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Abstract

BackgroundFallsare a common problerfor children withcerebral palsy (CP). Falls lead
to negative psychosocial consequensesh asembarrassment andeduced activity
participation, whichnegatively impact daily wellbeing.However, causes of falls,
particularly in the realvorld are under investigatedo identify children with CP at high
fall risk and develop effective interventions to reduce falls, we must ésttiblish the
mechanism®f fallsthat require preventionrand thus must determineauses ofalls in

the real-world.

Research QuestioWVhat are the causes and mechanisms of fallshildren with CP?

Study 1 (Chapter 2)A systematic review was undertaketmat highlighted an

understudiediink between challenging environments and falls in children withTQR.

work synthesisd key gait characteristics that children with @#foptwhen walking on

surfaces other than level grountHowever, agap in knowledge was identified when

trying to understand if gait characteristics were enough to preventweald fallsand

only three papers reported occurrence of falls in challenging environmérits.
understudiedink evidencedwithin this reviewis likely due to a lack of investigation in
challengingnvironments thateflects those in the realvorld, as informed b K A f RNB y G

lived experiences.

Study 2 (Chapter 3Patient and public involvement and engagement (PPIE) with

children with CP and their parentsvealedmore about causes of realorld fallsto
meaningfully contribute to the development of participatory informed methodbis
workused childcentred consultationand creative activitiet developThe WalkAlong
Project a methodtailored for children with CHor exploringlived experiencesf falls
using walkalong interviews A aitical reflection on the impacts, strengths and

challenges of conducting®Ewith children with CP and their parents is reported

Study 3 (Chapter 4T:heWalk-Along Projectwas carried out with children with CP and

their parents in their local walking places, to reveal novel insights into places that falls

occur in therealworld. This study evidencdtiat the placeshildren with CP find most
9



challenging and experience fallse uneven surfaces.g. grass potholesand with
distractions e.g. dogs barkingOutcomes of this studyhighlighted the causes of
realworld falls, which led directly into the design of a bespoke laboratory protocol for
investigating the mechanisms of falls in replica +&alld environmentghat had not

been considered previously

Study 4 (Chapter 5)This study captured incidents of instabilibsing a bespoke

laboratory protocolthat offered novel insight into how children with CP negotiate
replica realworld challenging environment®©utcomes from this studsevealed several
mechanisms opotential falls and demonstrated individualised fall rifdctors This
included novel evidence that children with CP demonstrate suboptimal stepping
strategies (e.g. a late change in foot placement) to avoid challenging features of the
environment (e.g. potholes), that reduce stability, even when exhibiting compensatory
mechanisms (@. reduced walking speed). Identification and understanding of these

potential mechanisms of falls is vital for informifugure fall prevention programmes.

ConclusionThisPhDgeneratesovelinsightabout the causeand mechanisms of falls

in children with CPMixed methods approadasused in this workvent beyondtypical
stability assessmentdy understanding why and how falls oacun realworld
environments Early PPIEChapter 3) highlighted theimportance of children with CP
and their parents to produce more meaningful research outcanibe WalkAlong
Project (Chapter 4)was the first of its kind to conduct walklong interviews with
children with CP and their parents for exploriagperiences of realorld falls The
bespoke walkway (Chapter 5) presents the first evidemfceechanisms opotential

falls and higHall riskin replica realworld environments known to be most challenging
The outcomes of this PhD provide evidence that children with CP experience falls in
uneven environments, with distractionkkely due to destabilizing interactions with an
environmental feature e.g. trip over a pavement edge, or an avoidance of a feature e.g.
step around a potholeThis novel knowledge paves the way fdesigningfuture
diagnostic tools and fall prevention interventignghich previously were underinformed

or not considered in treatment plans for children with CP.

10
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General Introduction and Aims
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1.1 Cerebral Palsgtability andfall occurrence

Cerebral palsy (CP) is a complex neurological condition caused by damage to the
immature brain(Krigger, 2006)t is one of the most common causes of childhood motor
impairment, with research identifying 1-3 cases per 1000 birtl{drmand et al., 2016)
Although nonprogressive, meaning the brain injury does not worsen over time, growth
can causehanges in musculoskeletatipairmentswith age, which can introduce motor
disorders and impaired sensory syste(isrtley, 2006; Rosenbaum et al., 200The
majority of children with CP (75%) are ambulat@hymand et al., 2016)meaning they
can walk without walking aids. This includes children who have CP hemiplegia (unilateral
impairments) and diplegia (bilateral impairmentsho are between levels | to Il of the
Gross Motor Function Classification System (GMBCS&ssificatiorof everyday motor

ability, level | = most abjéBeckung and Hagberg, 2002; Damiano et al., 2006)

Children with CP often experiendéficulty with balance and coordination; 35%
report daily falls and & additional 30% report weekly or monthly fall8oyer and
Patterson, 2018)The World Health Organization recognises two main groups at risk of
falls, these areadults over 60 years old and children in early developmental stages
(World Health Organization, 202Mlore detailed eports show that dults with CP fall
more oftenthan adults without CPRyan et al., 2020howeverliterature is lacking on
similar comparisons for childremith CP to typically developing (TD) childréhe case
for studying falls in children with CP lies in that following the ageyeies TD children
demonstrate greater stability through plantigrade gait patterns allowing more
controlled movement, whereas children with CP maintain a more unstable digitigrade
gait and report regular fallfMassaad et al., 2004; Boyer and Patterson, 20%Wd}h
reduced stability, children with CP continue to fall throughout childhood and into

adulthood, thus impacting overall wdbdeing(Gibson et al., 2012; Towns et al., 2020)

1.2 Negativgsychosociatonsequences dialls

Health related quality of life is a measure that identifies perceptions of
consequences of specific medical conditions and is reduced irthings of children

with CP(Vinson et al., 2010; Dobhal et al., 2014¢tivity participation is a contributor
14



to health related quality of lifeand islower for children with CRhan TD children
(Voorman et al., 2006; Michelsen et al., 2009; Cleary et al., 2Ch@centred research

has identified themes of enjoyment related to activity for children with CP, but also
reported barriers to participation(Lauruschkus et al., 2015¥%ibson et al. (2012)
identified fear of falling, resulting in a decreased value of walking for children with CP.
Similarly, Towns et al. (2020) identified reduced balance confidence, but additionally
evidenced feelings of frustration and embarrassmenhea than fear, especiallguring
adolescence A7 years oldwhen social pressures are high. Furthermore, falls are a
leading cause of nefatal childhood injuries such as contusions, lacerations, fractures
and head injuriegBulut et al., 2006andto add to this,children with disabilities have
higher risk of injury when falls are the leading ca(i&eu et al., 2012)

1.3 Dynamicstability

Fall prevention requires anticipatory mechanisms as well as reactive control to
maintain the centre of mass (COM) within the base of support (BOS). During locomotion
this can be described as maintaining dynamic stabffgtla, 2003)On any ground,
maintaining dynamic stabilityrequires continued control of the COM within the
progression othe BOSat each foot placement antthroughout the stepping pat(Patla,
2003) This becomes more difficiithen walking on no#kevel ground Falls may occur
if the physical demands gfarticular environments are not met in order to negotiate
them safely, for example, poor foot placement around a pothole or insufficient foot
clearance over a raised surfa(featla et al., 1999)Vhen the placement of the foot or
control of COM iperturbed, this must be recovered farevent a fall. This prevention
depends on a multitude of internal contributors such as sensory systems (visual,
proprioceptive, vestibular) and the ability of the musculoskeletal system to both

anticipate and respond to fall incidenfisockhart et al., 2005)

Measurement of dynamic stability requires a forward projection of the moving
COM location relative to the advancing BO&rgin of stability (MOS) is @mmon
measure to assess dynamic stability that has been used when investigating gait of
children with CRSharifmoradi et al., 2018; Tracy et al., 2019; Rethwilm et al., 2021)

MOS uses the extrapolated centre of mass concept proposdddhy2008) which is
15



based on the inverted pendulum model and considers centre of mass (COM) position,
centre of pressure (COP) position and COM velocity, for measuring stability. MOS is the
distance between the extrapolated COM and the edge of the base of support (BOS),
wherea negative value implies instability and positive value implies stafiiby et al.,

2005)Figure 1.1).

COM (@) = Centre of Mass

_ . gravity (g)
= velocity of COM (v) / ’7pendulum Langth ©)

XCOM (#¢ ) = Extrapolated COM

_ . ’ gravity (g)
XCOM (%) = COM + velocity of COM (v) / pendutum tength (I)

BOS («--+) = Base of Support

MOS (<= =) = Margin of Stability

BOS

Figure 1.1 Margin ofstability (MOS) in the anterior (left) and mediolateral (right) direciol

1.4 Investigating theauses ofealworld falls

The easonsthat children with CP falin realworld environments are not well
understood. Treatment outcomes for children with CPare typically targetedat
improving gait, which is expected to also result in increased stability and thus reduced
falls(Narayanan, 2012Boyer and Patterson (2018) found no difference in fall frequency
between children with CP who exhibited gait characteristics typiagbpciated withall
occurrence(intoeing, internal hip rotation, stiff knee gaind children of the same
GMFCS level without these characteristithis suggestthat current fall prevention
may be both under informed and not targeting factors that characterise falleisther
work, inabilityto sit for a long timend inability to balance on knebssbeen correlated
with fall frequencyo ! £ SYR I NP €t dZhiSdiudyinéluderi a large kamge of

childrenaged 318 yearswith and without walking aidsS§MFCS | to)nd only assessed
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falls as they occurred in hospital and with fall history, therefore falls due to daily

environments may have been missed or forgotten.

Understanding the reasons for falls in children with CP is an important step to
reduce both negative physical and psychosocial consequences of falls. Further insight
into causes and mechanisms of falls in children with CP may be revealed by including the
thoughts and lived experiences of children with CP and their families when designing
bespoke protocols tailored to places that children with CP fall most in thewedd.
Additionally, methods for assessing dynamic stability, such as MOS, now offer the
potential for quantifying fall risk in replica realorld environments that falls happen
most. This would allow us to truly understand where and how falls happen in the
realworld, whilst understanding the contributing factors to increased fesdk. This
information could help identify individuals with CP at greater fall risk and inform the

design of fall prevention programmes for those who need it most.

1.5 ICF Framework

The International Classification of Functioning, Disability and Health (ICF) was
published by the World Health Organisation in 2001. The ICF provides a more detailed
Of F AaAFAOLFGAZ2Y 2y | LISNE2YyQa FdzyOGAz2yAy3
environmental factors and factors relating to health conditiqiVorld Health
Organization, 2001)This aims to offer a holistic description of both the physiological
functioning and social disability associated with a health diagnosis. Children with CP face
both physical limitations that impact functionality and environmental barriers that can
be cortextualised by the ICF framework. Children with CP are heterogenous, showing
different levels of ambulation and functional ability and varied gait patt¢Arsmand et
al., 2016) Traditional assessments of functioning for children with CP use GMFCS and
some classification of gait pattern e.g. crouch gait for children with diplegia. However,
these methods are typically informed by physical limitations when walking on level
ground and may not account for environmental barriers. Thus, the ICF offers a

framework for deeper understanding of all barriers and limitations faced by children
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with CP dayto-day. Importantly, this has implications for clinical practice and research
such as using interventions that are tailored for children with CP to account for both
physical limitations and environmental barriers faced for improved functignalit

disability, health and wellbeing.

Falls may be a key contributor to functioning, disability and health as outlined by
the ICF framework, given that fall risk factors can be intrinsic (e.g. reduced functional
ability, visual impairments), extrinsic (e.g. environmental challenges) and/or
behavioural (e.g. fear of falling, hesitancy, footwe@lontero-Odasso et al., 2022fror
children with CP, falls may be due to a variable number of interacting factors including
environmental surroundings and different levels of functionality. Moreover, previous
work using the Gait Outcomes Assessment List with caregivers of childrenORit
suggests that factors such as not falling, improved gait characteristics and
environmental features of the environment are among the most important and difficult
goalsfor day-to-day living(Thomason et al., 2018; Boyer et al., 202R3lls are also
suggested to contribute to reduced physical and social activity participation based on
experiences discussed with children with CP and their parébiisson et al., 2012;
Towns et al., 2020)Thus, falls may be a key contributor to physical functioning and

social disability experienced by children with CP.

In alignment with the ICF framework, generating a greater understanding of the
multifaceted causes of falls and how to reduce them ro#fgr novel approachetor
addressing the functioning, disability and health of children with CP. This PhD looks to
explore the multifaceted causes and mechanisms of falls in children with CP. This work
cannot look at all the potential mechanisms of falls, with all-sydes and @ssifications
of CP given the diverse and heterogenous nature of the group and the variety of
personal, environmental and health factors at play. However, the majority of children
with CP are ambulatory, and ambulatory children with CP have shown the dtighe
frequency of falls in the realiorld (Boyer and Patterson, 2018)hus, this work aims to

determine the causes and mechanisms of falls in ambulatory children with CP.
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Aims andObjectives

The primary aim of this thesis was determine the causes and mechanisms of falls in
children with CPThigprimary aimwasachieved through a series of study specific aims

to more closely identify how and why falls occur in re@irld environments

(1) Study 1 (Chapter 2)aimed to synthesise existing knowledge on whether
challenging environments contribute to fall occurrence in children witraGdP
identify whether gait characteristics contribute to or compensate for instability
and fall riskin challenging walking environments, using a systematic literature

review.

(2) Study 2 (Chapter 3)aimed to use PPIE with children with CP and their
LI NBy Gak3dzr NRAFya G2 RSaiaday | R 2 MEDA
interviews that are specific to and informed by daily experiences of children with
CP.

(3) Study 3 (Chapter 4)aimed to use thespecificWg k{12 y3Q Ay i SNIBA S
tailored for children with CRo understand where and why falls occur diamyday
for children with CBy determining the realorld environments children with CP

find challenging

(4) Sudy 4 (Chapter 5)aimed to use findings from studieg and 3 to identify
potential mechanisms of falland fall avoidanceby understandinghow
challenging environmentsand sensory perturbations effect fall risk, in a

laboratorybased study.
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Chapter2

Study 1.Systematic Literature
Review

The conents of this chapter have been publisitein Gait and Posturén the following
formats:

1 Accepted Journal Article
0 2 f1SNE wo[ ®X hQ. NASYyS ¢d5d3 .| NI2Yy>
R.J., (2025) Arehallenging walking environments linked to falls or risk of
falling in children with cerebral palsy? A systematic reviéait & Posture

117,pp.306316.https://doi.org/10.1016/].gaitpost.2025.01.00& ccepted
12.01.2025

1 Special Issue Abstract:
o Walker, R., O'Brien, T.D., Barton, G.J., Carter, B., Wright, D.M. and Foster, R.J.,
(2021). Do challenging walking environments contribute to increased fall risk
in children with cerebral palsy? A narrative revié&ait & Posturg90, pp.304
305. https://doi.org/10.1016/j.gaitpost.2021.09.157

The contents of this chapter have been disseminated as presentations at the following
academiameetings

- European Society for Movement Analysidtults and Children (ESMAC) Annual
Meeting2021, Online

- British Association of Sport and Exercise Sciences Biomech#riest Group
Meeting(BASES BIG) 2022nline
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Abstract

BackgroundChildren with cerebral palsy (CP) regularly fall over and this has negative
effects on their physical and psychosocial wellbeing (e.g., reduced activity participation).
However, the reasons for falls are not well understood. The way in which children
negdiate challenging walking environments (e.g., uneven surfaces), may reveal more
about how falls occur as these environments require gait modifications to maintain

stability. Stability in challenging walking environments has been explored for children

with CP; however, it remains unclear how these lead to Bésearch gquestioDo

challenging walking environments that mimic those faced in thewsald, contribute

to increased fall occurrence and fall risk in children with @&hods:Five databases
were searched, and 1386 records screened to include ambulatory children with CP, aged
5-18 years old, investigating dynamic walking in challenging environments, with
outcomes of fall occurrence or fall risk. The full protocol for thiswewses registered on
PROSPERO (CRD42021290&3ultsSixteen studies met the inclusion criteria. One
study reported occurrence of stumbles, two reported no falls. Fifteen studies identified
gait alterations used by children with CP in challenging environments. T¥eemtgait
characteristics were identifteto be indicative otautiouswalking strategieand seven

gait characteristics identified to increase fall risk, suggesting a potential link. However,
limited evidence exists as to whether this reflects falls faced in thewaréd. Discussion

Based on the studies included in this review, investigations into stability over challenging
walking environments for children with CP are lacking any measures of fall occurrence,
even though neafalls were evidenced in some challenging environmentssligations

into the mechanisms that may contribute to hiddl risk, or fall avoidance when
negotiating obstacles, uneven surfaces, steep declines and stairs may reveal further
information about the causes of realorld falls, and in doing so inform an avenue for
future fall prevention techniques. Finally, unstanding the multifaceted causes of falls

in realworld challenging environments from the perspectives of children with CP is key

for future research.
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2.1 Introduction

Research on the epidemiology of falls in TD children in thewedt is well
documented(Bulut et al., 2002, 2006; Young et al., 2013)t understanding of the
mechanisms that contribute to reaborld falls in children with CP is limited. Children
with CP have demonstrated greater instability compared to TD children during walking
(Bruijn et al., 2013)suggested to be due to associated gait characteristics including
smaller knee flexiomextension range of motion (RONThakraborty et al., 202@y in-
toeing of the foot(Boyer and Patterson, 201&iowever, evidence to link these gait
characteristicdo realworld fall frequency idimited (Boyer and Patterson, 2018s

described in Chapter.1

Children with CP show gait alteratiooger level ground compared to TD children
to maintain stability, for example, increasing step width, which increases &8@S
therefore improves dynamic stabilitySharifmoradi et al.,, 2018; Tracy et al., 2019;
Rethwilm et al., 2021 heseadjustmenscould beidentified asa cautious approach to
walking, wherebychanges to gait are proactive and gsnned by children, or a
compensaibn to a challenging task, where by changes to gait are reactivestability
that occurs with eactstep. Regardless, its not fully understood whethecautious
strategiesor compensatory mechanismscrease or decrease rewalorld falls in children
with CP.

A lack of understanding about where and how falls occur in children with CP is
likely in part due to investigations of stability taking place over level surfaces in most
experimental studies and clinical gait analygissessment®f dynamic stability for
children with CP haveused various outcome measures, for exampOMCOP
separation(Hsue et al., 2009a; Wallard et al., 2Q1fépt placement estimatonBruijn
et al., 2013)maximum Floquet multipligKurz et al., 2012)COMaccelerometerfHsue
et al., 2009b; losa et al., 2012, 2013; Saether et al., 20t8)gin of stability (MOS)
(Sharifmoradi et al., 2018; Tracy et al., 2019; Rethwilm et al., RO0ligse assessments
are typically conducted over level ground in laboratory environments, howevére
realworld, children will often encounter and must negotiate challenging natural and
built environments such as uneven surfaces (e.g. on the walk to school). Walking in a

laboratory over level ground does not consider these +#gatld challenging
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environments that might increase fall risk and thus cannot truly reflect how kinematics
are adjusted during more advanced balance challenges that are encountere¢d-day

(Malone et al., 2015, 2016)

Challenging environments are defined here as places that require additional
adjustments to gait characteristics for maintaining stability, and successful negotiation
(preventing a fall) due to difficulty imposed by the surrounding natural or built
environment compared to level walking. Examples include encountering unseen
obstacles (e.g. branches, kerbs), uneven surfaces (e.g. cobble stones, uneven grass) or
places with restricted foot placement or foot contact with the ground (e.g. narrow paths,
stairs), waich require adjustments to gait characteristics such as greater step width to

increase stability or higher foot clearance to prevent trippihalone et al., 2016)

Falls, particularly ithe anterior direction, may be more likely in the presence of a
challenging environment that causes a perturbat{dnacy et al., 2019Reasons for falls
out of control of the individual, such as the environmeoan also bedescribedas
extrinsic factors tancreasedall risk.Impairments associated with CP may additionally
make the required adjustment to avoid a fall within these environments difficult
(Armand et al., 2016}hese are intimsic factorghat may influence fallslt is plausible
that changes to gait characteristics (spatiotemporal parameters, trunk and lower limb
kinematics and various measures of stability) in challengmgronments may be good

indicators of fall risk in children with CP.

Challenging environments have been used to assess some gait characteristics,
including dynamic stability of children with CP previolsbw and Webb, 2005; Bohm
S t®dX wamnT {0204 SG Ft o wamnT alf2yS
al., 2019; Romkes et al., 202B)owever, direct links to everyday fall risk and fall rates
remain unclear. Moreover, the necessity for further investigation specifically into fall
risk and the impact of challenging environments on gait in children with CP has been
highlighted in a recat review(Chakraborty et al., 2020Jo current knowledgehere
does not exist a synthesis of current evidencendrether investigations of children with
CP walking over challenging environments in laboratory setttagsoffer a potential

link between challenging environments and fall risk or fall occurrence in children with
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CP. This information is vital for planning of future work that could potentially advance

this understandingo be applicable tdived experiences the realworld.

2.1.1 Aim

This systematic review aimed to (1) synthesise existing knowledge on whether
challenging environments contribute to fall occurrence in children with CP and (2)
establish whether any specific gait characteristics demonstrated by children (spatial
temporal parameters, kinematics, stability measures) compensate for or contribute to
instability and increased fall risk, specifically when children with CP negotiate

challenging environments.

2.2 Methods

This systematic review protocol was carried out following the Preferred Reporting
Items for Systematic Reviews and Métaalyses (PRISMA), guidelirid¥oher et al.,
2009) The protocol for this review was registered with PROSPERO (CRD42021290456).

2.2.1 Search strategy

Five electronic databases (Web of Science, PubMed, Scopus, CINAHL and
MEDLINE) were searched using specificsearchter@F A Yy SR o6& (G KS & dzF
Exposure, Comparator, Outcomes, Study Design (PECOS) framéabl& Z.1).

Searches were carried out on th® ®ecember 2021, then run on the %' May 2022,

11th October 202239 May 2023and 13" September 20240 check for any new
publications. Search strings and key words were carefully selected to ensure a
comprehensive search by discussion of the study PECOS and inclusion firstly of any word
relating to ambulatory children with CP (e.g. hemiplegi*), then ayd relating to
realworld challenging environments (e.g. incline, uneven) and finally any word relating
to falls or stability (e.g. trip, balance). These terms were tailored for each database

(Appendixl). Reference lists of eligible atts were additionally searched. Searches had
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no restriction on country or yeasf publication but were restricted to full text articles

written in the English language.
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Table2.1. PECOS for systematic review stddgign

PECOS Description

Participant Ambulatory children with cerebral palsy (5 to 18 years old) with a gross mota
function classification system level | to level 1l and the ability to walk without
walking aids.

Exposure Challenging walkingnvironments: defined as reaforld or laboratory settings in
which additional gait difficulties are induced by surrounding external features
within that environment (e.g. uneven surfaces, obstacles), that have been
designed to replicate daily challengesdait that occur in the natural or built
environment.

Comparison | Typically developing children to children with cerebral palsy

Level walking compared to challenging environments.

Outcome Fall occurrence and fall risk.

Study Design Peerreviewed original articles. Observational or intervention studies.

2.2.2 Screening and selection process

Duplicates were removed in EndNoteTM XBhe EndNote Team, 2013)
Remaining articles were imported into Rayyaf@uzzani et al., 20163 freely usable
systematic review software for screening research articles, where two researchers (RW,
RF) independently reviewed titles and abstracts, according to inclusion and exclusion

criteria (Table 22).

Table 22. Inclusion and exclusion criteria

Inclusion Criteria Exclusion Criteria
1 English, full text, all years, all countries| I Reviews (literature or systematic), books, thes
1 Peerreviewed original research articles congress proceedings, letters to editol
1 Involvement of ambulatory children ¢ qualitative studies
adolescents with CP 9 Studies including adults over 18 years of age i
f Observational studies assessing d children under the age of 5 years
between children with CP and TD childr| § Studies not including children or adolescel
and baseline data from interventio with CP, or that focus only on children with (
studies (if applicable) with Gross Motor Function Classification Syst
1 Studiesnvolving dynamic walking (GMFCS) level ¥ or who are norambulant
§ Studies involving walking in challengi (cannot walk without walking aids)
environments designed to replicate daj 1 Assessment of TD children alone or Ile|
walking experiences other than typic overground walking alone (without comparisc
level overground walking (e.g. obstacl to patient population or exposure of interest)
uneven ground, incline walking) 1 Any challenge to gait other than natural or bu
1 Outcome measures of fall rates or fall ri environmental features and topography, f
as measured by associated g example activities during walking that a
characteristics (e.g. dynamic stability) initiated by children not due to environment
constraints (e.g. duahsking, running, turning|
or any standing or siithg postural tasks
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Full text articles were screened with inclusion and exclusion criteria. Final articles
were included for data extraction, synthesis and quality assessment and grouped

according to challenging environment.

2.2.3 Quality assessment

The National Institute of Health (NIH) quality assessment hdiH, 2013)was
used to assess quality and internal validity of included studies and determine any risk of
bias. This was assessed according to study type (e.g. observational or intervention). The
NIH quality assessment tool allows assessment of study design, methaods
AYLIX SYSy Gl GA2Y dzaAy3 wmn AYRAGARdzZf ljdzSai
GO02dzf R y2i RSUSN¥YAYSEe g6l & | 6 NRSR o0& (g2
RF) each reached a decision on quality rating of each included study (good, fadrpr p
using NIH guidance. Any disagreements were discussed and resolved by both reviewers
after each separately completing another quality assessment and determining an agreed

score.

2.2.4 Data extraction

Two reviewers (RW, RF) carried out data extraction using a shared data
extraction table in Ncrosoft Exce(Microsoft 365, Microsoft Corporation Washington,

USA)which was discussed with all members of the review team (TOB, GB, BC).

Data extraction included: study title, authors, year, study type (observational or
intervention), definition of falls or nedalls, number of participants, participant
demographics (age, clinical diagnosis, GMFCS level), study methodology (involvement of

challenging walking environments, assessment tool) and study outcomes.

Study outcomes included: number of falls or néalts, and measures indicative
of fall risk: spatiatemporal parameters (walking speed, step length, step width,
cadence, single and double support time), margin of stability, COM movement, feelings
of stallity and kinematics (joint angles, ROM, foot clearance). Measures of central

tendency (median, mean, standard deviation and range) were extracted.
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2.2.5 Data Synthesis

Narrative synthesis was chosen for this review. Studies needed to be arranged
into homogenous groups depending on the challenging environment investigated, thus
narrative synthesis allowed textual comparison within and between challenging
environments. Thelata extraction table was used to assess study characteristics and
group studies according to type of challenging environment (e.g. uneven surfaces), since
gait characteristics associated with fall risk (e.g. foot clearance) could not be compared
between different environments. Fall occurrence was synthesized using descriptive
measures of central tendency of number of falls or nfediis recorded in each study. Fall
risk was grouped according to associated gait characteristics (e.g. kinematics), then
synthesized according to descriptive measures of central tendency (means, standard

deviations, range, and median scores).

During narrative synthesis, data from children with CP were compared to TD
children when negotiating the same challenging environment, but comparison across
different tasks was not possible for fall risk. Data were summarised firstly by study
characteristcs, then by fall occurrence, then by fall risk characteristics for each
environment. Findings were visualised in the data extraction table, then data synthesis

was checked by all members of the review team.

2.3 Results

2.3.1 Study characteristics

A total of 1386 studies were screened following removal of duplicates (Figure
2.1). Full text screening was completed on 34 studies, 1 could not be retrieved and 17
were excluded, leaving 16 studies included in the review following all searches. A
summary of included studies is shownAppendix2, all were published between 2002
and 2024
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Identification of studies via databases and registers

Identification of studies via other

methods

Records identified from: Records removed before screening:
s Databases (n = 2447) Duplicate records removed (n = Records identified from:
© Registers (n = 0) g 1061) o Websites (n = 0)
£ > Records marked as ineligible by Organisations (n = 0)
& *Total number of studies: 2447 automation tools (n =0) Citation searching (n = 1)
o Records removed for other
reasons (n =0)
— ¢
)
Records screened > Records excluded
(n =1386) (n =1353)
+ \4
Reports sought for retrieval i Reports sought for retrieval (n = i
o o 533) g ) I(?nefcigts not retrieved 5 p g ( > I(R:]ef%;ts not retrieved
£
c
[¢3]
g v v
(]
P Reports excluded: 17 o
Refc;r;s assessed for eligibility Wrong population (n = 10) ?eports assessed for eligibility (n
(n=32) (not CP, not within age range) =1
Wrong outcome (n =5) Reports excluded: 0
(clinical tests)
Wrong methodology (n =2)
(non-challenging environment)
—
)
3 Studies included in review
3 (n =16)
© Reports of included studies
£ (n = 16)

Figure 2.1 PRISMA flow diagralfPage et al., 2021)
*Total number of studies (before duplicate removal): 2447 (Web of Science: 960, PubMed: 442, Scopus: 913, MEDLINE: 42, CINAHL



Five challenging environments were investigated across all studies, these were:
uneven surfaces (n=4B6hm et al., 2014; Malone et al., 2015; Romkes et al., 2020;
Coman et al., 2022)ncline/decline walking (n=7ptott et al., 2014; Hosl et al., 2016;
ast2 St Ftft®dX HAMTT ¢2LJedz2€tdz SG Ff @I HAM)y
al., 2024) obstacle crossing (n=4)law and Webb, 2005; Malone et al., 2016; Bailes et
al., 2017; Coman et al., 202®eadmill perturbations (n=1(Flux et al., 20213nd stairs
(n=1) (Sienko Thomas et al.,, 20020ne study investigated two challenging
environments (uneven surfaces and obstacle crossing) before and afteweekd
exercise intervention(Coman et al., 2022)Thirteen out of 16 studies were cress
sectional or caseontrol designgLaw and Webb, 2005; Bohm et al., 2014; Stott et al.,
HamnT alf2yS Si Ff®dX unmp HamcT 11 at Si
2018; Ma et al., 2019; Romkes et al., 2020; Flux et al., 2021; Camuncoli et al,, 2024)
three studies were interventions from which baseline data were extrag¢®enko
Thomas et al., 2002; Bailes et al., 2017; Coman et al., 2022)

All studies included children with CP between the ages of 5 and 18 years who
could walk independently (GMFCS | and Il), except one study with children with spastic
diplegia that did not specify GMFQ%w and Webb, 2005Four studies included only
children with hemiplegigSienko Thomas et al., 2002; Romkes et al., 2020; Choi et al.,
2022; Camuncoli et al., 2024j)x studies included only children with diple@iaw and
Webb, 2005; Béhm et al., 2014; Stott et al., 2014; Hosl et al., 2016; Mélo et al., 2017;
¢ 2 LJoedz2 € f dz. Sainplé sizeB Bf childram yith CP across studies ranged from 10
(Stott et al., 2014; Mélo et al., 2017; Ma et al., 206®}6 (Coman et al., 2022pll
including similar numbers of TD children, apart fr8ailes et al(2017) Coman et al.
(2022) Choi et al(2022)and Camuncaoli et al(2024) who only included children with
CP.

