leg 2

Right - Arm 3
Site of Stimulation

Right 6

Left 5
Active Stimulation

Right 5

Left 2

in Figure [5.4b] The electric field simulation for this participant is demonstrated in
Figure 5.6, The second participant similarly had a misclassification of CSF at the
boundary of an irregularly shaped ventricle, which could be manually re-classified.

The remaining 9 participants had no segmentation errors on visual inspection.

Secondly, owing to the smaller and irregular head shapes in this cohort, the spec-
ification of the electrode position in each participant had to be visually checked prior
to running the simulation. Two participants required manual rotation of electrodes

(less than 30 degrees) to accurately match the real-world placement of electrodes.

Biologically plausible simulations were generated in all included participants

(Figures [5.5] and [p.6]). These are encouraging results, which demonstrate that, while
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more labour-intensive, it is feasible to include participants with larger lesions.

(b)

Figure 5.4: Representative example of segmentation errors. In this example, figure (a)
demonstrates that CSF has been misclassified as white matter on the right, while (b)
illustrates the correction post manual segmentation of the CSF/white matter boundary
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Sub-09

x «y
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Y E_magn z
Lx 0 0476 0.352 ﬂ

Figure 5.5: Electric field models for left-sided anodal stimulation in CP (same colourmap
scale for all participants). This illustration includes participants who received sham
stimulation to demonstrate inter-individual variability.
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Sub-13
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Y
o 0178 0.352 L! o 0178 0.352 X

Figure 5.6: Electric field models for right-sided anodal stimulation in CP (same
colourmap scale for all participants). This illustration includes participants who received
sham stimulation to demonstrate inter-individual variability.
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Figure 5.7: Peak electric field strength and mean electric field strength in the stimulated
motor cortex (M1) across all participants

Electric field strength and distribution is highly variable between individu-
als

The electric field strength and distribution seen in Figure and Figure
demonstrate highly variable maps across participants who received left- and right-
sided anodal stimulation, respectively. The minimum mean electric field strength

of the stimulated motor cortex was 0.1085 V/m, and the maximum was 0.187

V/m (Figure [5.7)).
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Stimulation site does not correlate with site of maximal electric field inten-
sity

Determination of the mean electric field strength in the motor, premotor, and
supplementary motor areas for the stimulated and non-stimulated hemisphere is
demonstrated in Figure While visually there appears to be a trend for left
sided anodal stimulation to produce higher mean electric field strengths, this was
not found to be a statistically significant difference across M1 (t(9) = 0.69, p
= 0.51), the premotor area (t(9) = 1.09, p = 0.30) or the supplementary motor
area (t(9) = 1.11, p = 0.30).

The supplementary motor area demonstrated the highest mean electric field
strength. There was a statistically significant difference between the mean efield
strength in the stimulated M1 versus the SMA (t(10) = 5.4, p = 0.0003) across all
participants (Figure . There was no statistically significant difference between
mean electric field strength of M1 and the premotor region (t(10) = 2.181, p = 0.054).

Electric field strength was predictably low in both occipital cortices for both

groups.
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Figure 5.8: Mean electric field strength across the motor cortex (M1), premotor cortex,
and supplementary motor area (SMA) illustrates the range of simulated currents across
participants. Occipital cortex included as a control. Simulations were based on anodal
stimulation to the ipsilesional hemisphere, and are categorised into ROIs in the stimulated
and non-stimulated hemisphere, as well as to stimulation in the left or right hemisphere.
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Figure 5.9: Mean electric field strength in the stimulated motor cortex (M1), premotor,
and supplementary motor area across all participants. There is a statistically significant
difference between mean EF of M1 and the SMA, p = 0.0003
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5.4.3 Electric field correlations with motor outcome

For this analysis, only participants who received active stimulation were included,
thus 5 participants who underwent right-sided stimulation and 2 who underwent
left-sided stimulation were included. The region of interest used was specified as

the area on the side where anodal stimulation was applied.