Within studies of uneven surfaces utilized polyurethane plastic squares moulded
to create an uneven walkway of 6 f(Romkes et al., 202@r 7 m length(Bohm et al.,
2014) or bags of 0.5 cm pebbles placed at various positions over a 1.5 m x 0.4 m area
(Malone et al., 2015; Coman et al., 202@)cline walking was measured on a treadmill
at 5°(Choi et al., 2022)7 (Hosl et al., 20169r 10°(Ma et al., 2019; Choi et al., 2022)
slope, and on fixed ramps of [Stott et al., 2014; Mélo et al., 2018y 5° and 10°

0¢ 2 LJedz2 €F dzlofds. | £ P HAMY D
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Five studies measured both incline and decline walking, on either 5°, 7° or 10°
slopes6 { G240 SG FfdX wamnT asSt2 Sid It d®I Hawm
Camuncaoli etal., 2024four studies conducted incline or decline walking barefBSuitt
et al., 2014; Hosl et al., 2016; Mélo et al., 2017; Ma et al., 2@ study conducted
incline and decline walking outside with shogtott et al., 2014)and two studies
conducted incline and decline walking inside with shoes on a fixed a®®2 LJoedz2 € f dz
al., 2018)or a treadmill(Choi et al., 2022)0One study conducted incline and decline
walking in an interactive environment on an instrumented treadmill with different types

of anklefoot orthoses (AFO¢Camuncoli et al., 2024)

Obstacle crossing was assessed by stepping over a fixed hurdle height of either
10 cm(Malone et al., 2016pr 23 cm(Coman et al., 2022)r over obstacles of various
heights (0%, 10% and 20% leg lengtlaw and Webb, 2005&nd all hurdles were made
using cylindrical sticks placed on two vertical stands. One study observed obstacle
crossing performance using the standardized walking obstacle course (IBADEY et
al., 2017) a test designed to measure stability and speed of gait over a number of
different surfaces and challenges (three directional turns, stepping over a crutch placed

on the floor, walking over various surfaces andaistand activitiesjHeld et al., 2006)

One study investigated treadmill perturbations within a virtual reality
environment by applying posterior split belt treadmill accelerations at three different
walking speeds (0.5, 0.8 and 1 m/f$)lux et al., 2021)One study assessed stair
negotiation, whichanalysedstepping up and down four steps (rise: 15.2 cm, run: 24.1

cm) both with and without AFQSienko Thomas et al., 2002)

2.3.2 Fall occurrence

Three studies identified presence or absence of a fall or Hfahwithin a
challenging environmer(fMalone et al., 2016; Bailes et al., 2017; Flux et al., 2@1¢
recorded stumbles as part of the SWOC test and found that children with CP stumble
0.27 times per attempt at the SW(JBailes et al., 2017pand two (obstacle crossing
(Malone et al., 2016and treadmill perturbationgFlux et al., 202) stated that no falls
occurred during the challenging task or that the task was completed successillly.

studies that included a fall occurrence measuremg@vialone et al., 2016; Bailes et al.,
31



2017; Flux et al., 2021)lid not state whether thehallenging environment of interest

increased fall occurrence or fall risk

One studyBailes et al., 201 defined a stumble as having contact with obstacles
on the SWOC but no other studies out of 16 provided a definition for a fall orfatar
Thirteen studies did not measure fall occurrer{&enko Thomas et al., 2002; Law and
Webb, 2005; Bohm et al., 2014, Stott et al., 2014; Malone et al., 2015; HOsl et al., 2016;
asSt2 Si ft®dX HaAMTT ¢2LJedz2€fdz SO | f ®X Hawm
al., 2022; Coman et al., 2022; Camuiebhl., 2024 F2dzNJ 2F g6 KA OK RAR
or a derivative of neafF I f f & 0S®3Id Y FHodzr alf DIWBPMED Bt@IK A Yy |
2017; Coman et al., 2022; Camuncoli et al., 2024)

2.3.3 Fall risk

Fourteen studies assessed gait characteristics using fireensional (3D)
motion capture(Sienko Thomas et al., 2002; Law and Webb, 2005; Bohm et al., 2014;
alt2yS SiG Ff®X wanmpZ wamcT |1 at Si& |t o
Ma et al., 2019; Romkes et al., 2020; Flux et al., 2021; Choi et al., 2022; Coman et al.,
2022; Carmancoli et al., 2024)one study used twalimensional (2D) motion capture
(Stott et al., 2014)One study assessed obstacle crossing observationally using measures
determined by the SWOC test (e.g. time to complete SWOC, number of steps taken,
number of stumbles and steps on and off SWOC p@ailes et al., 2017)n all studies
except one(Stott et al., 2014) children with CP were assessed by walking over
challenging environments in laboratory settings. All 15 studies that used 2D or 3D
motion capture(Sienko Thomas et al., 2002; Law and Webb, 2005; B6hm et al., 2014;
Stott et al., 2014; Malone et al., 2015, 2016; Hosl et al., 2016; Mélo et al., 2017,
¢2LJed2€tdz SG 't ®X wnmyT al SG It dZ HAamM@pT
2022; Coman et al., 2022; Camuncoli et al., 20&8d@ntified gait alterations in children

with CPwhen walking ovea challenging environment compared to level walking.

All extracted gait characteristics (n=52) for each challenging environment can be
seen inTable 2.3, with contributing studies, quality assessment score and comparison
to TD children and level ground. This table shows which studies have reported similar

gait characteristics in children with CP when walking over challenging environments, in
32



comparison to level ground or TD children. All challenging environments except
treadmill perturbationgFlux et al., 2021and decline walkingStott et al., 2014; Mélo

St ftdX HaAamMTT ¢2LJed2€fdz SG | © reporteda T / K
reduction in walking speed. All challenging environments showed increased step width
in children with CP compared to TD children. The narrative synthesis of findings
identified several gait characteristios Table 2.3, that were suggested by authors of
included studies to either be indicative of cautious walking strategiesompensatory

to maintain stability or potentially increase fall risk over each challenging environment
(Hgures2.2aand2.2b). Figure2.2a shows gait characteristics suggested to be cautious
or compensatoryacross multiple environments e.g. increased foot clearance over
obstacles, which will reduce the likelihood of the foot coming into contact with an
obstacle during swing phase. The largest number of cautious strategies were during
decline walking. Figur2.2b shows characteristics that were suggested to potentially
increase fall risk across multiple environmergsg. reduced ankle dorflexion on
uneven surfaces might increase the risk of a trip from the toes making contact with the
surface during swing phase. Fall risk characteristics (Fabewere less common than
those suggested to be cautious (Fig@r2a) and were only suggested during obstacle
crossing, walking on uneven surfaces and during incline or decline walking, none of

which shared the same fall risk characteristics.

2.3.4 Quality scores

Final quality scores are shownTable2.3. Eighti (i dzZRA Sa @& SNB NI { €
(Sienko Thomas et al., 2002; Bohm et al., 2014; Malone et al., 2015, 2016; Bailes et al.,
HAMTT ¢2LJedz2€f dz SG IZf @3 En &N W@RCUSKR, R0AS (W CII- A
Hosl et al., 2016; Ma et al., 2019; Romkes et al., 2020; Flux et al., 2021; Coman et al.,
2022)F YR (g2 & dzR A Gaw aniWetdh R005; Méldkdt &. 200B)udies
were typically rated as fair because they did not include a sample size justifi¢atadn
et al., 2014; Hosl et al., 2016; Ma et al., 2019; Romkes et al., 2020; Flux et alr2021)

did not meet the sample size required to reach statistical power based on earlier
calculationdComan et al., 2022 Additionally, several studies did not report details on

how participants were recruite@Stott et al., 2014; Hosl et al., 2016; Ma et al., 2019;
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Romkes et al., 2020; Flux etal.,2081) ¢ g2 a G dzRAS& 6SNB NI GSR
reporting of the method of determining exposure (cerebral palsy diagn@s&sy and
Webb, 2005; Mélo et al., 201@hd for one there was no clear reporting of inclusion and

exclusion criteria and no sample size justificafbaw and Webb, 2005)

Table2.3. Outcomes of included studies relating to fall risk, measured by associated gait
characteristics (kinematics, spatémporal parameters). In order of total number of articles
offering the same finding, grouped into quality rating.

Reported gait characteristics
Contributing articles

Challenging ——
environment Finding NIH QualityAssessment
Score
Good Fair Poor
Uneven @ 2Ff1AyE &ALISSR (Malone et | (Romkes et al.
al., 2015, 2020,
surface (Bohm et | (Coman etal.,
al., 20143 2022y
@ {GSLERfSy3ailK (Nllalone?t Romk |
; al., 2015 Romkes et al.
No change in step length. Bomet | 2020
) A y al., 2014)
m YYSSaFf SEA2Y (Malone et
al., 2015%, i (Romkes et al.
(Bohm et 2020y
al., 20143
@ /I RSyOS
b {G6SLI6ARGK @bhm et | Romkes stal
m C22d Ot St Ny yOS oo | ey
(YFEt8NIm Fylts Rzng 20 )
surface)?
m ! YOESNRA2NI LISt A O (A (Malone et
al., 2015)
(Béhm et
al., 2014)
@ LYGSNyFE®F220 NRUGI (Bohmet
al., 2014)
m 52dzof S aWzZlJLl2 NI G A Y
n 9fo026° Ft SEAZY o ooy
m aSRAIf [ ha
m {FIAGGF® LISt @A & wh
m {F3IAGHFP GNYzy1 wha (Comanetal.,
Similar frontal trunk ROMI 2022)
Similar transverse trunk ROM
Similar dorsiflexion ROR
m | AL I 8RdzOGA2Y
m CNRyGlFf2LISt A& wha
0] CN\E)/I:I|f b LISt dAa wha (Malone et
m ¢NFyagdgSNR'S LISt gAa al., 2015)
m {FIAGHFr® GNYzy1 wha
@ CNRy:dlfP GNHzy1 wha
m ¢NFyagdSNBS (Ndzy 1 w
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@ {IF3AGaGrE [/ ha G2* / h
@ {SLI N¥GXeF 2F [/ ha
@ alE @St20Ade 27F /N
Gradient @ 2Ff1AyE &ALISSR 0 ¢ 2LJed (Stottetal., | (Mélo
. S & & & etal., 2014%, (Maet | etal.,
Walking @ {GNARS tSy3ukr ofsg .0 al, 2019, | 2017y
(Hosl et al.,
2016}
b | ALY PFE SEAZ2Y 6¢2LJed (Stottetal, | (Mélo
etal., 2014) (Ma et | etal,
2018) (Choi | al., 2019) 2017)
etal., (Hosl et al.,
2022) 2016)
(Camuncaoali
. etal,
Inclines 2024)
b YYSS FERBEA2Y | (G L/ (Choietal,| (Stottetal, | (Mélo
2022y, 2014¥®, (Ma etal,
(Camuncaoli | etal, 2019, | 2017y
etal., (Hosl et al.,
2024)° 2016)®
m C2NBI NR 2% NHzy' { f S| y (Camuncoli| (Stottetal, | (Mélo
etal., 2014y°, (Ma | etal,
) 2024)° etal., 2019) | 2017y
m 52NBEATFESEA2Y o6adl y 6¢2Lked (Maetal,
etal., 2019) (Hosl et
2018) (Choi | al., 2016)
etal.,
2022)
(Camuncali
etal.,
2024)
! YOESNRA2MNI LISt @A O § A (Camuncoli i (Maetal, | (Mélo
etal, 2019¥", etal.,
2024) 2017y
@ /I R®yOS 0 ¢ 2 Led (Mélo
etal., etal,
2018y> 2017p
Similar stride lengtfi (Stottetal.,
2014)
m {GSL) £t Sy3adK Bl FFS( (Choietal,
2022)
(Camuncaoali
etal,
2024)
@ C220G Of SIFN}yOS (Mé:o
% A 7 = eta.’
m { UNARS GgARUOK 2017)
m {UFyOS LIPAS RdzNI (Ma etal.,
m 52NEATESEAZY 0asAy 2019)
@ tflFydaGlI NFRSEA2Y 0644
@ YYySS Tt SEA2Y O0&asAy
@ | AL FoRdz®OGA2Y 0a&agA
@ CNRydlftPLISt dAa wha
@ ¢Nrya SNBSS (NHzy 1 w
@ { I 3A -CQP{sepdratian
[} 52Nﬁ7\Tt§E7\2y GagAy (Hosl etal.,
m C220 O2yidl Ol % gAlK 2016)
m C2NBFT220 O2y 4R OGa | 0¢2Lked
 {FIAGGEE R LISt oA & wh etal.2018)
m {F3IAGGFr® GNYzy1 wha
1y CNEYuI f 250 NHzy1 wha
@ {GNARES fSy3ik 6¢2LJed (Stottetal, | (Mélo
etal, 2014y® etal,
2018y, 2017y
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(Choi et al.,

2022y
m | AL SEG®Yyarzy G L o¢2Lked (Stottetal, | (Mélo
etal, 2014y® etal,
Declines - — i} 2018y 2017y
m tfFyal NFE SEAZY |0 6 ¢ 2 Loed (Mélo
etal., etal.,
2018}, 2017y
(Choi et al.,
2022y
m 2FE1AY3 ALISSR (Stott et al.,
n 52NBAATESEAZY |4 L/ 2014)
n YYSS FSEazy Fd L/
m ¢Ndzy1 SE@iSyarazy I
Similar sagittal trunk, knee, hip, ankle angle
at midstancée?
Similar walking speeti 6 ¢ 2 Lied
n /FRYYOS etal., 2018)
n C2NBFT220 O2yidl Ola
touch (larger inclines)
@ {F3AGalre Fy1fS wha
rb{I-EI)\[]GI-‘{“lyéé wh a
@ YYySS TF°SEA2Yy G L/
@ {F3AGdPf KAL) wha
@ CNRy{lfP GNHzy1 wha
@ {GFyOS LIKIF&aS RdzNI { (Choietal,
2022)
(Camuncali
etal.,
2024)
Similar knee flexion (swing) (Melo
Inclijnesl_and Zg‘??)
6CNeS @ cs8tAay3a 2Fbal FSGa 662 Lied
H C2 Odza et al., 2018)
@ ¢rtlAy3
m DFETS G 3INBdzy R 6 M7

I

Obstacle

@ 2Ff1AyE & LISSR (Malone et { (Comanetal.,; (Law
al., 2016) 2022y and
Webb,
2005§"
b | GSLY 6ARGK (Malone et (Law
@ {68 £t SyRGK oOGNI At 22016 e
@ C220 Of SINYyOS 208 (Law
(compared to low} V\?;t;jb
@ {dFyOS WKIasS GAYS (Coman etal.,
¢ NMzyl wha o6&l IAG%L 2022)
Similar step lengti (Malone et
al., 2016)

Similar single support time

@ 52NBATE SEAZ2Y O0&6AY

{AYATFNI m 1YSS Ff SEA
{AYAfTFNI m KAL) Pf SEA2
m | ALl Tt SEA2Y OGN} Af
m | AL) F 0RdzOGAZ2Y 0646 A
m {FIAGGlr R LISt gAa wh
m CNBYGlFf 2LISt gA& wha
m {FIAGGlIE GNHzy1 Wwha
m CNRyYyGFft (GNdzy{ wha
m ¢NFyadSNBS (NHzy 1 v
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Similar sagittal COMIOP inclination angfe
Similar frontal COMCOP inclination angfe
@ / ha @St2O0AGaN26t SI R
Treadmill Similar gait patterr? (Flux etal.,
perturbaton @ { Gy OS LI as RdzNI G 2021)
Same number of recovery stridés
H 52NARATESEARY F2NJ/
n YYSS FtSEA2Yy F2NJ/
Stairs @ {LISSR 2F &0FANI I Yg (Senko
Similar single support % (asce(itjvolved Thomas et
limb)? al., 2002)
@ {Ay3IftS &adzalR NI 2z 24
m {Ay3It S &dzZLIL2 NI 22 -6
involved)?
Plantarflexion at IC (ascent and descent)
(barefoot}
@ 52NBATE SEAZ2Yy 206l 408
@ YYSS Tt SEA2Y O0&6AY
m 52NBATE SEAZ2Y |G L/
descent)
n C220 Of SFN}yOS 44l
CQ{|'E|7\ljlj|f y1 t S wha
m YYSS FtSEA2Yy BRSAC
m C220 O2yidl O |-yﬁe 3
= compared to TD childreA] 02 YL} NBR (2 f S@Sf 3INRdz/ R

initial contact, AFO = ankfeot orthoses, ROM = range of motion
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a. Gait characteristics suggested as cautiomiscompensatory

Declines

@ Step length4#, 5%, 7*, 9, 10*]

@ {dly0S LXKI &8s
[7*,104]

i, Knee flexion coupled with
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M Trunk extension4]*
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uneven Surfaceg

RAZNI GA2Y
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f 2 7 899,104
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Stairs

@ Speed of stair ambulatiordi]*
i Ankle DF with AFO usg5]*
b Single limb stance (neinvolved side)]5]*
i Foot contact to step with AFO usE[*
i, Foot clearance with AFO usks[*
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Obstacle Crossing

 Step
width
[2*,3%,11*, 12

iy Foot

clearance
[2%,3%,11%,12]

@ Cadence [237]

@ Frontal trunk ROM [1]*



b. Gait characteristics suggested to increase fall risk

@ LYGSNY!I t [2F2

@ Trail limb step lengthl1*,12] A ,
@ 'yl1fS3]5C wHFZ

Surfaces

m Single limb stance timd 3}#

Obstacle

¢ N3zy i allvdireations 3] Crossing

Inclines

@ o6t clearance over higher obstaclel?]

Declines @ CSStAym*2

Figure 22. Synthesis of gait characteristics identified in eelahllenging environment that were suggested by included papers to evidBncauious behaviou
or compensatory mechanisnis maintain stability or if) increased fall risk. Size of circle (diameter in cm), scaled to number of characteristics, e.g., 8
behaviour characteristics for declines = 8cm. Overlapping circles represent gait characteristics identified within tveoserparate challengghenvironments
from separate studies e.g., increased hip flexion is a cautious behaviour used by dtédtiied in a study investigating incline walking and a separate s
investigating uneven surfaces.

* = Good, # = fair quality assessment score

DF = dorsiflexion, PF = plantarflexion, TD = typically developing chitddreh, RSONBF aSRZ m I' Ay ONBI aSR

[] = reference to papers in which the gait characteristic was identififdnumbering as follows:

1 (Malone et al., 20152 (B6hm et al., 2014)3 (Romkes et al., 2020 (Stott et al., 2014)50 ¢ 2 LJoedz2 € f dz6 (Ma et &l.f 2018)7 (Choieyal, 20228
(Hosl et al., 2016P (Mélo et al., 2017)10 (Camuncoli et al., 202411 (Malone et al., 2016)12(Law and Webb, 200513(Coman et al., 202214 (Flux et al.,
2021) 15 (Sienko Thomas et al., 2002)
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2.4 Discussion

This is the first systematic review to investigate the effect of challenging walking
environments on fall occurrence and fall risk in children with&IReenstudies were
included, with thregMalone et al., 2016; Bailes et al., 2017; Flux et al., 2@brting
the occurrence or absence of a fall. This primary finding demonstrates that the link
between challenging environments and the causes of-veald falls experienced by
children with CP is understudied. All studies reported the effect of chatlgng
environments on gait characteristics that could indicate a risk of falling. All but one
(Bailes et al., 2017¢videnced at least one example of cautious behaviour when
negotiating a challenging environment. The detailed findings of this systematic review
are discussed in two parts: the contribution of challenging environments to increased
fall occurrence in chilén with CP; and whether gait characteristics compensate for or
contribute to instability and fall risk within challenging environments in children with
CP. Gait characteristics are discussed within context for the five different challenging
environments dentified (uneven surfaceBohm et al., 2014; Malone et al., 2015;
Romkes et al., 2020; Coman et al., 202a)line/decline walkingStott et al., 2014; Hosl
SGi FtftdX HwnmcT aSt2 SiG FfdI wamTT ¢ 2 LJedz2 €1
obstacle crossinfl.aw and Webb, 2005; Malone et al., 2016; Bailes et al., 2017; Coman
et al., 2022) treadmill perturbationgFlux et al., 20213nd stairSienko Thomas et al.,
2002).

2.4.1The link between challenging environments and +walld fall

occurrence

This review highlights the limited number of studies reporting fall occurrence as
a primary outcome measure when assessing children with CP walking in challenging
environments. One study revealed that children with CP stumble once in every four
attempts duing a SWOC teg¢Bailes et al., 2017Wwhich might imply increased fall risk
in challenging environmentshowever, stumble locations on the SWOC were not
reported so it is unclear whether any nefaill incidences occur due to an obstacle, a
change in walking direction or an uneven surface, making it difficult to determine the

potential causes/mechanisms ofi¢ nearfall. Moreover, the SWOC assessment was
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used as part of a wider intervention study and was not a comparison to TD children for
the purpose of understanding fall risk or fall occurrence. Therefore, it is difficult to
determine whether the SWOC test indicates a high fall occurrence or fall cekdren

with CP. Despite this, the SWOC test is clearly able to highlight stumbles dahear

more challenging environments than lexground. Thus, with improved reporting, the
SWOC test is a potential avenue for clinical assessments of childrenmight be at

higher fall risk in the realorld.

The focus of included studies within this review was on stability and fall
avoidance strategies, rather than whether a fall is likely to occur in a particular
challenging environmer({Sienko Thomas et al., 2002; Law and Webb, 2005; Bohm et al.,
2014; Stott et al., 2014; Hosl et al., 2016; Mélo et al., 2017; Ma et al., 2019; Coman et
al., 2022) Consequently, only one studBailes et al., 201 fjrovided a definition of a
nearfall, which did not align to standard definitions of a fall or n&dras it was tailored
to specific study methods (defined as contact with obstacles on the SWO@). is
described by the World Health Organization (WKNUDrld Health Organization, 2021)

Fa aly S@Syld 6KAOK NBadzZ Ga Ay | LISNER2Yy C
FTE22NI 2N 20KSNI £ 26SN) £t S@Sté¢d bSIENI FrHffas
been defined bMaidan etal(2014)F & &l &Gdzyof S S@Syd 2NJ f 2
result in a fall if sufficient recovery mechanisdsS NB y 234G Ay LJ I OS¢
studies included in this revieaimed to identify how balance and stability is affected in
challengingenvironmenssa I £ 2y S SG | f ®X wnanmpI HAamMcT ¢2
al., 2020) Yet, without knowing if falls occur in these environments, it is difficult to
determine whether any instabilities typically lead to reabrld falls or whether
suggestedcautiousgait characteristics used to maintain stability, are successful for
preventing falls in these environments d&rday. A suggestion for future work is to not

only improve reporting and consideration of reabrld fall occurrence but to also adopt
standardized terminology for W¥ I f t @ F YR @FSENX 2 gtind2y & A

between studies.
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2.4.2 The link between challenging environments, gait characteristics and

fall risk

Although gait characteristics were identified in six studies which were assumed to
be linked to fall risKLaw and Webb, 2005; Bohm et al., 2014; Malone et al., 2016;
¢2LJedz2€fdz SG T ®X wnmy T w2 YHg8ra22§,ihe link @ H
demonstrating that these factors do contribute to rembrld falls was not proven.
Children with CP adoptautious behavioursand compensatory mechanisnever
challenging environments to maintain stability by reducing walking speed and widening
the BOS, making it easier to keep the COM within the BOS. Similar differences can be
seen over level ground in children with GEhakraborty et al., 2020)Further
investigation is required to determine whether the same cautious behaviours reported

in laboratory environments occur in reaforld challenging environments.
(a) Uneven surfaces

Children with CP exhibited cautious strategies, reflected by a number of changes
to gait characteristics when walking on uneven surfaces compared to level ground,
including reduced walking spe€Bohm et al., 2014; Malone et al., 2015; Romkes et al.,
2020; Coman et al., 2022hcreased step widtfBohm et al., 2014; Romkes et al., 2Q20)
reduced cadencéBohm et al., 2014; Romkes et al., 2Q20)d increased foot clearance
(Bohm et al., 2014; Malone et al., 2015; Romkes et al., 282@d predominately by
increased knee flexio(Bo6hm et al., 2014; Romkes et al., 2020t also by increased
hip flexion(B6hm et al., 2014; Romkes et al., 202ese changes were suggested as
cautiousmechanisms to prevent instability due to the uneven surfdeavever could
also be a reactive compensation to the instability fackoling each stepOne study
reported significantly reduced frontal plane trunk motion in children with CP compared
to TD children(Malone et al., 2015)a compensation strategy previously reported to
conserve lateral stabilityTracy et al., 2019Malone et al.(2015)and Coman et al.
(2022) also identified similar frontal plane trunk RObktween level and uneven
surfaces. Conservation of lateral stability was demonstrated in other stBigsm et
al., 2014; Romkes et al., 2028) increasing step width to widen the BOS and increase
dynamic stability on an uneven surface. Moreover, increased step width is a recognised

strategy used by children with CP to increase stability walking on level ground
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(Chakraborty et al., 2020however, seems to be done so to a greater extent when

presented with an uneven surface.

Children with CP use conservative gait behaviours to compensate for instability
caused by an uneven surfaddhm et al(2014)also suggested that changes to specific
gait pathologies including increased ewokeing combined with reduced ankle
dorsiflexion may cause a fall due to the potential of accidental foot contact with raised
sections of the uneven ground. Despite this, @¢tgh with CP showed alternative
compensations to increase foot clearance on uneven surfaces by increasing knee and
hip flexion instead, both of which reduce risk of foot contact with the ground. Two
studies suggested that increase knee and hip flexioomimedo prioritize stability on the
uneven surface at the detriment to conservation of ene{@yhm et al., 2014; Romkes
et al., 2020) Therefore, when fatigued this less efficient gait pattern may become

unobtainable and could increase fall risk.

The findings from this review suggest there may be links to increased fall risk in
children with CP when walking on uneven surfaces, due to the nature of compensation
strategies and the possible impact of fatigue on foot clearance. However, there are too
few studies to provide a robust evidenisase and, within these studies, none quantified
fall occurrence or history of falls as an outcome measure. Further work needs to confirm
whether evidenced gait compensations used by children with CP are enoughttolcon
instabilities and prevent a fall in realorld environments as well as confirm any
contribution fatigue may have on fall risk. Additionally, research that defines the type
of uneven surfaces that children with CP find most challenging may be helpfelating

a clearer picture of the causes of reabrld falls.
(b) Gradient walking

Children with CP can modify their gait characteristics in a similar way to TD children
to successfully maintain stability and safely negotiate inclines and declines. When
walking uphill, children with CP reduced their walking speed compared to level galkin
[22¢24,33,34] and exhibited increased hip flexig8tott et al., 2014; Hosl et al., 2016;
aSt2 St FfdX waAaMTT ¢2LJedz2€f dz S aldarkE H A M
dorsiflexiond | | &af S I f ®X wnamcT ¢2LJed2€&fdz SG | f

in the same manner as TD children. Knee flexion, and forward trunk lean were also
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increased in children with CP to successfully ambulate the incline compared to level
walking, but this increase was significantly greater for children with CP compared to TD
children(Stott et al., 2014; Hosl et al., 2016; Mélo et al., 2017; Ma et al., 2019; Choi et
al., 2022) The greater adjustment in knee and trunk kinematics may possibly
compensate for the increased difficulty walking on an incline and underlying muscle
weakness in children with ¢Btott et al., 2014; Armand et al., 2018his is supported

by the increase in step length on the affected limb identifieddamuncoli et al2024)

and Choi et al.(2022) suggested to be a compensatory increase in work on the
unaffected side in children with hemiplegia when walking uphill. Another important
finding that may contribute to these greater adjustments is a reduced feeling of safety
in children with CP when as#l to ambulate an inclinet 2 LJoedz2 € 2@iB8)&Ked I f ®
children about their feeling of safety, observed facial expressions, gaze direction and
how vocal children were, which together indicated increased hesitancy when children

with CP were faced with steep inclines.

During decline walking children with CP showed larger gait alterations in order to
compensate for the challenging environment compared to TD children (e.g. reduced
stride length, increased hip and trunk extensioBamuncoli et al(2024)specifically
suggest a shorter stride length is used when walking downhill to increase stability. This
may again be linked with reduced feeling of safety when faced with steep declines as
suggested by 2 LJoedz2 € (R0d8) Bwid stlidieslemonstrate contradictory knee and
ankle mechanisms for walkingdownldl{ G 2 6 G SG | f ®X wnaasoT ¢ 2 LJ
et al. (2014)identified increased knee flexion and ankle dorsiflexion at initial contact
compared to TD children to control downward motion. Conversel LJeedz2 €f dz S
(2018)identified increased plantarflexion and knee extension at initial contact to control
downward motion through lengthening of the bodyiélo et al.(2017)alsoidentified
increased plantarflexion during downhill walking. These different strategies may be
influenced by different measurement approach&ott et al.(2014)used 2D analysis
with digital video cameras compared to 3D motion capture used by bothLJoedz2 € f dz
al. (2018)and Mélo et al.(2017) The accuracy of a video based 2D analgsisw
compared to 3D analysis, due to increased measurement error during manual
digitisation of video to calculate joint angles, shown here by large ranges in ankle

dorsiflexion {9° to 35°) and knee flexior3(C to 32°) in children with CStott et al.,
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2014) Choi et al(2022)suggested another reason when they identified that children
with hemiplegia show more plantarflexion on an unaffected limb when walking
downhill. Stott et al (2014)only included children with diplegia (GFMCS II), whereas
¢ 2 Lleedz2 € {2018) $hd Mélo fetal.(2017)included GMFCS | and were therefore
higher functioning and potentially better able to achieve plantarflexion during the
decline(Choi et al., 2022)Choi et al(2022)discuss that these ankle mechanisms for
negotiating downhill walking in children with CP should be further investigated.
Nevertheless, all studies in this review demonstrate that children with CP can

successfully negotiate declines.

Children with CP show the ability to successfully negotiate both inclines and declines,
suggesting that this this type of challenging environment may be a significant
contributor to realworld high fall occurrences, and that fall risk may be somewhat
reduced by the cautious strategies identified in this review (n4z Hgure 2.2a).
Additional exploration of reasons for decreased feeling of safety on steep inclines and
declines may offer deeper understanding of everyday experiences outside of such
controlled environments, for example, if a reduced feeling of safety is linked toquevi

fall experiences or fear of falling.
(c) Obstacle crossing

Two studies suggest children with CP use compensatory gait mechanisms increased
step width, increased foot clearance, and slower approach and crossing speed compared
to TD children, to maintain stability in response to an obstgickav and Webb, 2005;
Malone et al., 2016)However, slower crossing spe@caw and Webb, 2005; Malone et
al., 2016; Coman et al., 2022nd increased foot clearangg.aw and Webb, 2005;
Malone et al., 2016)in combination with increased swing phase tiff@oman et al.,
2022) can be linked with longer single limb stance over an obstacle compared to level
ground. Longer single limb stance time is inherently more unstable than double limb
support due to reduced BOS and additional mechanisms needed to maintain balance
(Levine et al., 2012)Distance between the trailing limb and the obstacle was also
reduced in children with CP compared to TD childteaw and Webb, 2005; Malone et
al., 2016) however this was only significant for a higher obstacle, demonstrateéchtwy

and Webb(2005) Children with CP also exhibited increased ittiad variability of the
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path of the toe while stepping over the obstacle, which might suggest higher likelihood
of tripping by contacting the obstacle; however, no falls were reported by elftedone

et al. (2016)or Law and Webl{2005) Malone et al.(2016)and Coman et al(2022)
identified increased anterior, lateral and rotational trunk motion in children with CP
compared to TD childre(Malone et al., 2016and compared to level walkingcoman

et al., 2022) which may lead to the COM moving outside the BOS more often, thus
reducing stability and increasing fall risk. These trunk movements were suggested to be
a result of an underlying lack of control of the trunk and pelvis segments together with
compensatoy movements for instabilities distally, such as at the aifklalone et al.,
2016) Lack of trunk and pelvis control and distal instabilities imply overall reduced

stability compared to TD children over obstacles that may increase fall risk.

Law and Webl§2005)identified reduced foot clearance compared to TD children
when presented with a higher obstacle, unlike the smaller obstaclglaione et al
(2016) Perhaps during the more challenging (higher) obstacle, the compensatory
increase in foot clearance is no longer obtainable due to lack of ROM or muscle strength
that allows increased knee and hip flexion or is jeopardized to allow less time on single
limb support. The reason for this difference warrants further investigation if high
obstacles (and associated foot clearance or single limb support time) are to be

considered contributors to high fall risk in children with CP.

The high occurrence of stumbles identified Bgiles et al(2017)might suggest that
children with CP demonstrate insufficient compensatory gait adjustments in response
to crossing an obstacle, which could increase risk of a fall. However, the lack of specificity
of outcome measures within the SWOC test for determiniiigere a stumble occurs
makes it difficult to attribute any stumbles directly to crossing an obstadbdone et
al.(2016)additionally suggested that vision may be an important factor in stepping over
an obstacle safely for children with @Pappellini et al., 2020jherefore indicating a

possible direction for future work.
(d) Treadmill perturbations

Children were able to maintain stability in the one study that assessed treadmill
perturbations, showing no falls and sufficient recovery stridekix et al., 2021)

Children with CP and TD children showed similar responses to a perturbation, including
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increased ankle dorsiflexion and knee flexion compared to walking without a
perturbation. However, treadmill walking has previously shown differences to
overground walking in TD childrédung et al., 2021and in children with Cfan der
Krogt et al., 2014)Therefore, although limited evidence is presented here, it may be
plausible that realvorld perturbations do cause falls, however this treadmill task does
not reflect a realworld perturbation that would cause a fall as is typically encountered

day-to-day.
(e) Stair ambulation

Children with CP demonstrated slower walking speed on stairs compared to TD
OKAf RNBY YR AYONBlI &SR amy®i2$ ofSRN0 caiyh v
(Sienko Thomas et al., 200Zhis may suggest a more cautious strategy to ambulate the
increased challenge presented by stairs. Children with CP also demonstrated increased
dorsiflexion, increased foot clearance and better foot placement with AF@Sisako
Thomas et al., 2002T his, coupled with unlimited handrail use and the inclusion of only
higher functioning children with CP (hemiplegia) likely reduced fall risk in this study. To
determine any role that stairs may have on everyday fall occurrence, future work should
explore the difficulty of stair negotiation across different levels of ambulatory function
(GMFCS I to Ill) and with and without handrail use, since this is not always possible during

realworld challenging environments.

1.4.4 Limitations

A possible limitation of this review is the restricted age range in inclusion criteria.
Sixstudies were excluded from this review because they includeldren with CP below
5 or above 18 years oltott and Held, 2002; Zipp and Winning, 2012; Cappellini et al.,
2020; Harvey et al., 2021; Moll et al., 202Zhree of these studies documented
occurrence of stumbles over either the SW®®Gtt and Held, 2002; Zipp and Winning,
2012)or a fixed obstacléCappellini et al., 2020Jhese studiesvere excluded because
participants were either younge(Kott and Held, 2002; Zipp and Winning, 2012;
Cappellini et al., 2020; Moll et al., 202#?)older(Harvey et al., 2021han the inclusion
criterion. The inclusion criterion in this review1B years old) accounts for children with

CP who fall more often compared to TD children (> 5 years(®ld¥saad et al., 2004;
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Boyer and Patterson, 201&nd those who experience most negative psysoaial
consequences (917 years oldTowns et al., 2020)Therefore, findings of excluded
studies may have been less applicable to fall occurrence and fall risk outcBores.
example, inclusion of younger children Biypp and Winning2012) possibly led to an
increased number of stumbles over the SWOC, in comparis@aties et al(2017)
because very young children fall regularly, regardless ¢¥Mod Health Organization,
2021) Furthermore, the excluded studies show similar results to those discussed in this
review, therefore, it is thought they would not add to the understanding of how

challenging environments contribute to fall occurrence or fall risk in theweald.

Another limitation of this review is the limited number of studies that quantify
falls due to the primary focus of included studies on stability and fall avoidance rather
than causes of falls. Reduced dynamic stability in any environment is an indicator of
increased fall risKPatla, 2003) The inherent link between instability and fall risk
suggests that papers included in this review are likely to provide the most relevant
outcomes that could identify whether movement patterns of children with CP over
challenging environments contributeotor compensate for increased fall risk. The
studies included in this review provide a comprehensive overview of the factors that

may contribute to falls (Figur22a and2.2b).

2.4.5 Recommendations for future studies

Future work could firstly consider more reporting of fall occurrences in the
realworld, then how and why reakorld falls occur. Children with CP do stumble when
negotiating the SWOQBailes et al., 2017)therefore a first step may be to isolate
elements of the SWOC to understand over which obstacles or tasks stumbles are
occurring.Future work could then consider exploring performance of children with CP
on the SWOC test or similar tests that have applicability towneald environments,
adzOK Fa |y W20 a(llgatbbrbet al.) 202R%plo0udiita falfs Hiary tat
children with CP and TD children can complete, to further investigate the link between

challenging environments and falls.

Future investigation within each of the five challenging environments identified

in this review should be undertaken to provide further insight into mechanisms of falls
48



in children with CP. This coincides with a recent review suggesting more work is needed
on understanding fall risk in children with CP and impact of challenging walking
(Chakraborty et al., 202@nd another examining gait adaptations in children with CP in
some challenging environmen{®ussauHlPicard et al., 2022b)}uture investigations
should specifically address hip and knee ROM, muscle strength, muscle weakness and
single limb stance time when stepping over high obstacles (~20% leg length), the impact
of fatigue on sagittal ankle, knee and hip angles when wglkwver uneven surfaces,
gualitative reasons for reduced feelings of safety during incline and decline walking and
finally, fall risk gait characteristics (e.g. foot clearance, foot placement) during stair

negotiation across different GMFCS levels, with eitdout handrails.

All included studies in this review had the limitation that they undertook
measurements within a controlled laboratory environment. Previous work suggests that
children show improved gait characteristics within a clinical set@grcreff et al.,
2020) therefore accurate reflection of how gait may change to contribute to or
compensate for instability in challenging environments from this review may not reflect
realworld places where falls occur. Investigation is required focusing orweiddl
challerging environments in which falls do occur outside the laboratory, informed by
lived experiences of children with CP, to assess specific compensatory and contributory
mechanisms of falls within those reabrld places. This would extend knowledge

beyond thecurrent literature presented in this review.

Determining where falls occur, the influence of rearld environments and the
impact of sensory challenges are important considerations for future falls research in
children with CP. No studies in this review explored the impact that sensory or cognitive
factors may have on instability within challenging environments. Reduced vision or
cognitive ability, vestibular deficits, reduced concentration or environmental
distractions, could contribute to increased fall risk or balance deficits for children with
CP when walking in challenging environmeri&ansare et al., 2022)isual factors
affecting falls were suggested alone et al.(2016)as an avenue for future work
during obstacle crossing. Furthermor®ansare et al(2022) recently confirmed that
visual information is important for maintaining balance and deserves more attention
when planning treatment and interventions for fall prevention in children and

adolescents with CP. Additionally, UK guidelines for clinical moveareysis, which
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typically informs treatment for children with CP explicitly states that environments
should be nordistracting, emphasising the role distractions may play on gait and

walking behaviour in childre(Stewart et al., 2023)

To find out what makes an environment challenging and likely to lead to a fall,
exploration first needs to identify where realorld falls occur, and the mulaceted
reasons why falls occur. This could be achieved by learning from the insights and lived
experiences of children with CP and their families about falls in their everyday
environments or by monitoring behaviour in the reabrld during tasks like those

discussed in this review.

2.5 Conclusion

This review sought to systematically synthesise literature on whether challenging
environments impact falls iohildren with CP. Existirlgnowledge stating that children
with CP fall often is extended in this review, highlighting that challenging environments
are a causeof nearfalls and children with CP respond by utilisingutious or
compensatonstability strategies. However, the link between these gait adaptations and
fall occurrence in challenging environments has not been demonstrated. Findings from
this review cannot confirm which challenging environments may contribute to high fall
occurrence in the realorld. However, obstacle crossing, uneven surfaces, steep
declines and stair ambulation may warrant further detailetvestigation,and specific
recommendations Ave been providedlhe 16 studies included in this review highlight
a broader lack of investigation into falls and fadk in realworld environments for
children with CP, given the limited evidence available. Nevertheless, this review provides
a comprehensive overview d@xtrinsic factors (e.g. increased obstacle heighgnd
intrinsic factors (e.greduced foot clearancethat may contribute to falls, while also
highlighting key areas for investigation in order to understand how challenging
environments contribute to falls in the reatorld for children with CP.Specific
recommendations of how future work might address this are offered within this review,
that are essential to bring us closer to understanding falls, informing fall prevention and

reducing the negative consequences of falls for children with CP.
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Informed Methods
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Abstract

Background Children with cerebral palsy (CP) regularly fall over, but causes -06-day
day falls are not well understood. Further insight may be revealed by engaging with
children with CP and their families during patient and public involvement and
engagement (PP)Eand adopting a participatory, chitentred perspective. PPIE involves
designing, conducting and disseminating research with the public and has been used in
health research with children, but has not been utilised to inform research of falls with

children with CPResearch Questiokivhat can be learned frorRPIE with children with

CP and their parents, who engaged with a researcharftom a novel adaptation of the
walk-along interview method for investigating how reabrld falls occurMethods of
Engagement Eight children with CP & years) and six parents engaged as PPIE
participants in consultations and activities with the researcher about a-alalkg

interview method, specifically tailored to children with ORtcomes of engagement

PPIE partipants identified places to walk (e.g. parks, streets), how to conduct interviews
0SPId Waildz2L) FyR Grt1Q0 FYR F2dz2NJ F NBlF&a 27
and sensory), that informed the design of the wal&ng interview. These outcomes
demonstrate that PPIE generated unique insightafparticipatory informedgrotocol.
DiscussionStrength was brought to PPIE through developing good relationships and
using creative activities. Challenges during PPIE included contrasting views and
availability, which were managed through adaptation, communication and consensus.
This work supports and expands previous PPIE andcemtced work, reinforcing that
children and parents can positively help create impactful research designs, by developing
and refining a method to collect rewalorld information about falls, specificgltailored

for children with CPChis work offersritical reflections on conducting PPIE, showing that
engaging in participatory informed methottsrefinea protocol can offernique insight

into the worlds of children with CP and strengthen the design of future studies.
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3.1 Introduction

Research is yet to investigate lived experiences of falls from the perspectives of
children with CPThe previoussystematic review (Chapter Zynthesised pevious
laboratory investigationsthat have studied stability during activities designed to
replicate challenging datp-day placesfor example, walking over uneven polyurethane
floor panels to replicate uneven surfaces potentially faced in the-neald (B6hm et
al., 2014; Romkes et al., 2020he findings othe systematic reviewChapter 2and
findings ofadditional work suggestedhat instabilities exist for children with CP, but do
not suggest any direct link between challenging environments andwedt falls
(Chakraborty et al., 2020; DussaRitard et al., 2022a)t may be that a direct link has
not yet been established because the challenging environments used in these studies,
GSNB y20i AYyFT2N¥SR o6& OKAftRNByQa tAOBSR SE
children experience falls most in the reabrld.

The lack of knowledge on fall risk in children with CP could be because we have
not yet investigated the environments that children tell us are likely to cause falls, based
on their everyday lived experiences. Further insight into the causes of fallslanerh
with CP in reaWorld environments may be revealed by engaging with children with CP
and their families during patient and public involvement and engagement (PPIE) and
adopting a participatory childentred perspective(Lansdown, 2005)to involve
children, and their dayo-day experiences, in the design and conduct of learning how
falls occur. PPIE involves designing, conducting and disseminating research with the
public (National Institute for Health Research (NIHR), 2G#1d has been used in a
child-centred way within health researdRouncefieldSwales et al., 2021put not yet
for researching falls in children with CP. Understanding and informing research with the
lived experiences of children with CP and their families is fundamental to design future

work that could help us learn more about falls and how to prévbem.

3.1.1 Aims

This chapter aims to evaluate and critically reflect on the process and outcomes
of using patient and public involvement and engagement (PPIE) with children with CP
YR LI NByida 2N 3dzZt NRAFya 2F OKAfRNBY gAl
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who engaged with a researcher share idea®n a participatory informegbrotocol for
assessing how and why reabrld falls occur in children with CP. In particular, the
chapter describes how the children and parents informed the development of a walk
and talk (walkalong) interview methodo be usedwith children with CP imealworld

challenging environment&Chapter 4)

3.2 PPIEInderpinnings

3.2.1Why engage with and involve children in research?

Lansdown(2005) SELINS &4 &4Sa G(KS &A3IYyATFAOIYyOS 27
NEASINODKS y2id 2yfteé ftAadSyAy3a G2 odzi aGF 1A
unique, regarding them as experts of their own experiences. Patient and public
involvement and engagement isroononly used to gain input on research from outside
the research team. The National Institute for Health and Care Research developed an
initiative that supports PPIE within public health and social care researcherly
known adNVOLVIR2015p ¢ KS& RSAONAROGS Lzt A0 Ay@g2f @S
WgAOGKQ 2NJ WwoédQ YSYOSNE 2F GKS Lzt A0 NI
Sy3alF3SySyi Aad RSaONAROSR a GKS LINRPOSaa
research is provided and dissemin® RNHR, 2024)UNICER2020)emphasises that
child participation focuses on them having a say in issues that concern or impact them

(e.g. research that concerns them).

Previous work shows that meaningful PPIE can be conducted with children and
young people in order to advise on studies in health research; however, the level of
involvement of children and young people varigorsyth et al., 2019; Rouncefield
Swales et al., 2021Jor example, children could be involved in shaping and design of
study protocolqForsyth et al., 2019)r be involved in every stage of research (design,
development, analysis and disseminatidRouncefieldSwales et al., 2021Previous
work suggests that researchrd PPIE can be as meaningful as eledtdPPIE and that
guality of PPIE depends on the specific proj&taley, 2015; Rouncefielswales et al.,
2021)
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3.2.2Why consider PPIE in a study abfalls in children with CP?

Although the researcher had an outline protocol regarding assessing how falls
occur in realworld environments in the everyday lives of children with CP, undertaking
PPIE with children with CP and their parents had the potential to enhance our protocol
and in doing so, offer another example of how children with CP can be involved in

research.

Previous work investigating instability and fall risk in children with CP may have
not considered the realvorld lived experiences of children with CP who can inform
methods for understanding how falls happen everyday. Identifying where and how falls
happen through scientific study relies on known truths about how children with CP
experience the world around them. For example, assuming that a step up would cause
instability and thus high fall risk, when perhaps children would ask for help or avoid
walking p steps in the realorld. PPIE has the potential to explore authentic lived
experiences of children with CP and their parents to increase applicability and
practicality of a research protocol for a novel purpose and specific research group (falls

in childen with CP).

Furthermore, conducting PPIE in this work offers opportunity to provide a
transparent example of how to involve children with CP in research that concerns their
everyday lives. This is important given literature suggests that moredughty PPIE
work isneeded with children(Bailey et al., 2015; Gaillard et al., 2018; Rouncefield
Swales et al., 20219nd especially important given the rarity of conducting PPIE in
stability and falls research. Moreover, PPIE provides the rare opportunity for children
with CP and their parents to feel valued in research that concerns them, in a more novel
way than theymay be used to, e.g. being involved clinical scientific studies. Key
literature emphasises that children and young people should have a say in research
(Preston et al., 2019; RouncefieBivales et al., 2021; Dan, 202B)cluding specifically
those with disabilitiegCarter et al., 2014; Bailey et al., 2015; Bray et al., 2018; van
Schelven et al., 2020PPIE has been successful with children with chronic conditions
and disabilities, including GRarter et al., 2014, Bailey et al., 2015; Graham et al., 2017,
Bray et al., 2018; van Schelven et al., 2030) this has resulted in positively informing

research about dayo-day lived experiences, similar to the current study.
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Involving children with CP and their parents within the current study may
therefore extend understanding and offer a framework of how PPIE can be conducted

in the context of designing a protocol to investigate falls.

3.2.3Ensuring a childentred valuebase for PPIE work

Undertaking PPIE with stakeholders (e.g. children with CP) and involving their
experiences to produce outcomes (e.g. research)lmadescribed in several ways.g.
co-production, co-design(Nabatchi et al., 2017; Preston et al., 2018hePPIEn this
PhDadopted a researchded consultation approachunderpinned by cgproduction
principles(Preston et al., 2019whereby children and parents provided views on a
protocol, which informed decisions made by researchers resulting frarticipatory
informed protocol for qualitatively investigating causes of falls in children with CP.
Similar terminology has been used previously to describe the varied level of involvement
of children and young people in the development of research methda@ylor et al.,
2015; Rouncefiekbwales et al., 2021AIthough key parameters of the protocol were
predefined, children and their parents were provided freedom to shape the project. This
was achieved through creating a safe space for open conversation about daily
experiences allowing the researchers to ledram, acknowledge and respect the
separate and unique expertise of both children with CP and their parents. To create a
safe and supportive space, a transparent set of PPIE values specific to our work, was

created and informed all interactions (Table)3.1
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Table3.1. PPIE values specific to this work and examples of how these were instilled during
PPIE.

Keeping the Creative tasks and ore Parents were consulted
OK A f RQ& to-one conversations about the childcentred
thoughts and  were used for informing aims of the project and

. experiences at the protocol, which were provided the
Child-centred : -
the heart of allowed children to have opportunity to expand and
decision their individual voices  discuss the thoughts of
making. heard without prompt or children.
interruption.
Having a PPIE was hosted at Sticl Parents asked for, and

comfortable Wy Q { G SLJX | were provided with, the
place for open that children regularly  option to chat over the

conversation attended and therefore LIK 2y S | 6 2 dzi
Safe Space about daily life already have regular previous experiences,
experiences  conversations about offering both convenience
and falls. walking, cerebral palsy for time and the ability to
and falls in this talk in their own home.

environment.
Ensuring that  Volunteering took place Parents were familiar with
childrenand  atthe local charity for  the researcher prior to
parents know months prior to PPIE, to PPIE participation due to
they can be allow children to be volunteering. Flyers were
involved with  comfortable with the requested by parents
PPIE as little o1 research and in choosin before participating, which
as much as whether they would like were then provided to give

Right to Engage

they wish. to participate. full information.

Allowing Parents and children had freedom to shape the

childrenand  project. For example, ¢hild and/or parent engaging
Flexibility and parents with PPI.E did not like oqr préetermined ideas, we

, freedom to would discuss and consider changes.

Responsivenes:

shape the

project with

their opinions.
Acknowledging Follow up discussions were had with both children &
the voices and parents after making decisions about the protocol tc

opinions of ask if the decisions were representative of PPIE
Respect childrenand  consultations. Additionally, occasional contradictory
parents. opinions of children and parents were addressed
directly.
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3.2.4Engaging children imovelparticipatory informedmethods

Specifically, the PPIE reported in thchapter focused on developing
participatory informed methods teefine a walk and talk interview techniqgu€arpiano,
2009)for use within a study investigating the causes of-tlaygay falls in children with
CP. Walk and talk interviews are a method by which a participant and researcher take a
walk and engage in a conversation based on environmental cues around them
(Carpiano, 2009)Walkalong interviews have generated rich data with older adults
about neighbourhood environments and pedestrian practipésn Cauwenberg et al.,
2012; Zandieh et al., 2016; Lee and Dean, 2018)

¢CKS NIYGA2YyIES FT2N GKS GSIFyYyQa AyiSNBa
anticipation that this technique could provide clarity and depth on how falls occur in
SOSNERLI & SY@ANRYYSy(a oR: dzy RSNR Gl YRAY:
environmental interactios (Ergler et al., 2021)The advantage of using this method
rather than simply relying on recdllased interviews or laboratosgased studies is that
thoughts, interactions and environmental features carelsploredthat provide specific
examples of where and how children may have experienced a fall in the past. There is
evidence in adults with walking disabilities that this method offers rich insights of how
each person experiences their disability dayday(Butler and Derrett, 2014However,

we found no evidence that this method has been used with children with CP.

To establish both the reasonableness of the proposed method and how we
should best implement it specifically for children with CP, we set three main PPIE
objectives to learn from children with CP and their parentsafig¢reinterviews should
1S LXIFOS 606l aSR 2y OKAf RNByQa RIAf& gl
(i) howto conduct safe and insightful interviews outdoors with children with CP (based
on what would make children and parents feel comfortable while also getting an
accurate repesentation of dayto-day life) and (iiiwhat questionghey think need to
be asked during interviews to understand how falls occur in thewweald (based on

day-to-day, reatlworld experiences of falls).

This chapter presents the practicalities of engaging with children and their
parentsin consultations to inform the development of a wadlong interview protocol,

specifically tailored for children with CPhis chapter aims to share how insights from
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both children and parents were crucial in refining a participatory informed methasl. |
important to mention that one of the outcomes from our PPIE was the change of the
YIEYS FTNRY Wgl f { tI2yR QT fi1KQ ai S EREHfAlya osKe
chapter. This chapter is presented in accordance with the GRIf&aniszewska et al.,

2017) (Appendix 3.

3.3 The practicalities of engaging with children and parents for

the WalkAlong Project?

3.3.1How did we recruit children and parents to engage in our PPIE?

¢KS tSIFIR Ay@SadAal d2N o6 w200{ (&Df dzydlyS N{
Supporting children with cerebral palsy, 202@) charity local to the Liverpool City
wSIA2Y T FT2NJ MmHp K2dzZNA | ONR&da y Y2y OdKao {
OKAfRNBY SAUGK /td tFNByda 2F OKAf RNBYy 6K
approached, and the lead investigatorkall about the project and how children and

parents could help if they wished to take part in PPIE, which would be separate from any
LI NIAOALI GA2Y AYy O2yRdzOGA GBS SRdzOF GA2y |

Ethical approvaknot required for PPIE consultations, however this work abided
by typical PPIE ethical considerations and princi(®esi et al., 2024)This included: 1)
building transparent relationships (children and parents being aware of the PPIE and
research), 2) volunteering kept separate from PPIE activity, 3) presence of a familiar
YSYOSNI 2F adl FF G {GAO1 ndygadentsadltBel@irposes T dzt
of PPIE in advance of any PPIE consultations and 5) having anonymity and confidentiality
in consultation outcomes. Moreover, children and parents were reassured they could
engage as much or as little as they wished and were undabligation to engage and
could stop engaging at any poirfthe lead investigator had appropriate safeguarding
and training as a requirement for volunteering e.g. DBS check. Permission was granted

verbally from parents for children to engage in PPIE consultations.
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3.3.2Who did we engage with?

Eight children with CP (aged® years old) and six parents of children with CP
(not all related to the participating children) decided to engager a period of 6 weeks
The lead investigator spoke to six children on one occasion and to two children on two
occasions (total of ten-fo-1 chats) about walk and talk interviews. Three children also
participated in a session asking about the small cameras attached to chestssas
that were planned for use in the walk and talk interviews. The children titésl
equipment on and provided feedback. Six parents engaged in short (~15 minute)
conversations: two parents opted for separate feogface conversations and four
opted to talk by telephoneAll faceto-face consultations took place before or after Stick
Wy Q {GSL) aSaarzyao

3.3.3How involved were children and parents in development of
participatory informed methods?

Children acted as activeonsultantsrather thanfull collaboratorgPreston et al.,
2019) as their role was to help develop a participatory informed method with a
pre-approved outline created by the research teaBased omotes taken and activities
conducted during initial PPIE consultatiotise researchers devised an infographic and
a protocol for walk and talk interviews; these addressed every element that we had
learned.The infographic and protocol were taken back to children and parents to allow
further feedback and engagement to ensure we had effectiaaknowledgedtheir
thoughts andopinions withinthe participatory informedprotocol. A schematic of the
PPIE process and how children and parents were involved in the development of the

participatory informed method for investigating falls is representeéigure 3.1.
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PPIE Insights

¢K2dzaKia 27
Researcheled  Child/parentled LI NByua 2y

A Y Resea{CPef‘e‘? . Child/parentled Researcheled
T2NI Ayo@Sadaq\ daryd : a PPIE Insights
ceskor o] ay| [559%5t2
51
s & ttL9 ¢K2dzaKda 27 ~ o 2% |
LRSI . . q L
o2y osLhyq 02 Y add Lk NByida 2y camsrgl /] YT EEEOH L NI RO
58 ‘MU,K o YR 6KFG lj dz8 o2y a dz AYT2Ny
NExSENT| EAUK FYRdzNry 3 ® € 2 YSUK2R[
(T LA 2 & 2 & A & a%k
WIS a b AYGSNDASS tNE2SOl f2ad RGEREFZY
t NE 2 §¢
/| NBFGA@S |
a dzLJLJ2 NJi

O2yadsg GF GA 2y

[

O
LIN

Z w
- ax
—h

Z
b’> w

a
N\
N

> N
¢ O,

O QX
ax

Figure3.1. Schematic of PPIE process. Grey boxes indicate child and parent involvement into participatory informed methods
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3.34 How did we engage with children and parents?

The consultationsvith children and parents lasted approximately 15 minutes;
conversations with the children were supplemented with creative activities, described
below.Consultationstarted by talking about falls, with the children and parents giving
a general opinion on whether falls were an issue in-ttaglay life followed by questions
about whether they thought walk and talk interviews were a good idea and whether
they thought itwould be a practical approach to use.

Consultatonss SNB 3JdzA RSR o0& RA&OdzaaiAy3a GKS O
any past experiences of falls to infomehereto conduct walk and talk interviews. This
was followed by discussing what they thought would ensure children and parents felt
comfortable during the walk, while also getting an accurate representation otalay
day life (e.g. the option of walking nearallenging environments) to inforrhow to
conduct walk and talk interviews. Finally, questions were asked about antodigy
realworld experiences of how falls happen to infowhat questionshould be included
in walk and talk interviews. Two activitie®re designed to enhance conversations had
during PPIE. Completion of Activity 1 was prioritised over Activity 2, with Activity 2 only
proceeding when time was available. Although both activities were available for all
OKAf RNBY I OKA T RiNGiyn€availdte EhapsdNdbat weS dngdged Rith.
Finally, children engaged ian activity to develop a logo for the future study, to

represent their contributions to participatory informed methods (Activity 3).

3.3.4.1Activity 1: Photo elicitation for describing challenging places

The first childcentred activity used photographs chosen by the research team to
reflect challenging environments that they believed pose a fall risk in everyday life.
Images were taken from Microsoft Word Stock Images (Microsoft 365, Microsoft
Corporation Washington, USA) and selected based on previous work that suggests
children with CP show stability differences comparedyipically developinghildren
over uneven surface@DussaulPicard et al., 2022a)mages were used that showed
both level (e.g., a street with no obstacles) and uneven environments (e.g., obstacles

such as toys in the house, cobbles on the street) that children might face in the real
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world on the way to school, the shops, the park or in the playground etc. The lead
investigator presented a random selection of 6 to 8 images to the children and asked
them to place red ogreen stickers onto the photographs, using red stickers for place
they believed could cause a fall or green stickers if it was somewhere safe. Following
this, children were asked why they had placed red or green stickers each photograph;
this led to detaiéd conversations around what may cause a trip or a fall in thewead

and that this should be considered in our walk and talk interview design. A detailed
example of the type of conversations that occurred this first activity can be se@oxin

1.

Box 1. Example unique insight from creative methods

Children were presented with several photographs (Figu®. ne (see
below) showed a child indoors with many toys around the room.

5 out of 8 children initially placed a red warning sticker onto the picture
indicate that this is somewhere with high fall risk. However, after furt
conversation, children explained that this would not typically cause a fall in
OK A f R NBoyne hecausge yheykvould tidy their own toys away to avoid
risk.

At the end of each conversation, a photograph was taken of all the stickered
images and this was then annotated to summarise the conversationHgaee 3.2 for

examples of final photographs).
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Figure3.2. Three examples (a, b, c) of aativity used during separate conversations w
three children. Annotations are researcher notes interpreted from conversations had
PPIE consultations about each photo. Photographs sourced from Microsoft Stock |
Stickers sourced from Flaticoom

3.3.4.2Activity 2 Rding the importance of question topics

Activity 2 involved presenting children with nine fedlated statements that
they were asked to rate for importance for determining causes of falls. These statements
were determined by the research team as areas of interest for questioning during walk
and talk interviews. These areas included recent fall experiences, regular walking places,
feelings about walking and falling over, tiredness, fear, running, confidence and
distractions. Children were given the choice of arrows or pictures of animals te plac
along a scale next to the statement (0O = notimportant, 10 = import&gy(e 3.3). This
activity took longer than Activity 1 and was therefore only used by two children when
time was available either due to additional time provided for that engagement session
or after having completed the first activity quickly. Both children who cletegd this

task required additional explanation as it was a more complex activity.
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Figure3.3. Activity 2 example responses from two children when asked to rate stater
according to their importance for determining causes of falls

3.3.4.3 Activity 3: Bringing the project together, together

TKS GSNY Wglfl YR 1Ff1Q AYUGSNIBASGaA GKA
of different terms (e.g., walking intervie@ones et al., 2008; Butler and Derrett, 2Q14)
go-along interviews(Carpiano, 2009; Pawlowski et al., 2Q1@&jalkingwhilst-talking

method (Stevenson and Adey, 2016 walkalong interview(Veitch et al., 202Q)used

in the literature to describe the same method. After the suggestion from children and
parents that they would prefer to stop and talk during the walk, to be able to observe
surroundings, rather than continually walking and talking during the ingsvyiwe

decided to adopt the term watklong interviews. Children were asked what they
thought of using the term watklong interview, and they preferred this to walk and talk

interviews. Therefore, the term walklong interview is used for the remainder this
work and the main study.