Spearman’s correlations were calculated to determine the relationship between
electric field strength and upper and lower limb motor outcomes. There was no
significant correlation between change in JTT time and M1 mean electric field
strength at 1- (r(6) = 0.11, p = 0.84), 6- (r(5) = 0.08, p = 0.92), or 12- (r(6) = 0.14,
p = 0.78) weeks. Similarly, there was no significant correlation between change in
TUG time and M1 mean electric field strength at 1- (r(6) = -0.29, p = 0.56), 6-
(r(5) = 0.02, p = > 0.99), or 12- (r(6) = 0.21, p = 0.66) weeks (Figure [5.10).

Further exploratory analysis was performed to determine if there was a cor-
relation between peak electric field strength and motor outcome (Figure [5.11)),
and field focality and motor outcomes (Figure |5.12)). No statistically significant

relationships were found.
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Figure 5.10: Percentage change in (a) upper limb score and (b) lower limb score at one
week follow up demonstrated no significant correlation with mean electric field strength
in M1. A negative percentage change indicates an improved score at 1 week.



5. Individualised electric field modelling to explain variability in tDCS effect 139

201
[ ]
[}
E ] .
': .
r ] 0 L] Y
£ ]
(]
o
c
©
L
° [ ]
& -20
E
c
g [
o
o
-40-
......... e e e e
0 10 20 30 40
Peak electric field
(a)
30
° ]
£ 204
= E
E
£ i
% 10- . °
[ =] E
© J
-5 ] ° °
g 0
8 ]
c ]
[
<] ]
) i .
@ 104 R
20¢rrrrrrrrr {7 TTTTTTTTTT T

0 10 20 30 40
Peak electric field

(b)

Figure 5.11: Percentage change in (a) upper limb score and (b) lower limb score at one
week follow up demonstrated no significant correlation with peak electric field strength.
A negative percentage change indicates an improved score at 1 week.
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Figure 5.12: Percentage change in (a) upper limb score and (b) lower limb score at one
week follow up demonstrated no significant correlation with field focality. Field focality is
the tissue volume (in cm?®) that had electric field values greater than or equal to 75% of
the 99.9th percentile. A negative percentage change in score indicates an improved score
at 1 week.
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5.5 Discussion

5.5.1 Demonstration of feasibility

In this chapter, individualised electric field current models were successfully gen-
erated for 11 participants with cerebral palsy, as part of exploratory analysis to

better understand variation in response to transcranial direct current stimulation.

Through the adaptation of existing tools, it is feasible to generate biologically
plausible and anatomically accurate head models and electric field simulations. It
is possible to include participants with large lesions in the analysis of electric fields,
even when automated tools fail to accurately segment tissues, through meticulous
inspection and manual mask correction. This analysis addresses key limitations
of previous work by assessing variability between individuals. Additionally, this
analysis fills in part of the gap between the application of tDCS at a standard “dose”

on the scalp and models what “effective dose” is delivered to the target motor regions.

5.5.2 Stimulation of adjacent motor areas

In this cohort of participants, we have demonstrated large variability in peak
and mean electric field (EF) strength in regions of interest. This mirrors previ-
ous literature which similarly found high inter-individual variability in typically

developing children®*? and adults>>%1%°

Our findings are also in keeping with Carlson et al (2023), who have have
recently reported a large series of electric field modelling using MRI data from
83 children with arterial ischemic stroke (AIS), periventricular infarction (PVI),
and typically developing controls (TDC). They demonstrated variability in peak
electric field strength across all participants, in keeping with our findings. Of

interest, they also reported statistically significant differences in peak electric field
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strength between the AIS and TDC groups, demonstrating group-based variability
based on pathology. Furthermore, they demonstrated significant variations in mean
electric field strength in M1, dependent on the electrode montage®?. Importantly,
despite this being a large sample, 19% of the initial 108 participants were excluded
as their lesions were incorrectly classified during the modelling pipeline®®®. The
results, therefore, likely underestimate the extent to which larger lesions affect

current strength and distribution.

Of particular interest is our finding that the mean EF strength in M1 is lower
than in both the premotor cortex and supplementary motor area. This reflects
the overall lack of focality of transcranial direct current stimulation. However,
more widespread stimulation does not necessarily imply lower efficacy, as it may be
through stimulating a wider motor network involving primary motor, premotor, and
supplementary motor areas that motor learning could be modulated®®”. Lefebvre et
al (2019), in a study evaluating changes in cortical motor excitability through
stimulation of either SMA or the motor hand “hotspot”, demonstrated that
stimulating the SMA led to a higher number of responders and greater changes

in motor excitability“t".