The final elementof participatory informed methodsnvolved five children
helping to develop the study logo. The children were given a list of potential study names
and invited to colour in and add some drawings to the names. The children drew stick
figures walking and standing and falling over, orthdtoots, splints and grassigure

3.4a). One child chose not to help with the design and instead drew a picture of a train,
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another only had the time to colour in three letters of the logo, thus these designs are

not included inFgure 3.4. One child was shown the logo and asked to describe what
they would include, rather than write on the logo by their own choice and they
suggested that the logo should include images of people, grass and a football. The
children chose the name of the styd The WalkAlong Projecky and based on the

rainbow colours they liked and used, and the core images they wanted, the lead
investigator wovethese ideas into the final logo desigiigure 3.4b). The logo
NBELINBASyiGa GKS Ay@g2t dgSYSyid 2F GKS OKAf RN

entire project.
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Figure 3.4(a)/ KAt RNBYy Qa AYyAGALIf RN} gAy3a oA0K
taken to inform the final logo and (b) final logo that contained person walking, ¢
dzy RSNI AYyAy3d:I 2NIK2GA0 o6220a 2y GKS S
chidren.
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3.4 Outcomes of engagement

The primary outcome of this engagement work was that PPIE consultations helped
inform several aspects of a wadlkong interview protocol to be used for investigating
OKAf RNBY Q& f AOPSR &alwiBdFhé&gtdl hibth@cenvefsatibris,d A Y
lived experiences and ideas from children and parents and how this helped develop the
participatory informed methods are describedelow. These are linkedo the PPIE
objectives and the questions we asked during our conversations and actamiHsad

directly into Chapter 4.

Critical reflections, including impacts, strengths and challenges of PPIE are

presented in the discussion section (3.5).

3.4.1What do you think of the idea of using walk and talterviews for
our study?

Children and parents responded positively when asked what they thought of
using walk and talk interviews to look at reabrld fall risk. They suggested it would be
easier to recall how falls happen in the reedrid dayto-day if they were talking about
them in those environments that might typically cause a fall. Most parents said they
g2dzt R 60S KFLIJXR G2 GF1S LINIZ Fa t2y3 | a
AY SKAOK G2 YI 1S Qdgas SOR fAly wWa iTSNQ OR[64ES NJAl &
NBalLlkyaS ¢ra GKFG AG éF&a F a3a322RE ARSE |

placing stickers on photos of activitigsgure 3.2).

3.4.2Where should we conduct walk and talk interviews?

Children and parents were asked where it would be convenient to take a walk for
them (e.g. close to home) and where they typically walkidaglay (e.g. to school or the
park) to inform where walk and talk interviews should take place, that would beldeita

for them and most reflective of datp-day walking places.

Conversations regarding where best to walk and discuss falls during the walk and
talk interviews began by asking children and parents where they typically waltoday
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day and where falls occur most in the redrld. Locations suggested by children and
parents included outdoor spaces such as high streets, parks and woodlands. When
probed about these locations, several reasons were proposed about why they would be

good bcations for walk and talk interviews, because these places:

1. I NB WiKS ¢g2NARG LX I OSa F2NIFLHffaQsr 6So3
injury),

2. contain the most hazards that increase fall risk more (e.g., obstacles such as
branches or uneven surfaces),

3. are where children and parents regularly walk, and

4. are important to children and parents to be able to walk in during-ttaglay life

(e.g., to go to the shops, school or meet friends).

Conversations revealed places that they did not think were suitable for walk and
talk interviews as they would be uncomfortable and could be generally unsafe in terms
of wellbeing, or unsafe due to an increased fall risk. However, parents and children
explined they would be happy to talk about these places during interviews. These

places included:

1. crowded places due to other people potentially pushing into the child and causing
a fall, and because crowds were generally uncomfortable for children,

2. areas with busy roads as this may be unsafe due to the potential for a fall into a
road, and

3. anywhere with loud noises which could cause distress and which could invoke a
startle reflex (meaning when a loud noise could alert the child and cause a

disruption to balance and possibly result in a fall).

Key to making walk and talk interviews appealing for potential study participants,
gSNE GKI G GKSé akK2dxZ R 0S a2YSHKSNB SAGKS
the local charity they regularly attended. These settings were suggested mostly by
parens due to convenience. When talking about the importance of familiarity for the
chosen walking route, both children and parents suggested that they would be happy
walking somewhere familiar as there would be a higher risk of a fall walking somewhere

that they had not been before. However, children and parents also suggested that they
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would walk in unfamiliar places if they were offered a map of the chosen walking route

prior to the interview as the map would help to ease any uncomfortable feelings.

A summary of the discussions from the consultations is includdsigimre 3.5.
Following feedback from children and parents, some changes were suggestkds
including asking questions about environments not encountered on the walking route
(e.g., busy roads and crowds) as this could provide additional informaftlmese were

adzYYIF NAaSR yR UKS Ay F23INF LIKAO dzLJRIFGSR G

3.4.3How should we conduct walk and talk interviews?

An important part of our PPIE with children and parents revolved around how to
conduct safe and insightful walk and talk interviews. The phsbicker activity (Figure
3.2) prompted agreement between children and parents that whereas they can typically
manage the home environment to avoid trips and falls (Box 1), outdoor environments
can be more unpredictable and therefore lead to more falls. Therefore, it was suggested
that the most insightful interviews could be achieved by walking outdoors in
environmerts with some challenging surfaces (e.g. uneven surfaces) that parents were
comfortable with but still reflected the datp-day places in which children often
encounter falls. Conversations then focused on how to conduct safe walk and talk
interviews in these environments. These discussions are summariségume 3.5.

t - NByda &adzZ33SaidSR aSOSNIf glFeéa G2 ONJE
Predominantly, this involved a pygdanned route with opportunity to change the route
as needed, and to note anything they or their child may be uncomfortable with.
Appropriate wedher was additionally key for comfortable interviews andZDminutes
was suggested as a good length of time to walk to prevent tiredness. Finally, it was
suggested that children should be offered regular breaks or opportunities to stop and
talk about suroundings during the walk rather than walking whilst talking. These
provisions for safety of children, were acknowledged within PPIE to reflect usual walking
considerations taken by children and parents. For example, children may be at higher
fall risk when tired, yet several parents and children explained how they would take

scooters or a tricycle (trike) on walks for when children tired.
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The conversations with the children who tested small portable video cameras for
their suitability to help capture the environments walked through during the veddkg
interviews revolved around safety and comfort of the cameras. The children suggested
that chest mounted cameras would be most comfortable provided some familiarisation
took place before the interview and there was an option to not wear the camera.
Parentssuggested that children could take photos of environments that they thought
YAIKG AYONBFrasS Nxal 2F F FLtt Fa GKAa 62
rich visual information about the environment to supplement the conversations during

the interview.

3.4.4What questions should we ask during walk and talk interviews?

Children and parents also talked about what they thought causedaalay falls,
which helped us to design questions and be aware of factors relevant to the
environments in which walk and talk interviews would take place. These broadly fell into
four categories: intrinsic (e.g. being distracted or losing concentration); environmental
(e.g. obstacles, inclines, weather); sensory (e.g. spatial awareness, vestibular); and
functional (e.g. fatigue, footwear). An infographic was developed to summarise all

information shared during our PPIE consultatiofgyre3.5).
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Figure 35. Infographic representing a summary of all information shared during PPIE consultations, to inform (1) Where interviewakshmalte, (2) How tc
conduct safe and insightful interviews and (3) Areas of questioning during interviews.
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3.5 Discussion

The aim of our PPIE waspooduce participatory informed methodand adapt a
walk-along interview specifically for children with CP and their parents and the real
world challenging environments they face dayday. This participatory informed
method would be specifically producdadr use within a study investigating the causes
of dayto-day falls in children with CP. We wanted to learn about the thoughts and
experiences of children with CP and their parents. In the previous section we have
described theoutcomes of our PPIE and clearly demonstrate how our PPIE informed the
developmentof a novel walkalong interview protocol for investigating falls in children
with CP.The full walkalong protocolis described in Chapter 4n the following
discussion we evaluate and critically reflect on the process and outcomes of PPIE with

children with CP and their parents.

3.5.1Strengths of PPIE

The strengths within our PPIE contributed to the overall success of the process
(and the actual study when this was undertaken). Firstly, relationships and trust with
OKAf RNBY YR LI NByiGa 6SNB o0dzifid oe pKS
for over six months prior to the start of our PPIE engagement. This helped children to be
comfortable in talking to the lead investigator and allowed her to develop her
engagement skills and understanding of the lives of and mobility challenges fatesl by
children. Ultimately this allowed deeper insight into and understanding of lives of
children with CP.

Secondly, creative methods used during PPIE consultations offered children
interesting, childcentred and informal opportunities to provide unique insights specific
to their lives and interests. The example in Box 1 revealed detailed insight into how
children are aware they can control indoor environments (e.g., putting toys away and
being tidy) to reduce fall risk specifically for children with CP and shows how regular
occurrences of falls can impact daily life choices. The children shared insightsheto ot
ways in which they use compensatory behaviours-ttaglay to reduce falls (e.g.

avoiding uneven surfaces when outdoors) that may not be consideretyfigally
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developingchildren. This success in using creative methods to develop PPIE discussions
is consistent with past engagement work using creative methods with afidiemen

et al., 2018pnd with children aged 11 to 18 years @¢&pencer et al., 2023)

A third strength of our PPIE was that it was clearly informed and underpinned by
I aGNRBy3 @I ftdzS 6lasS GKIG NBO23IyA&aSR | yR |
(see Table 3.1).ansdown(2005)expresses the importance of respecting and listening
G2 OKAf RNBYyQa @GASéga Ay | F2N¥IG yR &Ll O
a flexible, responsive chicentred, safe place in which children had the right to engage

and in which we respsted their ideas and wove them into the study protocol.

Finally, flexibility was key, both in the method of engagement (telephone call or
in-person) and in time of day we met for conversations with children and parents.
Typically, parents preferred a telephone call rather thampé@mson conversation.
Offering fexibility allowed more parents to engage in PPIE in their own time.
| RRAGAZ2Y I ffes O2yOSNAEI GA2ya GeLAOFtfe (2
Although this was convenient, parents were keen that the PPIE did not result in children
missingout a large part of their session. This meant that conversations were flexible in
terms of duration. For some parents, short conversations happened over the course of
a few weeks. Adopting a flexible approach was crucial and aligns with findings from a
systematic review focused on involving children in research, which found flexibility is
necessary to allow involvement of children and young people with disabilBiztey et

al., 2015)

3.5.20vercoming challenges

One challenge we faced when conducting our PPIE were some instances where
there were contrasting opinions from children and parents. For example, when one child
gl a | a1SR K2g 2FiSy (KSe ¥FStfsz GKSé& SELXI
parent then reminded them that they had fallen getting out of the car that morning. This
example demonstrates how important the opinions of both children and parents were
to our PPIE. The child in this example may have simply forgotten about their fall earlier

that day, or maybe they did not see this as a typical fall experience as they were
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negotiating their way out of a car. Gaining context into why these contrasting opinions
occurred was important for us to ensure that the views of children and parents were
equally integrated into our research design. This required careful adaptation,
communication and consensus during the PPIE as well as when the researchers were

drawing on the PPIE findings to refine the protocol.

Distractions were a challenge during PPIE conversations and activities.
Occasionally children would talk less about falls and more generally about their lives
(e.g. what happened in school that week). One older child also began to ask questions
beyondthea O2 LIS 2F GKS ttL9 o6So3d -afnhNBLIKEK
This challenge was managed by accepting the distractibility of children and being
interested in their lives, using creative activitiégy(re 3.2) to maintain interest and

beingflexible in the way in which the PPIE happened.

Another challenge of PPIE revolved around availability. Many PPIE consultations
were time NBaOUNAOGSR +Fa GKS {GAO1 WwWyQ aidsSLl
occasionally occurred over multiple consecutive weeks. It was important for the lead
investigator to accommodate the schedule of children and parents and be efficient and
flexible in unertaking telephone calls or fage-face conversations. Ideally, the same
children and parents who had contributed ideas at the start of PPIE would have been
available at the end to hear the feedback about our outcomes and design of ow walk
along interviav, but busy lives and other factors meant this did not happen for some
parents and children. This may be seen as a limitation, but the involvement of new

children and parents broadened the engagement.

3.5.3Impact of PPIE

This work demonstrates the use of PPIE with children (aged 8 to 17 years old)
with CP and their parents tevelop a participatory informed method for investigating
falls It shows that children and parents can offer deep and enthusiastic insights into an
area of research that typically may not consider the use of engaging children and parents
in PPIE when developing and conducting research. This supports previousenkidai
work using wallalong interviews withtypically developinghildren to generateich

insights into how they experience outdoor environme(Rawlowski et al., 2016; Veitch
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et al., 2020; Ergleret al., 2021) DSy SN} ft &3> ttL9 |Fff286SR dz
SELISNASYyOSa 2F |y S@OSNBRRF& AaadzS FyR 3l
applicability to their everyday lives, feasibility of conducting this research in the field,
including what equipment toise, and what parents would define as a safe walk for our

study.

Historically, falls and stability research addressing children with CP, uses
guantitative assessments of gait and walk{DgissaulPicard et al., 2022aome work
has explored perceptions of clinicians and physiotherapists to inform clinical balance
assessmentgSibley et al., 2013; Van Ooteghem et al., 20B@wever, to the best of
our knowledge, we are the first to use and publish robust PPIE work that draws on the
thoughts and experiences of children with CP to shape a novel walkalong interview
protocol for investigating everyday causes of falls. Spetificaur PPIE work has used
novel insights from children with CP and their parents (e.g. suggestions from children
and parents that walalong interviews should take place outdoors, where
environments are more uncontrolled compared to indoors) that impbveur
LINE G1202f Qa | LILIX A Ol imvestigateid knowd dightsk datds arfdA y 3
guide conversations during wadtong interviews that children can relate to) and
feasibility (e.g. enabling the waltong interview process to be possible for a group with
specific needs, for example stopping to talk rathean walking while talking). Our PPIE
has narrowed the focus of the waddong interview protocol to the most important
considerations for causes of falls in the readrld, informed by liveé@xperiences, which
will hopefully give a more detailed insight into how falls happen-agtay compared

to previous work.

Patient and public involvement and engagement with children with CP and their
parents provided clarity for writing a proposal of the walkng interview method, and
to contribute to a wider protocol that has since been ethically approved. Definitions
provided earlier for PPIE were appropriate and consistent for this specific PPIE. The
participatory informedwalk-along interview methoddevelopedin this work extends
previous walkalong methods that have been used with older agquids Cauwenberg et
al., 2012; Zandieh et al., 2016; Lee and Dean, 28d8}ypically developinghildren
(Ergler et al., 2021)rhe PPIE work gave us confidence to use the-alatkg interview

method as an adaptable method for children and those with walking impairments,
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improving both applicability to reakorld scenarios and feasibility for children with CP,

as earlier discussed. Sharing the lessons learned from PPIE in this work hopefully offers
further evidence for the use of PPIE in health research and with chi({@aifey et al.,

2015; Gaillard et al., 2018; Rouncefi@dales et al., 2021)

Following PPIE, the waditong interview method has been successfully used with
12 children with CP and their paren{€hapter 4) The success of PPi& develop
participatory informed methodss evident in the recruitment of children to The Walk
Along Project and the enjoyment and positive feedback we have gained from the
children and parents who have participated in the study and walked and stopped and
talked and used the video and still carasr The WaHAlong Project has generated rich
childcentred dai  aSGa GKIFId NBFfSOG RSSLI Ayaiaaki:
everyday falls and which has an extensive rich resource of photographs and videos of
the places where falls occur and the challenging walking environments faced daily by

children with CP.

3.5.4Lessongearned

A key practical lesson learned from conducting PPIE with children was that
flexibility in conversations and time constraints for different children meant that both
activities were not used with all children. Perhaps fewer statements and a simpler
second ativity would have allowed room for this. However, by allowing conversation to
flow and continue, and sidestepping the use of Activity 2, meant that rich insights were
continually being generated. Another lesson from the activities chosen were that
photogrgphs used during the photsticker activity (Figur8.2) did not necessarily align
to places children encountered in their own deyday lives (e.g. Box 1 example), so
although places were identified as high fall risk, it may not be something they
themselves struggle with dap-day. Using photos as a promiotr conversation rather
than at facevalue was an important lesson as we were able to explore not just where

children thought their fall risk might increase, but why they thought this.

CAYRAY3 (GKS oFtlyOS 2F ¢KIFIG A& wal FS¢
places was learned during conversations and protocol design. Ensuring interviews would
0S WAl FSQ Yl & KIFI@S O2yaidNYAySR GKS dzasS :
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parents were unsure about safety, we were unlikely to have generated the rich insights
we gained during the interviews in the study that followed this PPIE, or they would not
chooseto participate. In conducting PPIE, we discussed with parents and children
additional measures we could use that would allow interviews to be conducted safely,
without missing potentially important information about dag-day situations that
might increae a fall. An example of this are conversations around unfamiliar places,
which allowed us to find a balance between walking in unfamiliar places that might
increase fall risk, and walking in familiar local places, that could reveal places where

children had experienced a fall.

It is also important to acknowledge that the decision to avoid places deemed to
be unsafe was done so following conversations with parents who explained that
although they would always avoid such places-ttaglay, they would still be happy to
discuss thes places during the wallong interviews. Home video diaries were offered
as an addition to waHalong interviews, to provide an extended insight into every day

falls rather than the snapshot generated from wallbng interviews.

3.5.5Limitations

Despite its strengths, we acknowledge the limitations of our PPIE. A key limitation
iIs the lack of ethnic and gender diversity across the children and parents who
participated in our PPIE. A more diverse group of children and parents could have shared
different perspectives on daily life, this is noted elsewhere as something that should be
acknowledged for future workBailey et al., 2015)Our PPIE participants were all
approached through the same charity that among other things involves stability tasks
and fall avoidance ¢ dzZSNEt Sen5AE2Y |.HeweveN&deSiNikydd & 2 v
this charity is not readily available for all children with CP, so our PPIE is not
representative of the wider population of children with CP. For future PPIE exploring
falls in children it would be of interest to seek the livexperiences of a more diverse
range of children, including those without ongoing exposure to sessions that encourage

stability and fall avoidance.

Another limitation to this work, due to time constraints, is the lack of engagement

as a group. All PPIE consultations were-todene between the child and investigator
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or parent and investigator. Engaging as a group may have benefit overall outcomes due
to the interactions and responses between participants, particularly for children

(McLaughlin, 2015; Preston et al., 2019)

Perhaps another limitation to our PPIE is that although our engagement with
children and parents was respectful, collaborative and committed, our engagement is
best described as researchaather than childled as we brought some established
ideas to our PPIE. Arguably, the children acted more as amtiwvsultants than full
collaborators(Preston et al., 2019Qs their role was to helplevelop a participatory
informed protocol with a preapproved outline created by the research team. For
example, we asked for their insights into the walk and talk interview method rather than
starting with a blank sheet and asking for their suggestions about how best to collect
data. Wealso brought ideas for the study name to the children rather than asking them
to think of a name. In future PPIE we would recommend a more open type of
engagement in which children and parents héve space and opportunity to act more
fully as collaborators. However, despite these limitations and our acknowledgement of
our PPIE being researcHed, there was a considerable amount of engagement and

OKAf RNBYQa LISNELISOUAQISA AYyF2N¥SR GKS aiddz

3.6 Final thoughts and conclusion

Meaningful PPIE with children and young people can be considered an important
part of research. Thishaptertells a story of how childentred PPIE with children with
CP and their parents meaningfully contributed to a research design and discusses the
strengths and challenges in doing §the PPIE was greatly strengthened due to the
amount of time dedicated to forming strong, trusted relationships in the community
through volunteering. Overall, PPIE with children with CP and parents of children with
CP, helped strengtheand refine a method to collect realorld information about falls,
specifically for childrerwith CP, in an area with limited reported use of PPIE or
O2yaARSNIGAZ2Yy 2F OKAf RNByQa @ASgsa Ay NBa
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Chapter4
Study 3. The Walklong Project

The contents of this chapter are in review for publication RLLOS ON&nd have been
published as a special issue abstract in Gait and Posture:

1 Journal Article in Review
o Walker, R., O'Brien, T.D., Barton, G.J., Carter, B., Wright, D.MFasttr, R.,J.
(20240 GLQR LINRPolofte& UOGNRLI 20SNJ AG o6SOl dza
of the lived experiences of children with cerebral palsy walking in challenging
environments- Submitted toPLOSONE20.07.2024(in review)
1 Special IssuAbstract:
0 Walker, R., O'Brien, T.D., Barton, G.J., Carter, B., Wright, D.M. and Foster, R.J.
(2023 L QR 32 aft2¢ yR K2LIS L R2y Qi Tl f¢té
with cerebral palsy walking in challenging environme@ajt & Posture 106,
219-220.https://doi.org/10.1016/j.gaitpost.2023.07.263

The contents of this chapter have been disseminated as presentations at the following
academiameetings

- European Society for Movement Analysis in Adults and Children (ESMAC) Annual
Meeting 2023 Athens

- European Academy of Childhood Disability (EACD) Annual Meeting 2023, Ljubljana
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Abstract

Background Children with cerebral palsy (CP) experience regular falls, but their lived
experiences of falls in the reabrld are unknown. Exploring the perspectives and past
experiences of children and parents is important to gain deeper awareness into the
causef falls that happen in realorld environments, especially since typical walking
analyses are carried out over lexgbund and therefore overlook everyday challenges
to balance (e.g. uneven pavements when walking to school).-saifig intervievs can
ISYSNIGS NAROK AyaArdakia Aya2 OKAf RNByYyQa

walking. Research QuestionUsing lived experiences and walkng interviews to

determine everyday challenging environments of children with CP: where and how do
falls happen in the reakorld? Methods Twelve ambulatory children with CP (12+3

years old, 6 hemiplegia, 6 diplegia) and their parents took part in an outdooralaik

interview, where previous fall experiences and everyday challenging environments that
may increase fall risk were discussed. Action cameras and clip on microphones captured
walking environments and conversations, which were later synchronised, transcribed
and analysed in NVivo using interpretive descriptRasults Two overarching themes
gSNBE 3ISYSNI ISR owWLIX I OSa 6KSNB GNALA I yR
FILifaQu LXda FAOS (1Se (KSYSa owWglflAy3
gt 1Ay3a at26SNJ YR | @2ARAyris atefdan8as W
envirg/ YSyiaQs wotz2asS OFrftta |yR FLitaQzr I yF
challenging environment to cause increased risk of falls based on previous experiences
were uneven surfaces (e.g. grass potholes) with distractions (e.g. a dog barking).
DiscussionThe WalkAlong Projectreveakd novel insights about places that might
increase fall risk in children with CP, beyond what is currently known. The importance of
considering both environmental challenges (e.g. uneven surfaces) and sensory
challenges (e.g. distractions) is highlightedilgh the lived experiences of children with

CP. Future work should consider how interacting factors (e.g. distractions in uneven
environments) increase faikk in children with CP, in order to understand mechanisms

of falls for potential fall preventioprogrammes.
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4.1 Introduction

Walk-along interviews are capable génerating richinsights into how children
interact and view environments around thelnd their lived experiences dheir
surroundingqErgler et al., 2021Yhus, using watklong interviews with children with
CP and their parents has the potentiar&wveal deep insights into daily lived experiences
of falls that have not yet been documentdduring thePPIEChapter3) children told us
how best to conduct a wal&long interview that would be both applicable and

feasible for children witlCP and their everyday lived experiences.

Walk along interviews involve taking a walk while talking about-tdayay
experiences, by answering questions that are prompted by environmental surroundings
(Carpiano, 2009)This method allows the recall of past experiences in familiar places
and for children, is suggested to create a more informal environment by reducing the
power imbalance both between researcher (adult) and participant (child) meaning a
hierarchical relabnship is less likely to develop which avoids children attempting to give
0KS WNARIKGIQ I yagSN NEdérkasd\Bingefsdny2004; [C&rpiaindyizS
2009) A key reason for using walk along interviews is to gain rich information about
people in their environment, both through interviewing and obsen(i@grpiano, 2009)

This method is particularly insightful for children since it offers children the opportunity
to share experiences through their body language and gestures in response to the
surrounding environment, adding more than just verbal communication, as indypic

sit-down interviewgErgler et al., 2021)

Previous wallalong interviews have explored neighbourhood walking
environments and pedestrian practices with older ad@{itan Cauwenberg et al., 2012;
Zandieh et al., 2016; Lee and Dean, 2008)e study used walking interviews with adults
with postinjury walking disabilitie¢Butler and Derrett, 2014)which revealed deep
understanding of how each person experienced their disability-tdagay, including
examples of how walking is performed in certain areas. Furthermore, -alatig
interviews have been explored with children both inside the home emwirent
(Stevenson and Adey, 20180d outside, in the playgroun@awlowski et al., 201&)r
in the local neighbourhoo@Horton et al., 2014; Ergler et al., 202B)l studies using

walk-along interviews with children express the ability to generate rich information
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about the lives and experiences of children as they happen. These interviews offer
insights into how children interact and view environments around them. Despite this, to
current knowledge this interview method is yet to be used with children with CP to
explore reatworld experiences of falls and the challenges that children with CP face in

their typical realworld environments.

4.1.2 Aim

The aim of Th&Valk-Along Project was to explore the reabrld (natural and/or
built) environments that children with CP find challenging and determine those that

might cause a fall or increase fall risk based on their lived experiences.

4.2 Methods

4.2.1Participants

Participants were recruited through various charitable organisations or schools
in Northwest England to take part in a wallong interview. Children were eligible to
participate if they were between 7 and 16 years old, had a diagnosis of spastic cerebral
palsy (GMFCS levet IIl), were able to walk without walking aids, able to understand
English and have adequate vision and good hearing capabilities, as judged by
gatekeepers and/or parents or guardians. Children were excluded if they had any other
orthopaedic or neurological condition that may alter their ability to walk. GMFCS was
seltreported by parents or guardians. All children who could walk without mobility aids
at the time of taking part were included in the study, which may have included some
children with a past clinical classification of GMFCS Ill. The study was approved by
University Ethical Review Committee (ref: 22/SPS/022). Three charity gatekeepers
assisted with recruitment for The Waldong Project between 13th May 2022 and 3rd
December2022. All accompanying adults who took part in this study were parents,
despite inclusion of either parents or guardians. Parents and children were provided
with tailored information sheets before providing written informed consent and assent,

respectively
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4.2.2Procedure

5STFAYAGAZ2YEa 2F 020K F WIANARLIQ YR I WTI
to startingthewald t 2y 3 AYISNIBASsP ¢KS g2NR Wi NRLIQ
any loss of balance that would not lead to a fall. For example, due to a mispatef
a foot, a slip or dynamic losses of balance or stumbles due to interactions with objects
in the environment or the environment itself. This aligned with a recent definition of a
Wy ST NJ FI f {Maidah of al.{ 2014)S tNd-wasddbkEribed to children and parents
as any disturbance to walking (such as tripping over an object) or loss of balance (such
as a stumble), that would not lead to a fall whereby they would come to rest on the
FE 22N ¢ KS RS Tapyihtentiogayfy bédad sdkiiatchildieén asdlpadrents
were able to talk about all types of perturbation events in dayday environments that
YAIKG NBadzZ G Ay F Frif (2 GKS Ff22NDP W NAR
to associate with att understand as informed by language used during previous PPIE. A
fall was defined as any stumble event causing a disturbance to balance, that results in
coming to rest on the ground or floor. This was in accordance with the World Health
hNBF y AT Iititbr? of @ dall \RSBIF Health Organization, 202Bnd a recent
RSTFAYAOGAZ2Y 2F WySIENI FILifQFANYSYRGOBEND 8§ NIMNB &
| talk about a fall, | mean a trip or stumble meaning you have lost your balance and
SYRSR dzZLlJ FLEtAy3 ff GKS gl @& R2¢y (2 fAS

| KAt RNBY ¢6AGK /t FYyR GKSANI LI NByita 4S5
drawn by investigatorFHgure 4.1) and a Google map, respectively, of a walking route
predetermined by the lead investigator (RW) in a location agreed by parents during
recruitment. Multiple locations were discussed during recruitment with each parent to
identify a convenient, accessibfgace, local to their living area, for them to attend a
walk-along interview. In every case, the predetermined route was chosen to represent
environments that children encounter regularly in their diy¢day lives, as informed by
previous PPIE and in recruitment conversations. In most cases (11 out of 12 interviews)
the walking route had areas in which they had walked before on humerous occasions.
Each chosen route included environments (e.g. potholes or uneven paths) that were
identified during PPIE conversations to increase the risk of a trip or a fall and would
0 KSNBEF2NBE 2 F7TFSNI AypoadyBvdiexperignces of GaKsAChiRigis y Q& |
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parents were given the opportunity to change the walking route both prior to and/or

during the walk, should anything concern them.
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Figure 4.1Example mud map drawn by the investigator of a walking route agreed by pe
prior to a walkalong interview

The walkalong project intended texplorelived experiences of children with CP
and their parents when navigating d&y-day environments that might increase the risk
of a trip and/or fall. The watalong interview method used in this project offered the
opportunity for children, parents and ing@gator to engage with the surrounding
environment through conversations, gestures and photo elicitatieyle, 2013; Ergler
et al., 2021)in order to gain a wellounded picture of environments that might cause
increased fall risk to children with CP. To achieve this, The-XVailg Project recorded
conversations with microphones, captured walking environments with video cameras
and exploredlived experiences through chiléd photo elicitation with an additional

camera.

Prior to the start of the walk, the investigator used chest harnesses to attach
Kaiser Baas X450 actioameras (Kaiser Baas Pty Ltd, Melbourne, Australia) to themself
and to the child, if the child was comfortablEhese chest mounted cameras captured
videos of the environments encountered during the entire waliéng interview.