5.5.3 EF modelling to predict motor outcome

This is the first study, to our knowledge, that explores the relationship between
simulated electric field parameters and response to a tDCS intervention. In
this cohort, there were no correlations between motor outcome and electric field
stimulation parameters including mean EF in M1, peak EF, and field focality.
This is a small sample size, and therefore, the conclusions that can be drawn

from this data are limited.

While ours is the first study to evaluate the relationship with outcome metrics,

a study by Nandi et al (2022) utilised electric field modelling and MR spectroscopy
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to assess if EF variability correlates with variability in tDCS-induced changes in
GABA. They demonstrated that mean EF magnitude was associated with greater
decreases GABA, and that this effect was moderated by grey matter volume in
the MRS voxelP", This is compelling work, given that decreased GABA is one of

the proposed mechanisms of action for anodal tDCS (Section [1.3.1]).

Future work would benefit from utilising multimodal techniques, such as MRS,
while also evaluating relationships between EF strength, neurotransmitter changes,

and behavioural responses to tDCS.

Another potential application of electric field modelling is dose and electrode
optimisation. Several studies have utilised reverse dosing calculations to determine
individualised tDCS doseg62863352 ap( electrode placement®®#2%2 and demonstrated
more consistent and improved focal targeting of the designated stimulation region
when individualised doses and montages are used®®?. A logical next progression
would be to prospectively optimise tDCS dosage and montage, and determine if

this reduces response variability.

5.5.4 Limitations

This study constitutes a small sample, and larger studies are needed to critically
evaluate if there is a role for EF modelling in the prediction of treatment re-

sponse to tDCS.

While there is clear evidence that anatomical variation leads to simulated
electric field variability, we cannot be certain that this corresponds to in vivo
variability. Electric field modelling is an estimate rather than a direct measure of
how much stimulation reaches the cortex. In vivo validation remains challenging,

but there is evidence that EF estimates and measured intracranial recordings
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3641365

demonstrate a linear relationship , and therefore these models are being used

with increasing confidence.
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This thesis makes several contributions to the field of brain stimulation inter-
vention in children and adolescents with cerebral palsy. The clinical trial detailed
in Chapter [3] is unique: it is the only trial to assess ipsilesional anodal tDCS,
combined with clinically proven motor training, to target upper and lower limb

function in children with cerebral palsy.

In Chapter[2] I showed the importance of ongoing physical activity and rehabilita-
tion and assessed the impact of disruption of care during the unprecedented COVID-
19 lockdown. In Chapter |3, I summarised the motor outcomes of the StimCP study,
a randomised clinical trial of brain-stimulation-assisted rehabilitation in adolescents
with cerebral palsy. Chapters[4]and [5|explored the use of individualised tractography

and electric field modelling, respectively, to test whether variations in baseline motor

145
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tract integrity and brain structure could help explain the motor outcomes in this
study. In this chapter, I will review the strengths and limitations of the above work

and the implications for future work on brain stimulation in cerebral palsy.

6.1 Transcranial Direct Current Stimulation to
improve motor function in cerebral palsy

In Chapter [3, the results of a clinical trial of anodal tDCS are presented. While a
pilot study, the sample size of 27 participants is comparatively large for trials in
this population, and adherence to study protocol was good (20 participants [74%])

completed all 10 interventions, and all participants completed the primary endpoint).

Both upper and lower limb function improved post-intervention, and these im-
provements persisted at the 12-week follow-up. However, anodal stimulation had no

significant additional effect on any objective metrics of upper and lower limb function.

Subjective measurements of function demonstrated participant-reported increases
in the use of both hands for bimanual activities, but no additional effect of
stimulation. Perceptions of lower limb function did not change significantly post-

intervention, and there was no additional effect of stimulation.