Recording began by manually pressing record on each device, with default camera
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recording settings (capture rate: 30 fps, resolution: 4K). A third Kaiser Baas X450 camera
was used in addition to video cameras for taking photos during the walk (resolution:
14MP, Field of View: 160 Two wireless RGDE GO Il -olip microphones (RODE
Microphones, Sydney, Australia) were attached to the clothing of parents and children
for high-quality audierecording of conversations between the child, parent and lead
investigator, that video camera®uld not capture. Microphones were operated by the

et R Ay@SadAadalriz2aNnRa ! yYRNRBAR Y20AfS LK2yS
Microphones, Sydney, Australia), using default microphone settings (sample rate: 48

kHz, maximum sound pressure: 100dB).

Children and their parents walked with the investigator (RW), following the
predetermined route that reflected a place they would typically walk. Children were
given the map before the walk to look at the route; none of the children chose to carry
the mapduring the walk. The investigator directed the walk and asked questions using
a predetermined serstructured interview schedule and discussion guiigpendix6).
vdzSadAz2ya AyOf dzZRSRY WK2g¢g R2 &2dz FSSt | 02c¢
seel yRUKAY3A 2y GKA& ¢l f1 GKIFIG YAIKEG OF dza S
the walkalong interview were first directed to children, and then parents were given
GKS 2LIR2NIdzyAdGe (2 SELIYR 2y GKS Owef RQa
walk at any time to take photos with the third action camera of anything in the
environment that they believed could cause a trip or a fall. Photos taken by children
prompted further discussion in the wakltong interview. Children were given a

certificate and sticker for taking part.

Following the wallalong interview, children and parents were invited to
complete a tweweek video diary and asked to include any videos, images, and/or
written entries about places where the child might or did experience trips and/or falls

in their dayto-day lives.

4.2.3Dataprocessing

Two audio recordings (parent and child) were downloaded with RGDE Central
software (Version 2.0.5, RGDE Microphones, Sydney, Australia), and then synchronised

together in Adobe Audition (Version 23.3, Adobe, CA, USA). Recordings also identified
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any spoken conversation from the lead investigator. Two video recordings (from
cameras worn by the child and investigator) were synchronised using Kinovea (Version
0.9.5, Kinovea, Charmant, J and contributors) and then matched to the synchronised
audiore@ NRAY 3a> dzaAy3a 020K | @Araddt o6KFyYyR &

from the investigator during the start of the waditong interview.

Audio footage was reviewed in Microsoft Media Player (Version 11.2309.6.0,
Microsoft Corporation Washington, USA) and video footage reviewed in Kinovea, from
a synchronised starting point. The lead investigator then manually transcribed interview
and vide diary conversations verbatim in Microsoft Word (Microsoft 365, Microsoft
Corporation Washington, USA) whilst including photos and videos where appropriate of
the surrounding environment. For example, if a child spoke about a particular surface,
an imageof that surface taken from matched video footage, was included in the
transcription. Any phototakenby the children using the handheld action camera were
also added to the transcription at the point of conversation in which they were taken.
All photographs were taken for use in The WAlkng Project using equipment owned

and provided by the research team.

4.2.4Dataanalysis

Transcriptions were imported into NVivo (Version, 1.7.1, NVivo for Windows
Enterprise, Lumivero, 2017) for codihyg the lead investigatoiCoding was completed
by labelling transcripts and video diaries in NVivo. Codes emerged from the data with an
inductive approach, rather than preefined. The lead investigator read each transcript
and identified codes based on conversations. Multiple socleuld be given to sections
2F GN}yaONRLIWG&ad C2NJ SEIFYLX S AT OKAfR &l A
Al Aa o0dzYLR FYyR dzyS@Syé¢ GKAa O2dzZ R 6S O2F
Transcripts were reead after initial coding to check if any codes had been missed or
incorrectly labelled and to ensure consistency throughout all interviews. Codes were
analysed in NVivo to identify those that were most common. Then, key themes were
generated based on the mbfrequent codes and interpretation of these codes with

relation to the environments that children with CP suggested they find challenging and

to determine those that might cause a fall or increase fall risk. For example regular
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O2RAY 3 200dzZNNBR F2NJ WFl tt SELISNASyOSaQ ¢
GNALI 2NJ FlFEfftd ¢KA& gl a ANRAzZLISR Aya2 | (K
challenging everyday environments. Full description of development of kapeahkas
described in section 4.3. Data saturation was reached when no new codes or themes
were being reported; this occurred following the 12 interviews with children and their
parents. Data from all conversations with children and parents contributed edckty

themes generatedTwo separate approaches ttataanalysis were used.

Analytical approach 1 drew on Interpretive Descriptirhorne, 2016)and
inductive codingNo a priori codes were used. After an iterative process we created two
2L £t SGSt O2RSayY YWOKI-OKISYES WA VY 33 WENNBY
WOKEFfftSyaaya SY@ANRBYYSYGiQ SyO2YLI aaSR |y«
happen. Thez2 RS -@KR#f SyIAy 3 SYDBANRYYSYidQ NBLINE:
it was implied that the child felt safe or where a trip or fall would not happen. Further
iterative analysis resulted in the creation of sobdes that unpacked angdrovided
insight into different factors related to challenging and rdmallenging environments.
These sulrodes helped challenge and refine the descriptors linked to the overarching
codes. The sub codes allowed the analytical lens to focus on detail$ tigotypes of
challenging environment. For example, if a child or parent identified an uneven
LI dSYSyaG G2 oS | Frff NAalz GKAa ol a 02
Wdzy S@SY & dzNF kcaussnbludEddzbidsdiy SiNlledgds) e.g. noiséov or
distractions in the environment. Additional codes were identified from commonalities
I ONPaa GKS RIGFaSiax AyOtdzZRAy3a FrLHitf 200
0SKI@A2dzNRE WIiGANBRYyS&da o0ST2NB | yness bf F i SNJ
AdZNNR dzy RAY3AaQr WFFEf YSOKFYyAAaYQ YR WTIL Y,

codes were drawn into two overarching themes and five key themes.

Analytical approach 2 (frequency counting of codes) was undertaken following
completion of approach 1 and was used to identify the most common challenging
environments reported by the children and/or discussed during veddikug interviews.
These frequencgounts were considered both cumulatively and in terms of distribution
across individual participant€hildren were assigned pseudonyms alphabetically in

order of participation e.g. participant 1 = Albefaple4.1).
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4.3 Findings
4.3.10verview of key information

Twelve ambulatory children (2 girls and 10 boys, aged between 8 and 16 years
old) with CP and their parents (8 mothers, 4 fathers) took part in the -ailikg
AYOGSNIDASGAD ¢ Ki&elsaikded fiarlBoyl i chideeChad diplegia, and
six had hemiplegia. Each wadlong interview lasted approximately 25 minutes. Two
children (Dominic and Freya) returned video diaries following the safalikg interview.

5 2 Y A yianOvwas a video of an uneven concrete path, with gravel and potholes, that
he said would typically create a trip and fall on his walk to school. Freya spoke to the
camera for three minutes about her trip or fall experiences that week. Individual
participant demographics (pseudonyms, age, sex, GMFCS) and challenging

environments destbed by each child and parent are listedTable4.1.
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Table4.1. Demographics of child and summary of challenging andam@ilenging
environments reported during watdong interviews.

Participant
(pseudonyms)

Demographics
(Sex, age,
GMFCS,
accompanying

Child-reported:
challenging places

Parent-reported:
challenging places

Child & parent-
reported: non-
challenging
places

Albert Boy, aged 9 years Downhill - Obstacles (e.g. - Other people
with diplegia Uneven surface branches, tree - Uphill
(GMECS I/lI), (change in surface, roots) - Stepping
Mother cobbles, tree roots) - Tiredness up/down
- Concentration (stairs)
Ben Boy, aged 9 years Obstacles - Uneven surfaces - Pavement
with diplegia Uneven surface - Running - Flat surface
(GMFCS I/11), (grass, crack in path, - Not looking - Other people
Mother tree roots, unseen - Lack of
gutter/potholes) concentration
Slippery surface
(gravel)
Connor Boy, aged 11 Grass - Not looking and - Downhill
years with Uneven surfaces uneven surface - Flat
diplegia (GMFCS (pavement, potholes) - Stepping up/down
1), (kerbs)
Mother - Distractions
Dominic Boy, aged 16 Uneven surfaces - Uneven surfaces - Familiar
years with right (grass, raised surface, (pavement, places
hemiplegia potholes) potholes)
(GMFCS 1), Stepping up/down - Slippery surface
Mother (kerbs) (gravel)
Slippery surface - Distractions
(gravel)
Distractions
Elliot Boy, aged 14 Uneven surfaces - Stepping up - Being 6
years with (pavement and grass, (kerbs) - Stepping
diplegia (GMFCS grids, pebbles, - Uneven up/down (low
1), potholes) pavements kerbs, stairs)
Father Runningfast walking - Noise - Uphill
Not looking - Non-dominant
limb
Freya Girl, aged 13 Uneven surfaces (tree | - Non-dominant - Familiar
years with right roots, tactile paving, limb places
hemiplegia grid, stones) - Slippery surface - Being 6
(GMFCS 1) Lack of awareness (stones) - Stepping up
Father Tiredness - Tiredness (tall kerbs)
- Indoors
George Boy, aged 12 Uneven surfaces - Footwear (less - Stepping up
years with right (potholes) contact between (kerbs, stairs)
hemiplegia Slippery surface footandsolee.g. | -  Slippery
(GMFCS I/l (gravel) and downhill wellies) surface (mud)
Father Footwear (less - Uneven surfaces - Obstacles
contact between foot (pavement) - Uneven
and sole e.g. wellies) surfaces
Obstacles (tree roots) (grass, grids,
cobbles, sand)
- Tiredness
Henry Boy, aged 15 Uneven surface - Uneven surfaces - I f &écar e
years with (raised pavements, (raised - If
diplegia (GMFCS potholes, cobbles) pavements, concentrating
1y, Stepping up/down potholes) - If taking time
Mother (kerbs) - Not looking
AWhen young - Distractions
- Noises and
crowds
Isaac Boy, aged 15 Uneven surfaces - Stepping up/down | - Flat
years with right (pavements, cobbles, (kerbs)
hemiplegia potholes) - Uneven surfaces
(GMFCS I/lI), (potholes,
Mother pavement/stones)
- Obstacles
- Vision
- Tiredness
- Downhill
- Running
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Jasmine Girl, aged 8 years Uneven surfaces Foot placement Walking
with diplegia (potholes, grids) and balance slower
(GMFCS I-11), Stepping up/down (tall Not looking Crossing
Father kerbs) Distractions roads
Small obstacles (concentrating)
Footwear Flat pavement
Tiredness Low kerbs
Other people Uphill
Stepping up/down
(kerbs)
Kenny Boy, aged 12 Unseen uneven Uneven surfaces Flat grass
years with left surfaces (potholes, (pavement, grass,
hemiplegia grass) potholes)
(GMFCS I/ll), Stepping up/down Not looking
Mother (unseen kerbs) Distractions
Obstacles (e.g. bottle) Slippery surface
Downhill, uneven and (gravel)
running Tiredness
Tiredness
Leo Boy, aged 10 Downhill Uneven surfaces Slightly
years with right Uneven surface (tree roots) uneven grass
hemiplegia (grids, potholes, Stairs (no Smaller gravel
(GMFCS /1), grass) handrail) stones
Mother Stepping up/down Tiredness
(kerbs) Balance

During the walkalong interviewshildren and parents shared their perspectives
about falls and the things they found challenging or otherwise. Visual summaries or
vignettes were created as a means of presenting an overview of eachaloalyg
interview. Examples of two vignettes are prased in Figured.2 (Appendix4 for all 12

vignettes).
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Figure 4.2 Example of two vignettes (pseudonymised participants Albert and mum (2a
Jasmine and dad (2b8howing conversations between child and parents in settings iden
as presenting a challenge. Speech from children is indicated in grey speech bubb
parents in black speech bubbles. Where conversation was consecutive between par:
child, nunbers indicate the order in which conversations were had. (Note: Backgi
photographs taken by participants during the wallong interviews. Canva (online grapt
design tool) used to add figures and speech bubbles (all graphics freely available umdes
Content License Agreement).
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Uneven environments were discussed the most across allalalg interviews.
The distribution of uneven surface codes for each participant is sho#wgune4.3. The
4SO02yR Y2ail O2YY2y O2RS | ONR&4& lintidatedh y 0 SN
when more than one challenging environment could contribute to falls and increased
fall risk. For example, an uneven surface with a distraction present. All children reported
OKFffSyaay3a SyGaANRYYSyda (KIG Say @Ng RSIRIAD
NBLIZNISR GKIFIGd WRAAGNI OlA2yaqQs wyz2ia 2214
OKSANI FILEf NARA] Ay | OKIffSyaayda Syg@aNRy
Wol fFyOSQs WailSLILAYy 3 dzJ F2ANISRXS yF 3R WHIRAM 3340z
dzy S@SyYy adzNFI 0OSaQ 6SNB RA&aOdzaaSR gAGK NBTS

cause falls and increase fall risk in the realld.
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Figure4.3. The frequency of top codes relating to challenging environments reported ac
all 12 interviews. Legend shows distribution of code for each participant.
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4.3.2Presentation of overarching and key themes

Drawing on commonalities in data from the wallong interviews and video
diaries two overarching themes WLJ I OS& gKSNBE GNALEA | yR Tl i
R2 G2 O2yiNRt TFlLffaQu LXdza FAOS 1Se& GKSY
why reatworld environments are challenging and cause falls or increased fall risk for
chidrenwithCP. ThrdeS& GKSYSa aAaid oA0GKAY (GKS 2 @SN
YR FlLffta 200dz2NDD FyR (g2 (GKSYSa aird gAdK)
4.4).

Places where trips Things children do to
and falls occur control falls

-

Distracting
environments are
dangerous
environments

Taking care, walking
slower and avoiding
places

Walking on bumpy and
unstable ground

Close calls and falls

Feelings and fears

Figure 4.4 Overview of overarching and key themes

4.3.3 Places where trips arfdlls occur

Walking on bumpy and unstable ground

This theme describes the places that were commonly suggested by children and parents

to cause trips or falls in the realorld, based on their lived experiences.

Photos taken by children during wadkong interviews indicate that uneven
pavements and grass surfaces are the most common challenging environments that
might increase falls and the risk of a trip or fall in the +walld, for example cracks in
pavementsor paths, tree roots under the surface of the pavement, tactile paving,
O200f S&a>X KARRSY L3 (K2 t-1&al) ghass, ofiléhS gradagdired 4 > Y
45). These types of environments were noticed and photographed most by children on
walk-alonginterviews, with children describing that these places are likely to cause a

disturbance to balance if stepped on or they could cause a trip or stumble if unnoticed.
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Figure 4.5Photographs taken by participants of places they suggested could cause a tfgdlatuaing walk along interviews for use in The Walkng Project.
All photographs can be seen in Appendix 5.
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The most discussed challenge was uneven surfaces with all the children talking
I 62dzi GKSaS FyR GeLAOrtte 2F0Sy NBETFTSNNAYy
INRdzy Ré¢ OoWF&a&YAYySod CNBeéel SELXFAYSR gKeé
like dzY L2 YR GKSNBQa tA1S RAFFSNByu tSg@St a
GKSYé¢® 52YAYAO: Glt1Ay3 2F dzyS@Sy 3INRdzy R
LR GSyaAlrt OKFffSy3aS alreiy3da axXxiKAa 3INF aa
2OSNEX YR DS2NHSI GFf1Ay3 | 02 dbgurd46S NI A ;
explained:
GONX¥EI AlQa O LQY 2dzad adl

S a2
LIK2G20 YR 2yS ¥ SNB w2y (KS NI Aa:
dzy SOSy o¢ (George)

Figure 4.6Photagraphfrom video footage oGeorge stepping onto manhole cover during
a walkalong interview whilstlescribing how it is uneven.

Distracting environments are dangerous environments

This theme encompasses the main interacting factor that was commonly suggested to

increase the fall risk, despite the cautious behaviours implemented by children.

All the children talked about how the preventative measures (taking care,
walking slower and avoiding places) were much harder to implement if a distraction was
present (e.g. dogs barking, other people playing football, cars driving past). Distractions
cald SR OKAf RNBY (2 Wyz2i £221Q 2N Wy2i 02y0
2OSNI 'y dzyS@OSy adzNFI OSd 2KSy gl tl1Ay3a 2y
O2y OSYiNY GAy3a GKSY L O2dzZ R aldzyof Sé¢ o [/ KA
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O2dzf R 6S 020K | dZRAG2NE 2N @A add f o 9ft A2
Gaz2yYS2yS Aa aKz2dziAyd YS 2N a2YSOUKAYyIodoP|
d2YSUKAY3a GKSNBE YR 52YAYAO RSY2¢gidi N} G S
by saying:

GLT L FY 61E1Ay3 Ay (KA& RANBOGAZ2Y YR
ySFNBes F220o0ltf L O2df R @mdniof A 1S GKIGXe

Being able to directly see a challenging environment was described as important as if a
challenging environment was obscured e.g. a pothole in long grass, then a fall was more
fA1Sted DS2NHS SELX FAYSR GKFG KS toRazf R 4
explain that this was because it may be unnoticed while walking:

LG 1AYR 2F OFGOKSa @&2dz 6& adz2NLINAaSz OF
GKSy G(KS ySEG &2dzNJ F22( (Geodge) 2dza i a i dz01 A

Many previous fall experiencedalked about by children with CP additionaihcluded
some form of distraction, a lack of concentration or not looking at or seeing a challenging
SYPANRYYSYyiGdd hyS OKAfR O2yFANXYSR KS KIR
6/ 2yy2Nbod YSyyeé SELXIAYSR GKI G fokidlesth R Tl
N} ooAl K2t Sodd L | OOARSydGlffe Lizi Yeé F22
'S FOGONROdzASR (GKAA (G2 y20 y288O0RAYyRHR RKAal ¥
 RRSR GRAAGNI QlA2yaeédd ! y2iKSNI &a2dzNDS 27F |
aL sla Ffaz GFrflAy3 (2 Y& FTNRASYRa a2 (K
some like roots that were coming out the ground and also some

weeds that were in the cracks of the pavement, they made me trip
2OSNI YR tA1S &adGdzyotS | ()0 GE S O0AGDE

Close calls and falls
This theme describes the livexperiences of past trips and falls in addition to near falls

that were experienced during the waldong interviews.

Eleven out of twelve children spoke at least once during vaédkg interviews

about their previous experiences of falls. The most common environment identified to
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have caused previous falls was grass poth@éser examples included tree roots under

pavement paths, uneven pavestones, obstacles, concrete potholes, gravel and cobbles.

Some walks, local to where the children lived, revealed the exact places where
they had fallen in the past. Connor pointed out a ditch and when asked by the
AYO@SaGAIALG2NI AF a2YS2yS O2dzxZ R Tl fEguR2 46y
410 YR KAA& Y20KSNJ I ANBSR a&SIFK &2dz KI @S

KSNB 0STF2NBE¢ o0/ 2yy2NDa Y201KSND ®

Figure 4. 7Photggraphof a pothole taken b Connor that he described he had fell dow
previously

During the wallkalong interviews six children experienced a trip or stumble,
leading to a loss of balance that was then recovered, without leading to a fall. Two
children (Connor and Jasmine) lost their balance after stepping on the edge of uneven
potholeson a concrete path while trying to take a photograph in the environment
(potentially the act of taking the photograph had been a distractor). Kenny became
unbalanced and had to take a step backwards after stepping up onto the edge of a kerb,
Leo stumbledwhile trying to step on an uneven grid in the grass, Henry showed
instability walking over cobbles. Ben was distracted, did not see a grass pothole (see
Hgure 4.8) that he stepped into losing his balance although he recovered quickly. His
Y20KSNI RSAONAOSR (KA& Fa | aoft2asS Ol tf¢
Gb2LIST y2 Of dzS¢Y
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a2iKSNY , 2dz ySINI& GNARALILISR RARYQi
Interviewer (RW): What happened there?

.SYY L R2yQil 1yz2¢

Mother: You were looking at the boy on theooter

Ben: No, | was looking at the camera

LYGSNIBASGSNI 6w20Y | KKX &2dz RARYQI

Ben: Nope, no clue

Figure 4.8Photgraphfrom video footage o pothole that Ben steppeitito during a walk
along interview.

4.34 Things children do to control falls

Taking care, walking slower and avoiding places

This theme describes the behaviours children suggested they would implement to

prevent a fall as well as the awareness of older children to know how fall$appen.

Walkalong interviews revealed that children undertake three preventative
behaviours to reduce the risk of a fall in challenging environments and these all involved
children becoming aware of a potential challenge and also recognisingisd actions
YAIKO y23G LINBGSyid || Flrito ¢KS | OGAz2ya ¢S
LI I 0SaQo ¢CF1{Ay3 WOINBQ lFoz2dzi ol {1{Ay3a 2
G20Q0A2dzatesx L KF@S (G2 GF 1S Yeé ullibhtY&ight A ( K
ONRLXE ®@ { SOSNIf OKAftRNBY GFft{1SR 2F atz26Aiy
K2LJS L R2y QO TFlrifé OWFHaYAYySuood ! g2ARIFYyOS
GLIAOIKE adl GSYSY(d 0SAYyIsENDSL 0id &2 AIRY  dzyi 8

For younger children, taking care was also more apparent through parent
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intervention to prevent their children falling, compared to older children. This
intervention included parents suggesting behavioural ways they would intervene when
gt 1Ay3a 2dziaARSY aLQfft 3INIYo KAa KFYyRéE oY
duringthe walkl £t 2y 3 AYUSNIASSG &4dzOK & dao6S OF NBF

mother explained how specifically they would intervene when Dominic was younger:

b2 KS

N

<,

0KS@QNB @&2dzyISNJ 6KS@QNE y2i | gl NS
Fff GKS GAYS L ospdrd $ROOK2 82 @KISAIX G |

B =

Although more common in younger children, parent intervention was also
LI NBYyd FNRBY &42YS LI NBydGa 2F 2f RSNJ OKAf
Gol GOK GKSNB &2dzONB+ 82 T34y RENBN 6 X KISY B |
FlLOGKSN g0 B/ SRK GG Oy GKSNBé oKSYy 9tftA20 vy

can on floor).

Older children were able to take more care in their challenging environments
through greater awareness of surroundings (e.g. knowing where to slow down or be
careful). This was more common in older children who were able to look back and see
how theirsitlzl GA 2yt | 6 NBySaa KIFIR AYLINROSRI ¥F;
RARY QG dzaS G2 wt221 4G GKS FEt22NBX yR L
02 1y26 6KSNB LQY 3I2Ay 3¢ 01l SYNBOD® | 26SOSN
not nessarily mean that trips could be avoided, Elliot explained:

dho@)\Zdzéf,é GKSY §2sz|§|£ égdzyaéNJ & 2dz QQYQ
@82dz YAIAKEG NY¥zy Ayd2 Al dzi y26s L YA3IKGE

)
Al odzi L YA3IKG 68 FoftS G2z tA1S L Oy
GNRA L) 23S N (Elliot)

Older children showed additional awareness of how a fall might happen in
challenging environments. Scenarios described by older children included tripping by
catching their trail limb on a raised uneven surface, a disturbance to balance due to poor
foot placement on an uneven surface and slipping on gravel. Freya demonstrated (see
Fgure4d90 K2 g aKS YAIKG GNRALI aAF LQY tA1S aol
32 tA1S OGKIFIGO FYR GNARALI 20SNEO®
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Figure4.9 Photograph from video footage of Fregamonstrating how shenight make
contact with the foot on a raised pavement edge leading to a trip

Feelings and fears

This theme describes insights into how falls impact daily life and the consequences

(e.g. pain) that falls have regularly fdrildren with CP.

Children seemed comfortable talking about their regularly experienced real
world falls often coming across as being quite relaxed about them and seeing them as
just part of everyday life. There were no conversations that implied specific attitudes
toward falling. However, some children and/or parents discussed the impact that falls
can have on dajo-day life, for example, missing school or gaining an injury. One mother
NBEOIftfSR GKId bl O02dzLX S 2F (GAYSa KSQa 4&as
FILEfSyée¢ 652YAYyA0Qa Y20iKSNbLO® ! (G@LAOIf NI

increase pain and injury came from Jasmine who explained:

G/ 1 daS 6KSy L 61& tA1S NBrHfte fAGGES L
vy2adte Ay &a0K22t L ¢6la tA1S 2y GKS LI I @&
GAIKGA 2y FYyR L 618 tA]SXashine)ysl a +fol i

Another example described by Leo showed a reduced feeling of safety in a
challenging environment, describing a scenario where in schdoISNE A & &l 3N
YR aNRBOla GKIFId ¢S Oly LXleée 2yéd | 26SOSI
OF dziA2dza 2F 3I2Ay3 NRdzyR G4KSNB 06SOlFdzaS (K
in challenging environments was described later after comimgsscan uneven grid

during the walkalong interview:
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G¢KAA WOSYBANRBYYSyYy(ie 0O02dZ R R2 LINBiGidGe oFR
fAGOES wodzYL®e oAdae 2y AUGXAG O2dZ R LINRO
y2i GNB FTYR R2 GKI ¢ (Leo)

This reduced feeling of safety was further evidenced by Dominic, a boy with
hemiplegia, who spoke repeatedly about how their right (affected) arm, would bend at
the elbow, as a physical response to heightened anxiety in challenging environments:

G9PSNE AXNWAEISNEES tMGS Y& OoNFAY GNRIISH
dzy S@SyYy & dzNF I OSQI Y& NA Ikodminit)NY 3IF2Sa dzl &

4.4 Discussion

This is the first study texplorerich, robust qualitative data based on the lived
experiences of children with CP using a wallkng interview technique about the types
of realworld challenging environments that might increase falls or fall risk. The three
themesNBf G Ay 3 (2 WLI IhigHightedstikaSuddven pavénterit angd O O dz
grass potholes are most likely to cause falls when negotiating challenging everyday
environments, and especially so in distracting environments. This detailed insight in
the places where past falls have occurred or where fall risk is perceived as highest
extends previous work regarding falls in children with(B&yer and Patterson, 2018)
that have shown the high frequency of falls experienced-uaglay, but lack the detalil
into specificenvironments that cause additional perturbations in walking that increase
falls in children with CP. This work further adds novelty in its approach to investigating

falls in children with CP, compared to typical human movement approaches.

The lived experiences shared by children about what they do to control falls
because of the consequences or fear of the consequences (e.qg., injury, pain) that may
occur from falling had not been anticipated when designing the project but arose from
converations commonly had during wakldong interviews. The two overarching
themes are used to structure the discussion to offer context about the types of real
world challenging environments that increase falls and fall risk, the preventative
behaviours commoml used by the children and the consequences of falls in the

reakworld.
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4.4.1Places where trips and falls occur

The WalkAlong Project now provides robust chieéntred evidence for the
importance of considering environmental distractions within reairld challenging
walking environments when trying to understand the causes of increased fall risk in
children with ®. Unlike this study, previous research has investigated stability of
children with CP over challenging environments in movement analysis laboratories
(DussauHPicard et al., 2022b)In laboratory environments with uneven surfaces,
obstacle crossing and walking on inclines, children with CP have demonstrated reduced
walking speed and increased step width. These walking alterations have been suggested
as cautious walking behaviourstcompensate for instabilittBéhm et al., 2014; Malone
St ft® wnmcT ¢2LJedz2€t dz SG Ff & . Howewey, T w2
little is known either about whether these walking alterations occur in the-vaald or
if they do occur what impact such walking alterations have onweald falls and fall
risk. Therefore, it is difficult to offer meaningful recommendatdar fall prevention in
these realworld environments for children with CP. Previoushe systematic review
led found little evidence assessing links between challenging environments and fall risk
in children with CRChapter 2)Work is yet to explorbow stability and fall risk may be
affected over a challenging environment (reedrld or laboratory based) with a
distraction present. Children with bilateral CP have shown minimal differences in
walking parameters with an additional distraction or visstinulus during routine gait
analysis in a laboratory over level grou(ilartonek et al., 2016; Bailey et al., 2021)
Work with older adults demonstrates that in the reabrld, attention is moved away
from a walking path ahead, and toward other people in the environment, whereas in a
laboratory setting attention was focused to the walking path ahéAdkowski et al.,
2020) The WalkAlong Project, perhaps, mirrors this finding revealing that in-vearld
settings children with CP divert their attention from the walking path, although as seen
in previous studie¢Bartonek et al., 2016; Bailey et al., 20815 does not occur in the

laboratory over level ground

102



4.4.2Things children do to control falls

Childrenwith CPwalking slower and more carefully in the reabrld aligns with
previous laboratory work. To increase walking stability and try to prevent a fall, children
with CP walk slower compared to typically developing children over level ground and
over uneven sugces in laboratory environmeng¢Shakraborty et al., 2020; DussaRitard
et al., 2022b) This cautious behaviour might link to an increased anxiety or fear of the
consequences of falling (e.g. injury) and reduced balance confidence in these
challenging environments. In a previous study, children with CP have demonstrated
reduced feelings ofafety when negotiating steep inclines and declines, as shown by
increased focus, less talking and more gaze feousrds the flooré ¢ 2 LJeedz2 € f dz
2018)and shown reducethalance confidence compared to typically developing peers
(Towns et al., 2020)n the current study, this was demonstrated by children through
physical responses (Dominic) or discussion of pain previously caused by falls (Jasmine)
and fear of potential consequences of falls in challenging environments (Leo). In
realworld challengng environments, this reduced feeling of safety may actually be
linked to increased fall risk, because less attention is available for thgYaskhg and

Mark Williams, 2015)

Children compensate for instability and high fall riskhallengingenvironments
by adapting their dayo-day activitiesTwo children reported walking longer or different
routes to school to avoid a path where they had fallen previously. While taking a
different walking route may have other benefits to an individual, avoidance behaviours
such as missed school or reduced attiparticipation as a result of falls also have the
LGSy aAatrt G2 A YodayQialityOok i FhdEsyorkteregiver the
importance of school shown by children with CP in previous quality of life measures
(Dickinson et al., 2007Yhis strongly suggests there is scope for inclusion of falls and
fall-avoiding behaviours as an item in typical quality of life measures in children with CP.
Although, it is established that pain is associated with reduced quality of life in children
with CR(Dickinson et al., 200@nd children in The Walklong Project described pain
resulting from falls (e.g. hurting knees on the playground at school), this has not been

explored in detail but may have direct impact on quality of life measures.
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The WalkAlong Project also revealed that when children become distracted, they
are less likely to implement cautious behaviours to reduce fall risk (taking care, walking
slower and avoiding places), because their attention and vision is moved away from
looking where they were walking. Thus, as suggested by children, if a distraction is
present in a challenging environment, the number of falls and fall risk increases. This
finding might suggest that cautious behaviours implemented by children with CP are
conscious actions rather than habitual behaviour, sireesuggested by The Walllong
Project,distractions interrupt the action of being more cautious. This was identified by
both younger (e.g. Ben) and older (e.g. Dominic) children. Perhaps this supports the use
of behavioural interventions, for example, learning to maintain cautious behaviours
when in highly distracted environments (e.g. taking care at the park or when walking
with other people), in order to create more habitual cautious behaviours wimen

challenging environments that increase fall risk.