This study has several important strengths. This tDCS intervention followed
best practices in the field in several domains including: utilising sham stimulation
in the control group, double (participant and researcher) blinding, and adhering
to safety guidelines on dosage*®3%L2 - Participants performed motor tasks that
were functionally relevant, involving repetition and increasing difficulty over time,
which are recognised as important principles of motor learning®¢1%283  Engaging
participants in a related motor task during M1 stimulation with tDCS is based
on evidence of preferential enhancement or consolidation of a specific pattern of

concurrent neural activity through neuroplasticity 23221220,
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It was important for our study to include a clinically relevant population of
children with cerebral palsy. The majority of children with cerebral palsy will
have more than one limb affected®®, but the majority of studies assessing tDCS in
this population assess either upper or lower limb function in isolation, not both.
Additionally, a significant proportion of the literature focuses on specific subtypes
of CP, such as perinatal stroke, which limits wider clinical translation of these
findings. As the majority of children with CP in the UK will not have access to
neuroimaging after infancy, and typically do not receive a more granular diagnosis
(such as periventricular leukomalacia or perinatal stroke), ensuring that eligibility

for the study reflected current clinical diagnoses enabled more translatable findings.

However, this ‘catch-all’ approach has also presented challenges. Cerebral
palsy theoretically has a common pathway that leads to non-progressive motor
impairments, but the underlying pathology and timing of insult lead to significant
variability in underlying pathophysiology. This variability may contribute to our
finding of a lack of additional effect on motor outcome of anodal tDCS, and
our sample size was not large enough to do effective sub-group analyses. Larger
sample size may afford adequate power to run sub-group analyses, but is limited
by resources. Multi-site studies with harmonised protocols, and publication of
trial outcome data for meta-analysis may also address this limitation. Recruitment
is a major barrier to achieving ideal study sample size. A UK-wide registry of
children with CP would be hugely beneficial to assisting recruitment for studies,

while also improving access to research for families.

There are many possible reasons for null results in this study. It might
be that non-invasive brain stimulation does not improve motor function in CP.
However, there may be sources of variability that have influenced the result. The
presence of genetic polymorphisms (e.g. BDNF Val66Met), may reduce possible

effects of tDCS2TE081I28  Other sources of variability, such as biological sex and
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177178

hormonal cycles and baseline neurochemistry are difficult to control for in

small sample sizes.

Lastly, given that this was a pragmatic trial, it was not possible to perform
baseline cortical excitability assessments using transcranial magnetic stimulation;
nor to perform a baseline MRI for neuronavigation purposes. It is possible that
individual cortical re-organisation from early injury resulted in atypical motor area
and/or corticospinal tract organisation®*#!%H%  Future studies may benefit from
utilising TMS guided motor mapping and neuronavigation to ensure electrodes are

optimally placed and account for individual differences.

6.2 The potential utility of corticospinal tract
integrity as a correlate of function

In Chapter [4] characterisation of corticospinal tract integrity using probabilis-
tic tractography was performed, and metrics related to baseline function and

treatment response.

We demonstrated the successful generation of corticospinal tracts in all included
participants. This is a significant finding, as previous studies have relied on manual
delineation or excluded participants with larger lesions. In a condition such as
CP, which comprises patients with varied but significant lesions, it is extremely
important for research to reflect clinical cohorts to ensure work is clinically relevant
and reproducible. We hope that our study can be used as a proof of concept for

future studies and that ongoing work will be as inclusive as possible.

Secondly, we demonstrated that corticospinal tract FA and volume correlate
strongly with baseline hand function on the affected side, such that increased FA
and volume relate to better hand function. While this is perhaps intuitive, this

relationship has only previously been demonstrated in unilateral upper limb cerebral



6. Discussion 149

palsy. We were unable to demonstrate a similar relationship between baseline lower
limb function, and FA or volume. One possible explanation may be that TUG and
10m walk time may not be the most sensitive or specific markers of lower limb
function. While these tests are commonly used in this population, gait sensors
have been used to good effect in several studies, and may be a more sensitive
correlate?¥?202 - Additionally, we utilised a combined FA measurement of both the
right and left corticospinal tracts, as standing up from seated and walking are tasks
reliant on both lower limbs. However, the relative contributions of both tracts to the
movement are unknown and it is possible that some participants had undergone early
282109

reorganisation of their corticospinal tracts to preference ipsilesional connections

TMS motor mapping would be a useful modality to further investigate this.