Vision is an important factor into maintaining balance for children with CP. A
previous study showed when standing still in a moving room, children with CP sway in
the direction of the moving room with larger and more variable postural sway compared
to typically developing childre(Barela et al., 2011When walking, vision is used in a
feedforward manner, by looking two steps ahead to plan a walking R#tla and
Vickers, 2003)Therefore, when children with CP are distracted, this causes a disruption
in visual processing of the challenging environment ahead, and any anticipatory
adjustments to even small perturbations, as suggested in The-Alahg Project, may
not be implemetted, thus leading to a trailing limb causing a trip, or a misplaced foot
step. Although all children are likely to become distracted in some environments, this
issue is particularly pertinent for children with CP since they already show balance
deficits ard visual impairments compared to typically developing childifeazzi et al.,
2012; Roostaei et al., 2021jherefore compensatory mechanisms that may be
interrupted are more important for maintaining stability. Furthermore, the response to
a trip or loss of balance may be impaired in children with CP compared to typically
developing children, as demonstratead previous studies with standing perturbations
(Burtner et al., 2007)therefore increasing the likelihood of a fall following a trip or

stumble.
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The WalkAlong Project has generated novel insights from children with CP and
their parents about the influence of both visual and auditory distractions have on fall
risk in realworld challenging environments. This provides scope for further research to
investigate the potential mechanisms of falls or increased fall risk experienced by

children with CP when a distraction is present in a challenging environment.

4.4.3Implications for future practice and fall prevention

The WalkAlong Project offers implications for developing protocols that replicate
realworld walking environments that include audio and visual distractions, as this may
improve understanding of mechanisms of falls and fall risk in children with CP. This
extends previous work that investigates stability and walking behaviour in laboratory
based challenging environments such as uneven suri@i#sm et al., 2014; Malone et
I f ®X HamcT ¢2LJedz2€ftdz SG f®d®I HAmMyT -w2Y] S
Picard et al., 2022b)but which do not have an accompanying distraction. Further
exploration of falls and fall risk in challenging environments with a distraction both
within and outside of the laboratory, could offer deeper understanding into common
mechanisms that contribetto falls in these environments for children with CP. In doing
so distractions could be incorporated into regular assessments and implemented within
the community to identify children with CP who might be at high fall risk. Such insights

could inform futue fall prevention programmes.

Moreover, The WaklAlong Project supports views previously indicated in the
literature (Malone et al., 2016; Cappellini et al., 2083t visual factors that contribute
to falls need further investigation. Future work or practical interventions on scanning
strategies may help children identify hazards in a distracted environment. Individual
differences in children should also be corsietl when determining which children may
be at highest fall risk and therefore benefit most from such interventions. For example,
Dominic (16 years old) identified that he often becomes distracted when walking day
to-day and that his diagnosis of ADHD, iy O2 Yy G NA o dzi S Lal | OQa
SEIFYLXtS 6KSy &aKS SELIXIFAYSR GKFG Lall 0Qa
obstacles in the environment, thus she has to provide parent intervention e.qg. telling

Isaac to watch where he is going. An logtion from this is the importance of
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identifying children who might be at high fall risk due to multiple, individualised factors
A furtherkey takeaway from this work is the poor quality of everyday environments,
albeit specific in this study to the local region, since potholes, broken pavements and

similar factors are hazards to most people, especially children and those with CP.

Another important potential outcome from The Waftong Project lies in the
development and use of wearable technology for children with CP for assessing falls and
fall risk in the real outdoor world. The development of sensors and markerless
technologiexould enable information about fall and fall risk behaviours teekplored

in the realworld, which could inform future fall prevention programmes.

4.4.4Strengths

The WalkAlong Project has revealed novel insights into the -ttagay
environments that children with CP find challenging and that might increase falls or fall
risk. The first strength of this work is that the methods have been informed by careful
and detiled PPIE, with children with CP and their paref@hapter3). Prior PPIE
informed thedesig of a tailored wallalong interview technique for children with CP,
which was used in this study. This early work ultimately makes The-Altatky Project
groundal in the thoughts and opinions of children with CP from conception to

implementation.

The second strength of this work is the pioneering use of the -aklikg
interview technique with children with OBr investigating realvorld falls This extends
the population of children who have been involved in interviews and specifically; walk
along interviews as previous studies have been confined to typically developing children
(Stevenson and Adey, 2010; Teachman and Gibson, 2013; Horton et al., 2014; Pawlowski
et al., 2016; Ergler et al., 2022WWe show that this method is acceptable and safe for

children with CP and present practical recommendations of conducting this method.

The final strength highlighted of this study are the novel insights that have been
revealed, potentially paving the way for new advances to be made in researching falls in
children with CP. The Walong Project aimed to explore reaforld environments,

suggested by parents and children with CP to be challenging for children with CP, and
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determine those that might increase fall risk based on lived experiences. This study not
only identifies realworld environments that are challenging for children with CP, but
using detailed lived experiences, also dives deep into the potential causafioinf
these realworld challenging environments and offers insight into both the
consequences of falls and the adaptive behaviours that children with CP implement day

to-day, in order to avoid potential falls.

4.4.5Limitations

This study is limited by a lack of participant diversity, for example, only two
children identified as female. A further limitation to this is that this study did not collect
sociceconomic data or geographical setting or living places. It is acknowleithgéd
lived experiences of children may differ depending on sex, gender, age, ethnicity,
socioeconomic background and geographical living environment, which should be
considered in the interpretation of findings of this study. Furthermore, child particgpant
were all ambulatory without the use of walking aids, meaning that fall/fall risk
experienceexplored duringThe WalkAlong Project might not generalise to children
with less functionality and those requiring walking aids. Despite this, The-Xag
Project aimed to inform future fall prevention programmes for children with CP who
experience the most falls angrevious studies show that most falls occur for children
with CP without walking aids, compared to those requiring walking @adger and
Patterson, 2018)

This study was limited by a relatively small sample size of 12 children with CP and
parents. Although similar studies using walkng interviews with both children
(Stevenson and Adey, 2010; Ergler et al., 2@21) adults(Butler and Derrett, 2014)
have used similar or smaller sample sizes, and others show that data can become
repeated using a fixed walking route with small samglemes et al., 2008a larger
number of participants may have allowed for better comparison between younger and

older children and generated stronger themes around age and experience of falls.

A further sample limitation may be the sedport of GMFCS by
parents/guardians from previous medical appointments. For some older participants,

this appointment may have been many years earlier and therefore GMFCS
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categorisation provided by clinicians may have changed and this may result in error in
GMFCS reporting. Despite this, all children who took part in this study were able to walk
without walking aids, and had seported GMFCS | to Il. The ability to waikhout
walking aids is considered as important as-sgforted GMFCS in this study, given that

most falls occur for ambulatory children with CP.

An additional aspect that needs careful consideration is the interpretation of
WFSStAYy3a YR FSINEQ |3a20A1 SR 6AGK FI -
in this study that children saw falls as part of everyday life, and often hurt themselves
and this resulted in them avoiding some places and experiencing anxiety in more high
risk fall places. We did not find any evidence of embarrassment associated with falling
as suggested by previous literatyeowns et al., 2020However, thoughts and feelings
relating to falls were not the primary focus of these walkng interviews. Thus, few
conversations occurred during wadltong interviews about how children felt when they
fell and those that did occur were not-gtepth. F the focus of the study had been
different it is acknowledged that more detailed responses about how children felt when
they experience falls would have been likely and may or may not have aligned with past

literature.

Finally, there was a low response of participation in video diaries (n=2) following
the walkalong interviews. Children with CP and their parents were given the choice to
participate in video diaries. Greater participation in the video diary componert®f t
study may have provided more detailed insight into specific examples of falls and
challenging environments children experience on a-titaglay basis in the reatorld.

This may have also revealed challenging environments that-alaflg interviews did

not offer discussion for, such as busy indoor spaces.

4.5 Conclusion

This is the first study to explore the lived experiences of ambulatory children with
CP in challenging environments using wallkng interviews to investigatealworld fall
risk. The WalkAlong Project has revealed novel insights about environments that are

challenging, cause falls or increased fall risk and additional insight into the preventative
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behaviours that children use to avoid falls in their rearld environments. The
influence of a distracting environment was an important factor linked to high fall
occurrence and fall risk in the reaforld. This is vital information for understanding
mechanisms of falls imlayto-day environments, informing future fall prevention

LINE IANF YYSE &dzOK a OGNYAYAYy3I LINRP(G202fa 2¢
targeting the negative psychosocial factors associated with increased falls. Finally, it
seems fiting in thischild centredstudy that we turn to a child to provide a concluding
statement. Leo (age 10yrs), upon beginning the vedtig interview and being asked

W2g R2 &2dz FSSft ,konpadsionaielk Saredt t | 2RI &Q

GOt KAA ol ft162 gAff KSEtLI €2dz yR LIS
dzy RSNE G YR K2g LISemft S ¢Keo KIS [/t XTI
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Chapter5

Study4. Walking Over Replica
RealWorld Challenging
Environments

Sections @this chapter have been published in Gait and Postimehe following formats

1 Special Issue Abstracts:

o Walker, R., O'Brien, T.D., Barton, G.J., Carter, B., Wright, D.M. and Foster, R.J.,
(2024)Children with cerebral palsy avoid stepping in potholes with mediolateral
changes in foot placement that cause laterally instabif@git & Posture113,
242-243. https://doi.org/10.1016/].gaitpost.2024.07.259

0 Walker, R.O'Brien, T.D., Barton, G.J., Carter, B., Wright, D.M. and Foster, R.J,
(2023) Designing a novel protocol to investigate mechanisms of falls in children
with cerebral palsy, informed by lived experienc&sit & Posture 106, 218
219.https://doi.org/10.1016/j.gaitpost.2023.07.262

Sectionsof this chapter have been disseminated as presentations at the following academic
meetings

- British Association of Sport and Exercise Sciences Biomechanics Interest Group
Meeting (BASES BIG) 20®nline
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Abstract

Backgroundin previousPPIEChapte3) andwalk-alonginterviews(Chapte#), children

with CP and their parents revealed that most falls happen on uneven surfaces and when
distracted. A unique protocol forinvestigating stability in challenging environments
AYT2NYSR o0& OKAf R geSignedd svalat® stréidgiedSuskll Byy O S a

children with CP that may or may not lead to a lRsearch questioiow do children

with cerebral palsyshow instabilityin replica reaworld challenging environments?
Methods Ten ambulatory children with CP (3 hemiplegic, 7 diplegic, 10.9+1.3 years) and
nine TD children (10.9+2.4 years) walked with and without a distraction on a TV screen
(e.g. dog barking) over aeBpoke walkway, consisting of two challenging surfaces:
uneven artificial grass with potholes andeven artificial pavement with raised edges
Threedimensional motion capture was used to extract outcomes relative to challenging
features of the walkway (e.g. when stepping over a poth&epults Children with CP

had more occurrences of instability (e.g. negative MOS) during interaction with walkway
features, compared to TD children (N=42 vs. N=4), despite walking slower and with
greater step width, compad to TD childrenThe most frequent cause (N = 10) of
instability for children with CP was a late mediolateral adjustment of foot placement to
avoid grass potholesTD children showed instability once following a step onto a
pavement edge, and twicEom stepping into potholeDiscussionChildren with CP
demonstrated suboptimal avoidance strategthat were not exhibited byfD children

due to the presence of a challenging environmédthough children with CP exhibited
known cautious behaviours (walking slower, with increased step width and reduced step
length), the avoidance strategy appeared late in approach to a walkway feature, leading
to instability either directly (e.g. trippingn a pavement edge) or through avoidance of
walkway features (g. avoiding a pothole)lnstability in children with CP may have
resulted froma lack of preplanning the appropriate foot placement to negotiate
challenging environments, particulartyhendistraded, or from factors associated with

CP impairments (e.g. reduced selective motor control, muscle weakness or limited ranges
of motion) Establishing theinderlyingmechanismsf how children with CP navigate
replica high faltisk environments, helps understand the causes of falls and has identified

suboptimal strategies that can be targeted by fall prevention programmes.
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5.1 Introduction

All children encounter challenging natural and built environments regularly in
the realworld, such as uneven surfaces on the walk to school or in the JFdr&.
Walk-Along Project (Chapter 4) evidenced that these environmentsagreblem for
children with CP athey increase the risk of a fall due to potential trips and stumbles
over inconsistencies in the walking path such as potholes or uneven pavenidr@s
systematic reviewWChapter 2 highlighted that children with CP use more cautious gait
characteristics ad compensatory stability strategies to a greater extent thgpically
developing TD children to reduce the risk of a fall when walking over challenging
environmentsFor example, by reducing walking speed, lawgtime spent inthe more
unstablesingle Imb support phase and increlag step width,creatinga greater base of
support (BOSjo maintain COM within A number of gait characteristics were also
suggested to increase fall risk on uneven surfaces, for example reduced ankle
dorsiflexionin swing phaséB6hm et al., 2014; Romkes et al., 202&)wever, there was
little evidence to link compensatory strategies or fall risk behaviours toweald fall
occurrences. This is likely because the environménts stepping over custom made
polyurethane floor panels, stepping over bags of pebbles, or stepping over a single
obstacle in a laboratoryjo not accurately replicate the situations where children with
CPexperiencefalls in the reatworld andlackthe audiovisual distractionswhich are

important factors as evidenceil@ OKAf RNBy Q& f AJSR SELISNA S,

Factors that ifluence falls may includéhose that areextrinsic to the person
such as the environment (e.g. uneven surfaces), that provideeater challenge to
maintain dynamic stabilityFactorscouldalso be intrinsic, for examplea,persons ability
to adapt to the environment For children with CPthis ability may depend on
impairments either physical or sensory (e.g. reduced vigiediced range of motion

especially given the heterogeneity of the group.

During walkalong interviews (Chapter 4), childremth CPreported they were
most likely to lose their balance and fall when walking on/over uneven surfacgs
grass potholes or uneven pavemenis) combination with experiencing a sensory
distraction (e.gtalking toa friend ordogs barkingn the parR in the reatworld. The

systematic reviewWChapter 2)yevealed the types of gait characteristics children with CP
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implement as cautious walking strategies, but detail into thechanisms of trips and
falls in challenging environments with a distraction present is yet to be documented. It
Is important to consider how the sensory environment impacts risk of falls, not only
because children suggests this makes it more difficudtmid a fall, but because sensory
systems such as vestibular, proprioception and especigifion, play a large part in
stability, balance and postural control when walkii@8humwayCook and Woollacott,
2007; Martin et al., 2010; Pavao et al., 2018evious work emphasises the importance
ofthe role of sensory deficits andsionwhen children with CP wa(kalone et al., 2016;
Sansare et al., 2022Yision is used in a feedforward manner when walking, by planning
a walking patrat leasttwo steps aheadPatla and Vickers, 2003)herefore, if attention

and vision is moved away from the walking path towsaddistraction, it may increase
the risk of adestabilsinginteraction with a challenging environment (e.g. misplaced foot
into a pothole, or trip over a pavement edge). Thus, it is important to consider the
influence of distractions when investigatihgw children with CP avoid falls in replica

realworld challenging environments.

To identify children with CP at high fall risk and inform fall prevention methods, the
strategies that children typically use to prevent falls and any behaviours that may
increase fall risk in the reaVorld need to be identified. This can be done using protocols
that replicate dayto-day places that naturally increase environmental (uneven surfaces)
and intrinsic (visual and auditory distractions) challenges for children with CP. Strategies
that children typically use to prevent falls and any behaviouwttimay increase fall risk
could be revealed by performing 3D motion analysis over a bespoke walkway that
replicates the challenging environments children with CP have told us increasskall
(Chapter 4). Thredimensional motion analysis allows us to study human movement
and quantify variables such as foot placement, MOS, and spatiotemporal variables
including walking speedthat could provide mechanical insight into fall avoidance
strategies in challenging environments. Additionally, no studies to date have used
three-dimensional motion analysis to investigate how children with CP negotiate

challenging environments with the inclusion of a sensory distraction.
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5.11 Aims

The aim of the current study was tdentify potential mechanisms of falls and
fall avoidancen children with and witbut CRwhen negotiatingchallenging reaworld

replicaenvironments, with a sensory distraction

5.2 Methods
5.2.1 Participants

Children with CP with their parents or guardians were recruited feofacal
charity organisatioin [ A @S N1.J2 2 f > CHildreh @ith CRgbaQd tdkél gt jf they
were: 1) medically diagnosed witlerebral palsy (hemiplegia or diplepid) ambulatory
children (able to walk without walking aids); 3) aged 7 to 15 years old; 4) able to
comprehend and understand communication and instruction in English to consent and
safely participate; and 5) have good hearamgladequate vision or corrected vision with

glasses, to safely ambulate in widlareas.

Agematched TD children were identified by members of the research team
through existing links within the local communiflyypically developinghildren could
take part if they met the same inclusion criteria as children with CP, but were free from
any neurological condition and able to stand unaided, independently ambartaiitree
from the use of walking aids over short distances. All TD and CP children were excluded
if they had: 1) reduced binocular visual acuity of 0.5 logMAR or greater that cannot be
corrected by glasses; 2) cognitive or behavioural condition which prevents the individual
from following instructions or 3) any orthopaedic or neurological condition (other than

cerebral palsy) that may alter ability to walk.

Ten children with CP (3 females, 7 males) and fiDehildren (3 females, 6
males) participated in this study. Parents/guardians provided CP diagnosis and GMFCS
of their child based on previous medical appointmeitB.children were GMFC3I I(3
hemiplegia, 7 diplegia), apart from one child, whose parent reported GMFCS Il/Ill, from
a historical clinical classification years earliére child could walk without mobility aids

at the time of taking parso waseligible for inclusion in the study
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Table5.1. Participant characteristics and group comparison statistics. Bold indicates staltjstical
significancedifferencesExecutive function is calculated &sil Making TestB time minuslrail
Making TestA.

CP TD t @It dz$), tést statistic n

(mean (SD)) (mean (SD)) (U) and effect size (d)
Age(years) 10.9 (1.3) 10.9 (2.4) P=0.932,U=45,d=0.06
Height (m) 1.45 (0.1) 1.49 (0.2) P=0.653,U=45,d=0.25
Mass (kg) 35.8 (10.5) 42.0(14.1) P=0.438,U=45,d=0.51
Diagnosis 3 hemiplegia, N/A N/A

7 diplegia
GMFCS I=4,1/l=2, N/A N/A

=3, 1 =1
Visual Acuity (logMAR) -0.04 (0.1) -0.20 (0.1) P =0.008, U=45,d=1.70
Contrast Sensitivity 1.78 (0.2) 1.79 (0.1) P =0.806,U=45,d=0.70
(logMAR)
Quadrant Test (/4) 3.7 (0.3) 3.7 (0.3) P =0.794, U =45,d =0.15
Trail Making Test A (s) 37 (12) 21 (6) P =0.003, U=48,=1.55
Trail Making Test B (s) 119 (69) 89 (39) P =0.488, U=45,d=0.53
Executive Function (s) 83 (65) 68 (36) P =0.935U =45, d =0.28

5.2.2Bespokewalkway

A bespoke challenging walkway was designedlauntt to havethree layers and 16
possible walking paths (Figuel). Materials used and corresponding dimensions for

the walkway were as follows

- Walkway base: Created using 16, &8 0.8m x6 mm plywoodboardsheld together
with plastic edge trims

- Middle layer: Created using of interlockifam mats (each 0.6n x 0.6m x 1.5 mm)
to cover a area 0f36 m?

- Walkway surface: Created usii§ m? AstroTurfartificial grass and 18 hgrey self

adhesive vinyl tiles

The walkway surface was split into two sections to replicate dayto-day

environmentswith challenging featureguneven pavements, grass potholes). The
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uneven pavement surfaceith raised edgesvas created by stacking black interlocking
floor mats at various depths across the walkway, which were spray glued to the wooden
base, then covered with grey saltihesive vinyl tiles (Figufel). Grass potholes were
created by cutting holes into interlocking floor mats then spray glued to the wooden

base, then artificial grass stapled on top (Figbue.

Thetotal size of the walkway includingneven featuresnd level surface was 6 m x
6 m(3 x 6 m artificial grass, 3 x 6 m artificial pavemenhtearea of the walkway that
contained grass potholes or uneven pavement was 3.6 m x 3.6 m. A level surface of
artificial grass or sedidhesive vinyl tiles with interlocking mats surrounded the sections
of the walkway with grass potholes or uneven pavemétitboth ends of the walkway
was a75€ (190.5 cm diagonalkglevision (TV) screetiat played a visual and audible
distraction on screenDistractions were the same for all childramd were creagd
based orsuggestionsluring walkalong interviews (Chapter #)at childrensaid would
distract them in the reaWorld (eg. a dog barking) (Figut2). There were six different
audiovisualdistractions For trials on grasshe audiovisualistractiors were 1) a dog
barking in a field, 2) a dog barkimga parkkhen running toward the camerar 3) People
walking by and playingn a grass fieldn a windy day. For pavement trials, the
audiovisual distractions were &) dog walking along a path and barkingA2)an driving
past a pavement and beeping its horn andwgjlking next to a busy road with cars
driving past and a police siren. Each child saw each of these distractions once, one for
each distracted trial on grass and pavemenistractions were shown on screen from

the beginning of the trial and were played throughout the entire trial.
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Design Creation
Walkway base

X

Raised edges

Figure5.1 LEFTDesignof bespoke walkwaysingPaint 3D(Microsoft Corporation, 2018)
and RIGHT: Photographs taken duningnual creation of the bespoke challenging walkwe

Figure5.2. LEFT: Bespoke challenging walkway consisting of 6 x 3 m artificial grass an
m artificial pavement surface and two TV screens at the end of the walkway, with exan
walking paths shown by footsteps. RIGHT: Two still images from example distrazios v
that were played on TV screepssitionedat the end of each walkway (topan driving past
and beeping, bottom: dog barking in field)
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5.2.3 Procedure

Children and parents or guardians were invited to attend the Biomechanics
Research Laboratory at Liverpool John Moores Universitytvior hours. L y ¥ 2 N SR
O2yaSyid IyR FaaSyid o6SNB 20GFAYSR Ay &NA
NBEaLISOa@Sted 9GKAOIE FLIWINRGEE FT2NJ GKAA
' VADSNBAGE wSaSIl NOK 9 0 KA Crallowirlg 2 MfgringdS S |
consent/assent, personal information including age, sex, GMFCS and cerebral palsy

diagnosisvererecorded.

5.2.3.1Fall history

Children were asked the following questions about their previous history and
frequency of trips and falliBoyer and Patterson, 2018)

M dis tripping or falling an issue for you?

H dHow often do you experience(at least oneltrip/fall]?
I dNever b.Monthly c.Weeky d. Daily

o dHow many [trips/falls] occur during that time period (if monthly, weekly or daily)?

n ®Vhere do these [trips/falls] typically occur?

p dVhy do you think that you [trip/fall]?).

c® KFEd AYLIOG R2 Flrffta KIS 2y &2dzNJ RIAf
&t 296 R2S&a GKIG YIS @2dz FSSt K
0d2 &2dz  P2AR lyed | Osa@AaSa 06SOFdzaS

5.2.3.2Visual andcognitiveassessment

Visual and cognitive assessments were completed at the start of each data
collection sessiomo assess eligibility of participations (section 5.2.1) and as additional
outcome measuresVisual acuity and contrast sensitivity was assessed for each child
using the Freiburg Visual Acuity Test (FrACT 10) (Bach, Graefes Arch Clin Exp Opthalmol,
HantT* . FOKZ hLIi2Y +Aa $adedassasament tootPEachshild ¢ A
was seatedwo metres away from a computer screen that was positioned atleyel
for each child, then conducted two C optotype tests. The child was asked to press the

corresponding C shape on a handset that appeared on the screen at either differing sizes
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or differing contrasts. Visual field of view was assessed for each child using a quadrant
test. The field of view was divided vertically and horizontally in line with the nose and
SeSazx NBaLSOGA@Sted 91 OK OKAf RerAFeldEtithé SR 2
centre of the visual field, then asked to report the number of fingers held up in each of
the four quadrants of the visual field. A cognitive assessment was then conducted using
the Trail MakingTest A(TMT-A) and B(TMTB). Each child wasequired to connect a

series of ascending numbers on paparthe TMFA (e.g. 1¢ 2¢3 ¢ 4), then connect a
number to corresponding lettefior TMTB (e.g. 1¢ A¢ 2 ¢ B), with time of completion
recorded Executive function time was calculatedl@d T-Btime (seconds) minuBMT-A

time (seconds).

5.2.3.3 Anxiety and balance confidence

Generalised anxiety, and fabecific confidence were measured using a series
of questionsadapted from the Movement Specific Reinvestment S¢slasters et al.,
2005) Specific questions are shown in AppendiP8or to starting the first trial on
pavement and grass, children were asked how confident they felt afvaalking along
the challenging walkway, without falling or losing balaf)ecated on a scale 0f-100%

At the end of the first pavement and grass trials in both distracted anddisinacted
conditions, children were asked how fearful and stable they felt during the trials, rated

on a scale of-1.00%.

5.2.3.4 Walking trials

Prior to starting experimental trials, participant height, mass, leg length, knee
width and ankle width were recorded. A ‘t@mera Qualisys Arqus (Qualisys,
Gothenburg, Sweden) motion capture camera system captured movement of children
walking along the bespoke walkway using 40 reflective markers that were placed on
anatomical landmarks of the bodiFigure5.3). Eighteen markers were placed on the
feet, lower limbs and hips, following a modified Helen Hayes m(@¢atiaba et al., 1990)
which was adapted for wearing of shoes and orthoses. Additional markers were placed
on the trunk, armsand heador accurate tracking of the COM and a cluster of 3 markers

were placed on each fodbr tracking of the footsegment Virtual landmarks were
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created at the mosanterior and posterioedges of thebase of theshoe, using a digi
pointer as described in section 5.2.5 for walkway landmarks.rib&t anterior edge
wasplaced atthe front centre of the shoép, for childrenthat presented intoeing, this

wasmovedlaterally(Fgure5.4). The posterior edgeras placed at the centre of the heel.

Figure5.3. A typicaly developing child with reflective markeastached and wearing ye
tracking glassesphone for use with eye trackers can be seen attachédltoNIi A Qight.

arm. Permission to use image granted by parent.

Typical In-toeing

06 O O

Figure5.4. Placement of virtual landmarks on the base of the shoafiypical stance (left

and an intoeing stance (right)lcons sourced from Microsoft Stock Images.
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Children completed 18 walks along the bespoke challenging walkway in different
directions (shown by numbers in Figls2), which were randomised triddy-trial using
a custom MATLAB scripappendix 7)Each child was assigned a random combination
of three of the four walking paths on grass (paths 1 to 4, Figijeand pavement (paths
5to 8, Figurés.1). Children walked over the allocated grass and pavement paths under
both distracted and noslistracted conditions. Children would therefore only everkval
over the same path twice, for distracted and ndistracted conditions and the order of
these paths were randomised. During distracted trials, a video was played ona TV screen
at the end of the walkway in which children were walking towards. During
nonRA &GN OGSR GNAFfaz GKS ¢+ AONBSY NBYI A
undertaken in a different direction without any potholes or raised surfaces (walking
paths 9 to 16, FigurB.1l). Catch trials were placed after every two trials, to reduee t
learning effect of where each pothole or uneven surface was situated during other trials.

An example order following the paths specified in Fiduids as follows:

- Trial 1: Path 1 (nodistracted)
- Trial 2: Path 6 (nodistracted)
- Trial 3: Path 9 (catch)

- Trial 4: Path 1 (distracted)

Participants carried out a familiarisation walk around gegimeter of the walkway
before beginning walking trials, to get accustomed to the type of surface (AstroTurf and
vinyl flooring). All walks took place with the lead investigator and a parent or guardian

walking alongside the child participant.

5.2.3.5Eye tracking

Children were asked to wear a pair of eye tracking glasses (Pupil Invisible, Pupil
Labs, Berlin, Germany), used to determine where and when children look while walking
with and without the distraction. The glasses contained a small camera in the frame to
record the field of view each child had and one small camera under each eye that tracked

pupil position and recoredwhere each child was looking. The eye tracking glasses were
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connected to a mobile phone (OnePlus 8, Android), that was attached to the child
LI NOAOALI yiQ&a FFNXY dzaiAy3d | O2KSAALBS ol yRI

phone at the start and end of each trial to startd endrecording with the eye trackers.

Fall history, balance confidence and fear, visual and cognitive assessment scores,
physical measurements and observations during the walkway trials were all recorded on

paper during data collection sessions (AppergJix

5.2.5 Dataanalysis

Motion capture datawere labelled using Qualisys Track Manager (QTM 2023.2,
Qualisys, Sweden). A model was created in Visual 3D (v2024.Mdidb, Canada) for
estimations of segment position, and centre of mass. Virtual landmarks were created of
key challenging walkway feats (uneven pavement edges and grass potholes) using a
digi pointer with a spring compression mechanism and reflective markers with known
distances. Trials were captured of the lead investigator placingpha the digi pointer
on all key features (e.ghe centre and edges of a pothole) and compressing the digi
pointer, to create a virtual landmark later in Visual 3D of the locations of walkway
features when each child negotiated the walkway. Virtual landmarks were filtered with
a 0.5 Hz lowpass Buttenwrth filter to eliminate anysmallnoisefrom tracking that could
bemagnified in later calculations (e.g. foot clearan&)ents were created at heel strike
for both the left and right feeusing the minimuntentre of gravity(COG velocity of
each footin the Z direction, adapted frorh Q/ 2 y' y 2 (0075 Due ltofth@ high
variability, each event for all children was manually adjusted for accuracy, as suggested
for similar methods using vertical foot velocity with pathological populat{@rsening
and Ridge, 2014nd for uneven surface interactiorfEckardt and Kibele, 2018.g.

gait cycles where a perturbation or recovery step occurred.

Spatiotemporal parameters including walking speed, step width and step length
were extracted for each type of walking condition (grass and pavement, distracted and
non-distracted). Step width was calculated as the mediolateral (X direction) distance
between the left and righpositionof the footCOGat every heel strike. Step length was

calculated as the distance between the proximal end of a foot at heel strike to the
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proximal end of thecontralateral foot at heel strike. All parameters were adapted for

direction of walking on the walkway (e.g. negative or positive relative to the origin).