Finally, we aimed to determine if baseline CST integrity is a sensitive metric for
predicting response to treatment. In this cohort of patients, we did not demonstrate
a correlation between changes in upper or lower limb function and metrics of
corticospinal tract integrity. To our knowledge, this is the first study to assess this

relationship in a general, undifferentiated cerebral palsy population.

We specifically focused on the corticospinal tract, given that it predominates
skilled voluntary limb movements. CST integrity has been demonstrated to play
a role in upper limb functional outcome in adult stroke®®”. However, given that
children with cerebral palsy tend to have a more global brain injury, as well as
subsequent cortical reorganisation, assessing the CST alone may not be sufficient
to explain the underlying motor function and predict treatment response. Further
assessment of complementary tracts involved in motor planning and movement, such

as the corpus callosum and superior longitudinal fasciculus, may help to disentangle

the role of white matter and rehabilitation potential.

A key strength of our study is the use of automated tractography in native space,
which has two main advantages. Firstly, this technique is less amenable to biases than

other methods, such as manual segmentation or atlas-based techniques, both of which
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may be less robust in patient groups with variable anatomy and more subjective®#!,

Secondly, data were analysed in native space and, therefore, retain their inherent

structural variability and size, an important consideration in this population.

As mentioned above, our study is limited by the use of only one tract. One
potential avenue for investigation moving forward is to utilise network-based analysis
using individual connectome maps. Work by Ballester-Plane et al. (2017) in children
with dyskinetic CP demonstrated reduced FA in bilateral pathways comprising
sensorimotor, intraparietal and frontoparietal connections®’”. They were also able
to demonstrate gross and fine motor function correlated with FA in a pathway
comprising the sensorimotor system. FEnglander et al (2015) utilised a similar
approach in a trial of cord blood transfusion for children with spastic cerebral
palsy - and demonstrated a potential correlation between white matter connectivity
and functional improvement, though this was not statistically significant*™". This

presents a promising future avenue of research.

6.3 Individualised electric field modelling to ex-
plain variability in tDCS effect

In Chapter [ individualised simulated electric field models of current flow were
generated for a subset of participants in the StimCP trial. Anatomical variability
may be one potential contributor to inter-individual responses to tDCS, and the
aim of this work was to characterise the induced electric field in our trial cohort, as

well as determine if EF modelling can predict motor outcomes after tDCS.

We demonstrated variability in peak and mean electric field strength in regions
of interest, in keeping with previous studies of healthy adults and children®*. A
unique contribution of this study is the inclusion of participants with large lesions,
which have previously been excluded from similar studies due to difficulties in

segmentation and tissue labelling?®®. The impact of such lesions on estimated
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electric fields is likely large, given that CSF is an excellent electrical conductor

and most lesions are CSF-filled areas.

Secondly, in our sample, mean electric field strength in M1 was lower than
in the premotor cortex and supplementary motor cortex of the same side, which
demonstrates the overall lack of specificity of tDCS. Future work to utilise com-
putational modelling to estimate the optimal dose and electrode placement for
individuals may assist in increasing overall specificity, and could potentially decrease

variability in treatment response.

Finally, we aimed to determine if electric field parameters such as mean M1
electric field, peak electric field, and field focality would correlate to tDCS response.
To our knowledge, this is the first study to investigate this relationship. Our sample
size was small, and we found no correlations between EF measures and motor
outcomes. As computational modelling becomes more utilised, we hope that future
studies will investigate possible correlations between behavioural outcomes and
electric field parameters, to further interrogate if inter-individual response may

be mediated by tDCS dosage and/or electric field.

6.4 Overall reflections and implications for future
work

There is an ongoing need for clinically relevant, time-efficient, and effective interven-
tions to improve motor function in children with cerebral palsy. However, clinical
research in this population is challenging. Despite pragmatism in study population
inclusion criteria for this study, recruitment was extremely challenging. The lack of a
centralised registry for CP in the United Kingdom remains a barrier for research, and
many parents highlight difficulties in accessing clinical trials. Beyond recruitment,
the heterogeneity of the group makes analysis of outcomes and exploration into

mediating effects challenging. A significant proportion of research into neuroimaging,
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neuromodulation, and electric field modelling addresses only one subtype of cerebral
palsy. However, we strongly believe that, in order to ensure real world applicability of
interventions, we must aim to have study populations mirror our clinical populations.
An additional limitation of the current evidence in neuroimaging and modelling
in CP is the exclusion of participants with large lesions, where segmentation or

tractography fails, which again limits real-world translation of findings.