Stability was assessed with M@$ described in Chapter lising extrapolated
COM (XCOMMHof et al., 2005andadapted depending on walking direction in relation

to the origin of the walkway:

MOS = XCORKIBOS
Where:
o0 XCOM €£OM + COM Velocity
Ko3dk f0
0 COM = full body centre of mass
0 g = gravitational acceleration, 9.81 ni/s
o | =pendulum lengththe 3D distance between the respective ankle joint centre
(L or R) and COM

Anterior BOS was defined by the most anterior marker on the foot (left or right
first metatarsal head), lateral BOS was defined by the most lateral marker on the foot
(left or right lateral malleolus). Positive MOS implies XCOM behind the anterior cg insid
the lateral BOS and therefore indicates stability, negative MOS implies XCOM ahead or

outside the anterior or lateral BOS, respectively, therefore indicates instability.

Parameters indicative of fall risk (foot clearance and foot placement) were
extracted relative to features of the challenging walkway in Visual 3D (v2024.07.2,
CGMotion, Canada)-oot clearance was calculated as the difference between the vertical
position of the left or right virtual toe marker and the vertical position of the ctbse
virtual landmark on the walkway, when the anterior posterior difference between the
two points equded zero (Figure5.5a). Foot placement was calculated as the 3D COG
position of the left and right feet during heel strike of the same foot relative to the 3D
position of the closest virtual landmark on the walkway, e.g. 3D position of the COG of
the left foot at left heel stike to a pothole centre (Figurg.5b). Kinematic data were
filtered using a 6 Hz loywass Butterworth filter, figures were created in MATLAB
(R2021a, MATLAB, MathWorks, UK).

123



a) Foot clearance b) Foot placement

Virtual
landmarks on
participant

Virtual

o a

L
landmarks on
grass potholes , ; w
f)

Foot l

Clearance \
Virtual landmarks on \ G Foot Placement
pavement surface > g (3D COG position
of the foot)
-

Figure 55. Schematic of a) foot clearance and b) foot placement

Eye tracking data were analysed using Pupil Player (v3.5.1, Pupil Labs), by
stepping through each frame of video data and annotating the fixations on either a
particular walkway feature of interest, e.g. a pothole that has been stepped in, or the
distraction screen. Eye tracking data were tirsgnchronised to 3D motion capture data
using a verbal cue at the start of each triafter starting the recording of the eye
tracking device, the lead investigatoa@S | O2dzy G R2¢y 0S®3I P o0 X
motion cagure begn recording. Eye tracking recordings with audio were then later
synchronised to start at the same verbal clrercentage and timing of fixations on
walkway features and on the distraction screen were output into Microsoft Excel
(Microsoft 365, Microsoft Corporation Washington, JSBy calculating the time
looking at a distraction or a walkway feature as a percentage of the time between the

start of the trial and ammccurrenceof instability.

All trials were observed for potentialccurrence®f instability (e.g. stepping into
a pothole) and these were matched in pgsbcessing to instances of @ instability
Thesenstancesvere then grouped according to the type of interaction with a walkway

feature and summarised as individual casemples of instability on the walkway.
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5.2 .6 Statisticalanalysis

All variables including: participant characteristics (age, height, mass, visual
acuity, contrast sensitivity, quadrant scord MT-A, TMTB, executive functiof
spatiotemporal parameterduring each triajwalking speed, step width and step length)
and confidence and anxiety measures (balance confidence, feelings of fear and feelings
of stability), werevisually inspcted for normality using box plots and measures of
skewness and kurtosis, then checked for homoscedasticity using plots of residual vs
fitted values. Statistical analysis was conducted usiMATLAB (R2@2a, MATLAB,
MathWorks, UK

Differences for participant characteristics were analysed between gr¢Gps
and TDusing a ManAVhitney U test to assess for differences between groups for non
parametric data, aslata showed nomormality. Effect sizes were calculated using
| 2KSyQa 5 O6R0OX 6KSNBE avYlff RATFSN&BgOSaA
differences = 0.8.

Spatiotemporal parameters were analysed between groups (CP and TD) and
within groups for different walkway conditiongréssdistracted,grassnon-distracted,
pavementdistracted, pavementnon-distracted). Walking speed, step width and step
length were assessed each with a tway mixed design ANOVMauchhyQ & G Sai
sphericity was conducted on each variable antlew data violated sphericity, a
GreenhouseGeisser (<0.75) or Huy#teldt (>0.75) epsilon correction was used.
Significant main effects were follved with posthoc tests using a Bonferroni correction
for multiple comparisonds=ffect sizes were calculated for main effects with partial eta

a lj dzi N)PwReredsmall effects = 0.01, medium effects = 0.06 and large effects = 0.14.

Balance confidence, feeling of fear and feeling of stability showednoomality
and high levels of skewness and kurtosis. Therefore, a Krigkbis test was used for
comparing between group means and Friedmans test was used for within group

comparison as noparametric alternatives to a mixed methods ANOVA.
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5.3 Results

5.3.1 Participants

There were no significant differences for age, height, mass, contrast sensitivity,
guadrant test score and TMB between children with CP and TD childr€hildren
with CP showed significantiyorse visual acuity, compared to TD children &mok

significantly longer to complete TMA compared to TD children (Table .1

5.3.1 Fall history

Falls history questionnaires revealed that children with CP experience more falls
and nearfalls compared to TD childrerSelfreported reasons for trips and falls in
children with CP included walking in uneven environmemnist noticing challenging
features of the environment and tripping over their own fedtor TD children,
selfreported reasons for trips and falls were most often due to playing sport (e.g.
football) (Table 5.2)Vhen asked about the impacts that falls have on daily life, children
with CP most often expressed feelings of embarrassment, frustration or similar, whilst
also expressing that this is part of normal life and they typically get back up and ca
on. TD children expressed similar views of getting back up and carrying on, but also

regularly described pain or injury as a negative impact of falls.

5.3.1.1 Falloccurrence

Three of 10 children with CP reported that they fall at least once a day, with the
highest being five per day, two children with CP suggested they fall at least once a week.
TD childrerreported no falls daily, only one TD child suggested they fall once a week

and six out of nine suggested they fall once a month or less.

5.3.1.2 Tripoccurrence

Six out ofl0 childrenwith CPreported that they experience a trip at least once
a day One childreported experieneng 10 to 15trips per day Two TD childrereported

tripping once a dayfive out of nine TD children reported a trip once a week or less.
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Table5.2. Summary of answers to falls history questionnaire. Impatdlls werecategorised into positive (green), neutral (yellow) and negative (esgonses

Laugh or a -« Cause
2 9 © a q . . feel ¥DS U tobe Avoid Feel s'ho‘::ke(Have pain
gy £ Behaviour  Environment Functional History Wi g PaNd o activitiecSMPATASSEl L
3 = 3 ol N‘N'Icautious angry or sad
Children with CP
Tiredness
max 5 per
day P 10-15 per day Running S:rsézdes
Not looking
Runnin Unseen obstacles
1-2 per day 2 per day . 9 Loud noises Over own feet P
Tiredness
Other people
. Can walk without sticks or frame. Use:
5 ver week 2-3 per da Don't thi U_nseen unevents;Jkrfage/T_ W'th?lt"t: o feet assistance outside and on uneven
p! p! y on't see things signs (pavements/kerbs/lips of the Over own fee surfaces. Less falls since operation, b
carpet)
older andmore aware.
Not paying . :
: Uneven surfaces (kerbs/thick grass Trip more when younger
2 per week  1-3 per day aFtentlon Unseen obstacles Poor balance Depends on the day or activity
Tiredness
3-4 per Lack of focus Distractions .
1-2 per week . Careful walking to the shops or park
month P Not looking aheacHouse obstacles Over own feet 9 P P
Don'tsee things | ..\ oven surfaces 52y Qi t Lessfallssince operation (less toe
Not aware ;
2 per month 1 per day ) (kerbs/pavestones/tree roots) Footwear walking)
Tiredness. . .
Runni Obstacles Over own feet Lots of parent intervention
unning
1 per month 3 per month Running Over own feet
Other people
1 per month 2 or 3 per da Uneven surfaces (gravel) Clumsy
Poor balance
Obstacles
School flooring
<
L per 3 per week Raised surfaces Uncomfortab_le More falls when young
month . - footwear/Splints
Distractions
Never Not watching or
1 per month looking behind  Other people Better balance since ear operation
(rarely) Running
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Table 5.2 Continued

Typically Developing Children

3 or 4 per
month
1 or 2 per
month

1 or 2 per
month

1 per
month
1 per
month
1 per
month
<1 per
month

Never

Never

3 or 4 per
week

1 per day

1 or 2 per
month

1 per day

1 or 2 per
week

1 or 2 per
month

1 per week

1 or 2 per
month

Never

Other people
Uneven pavements

Distracted Shoes

Hard to notice

potholes Other people

Not Uneven pavements Flat feet”
concentrating Grass potholes

Not looking

Not looking,

Potholes or uneven ground

With friends during football

On phone

Not looking Obstacles
Being distractec

Slip over wet grass during spor

Rocks if playing

Other people
Busy corridors

Running

Football/Sports

Football

PE, basketball, football, rugby
Gymnastics

Running/playing in playground
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5.3.2 Interactions with the walkway causing instability

Children with CP had more occurrences of instabistyown through visual
observations and confirmed BMOS when walking over the challenging walkw@y =
42)compared to TD children (N = #)ost ofthese occurrencesQhildren with CB 37,

TD childrers 3) happened due to a destabilising interaction with walkway features, for
example instability due to a step into a pothole. All interactions from children with CP
can be seen i\ppendix9. For children with CH,7 out of 37destabilisingnteractions
with walkway features were with a distraction present on scrdeor. TD childremgne

out of three interactiondeading to instability was with a distraction present on screen.
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5.3.2.1Interaction 1:Trip over a pavement edge

5.3.2.1.1Summary of mechanism

Two children with CBxperienced trip over a pavement edge. This occurred six
times with one child demonstrating four tripgn all cases balance was recovered
following the trip.For both children, a trip involved contact between the swing leg and
leading pavement edgdyut the timing of contact during swing phase differed; one
participantexperiencedcontact with the edge during initial swing, the other during mid
swing. Typically, this contact resulted icl@angeto anterior MOS for one gait cycle, an
example during both initialand mid-swing is shown in Figur.6. Each type of
avoidance andaccompanyinggaze fixations are shown in Tal#8a and Visual 3D
appearances of each avoidance in TabBb. All MOS figures are shown in Appergilix
On one occasion (Tabk3a, #5), the footcontactsthe pavementedge, but MOS

showed little difference to other gait cycles during the trial.

5.3.2.1.2Influence of distraction

Four out of six trials where contact with a pavement edge occurred were
experienced with no distraction. Two were distracted, of which one was visual only. Both
children that demonstrated numerous trips on the walkway wore glasses, which caused
a disturbarce to eye tracking data, therefore fixation information were not available. In
earlier questionnaires about daily activity, both children mentioned not looking as a
reason for experiencing trips and falls dayday. One participant (#3, #4, #5, #6, Table
5.3a), also spoke of a recent experience tripping over a pavementesgeise they did

not see it.

5.3.2.1.3Typically developing children

Typically developing children did not demonstrate any trips over a pavement
edge on the walkway and showed littthangein MOS when walking on pavement
(Figures.6).
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Table5.3a. Descriptions of each interaction with the walkway leading to ademonstrated by children with C#=0Occurrence of instability number

# Description Type oftrial Fixations
1 The foot contacts the thirgavement edge during migwing. Anterior MOS decreases on the left prior to contralateral heel strike ar] Nondistracted N/A
remains negative at the following right heel strike.
2 The foot contacts the first pavement edge during reiging.Anterior MOS on the right is delayed from entering a positive value at h| Distracted (no sound) N/A
strike.
3 The right foot contacts the first pavement edge during initial swing. Anterior MOS is reduced prior to right heel stilksvindg steps. | Nondistracted N/A
4 The right foot contacts the first pavement edge during initial swing. Anterior MOS for the following right heel strikecistred Nondistracted N/A
5 The foot contacts the first pavement edge during early swing. ®tdth is increased following this with no obvious changes to MOS| Nondistracted N/A
during the trip.
6 The foot contacts the first pavement edge during early swing. Anterior MOS on the right is reduced at ipsilateral hdellstrikg the | Distracted N/A

trip compared to other gait cycles.

Table5.3b. Visual 3D appearances of interactions with the pavement elégeonstrated by children with C&ouped byhase of gait cycle

Initial Swing

Mid-Swing
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5.3.2.2Interaction 2:Step onto a pavement edge

5.3.2.2.1Summary of mechanism

Five children with CBteppedonto a pavement edge leading to instability. For
most (n = 5) this involved an anterior perturbation to stability @2,#3,#4,#5, Table
5.4a), including two trials that show both anterior and lateral instabilities #5), On
one occasion only lateral instability was observed (#6). For the instances where lateral
and anterior instability were shown, children stepped on multiple edges during the trial.
Typically, an anterior instability involved an acceleration of th&1G@@wards, leading
to reduced anterior MOS at the following heel strike. Each type of avoidance and
accompanyingaze fixations are shown in Tallda and Visual 3D appearances of each
avoidance in Tablg.4b. An example of a change to anterior MOS carsden in Figure

5.7, all MOS figures are shown in Appen@lix

5.3.2.2.2Influence of distraction

Two occurrences of instability following stepping onto a pavement edge were
distracted, four were noslistracted. Three of the five children that experienced
instability following stepping onto a pavement edge wore glasses, therefore fixation
data were unaailable.In one trial (#3) the child was talking through the trial, suggesting
they were distracted. Two children showed late fixations on the pavement edge where
instability occurred (61% and 54% of the way through trial prior to unstable gait cycle)

andshowed little time fixating on the pavement edge (0.4 and 0.5 seconds).

5.3.2.2.3Typically developing children

TheTD children demonstrated less variable and more stable MOS when walking
on the pavement surface. Out of 54 walks across pavematit,TD children
demonstrated stepping onto a pavement edge at least once across 29 walks (12
distracted, 17 nordistracted). Of these 29 trials, one TD child showed lateral instability
after stepping onto a pavement edge. Visual 3D appearance of the intemeanid MOS
are shown in FigurB.8. This trial was a nedistracted trial but the child did not spend

any time duringhe trial looking at thespecificpavement edge.
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Table5.4a. Descriptions of each interaction with the walkway when stepping argavement edgelemonstrated by children with C#= Occurrence of instability

number
#1 . Type_ pf Description Type oftrial Fixations
instability
1 | Anterior The right foot steps ontthe fourth pavement edge, promptingsingle short step with the opposite leg in | Nondistracted N/A
the axis of perturbationMOS enters negative in the anterior direction at ipsilateral heel strike and remai
lower than other gait cycles at contralateral heel strike.
2 | Lateral and Multiple pavement edges are stepped on throughout the trial. Anterior MOS becomes progressively m¢ Nondistracted N/A
Anterior negative at heel strike. Lateral MOS is reduced during the time on the walkway.
3 | Anterior The left foot steps onto the first pavement edge. COM velocity and forward trunk lean increases, causi| Distracted N/A
more negative anterior MOS at contralateral heel strike, step width increases to recover.
4 | Anterior The right foot steps onto the second pavement edge. Anterior MOS is reduced at the following heel strj Nondistracted Fixation on edge: 6% (0.4 s)
trip is also seen in subsequent steps, showing again reduced anterior MOS at heel strike. Time of first fixation on edge: 54%
(2.8 s prior to unstable gait)
5 | Lateral and The left foot steps onto the fourth pavement edge, then crossing of limbs is seen, then the right foot st Non-distracted Fixation on edge: 8% (0.5 s)
Anterior the final pavement edge, leading to crossing of limbs again. Lateral MCghtamabr MOS is reduced. Time of first fixation on edge: 61%
(2.7 s prior to unstable gait)
6 | Lateral The right foot stepgnto the final pavement edge, lateral MOS at this time is reduced for a full gait cycle| Distracted N/A
compared to others.

Table5.4b. Visual 3D appearances of interactions with the pavement elégeonstrated by children with C&ouped by type of instability

Lateral Instability

Anterior Instability

Lateral and Anterior Instability
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5.3.23Interaction 3:Step into a pothole

5.3.2.3.1Summary of mechanism

Four children with CRteppedinto a pothole leading tasubsequent lateral
instability. For two children, this also led to a decrease in anterior stability@1For
some steps into a pothole, a clear recovery strategy was evidenced e.g. a short, faster
step. Although MOS was disturbed, a step into a pothole rarely caused negative MOS,
suggesting successful recovery strategies. Each type of avoidanceceoechpanying
gaze fixations are shown in Tali®&a and Visual 3D appearances of each avoidance in
Table5.5b. An example of a change to lateral MOS can be seen in F@ &l MOS

figures are shown in Appendx

5.3.2.3.2Influence of distraction

Four occurrences of instability (by stepping into a pothole) were distracted, two
were non-distracted. Two of the four children that experienced instability following
stepping into a pothole wore glasses, therefore fixation data was unavailable. In trial #5
the child was observed looking at the distraction and in trial #6 the child statedhiy
did not see the pothole they stepped into. Where data was available, eye tracking shows
no fixations on the potholes causing the instability, awd childrenspent 72% and 70%
of the time between the start of the trial and the unstable gait cyldeking at the

distraction.

5.3.2.3.3Typically developing children

TheTD children demonstrated less variable, more stable MOS when walking on
the grass surfacé heystepped into a potholeluring 27 out of 54 trialOf these trials,
two TD children showed lateral instability, one included anterior instability. Visual 3D
appearance of the interactions and MOS are shown in Figli@ One of these trials
was distracted, with the child spending 6% of the time from the start of the trial to the
unstable gait cycle looking at the distraction and 1% looking at the pothole, the second
trial was not distracted, and the child wore glasse®réiore fixation data was

unavailable.
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Table5.5a. Descriptions of each interaction with the walkway when stepping into a potlesteonstrated by children with C#£= Occurrence of instability number

#| . Type_ (.)f Description Type oftrial Fixations
instability
1 | Lateral and The lateral edge of the left foot entered a pothole, lateral MOS remained clozertoather than the Distracted Fixation on distraction: 72%
Anterior typical increasing pattern for that gait cycle. Anterior MOS was reduced prior to contralateral heel stri Fixation on pothole: 0% (O s)
2 | Lateral and The right foot stepped into a pothole. Negative anterior MOS occurs prior to ipsilateral heel strike, stqg Nondistracted N/A
Anterior width and lateral MOS then reduced.
3 | Lateral The right foot stepped into pothole, a response with arms is seen followed by reduced lateral MOS fq Distracted Fixation on distraction: 70%
two full gait cycles. Fixation on pothole: 0% (0 s)
4 | Lateral The left foot steps into a pothole, visible instability shown #atdral MOS is reduced. Distracted Fixation on distraction: 0%
Fixation on pothole: 25% (0.6 s)
Time of first fixation on pothole: 66%
(0.8 s prior to unstable gait)
5 | Lateral The right foot enters a pothole and a reduction in lateral MOS is seen but remains zdrove Distracted N/A
6 | Lateral The left foot steps into the pothole. Lateral MOS is reduced for a pg&d time compared to other gait | Nondistracted N/A
cycles, and short fagecovery steps are seen.

Table5.5b. Visual 3D appearances of interactions with the pothi@monstrated by children with C&rouped by type of instability

Lateral Instability

Lateral and Anterior Instability
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5.3.24 Interaction 4:Avoiding a pothole

5.3.2.4.1Summary of mechanism

Avoidance of grass potholes was the most frequent cause of instability for
children with CP (N = 10). This mostly occurred in a mediolateral direction and was
demonstrated by seven different children. Children with CP often changed their foot
placement lag in the approach to a pothole either medially (crossing limbs) or laterally
(increasing step width), resulting in variable, often negative, lateral MOS. On two
occasions, children with CP changed their walking path to avoid a pothole with an early
adjustment to foot position, which caused reduction in lateral MOS for one gait cycle.
Each type of avoidance aagcompanyingaze fixations areeportedin Table5.6a and
Visual 3D appearances of each avoidance in Tabbe An example of a change to lateral

MOS can be seen in Figlgd 1. All MOS figures are shown in Appenglix

5.3.2.4.2Influence of distraction

Six trials that evidenced an avoidance of a pothole leading to instability were
distracted trials (#1, #2, #4, #5, #7, #10). One child opted out of eye tracking glasses (#8
and #9), one child wore glasses (#3) that caused an offset in eye tracking, therefore
fixation data was unavailable. On two occasions with lateral avoidance (#6 and #7)
children did not look at the pothole they avoided prior to the heel strike before the gait
cycle of instability (0%). Two interactions (#5 and #10) showed 0% fixatierotnthe
distraction and longetime during the tria61% and 28%) looking at the pothole, while
also looking at the pothole much earlier in the tridlX secondgrior to unstale gait
cycle compared to other trials. Conversely interaction (#1 and #2) showed longer
fixation on the distraction (21% and 22% of the trial priouttstade gait cyclg less
fixation on the pothole (19% and 19% of the trial prioutwstade gait cyclg with the
first fixation on the pothole occurringiuch laterduring thetrial (62% and 48%). The
longest fixation on a pothole at the earliest time in the trial (#5) led to a change in

walking path, that occurred earlier than the lateral or medial avoidances.
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5.3.2.4.3Typically developing children

Typically developinghildren demonstrated 27 trials on grass in which they did
not step into a pothole. During these trials, TD children did not show late
mediolateral change in foot placement @void grass potholes=or most cases, TD
children managed to avoid stepping in potholes through early or subtle changes to
stepping patterns, that meant they would step to the side or over a pothole within their
natural gait cycle (e.g. the foot moving over the pothole dusagng without needing
to adjust step length). Typicgltleveloping childredemonstrated stable (positive) MOS
on grass at times when they did not step into a pothéigre5.11).
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Table5.6a. Descriptions of each interaction with the walkway when avoiding a potfemnonstrated by children with GP=Occurrence of instability number

# Type ofavoidance Description Type oftrial Fixations
1 Medial Avoidance Reduced step width causing crossing of limbs to step around pothole. Distracted Fixation on distraction: 21%
Fixation on pothole: 19% (1 s)
Time of first fixation on pothole: 62%
(1.9 s prior to unstable gait)
2 Lateral Avoidance Increased step width to avoid a pothole. Instability in steps following due to crog Distracted Fixation on distraction: 22%
limbs. Fixation on pothole: 199d.s)
Time of first fixation on pothole: 48%
(2.7 s prior to unstable gait)
3 Change in Walking Path| Reduced step width to change walking path and move around pothole. Non-distracted N/A
4 Lateral Avoidance Increased step width to step around tipethole. Instability in steps following. Distracted N/A
5 Change in Walking Path| Reduced step width to change walking path and move around pothole. Distracted Fixation on distraction: 0%
Fixation on pothole: 61% (2.1 s)
Time of first fixation ompothole: 39%
(2.1 s prior to unstable gait)
6 Lateral and Anterior Increased step width and length to step around the pothole. Anterior instability if Non-distracted Fixation on pothole: 0% (0 s)
Avoidance the steps following. Time of firstfixation on pothole: N/A
7 Lateral Avoidance Increased step width and length to step around the pothole. Instability in steps | Distracted Fixation on distraction: 36%
following. Fixation on pothole: 0% (0 s)
Time of first fixation on pothole: N/A
8 Medial Avoidance Reduced step width (crossing limbs) in the step prior to the second pothole, the| Non-distracted N/A
again in the step to avoid pothole.
9 Medial Avoidance Crossing of limbs to avoid the pothole in the step after the pothole. Non-distracted N/A
10 Medial Avoidance Crossing of limbs to avoid the pothole in the step around the pothole. This folloy Distracted Fixation on distraction: 0%

the first pothole which is walked around without instability.

Fixation on pothole: 28%0.7s)
Time of first fixation on pothole: 37%
(1.6 s prior to unstable gait)
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Table 5.6bVisual 3D appearances of interactions with the potli@emonstrated by children with C&ouped by type of avoidance
Medial Avoidance Lateral Avoidance Change in Walking Path
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Figure 511. An example trial (avoidance #1) where amid with CP showed a medial avoidance of a pothole. A) Lateral MOS for each ga
during the trial, B) Foot placement when avoiding the pothole for the same trial, C) Foot placement for TD children skong thalking path.
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5.3.25Interaction 5:Avoiding a pavement edge

5.3.2.5.1Summary of mechanism

Children with CP showed instability when they avoided edges of the pavement
surface. This occurred nine times and was demonstrated by six different children. Eight
out of nine avoidances were achieved through children taking a larger step in an anterior
direction comparedo other steps in that trial. This allowed children to avoid stepping
onto a pavement edge anghaintainfoot placementon a level surfaceThere were no
consistenciesregarding which pavement edgewas avoided (children showed
instabilities over all five pavement edges at various times). One child experienced
instability when stepping down from a pavement edge and another experienced lateral
instability fromleaning to one side whilstanding on one limb to step over a pavement
edge then crossing limbs on the subsequent stdpach type of avoidance and
accompanyingaze fixations are shown in Tabl&a and VisuaD appearances of each
avoidance in Tablg.7b. Avoiding pavement edges had consequences for both anterior
and lateal MOS, though the largest changes to MOS were seen in the lateral direction,
usually 12 steps after the initial avoidance of a pavement edge. An example of a change
to anterior and lateral MOS can be seen in Figufe, all MOS figures are shown in

Appendixo.

5.3.2.5.2Influence of distraction

Threetrialswere distracted one hada visual distraction only (no audiahd one
had 0% fixation onhe distraction. The one trial that showed a lateral instability had
distraction with sound, however eyteacking glasses could not determine percentage

fixation on the distraction.

5.3.2.5.3Typically developing children

The TD children demonstrated stable M@%re often when walking on the
pavement surface (FigurB.12). Out of 54 walks acrogsavement, 25 showed TD
children not stepping onto a pavement edge, across all nine children. Fifteen of these

trials were under nordistracted conditions, 10 distracted.
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Table5.7a. Descriptions of each interaction with the walkway when avoiding a pavementdsagenstrated by children with C#£= Occurrence of instability number

# Ty_pe o Description Type oftrial Fixations
avoidance
1 Anterior Increase in step lengttausing anterior instability. Nondistracted Fixation on edge: 21% (0.3 s)
Time of first fixation on edge: 55%
(0.7 s prior to unstable gait)
2 Anterior Increase in step length, reduction in step width follows causing crossing limbs and latera| Non-distracted Fixation on edge: 16% (0.7 s)
instability. Time of first fixation on edge: 50%
(2.1 s prior to unstable gait)
Anterior Increase in step length on two occasions, causing anterior instability, then lateral instabil| Distracted (naoise) N/A
Anterior Increase in step length causing anterior instability. Nondistracted Fixation on edge: 24% (1.1 s)
Time of first fixation on edge: 22%
(3.4 s prior to unstable gait)
5 Anterior Stepping down from the pavement edgegrticipant experiences reduction in step width an¢ Distracted Fixation on distraction: 0%
therefore lateral instability. Fixation on edge: 1% (0.04 s)
Time of first fixation on edge: 74%
(1.8 s prior to unstable gait)
6 Anterior Short step prior teedge followed by increase in step length over edge, following this crosy Non-distracted Fixation on edge: 20% (1.2 s)
legs occurs causing lateral instability. Time of first fixation on edge: 33%
(4 s prior to unstable gait)
7 Anterior High firststep over the pavement, then longer second step to avoid edge, causing anteriq Non-distracted N/A
instability.
8 Anterior Increase in step length to step over an edge, followed by anterior and lateral instability. | Non-distracted N/A
9 Lateral Stepping over edge causes lateral instability on supporting limb, then step width is reduc| Distracted N/A

causing lateral and anterior instability.
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Table5.7b. Visual 3D appearances of interactions with the pavement edge®nstrated by children with C&rouped by type of avoidance

Lateral
Anterior Avoidance Avoidance
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Figure 5.12. An example trial (avoidance #3) where one child with CP showed ar
avoidance of pavement edges. A) Anterior MOS for each gait cycle during the trial, B)
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5.3.3 Responses toa challenging walkway

5.3.3.1Spatiotemporal variables

Children with CP walkezlower, had greater step width, and shorter step length
on both pavement and grass for both distracted and flistracted trials compared to

TD childrenKigure5.13). Results of statistical analysis for each emported below.

5.3.3.11 Walking Speed

There was no significant interaction between walkway condition and graisp (F
= 0.8, P = 0.40), for walking speed. There was a significant main effect of group on
walking speed (F = 105 t I h=0019%b)y where thildren with CP walked
significantly slower than TD childrefhere waslso asignificant main effect of walkway
condition on walking speed (F =68, P = 0.08% 2= 0.04). Posthoc analysis revealed
that children walked significantly slowgdifference = 0.076 m/gjuringdistracted trials

on pavement comparedo non-distracted trials on pavemenP(= 0.047)

5.3.3.1.2Step Width

There was no significant interaction between walkway condition and grosea (F
= 0.4, P = 0.85), for stepwidth. There was a significant main effect of group on walking
speed (F =399, P = 0.006> 2= 0.M09), where children with CP had significantly greater
step width than TD childrefFigure 5.8B). There was no significant main effect of
walkwaycondition on step width (F =106, P = ®31% 2= 0.91).

5.3.3.1.3Step Length

There was no significant interaction between walkway condition and groiup (F
3822 = 084, P = 0.46), for step length. There wassignificant main effect of group on
step length (F =8& t [ 27 @9By wikere children with CP had significantly
shorter step length than TD children. There was also a significant main effect of walkway
condition on step length (F =76, P = 0.02% 2= 0.07). Posthoc analysis revealed that
children walked with significantly larger step widitifference = 0.032 njuring grass

non-distracted trials, compared to pavemedistracted trials = 0.045).
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5.3.3.2Balance confidence and fear

There were no significant differences between children with CP and TD children
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environment conditions.
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5.4 Discussion

The primary objective of this study was #stablish the mechanisms that
contribute to falls and high fall risk in replica reedrld uneven surfaces with
distractions, suggested by children with CP as challenging primary finding of this
study is the novel detail into the potential mechanisms of falls including interaction with
a challenging feature (e.g. trip over a pavement edge) or late avoidance of a challenging
feature (e.g. a late medial change in foot gganent to avoid a pothole) that were not
previously gathered from laboratoflyased challenging environments (Chapter 2).
Secondary to this, is tham icreating a bespoke walkway from the lived experiences of
children with CP (Chapter,49 high number of incidents of instabilityere captured
whichoffers novel insight into how children with CP negotiate challenging environments

in their dayto-day lives.

5.4.10ccurrences ahstability on thewalkway

Children with CP demonstrated several mechanisms of instability when walking
on uneven surfaces with and without distractions that TD children did not. Instabilities
occurred despite a reduction in walking speed, increased step width and reduced step
length. Changes in gait characteristics to compensate for reduced stabiéignadenced
in previous work over challenging environme@hm et al., 2014; Stott et al., 2014,
Malone et al., 2016; Romkes et al., 202@)wever,there isstill a lack of understanding
of the mechanisms that may contribute to a ndall or fall in the realorld (Chapter
2). The studypresented in this chaptgsrovides novel evidence to show that instabilities
occur whilst implementing compensatoryait characteristiceither through direct
interaction with uneven walkway features (e.g. stepping onto a pavement edge) or
through inadequate avoidance strategies (e.g. a late medial step around a pothole). One
reason that the current study may have been able to revealives previous labratory
62N] Aa 0S0OIdzaS (KS RSaAday 2F GKS o0SaLk
experiences and moves closer toward replicating the-tbaglay environments that

cause falls in the reatorld.