The utility of tDCS as a therapeutic adjunct remains unclear: our study of
27 children demonstrated no effect of anodal tDCS on outcome, yet other studies
have demonstrated effects. In order to robustly answer the question of utility,
we need multi-site studies with harmonised protocols, and publication of trial
outcome data for meta-analysis. Collaboration will enable a better understanding
of treatments for cerebral palsy as a heterogenous condition, as well as adequately

power sub-group analysis.

Advances in electric field modelling may also enable us to optimise stimulation
protocols for each individual through electrode placement and current strength,
and therefore standardise the effective dose of tDCS. Additionally, improvements
in segmentation tools may improve the quality of segmentations, require less
manual cleanup, and enable greater inclusion of participants with lesions into

neuroimaging studies.

There remains much to uncover in order to better understand the unique
mechanisms at play in motor system plasticity during development, the role of
neuroplasticity in relation to early brain injury, and possible therapeutic targets

which could improve function.
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A.1 Planned work before university buildings
were closed to non-Covid-19 work

Prior to COVID-19 closures, we had submitted appropriate ethics applications, and
developed our study protocol. We had planned to start recruiting for StimCP in
April 2020, and had just received NRES approval when university buildings were
closed to non-COVID-19 research. The original recruitment plan had been to run
testing blocks in the school Easter, Summer, and Winter 2020 holidays, recruiting
up to 15 children (half the sample size), in 2020. In the end, our recruitment ran

from September 2021 and we completed the study in April 2024.

Prior to Covid closures, I had also hoped to visit the University of Calgary in

155
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A.2. Return to clinical practice

September 2020, as they have extensive experience in clinical trials in children with

cerebral palsy/perinatal stroke, and I had hoped to learn from their experiences.

A.2 Return to clinical practice

In light of COVID-19, I returned to clinical practice in April 2020 to assist with

training and education at the John Radcliffe Hospital and remained with them

until August 2020. During this time, I helped to:

Develop protocols and training materials on personal protective equipment
use in the various clinical areas. We published a short letter on how we tried
to disseminate and update the protocols as quickly and easily for staff as

possible:

Hong JS, Dwivedi K, Gavine B, Rughooputh N, Lee A, Salvagno C, Higham
H. Improving staff confidence and morale through rapid, structured trust-wide
technology-enhanced training in the use of COVID-19 personal protective
equipment at Oxford University Hospitals. BMJ Simulation and Technology
Enhanced Learning. 2020 Jul 14:bmjstel-2020

Adapt and teach critical care procedures for COVID-19 amongst staff who

were not ICU-trained.

Develop resources for resuscitation protocols specific to COVID-19 including

standard operating procedures for resuscitation in level 2 PPE and prone

CPR for ICU patients with COVID-19.

Design patient workflows for admission, theatre and ICU areas for COVID-19

patients.

Create and train proning teams for ICU and critical care areas.
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o Deliver skills training sessions for new Interim Foundation Doctors (who had
graduated early as final year medical students to work in the hospital in May

2020).

o Deliver a simulated on call training session for Foundation Doctors who were
starting at the John Radcliffe hospital from August 2020, and deliver virtual

simulation based tutorials.

« Create and regularly update an online repository (https://www.oxstar.ox.ac.uk/covid-
19) of all our teaching materials and protocols for public access across the

world. The website was viewed across 105 countries.

A.3 Compensatory work

In August 2020, I recognised that the lockdown, with diminished access to medical
and rehabilitative care, may impact our StimCP study population (children with
CP) in terms of their motor function and ability to perform activities of daily living.
As such, I conducted an opportunistic online survey of parents of and children with
CP to try to understand their experience of lockdown and how this has affected

their motor function. This forms the basis of Chapter [2]

Additionally, as an alternative to in-person experimental work, I began analysis
on an existing data set of prism adaptation and tDCS. I had also began ethics
application for a separate replication study based on this work, which I undertook
from April 2021 - June 2022. Unfortunately, for non-COVID related reasons,

continuation of these projects to completion was not feasible.
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