Moreover, as discussed in Chapter 2, the closest research has come to

understanding whether realorld fall occurrence is linked to challenging environments
151



in laboratory settings was through reports that children with CP stumble once in every
four attempts at the standardised walking obstacle course (SWOC), without providing
detail into theportion of the course (e.g. stepping oyehange in directionthat caused

the stumblesor the mechanisnge.g. stepping behaviours, gaze behaviowish which
those stumbles occurred over the challenging environméKtstt and Held, 2002; Zipp
and Winning, 2012; Bailes et al., 201Vhe current study now extends understanding

of the type of challenging environments that increase fall risk and exactly how fall risk is

increased; this has nditeenaddressed in previous SWOC studies.

5.4.2 Avoidancetrategies

Children with CRdemonstrated avoidance behaviours late in approach to
walkway featuresThe walkway features avoided by children with CP were either a grass
pothole or a raised pavement edge. Typically, an avoidance included a late change in
foot placement either anteriorly or laterally, leading to instabil&yoidance behaviours
were not observed in TD children, which implies any changes to stepping strategy to
avoid a challenging feature were likely early and subtle enough to show little changes in

stability.

When approaching a potholehildren with CP most often demonstrated a late
change in foot placement resultimg a medial or lateral avoidance, where childreith
CPwould increase step width to step around a pothalecross limbs to step beside a
pothole, rather than stepping into a potholé\ possible reasochildren with CP are
shown to use thisvoidance strategyhen avoiding potholess that medial or lateral
avoidance might be perceived as a better option to maintain stability compared to the
consequence of stepping into a pothole. A medial or lateral avoidance might be easier
to achieve than an anterior step over a pothole for children with CP who experience
different gait patternsuch asstiff-knee gaitpr characteristics such asduced range of
motion, contractures or selective motor control impairment that makes it more difficult
to achieve full knee extension and hip flexion for increased step lefAgthand et al.,

2016; Zhou et al., 2019)
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When approaching a pavement edge, childreith CPoften demonstrated an
anterior avoidance, where children would increase step length to step over a pavement
edge.This anterior avoidance would then result in either lateral or anterior instability in
subsequent steps. This avoidance strategy might be used by children widlneC®
more limited options for safe foot placemetitat is not on the edge itselfor example,

a medial or lateral step will likely result in stepping on the same or another pavement

edge and lead to further instability.

Reasons fochoice of avoidance strategy around either a pothole or a pavement
edge (e.g. change in foot placement medially or anteriodyght to be further
investigated The changes in foot placement to avoid either a pothole and pavement
edgedemonstrated by children with CBuggest that perceived danger plays a part in
choice of avoidance strategfevidence suggests that making contact with an uneven
feature (e.g. pothole or pavement edge) holds the highest daryedt, where there is
choice the most achievable change in foot placement to avoid the uneven feature,
within the limits of mobility, are prioritisede.g. stepping medially agpposed to
anteriorly). This agrees with previous work that suggests children with stiff knee gait will
increase knee flexion at the detriment of energy conservation in order to prioritise

stability on uneven surfacéB6hm et al., 2014)

For bothavoidance of a pothole or pavement edgechange in foot placement
(either laterally or anteriorly) was late in approach to the feature and caused instability.
This might imply a lack of preplanning in the lead up to the feature and suboptimal
avoidance strategies when faced with a challengieagture. Children with CP have
shown less efficient preplanning strategies in reaching tasks in the upper limbs
(Aboelnasr et al., 201 ompared to TD children, which may be reflected here in a
dynamic walking task. To add to this, in a previous studyeRploredlived experiences,

a young adult, aged 24 years, with CP expressed that they needed a good awareness of
their own capabilities and of how to preplan in order to avoid a(Bdlinton and Bartlett,

2013) This might imply that it takes a longer time for children with CP to be able to
develop an efficient knowledge of their own capabiliies and preplanning in the
environments around them. Simildindings werediscussed in Chapter 4, where in

walk-along interviews, older children generally were able to express that they thought
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children with CP the ability to plan an appropriate foot path c¢hallenging
environments even if they know they are to be more cautious, has not fully developed,
therefore errors in preplanning occur, leading to inadequate foot placement.
Furthermore, sensory defici{e.g. reduced visual acuity demonstrated by children with

CP in this work and previo@Bazzi et al., 201pdr distractiong(e.g. moving attention

away fromplanning an appropriate avoidance strateggp discussed later in section

5.4.4, may make preplanning even more difficult in an already challenging walking
environment. Focus on improving avoidance strategies is key when planning future fall

prevention.

5.4.3Recovengtrategies

In many cases of instability, a recovery strategy was required in order to
negotiate the walkway safely. Some examples included 1) taking an additional short, fast
step laterally to increase step width following a step into a pothole that moved
extrapolated centre of mass (COM) outside of the base of support momentarily, 2)
reduced step lengtho control an increased forwarécceleration of COM following a
step onto a pavement edge or 3) a rapid increase in foot clearance over a pavement
edge having contaed it with the foot during swing. In the realorld, where challenging
environments are navigated continually by children with €Fs plausible that some
childrendo not make the necessary adjustments to recover from an interaction with the
environment, meaning they result in a falthis may be especially true for those with
difficulty implementing specific recovery strategies. For example, a child with hip
abductor weakness, a common impairment for children witi{{i@&taxiotis et al., 2000;
Krautwurst et al., 2013pay find it more difficult to rapidly increase step width following
a step into a potholeThis might explain why in the current studshildren with CP
showed instability and greater risk of falling even when exhibitiegcompensatorgait
characteristics. This is likely reflected in the remlld, where compensatory
characteristics are noadequate enough on unevesurfaces with and without
distractionsto prevent a fall contributing to high fall occurrence. Recovery strategies

specific to an indiR dz £ Q& Carelidhportartt th bBehc@naidered for effective fall
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prevention or potential training programmes to reduce risk of falls. Future work could
consider using similar methods to those used in this study (e.g. an uneven walkway), as
applicable routine fall prevention training and understand whether recovery etyias

can be improved through these methods to reduce fall occurrence in similamaeéd

environments.

5.4.4Distractions

The current studyextendsevidencefrom The WalkAlong Project (Chapter 4),
whereby children and parents expressed that distractions were a likely cause of trips
and falls This studydocumened that distractions increasg nearfall occurrences, in
replica realworld challenging environmentsWithin the available data some
differences were seen in gaze behaviour between the type of challenging surface (grass
or pavement) and the interaction with that surfader children with CPDuring
distracted trials children with CP showed limited fixation on either the pavement edge
or pothole prior to experiencing instabilift% or less fixation on a challenging feature
on four occasions when distracted, 0% fixation on one occasion when not distracted)
and on averagefixated onchallenging feature8.5% later through the trigprior to
unstable gait cycleAdditionally,some children suggested they did not see the pothole
when walking over the grass surface. When children fixated on the distraction, this may
have interrupted visual processing of the environménthe steps aheadhat would

typically be used to plan an optimal or safe walking g&#tla and Vickers, 2003)

Although evidence exists here that distractionsrease neafall risk, 20 out of 37
interactions leading to instability also occurred with no distraction present. This sisggest
a wider issue regarding visual processing of the environment for children with CP.
Children with CP showed significantly slower times compared to TD children during the
Trail MakingTest-A,which couldbe an indicator oimpairedvisual processing hildren
with CP also showongermean executive function timeompared to TD children and
although nonsignificanta longer executive function time has been a sugge$ietbr
for increased fall risk ialder adults in the pagMirelman et al., 2012Despite this, one
TD child showed instability from stepping into a pothole, with minimal fixation on the
pothole. This suggestsimilar effects on visual processing when walking with a
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distraction for TD children and children with GRore investigation is required here,
using a larger sample with eye tracking analysis that is adapted for children wearing
glassesespecially given the number of instabilities that took place while no distraction

was present.

Tocurrentknowledge no study has investigated the influence of distractions on
fall risk in challenging walking environments with children with CP. Inwedd
scenarios, distractions occunore oftenin less controlled environments than in the
current laboratory investigationTherefore, although many occurrences of instability
here were without distractions, perhajpise more likely scenario seen in the reabrld
is an instability with a distraction present, as described by children with CP during The
Walk-Along Project Moreover,a more uncontrolled environmenwith distractions
might make a response to instabilitgss effectiveand thuslead to an instabilityof
greater magnituddollowing aninteraction with an environmental feature, to result in
a fall to the ground or flooPrevious work fronMatthis et al.(2018) investigated gaze
behaviour of adults in outdoor natural environments and noted how vision was focused
on an uneven environment almost 100% of the time when walking in uneven ground,
which was almost double the amount of time spent looking at the surfdoenwvalking
on level ground. A similar detailed analysit®o visual scanning patterred children with
CPwhen walking inrealworld challenging environmentsvith distractions, whilst
accounting for individual differenceaould providefull understandng ofthe influence

of distractions on neafall mechanisms in challenging environments.

5.4.5Selfreported falls

Children with CP reported more falls compared to TD children. fifideng
moves the field forward from previous work suggesting that falls are common for
children with CRBoyer and Patterson, 2018)y evidencing a direct comparison to a
sample of TD children and providiagetter understanding oivhere falls happen, why
falls happen and the impact falls have on psychosocial wellbeing. As in previous work
(Towns et al., 2020negative psychosocial impacts of falls were evidenced for children
with CP within this studyThisincluded feelings of embarrassment, shock, frustration,

avoidance of activities and injury. Despite these negative consequences oallabist
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two of the children with ClReported thinking of falls as just a part of everyday life and
having to get up and carry on when they occurred. This attitude was present in children
who reported falls at least once a montincluding those who reported multiple falls

per day This perhaps reflects resilience built through having regular experiences of falls
in varying dayto-day situations (inside, outside and in scho@pnverselyall but two
children with CP reported walking more cautiously and/or avoiding places because of
falls, which highliglghow some children become more anxious and tentative in certain
places The falls questionnaire used in this study was adapted basgut@nous work
(Boyer and Patterson, 2018nd questions typically asked at the start of clinical gait
analysis. More information could be gathered about fall history using a validated
guestionnaire such as tHallsEficacyScale(Yardley et al., 2009)r using a longitudinal

falls diary. Mvertheless, thefall history questions included in this study provided
additional detail thathelp to identify whether or not an individual is at high fall risk.
Furthermore, he evidence put forward in this study and supportifigerature
emphasiseshe complexand wideissue of fallshat exists for children with GRvhich
highlights the need for fall prevention, to reduce fall occurrenaed the negative

psychosocial consequences associated with falls in thewedd.

5.4.6Individualisedesponses

Children with CP showedhdividualised instabilities on the walkway, for
example, the child who had previous history of GMFCS II/lll, but could walk
independently had the highest number of incidents of instability on the walkway (eight
out of 37)including four tripscompared to all other children with CP. This Irapthat
this child is at higher risk of falls in similar environments in the-weald and could
benefit from fall prevention training focused @avoidingtrips and recovery strategies
following a trip In contrastanother child experienced five instabilities on the walkway,
two of these were through avoidance of a pothole and two avoidance of a pavement
edge and three out of five were distracted trials, suggesting this child may benefit from
novel training interventions that focus on foot placement preplanning in challenging
environments with sensory distractions. This individualisation provides scope for not

only tailoring individualised fall preventidsut also provides evidence that the walkway
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protocol used in this study might offer a starting point for a more widely used tool to
identify children at high fall riskl he instability exhibited by both children with CP on
the challenging walkway, in combination with a high incidence of falls reported, could
be used as a tool to identify ambulatory children with CP at high fall risk irvwedl
environments, such as ¢htwo children identified from the current study. This
information in future has the potential to inform how clinicians or healtagiitioners

intervene effectively.

A possible explanation for the individualised responsdsristional ability. The
child with the most incidents of instability had theghestGMFC &vel, meaning lowest
functionality, and the majority of incidents overadlccurred in children with GMFCS I
and those who had diplegiaagreeing with work that suggests those of GMFCS Il
experience the most fallBoyer and Patterson, 2018\nother observation is that
children with hemiplegia in theurrent study, only experienag instability following
avoidance of a pavement edge or pothole, not through directly stepipittga pothole
or onto a pavement edge. As suggeststlier (5.4.2 Avoidance Strategies), it may be
that in some cases the highest perceived dangemaking contact with an uneven
feature (e.g. step into a potholels more easily avoidable for those with hemiplegia,
since trey have a less affected side that may increabeir ability to step medially or
anteriorly around a featureThis may be more difficult to achieve with those with
diplegia who have more restricted functionality, thus leading to contact with a
challenging featurdt should be considered that there were more children with diplegia
(n=7), compared to hemiplegia (n = 3) in this work, therefore a straargement could
be made if this were seen alarger group of childre Nonethelessthis is an important

consideration when planninigdividualised fall prevention programmes.

The individualised nature of the responses and interactions with the walkway
should be considered in future work, especially, given the presence and individualised
nature of sensory deficits in children with CP, such as visual impairr{feazgi et al.,
2012) or neurodevelopmental disorders, such as attention deficit hyperactivity disorder
or autism spectrum disorder, that may impair the ability to be aware (either through
concentration or visually) of the environmental surroundings and plan an optimal
walking path or avoidance strategy. Individualised responses to challenging walking

environments, in this way, both with and without distractions, could help inftaitored
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fall prevention programmes or future tool to identify individuals with CP at high fall

risk.

5.47 Limitations

The methodologesused in this study are closer than previous to achieving a replica
of dayto-day challenging placeshere falls occur, given lived experiences are deep
rooted in the design of this studyDespite this, the study took place in a laboratory
setting, with use of reflective markers and eye tracking glasses that children would not
typicallywearwhen walking in the realvorld, therefore some children may respond
differently (e.g. less cautious) in their darday environments compared to the

challengingenvironment faced in this study.

Three children with hemiplegia and seven children with diplegia took part in this
study. Type of gait pattern was not collected for each child, due to the nature of parent
reported metrics. Despite previous literature not identifying gait patterns assediat
with fall frequencyBoyer and Patterson, 2018his work is limited and requires further
exploring. Gait pattern data may have provided additional insight into the types of
interaction with walkway features on a group level. For example, if all children with
diplegia evidenced crouch gait, this cohlalve offered explanation for high numbers of
medial and lateral avoidances of a pothole, due to restricted range of motion.
Alternatively, if all children with diplegia evidenced true equinus, this may have
explained the number of trips over a pavementgeddue to increased plantar flexion
and therefore difficulty increasing foot clearance. Although gait pattern was not
documented, the children in this study were heterogeneous, and multipletygoés

were observed during data collection.

Fall history wasecordedby askingparents and children to recall howaften they
currently experiencetrips and fallon a dayto-day basisThere may exist some recall
bias with asking this to children and parents as they may not remember exactly how
many falls or trips they have had that day, week or month. This is reflected in the ranges
of fall occurrences reported (e.g-2ZLper day or 3 per month).Despite this potential
limitation, fall occurrencereported in this study aligswith previousreports(Boyer and
Patterson, 2018 ndaddresses a need for an increased quantity and quality of reporting

that is lacking in previous work (Chapter 2).
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Eye tracking analysis in this study was incomplete as some children wore glasses and
this meant noreliabledata could be extracted. Despite this, preliminary evidetinz
visual processing of the environment is a vital for planning adequate stepping strategies
to maintain stability,is provided from a small sample of children in this studsich

highlights the importance for further analysis in this area.

It is possible thatepeated exposure to similar features across the bespoke walkway
(e.g. experiencing potholes along different walking paths) could have led to a learning
effect for some childrenwhich maychangetheir natural responses to the challenging
features.Children were additionally able to look at the walkway prior to the first trial,
which may have allowed them to assess the location of specific feaflineseffect was
reducedinitially, as familiarisation took place arouttlie perimeter ofthe walkway, not
over challenging environmentsloreover, the protocol used randomised trials, with
minimal repetition, meaning children only ever walked over the same path twice (once
with a distraction and once without a distraction) and that these walking paths took
LI I OS Ay  NIYR2YAAaSR 2NRSNY CAylf G®KQl f
trials after every two recorded trials, these were trials that were in a different direction

to recorded trials, with no challenging features present.

Some children with CP in the current study were involved in aakdkg interviews
in Sudy 3 (Chapter 4). This involvementay have creategbre-existing ideas of the
purposes of the current study arttie potential risks associated with falling in uneven
challenging environmentsThis may have led teither conscious or suimnscious
cautious behaviours. Despite this, these children still showed instabilities on the

walkway

5.5 Conclusion

This study provides detailed insight into potentiaéchanisms that contribute to
falls and high fall risk in replica reabrld uneven surfaces withdistractions
LYO2NLIR2 NI GAy3a OKAfRNBYQad fABSR SESMNASYyO
study to have meaningful application to potential rembrld causes and mechanisms of

falls. A link is demonstrated here between ndalls and challenging environmentsy
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evidencing that children with CP show instabilities through interaction with uneven
features of the environment, both with and without distractions. A key finding of this
study is that children with CP show instabilities even when avoiding uneven features
the environment, and when implementing cautious walking strategies. Moreover,
causes of instabilities are likely specific to the individual, their impairments and how
they interact with distractions in the environmenithis work is important for informg

future fall prevention, such as training programmes that are focused on preplanning
strategies when negotiating challenging environments. Importantly, this work also
highlights increased fall occurrence and impacts of falling such as embarrassment, injury
and fear, whiclbrings to the forefront the importance of addressing the issue of falls in

children with CP, to reduce negative psychosocial and physical consequences.
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Chapter6

Critical Synthesis, Discussion and
Conclusion
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6.1 Aims of the research

The aim of the reseahcwas to understand why (the causes) and how (the
mechanisms) falls occur in children with CP. Three stapggcific aimswere
implemented that have contributed to achieving these aims. Each stage of this PhD
builds on the previous, starting with identifying a gap in knowledge, moving to exploring
the lived experiences of children with CP to inform research methods and mingai

deeper insight into the mechanistic underpinnings of why falls happen in thevedd.

The systematic review (Chapter 2) identified an understudied link between
challenging environments and reabrld fall risk due to a lack of investigation in
environments that cause falls in the reabrld. PPIESought the opinions of children with
CP and their parents to help gain insight into their lived experiences of falls (Chapter 3).
The WalkAlong Project used a novel application of the walldng interview method to
revealwhy children fall over, by identifying that children perceive the most chrajiieg
places for falls are uneven surfaces with distractions (Chapter 4). Finally, the bespoke
walkway protocol was created based on the places and situations that children told us
were challenging. This protocol enabled data to be collected that rédvmafalls occur,
by demonstrating that children with CP show instabilities through interaction with and
avoidance of uneven features of the environmehhis work offers more detailed insight
into how fall risk is increased in environments that replicatesththat cause falls in the

realworld (Chapter 5).

The series of studies in thissearch presentsamtributions oflived experience
and novelmixedmethodsto provide deeper understanding chuses and mechanisms
of falls in children with C®Dutcomes of thisesearch hae offered deeperinsightthan
previous stability assessmentsr treatment methods targeted to reduce fallsby
underpinning why and how falls happen @verydayrealworld environments This
knowledge hashe potential to change the waye look at fallprevention techniques
to be more informed and applicablthan ever before. Only by offering this novel
understanding carfuture investigationsbegin to create and implementuccessful
interventions and tailored training to reduce fallsand thusbegin toreduce negative

psychosocial consequences of falls for children with CP.
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This chaptepresents a dtical synthesisand dscussiorof the outcomesof each
stage ofthisresearch. Firsthyheadlinefindingsarediscussedsection 6.2 and 6.3yith
contextto how theycontribute to novel knowledge and understanding of the causes
and mechanisms of falls in children with. Ciscussiorfollows on the importance of
lived experience into research practigsection 6.4) then a synthesis orthe
involvement of stakeholdergsection 6.5) including the contributions of parents,
community groups and clinicians. Finalbyrijtical synthesis is had on the potential
implications and future directions of thigsearch(section 6.6) which isbroken down

into 1)identification of children at high fall risR)fall prevention anc)lifelong impacts.

6.2 Suboptimal stepping strategies leaduastable avoidance
behaviours

The primary outcome of this PhD is thalildren with CPavoid challenging
features of the environmentvithout adequatepreplanning offoot placement which
necessitags a late change in stepping strategy that leads to instabil®ther
mechanismsdentified included stepping into the pothole, tripping over tepping
onto a pavement edgét is widely suggested that ambulatory children with CP walk with
a more unstable gait than TD children. This can be seen through various measurements
on level ground such as larger CAMDP inclination angle and greater differences in
COMCORP trajectoriet the mediolateral direction compared to TD childrgthsue et
al., 2009a; Feng et al., 2014; Wallard et al., 2014; Sharifmoradi et al., 20d&rger
asymmetries in step to step COM acceleration in all three directjmss et al., 2012;
Saether et al., 2014However, MOS over level groufitiracy et al., 2019; Rethwilm et
al., 2021)and assessment over uneven surfa@@s8hm et al., 2014; Malone et al., 2015;
Romkes et al., 202®@uggests that children with CP implement cautious strategies to
maintain dynamic stability and reduce the risk of a fRlis PhDs the firstbody of work
to offer examples of the types of environmanwhere these compensation strategies
are not enough to prevent a nedall (e.g. trip or stumbleand show reducedVOS in

replica realworld environments
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6.3 Distractiongncreasefall risk for children with CP

Childrenwith CP told ughey would be more likely to experience a fall when
distracted (Chapter 4)nstabilities werethen evidencedwhen children walked over a
challenging walkway with distractions. Specifically, trials with distractions showed later
fixation on challenging features causing instability compared to tneithout a
distraction. Distractions are therefore an important factor in increased fall risk
Realworld falls might result from more challenging environments, with distractions,
where preplanning andecovery strategies are interrupted.hisextendswork that
suggests children with CP require more steps to dissipate disturbamakkéng over
level ground(Kurz et al., 2012¥yuggesting that when changes to gait are encountered
(e.g.a late change in foot placement &voida pothole), recovery strategies take longer
than TD childrenand that is likelyworseneddue to presence of distractions that
interrupt sensory processing of the environmefiverall, thisoffers amore detailed
explanationthan seen previouslyfor the high number of falls in the realorld for
children with CP and providé®tter understanding othe mechanisms that contribute

to high fall risk

6.4 Livedexperiencegroundedwithin researchdesign

A key outcome of this body of work is what can be learned from involving lived
SELISNASYOSa 2F OKAtRNBY 6AGK /td /| KAf RNB
informing this work from the discussion of the concept of the wallong interview
(Chapter 3) through to sharing their lived experiences of falls (Chapterfd)mingthe
design of a bespoke laboratory protocol (e.g. what distractions to use), and to the
insights into fall history and feedback following involvement in the laborabarsed
study (Chapter 5). Earlier work in Chapter 3 highlighted that it is importamviolve
those whom we study, and that this involvement and engagement should be done more
in research with children with disabiliti€RouncefieldSwales et al., 2021 Chapter 3
also highlights the lack of existing research that embeds the lived experiences of children
with CP. The body of work undertaken in this PhD provides a foundation for how children

with CP can be involved when exploring biomechanical researeltiqgums, that are
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typically laboratorybased and do not routinely include patient and public involvement
and engagement. Using photo elicitation and interview techniques, children with CP
helped contribute to a research design that generated information about their
perceptons of the causes of falls in the raabrld (specific uneven surfaces) and key
indicators of what might put a child with CP at high fall risk (e.g. how they interact with
distractions). Incorporating the lived experiences of children with CP and thenfsar

in everyday environments has allowed this PhD to establish causes of falls in the
realworld and highlights the importance of understanding the population before

understanding the problem.

Future work could extend this involvement edher key populations of interest
for falls researchsuch aslder adults and how they negotiate the home environment
and/or stairs(Jacobs, 2016; Gazibara et al., 201f)those with disabilities such as
O23AYAGADBS AYLI ANNSY(d 2Nt NJAyendrgn@ant 5A & S
(Fasano et al., 2017; Chantanachai et al., 2@24l)s specific PPIE undertaken with these
populations is likely to be beneficial in informing and designing research, in a similar way

to that whichoccurredin this body of work.

6.5Involvement of sakeholders

The body of work for this PhD not only required involvement from children with
CP, but also parents as stakeholders in the design and conduct of research. Parents were
able to offer additional insights into the ddag-day lived experiences of their childre
with CP and offered balance to the experiences shared by their children. An example is
provided during PPIE (Chapter 3), where a child mentioned that they had not fallen in a
while, but their parent reminded them saying they had fallen over only thatvimgy. As
well as balance, parents were able to offer longitudinal perspectives on lived
experiences throughout childhood, such as explaining how their child would fall more
when younger or need less intervention as they grew older. Parents also suppbeed t
experiences of children by encouraging them to feel comfortable in talking about their

experiences during waldlong interviews.
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Several charity organisations were also involved in this work as stakeholders,
gK2 @g2df R aarad Ay ttL9 FyR LI NOAOALN Yy
Step led to building transparent relationships with local community groups and with
parentsand children. This not only created trust with children and parents helping them
G2 06S O2YF2NIIo6ftS Ay GFrfl1Ay3 G2 GKS NBa
understanding of the lives of and mobility challenges the children faced. These
relationships were built throughout the PhD journey and were extended through
offering volunteering opportunities to other postgraduate research students who have

since worked with the same charity to conduct PPIE in their research.

Other stakeholder work included the involvement of The N&st Movement
lylFfeara /SyYyuNB G ! £ RS NferedSaedbdckK fallbwiiyB y Q &
monthly project updates. The knowledge exchange from this involvement was valued
from both sides, establishing a greateccognition in clinical practice of the importance
of falls. The relationships built throughout this PhD with children, parents, community
organisations and clinical practitioners offers potential for outputs from this PhD beyond
conference presentationsna academic papers. These outputs incldalés prevention
training or a falls survey that have the potential to be embedded in clinical practice or

community groups; these will be discussed in section 6.6.

6.6 Implications anduture Directions

The outcomes of this body of research could be used to inform the design of (1)
methods that identify ambulatory children with CP at high fall risk and (2) specific
interventions or training programmes that could contribute to fall prevention at the

commurity level.

6.6.1Identifying childrerwith CPat most risk of falls
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6.6.1.1The WalkAlong Method

The WalkAlong Project could inform a tool for identifying children at high fall
risk and causes of falls specific to the individual. For example, a device that allows a
walk-along interview to be conducted by a child with CP and their parent on their own
or with a clinician, in their local walking places. Similar to a video diary, this could be
something thatexploreshow often, where and what causes falls in the environments
they navigate dayo-day. A WalkAlong application, for example orsenarphone,could
allow children to take photos and videos of the places that might cause falls, other
interactive features could include red (challenging) or green (OK) stickers, similar to
those used during PPIE (Chapter 2) to elicit more detailed information @ballenging
places (Figure 6.1).

You took this photo:

Have you tripped or fallen in
places like this before?

e '@

Can you tell us more, why """
is this place challenging? @

l Next Question ]

Figure 6.1.An example schematic of how a walong
interview might look in a mobile phone application

Additional information could be gathered from this method by including a falls
diary and prompts based on the questions used in Chagtdo highlight key
individualised risk factors that may not have been considered previously e.g. distractions
and attention. However, it is important to consider the low uptake of video diaries in
Chapter 4, that may reflect in a falls diary sipegticipants would be required to fill this
out in their own time.This might be improved with the help of a clinician or ocatignal
therapist to lead the waklalong interview but would require additional time from

professionas.
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Another consideration is recall bias discussed in Chapter 4 and exclusion of
those that may not be able to access digital tadl® to high cost of devices, or lack of
digital literacy This could be made moraccessibldy providing alternative versions
with inclusivenavigation (e.g. adjustable text, high contrast colour$lis method could
additionally be made more accessildgeven this would not be limited to collection of
data in North West Englan¢h doing so, this tool has the potential to offer insight into
experiences of falls bas@sh additional factors for considerati@uch as socioeconomic
background and local living differences (e.g. urban vs rural environmexitepugh
more work is required to determine wider feasibility, identifying challenging places in
this way, is likely to reveal the children at most risk of falls given the research undertaken
in this PhD shows that waldong interviews can reveal placét fall risk and neafall

occurrence is increased.

6.6.1.2 Informed Survey Methods

Another method for identifying children at high fall risk, might be for clinicians
to use a surveyat routine appointments. Numerous clinical tools have been used
previously to assesgait stability, balanceand falls, such as thdalls Eficacy Sale
(Yardley et al., 2005)r BergBalanceScale(Franjoine et al., 2003poth with adult
LJ2 Lddzf  GA2ya &adzOK | @loeinfet2al, 201610k With childreNdvitkh y & 2 v
CP (Jantakat et al., 2015; Kim, 201&imilarly, there are methods foassessing
functional ability such as th&illette Functional Assessment QuestionngMevacheck
et al., 2000)and for improving gait assessment outcomes such as the Gait Outcomes

Assessment ToglThomason et al., 2018)

Designing something similar based on the methods and outcomes from this
research, might offer clinicians more detailed insight into how and why individual
children with CP are at high fall risk in their daily lives and routines. To datallso
specificsurveyhas been developetb explicitly identify individual children with CP at
high fall risk irrealworld environments The Gait Outcomes Assessment Tiocludes
consideration oboth walking on uneven ground and consideratiorcloild and parent
priorities (e.g. how important daily tasks such as going up and down ataits parents
and childrer). This could be used in conjunction with the outcomes of this PhD to help
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create a specific survey for identifying children with CP at high fall risk, by incitedirsy

GKFG FNB AyF2NYSR 0 &s fdd&xanipk, Niftegtions onfatte@tisrkR S E
and distractions when walkingGiven children and parents attend appointments
regularly as part of their routine healthcarhe use of a survegould be more easily

and widely used than using a wadlong interview application.

The survey should build on questions already asked by clinicians typically at the
start of an assessmenilThis method wouldunlikely provide dataas rich as that
generatedfrom walk-along interviewshown in Chapter dhowever inclusion of parent
and child reported priorities, such as in the Gait Outcomes Assessment Tool, would
enhance understanding of eagatient@ experiences of fallCliniciansvould be able
to use the survey data to inform patient specific recommendations for treatment plans
relating to falls.For example, children who experience falls most due to avoidance of
environmental features, may benefit from sports or strengthening programmes
designed to improve both stability and coordinati(vierschuren et al., 2007; Auld and

Johnston, 2014)

6.6.1.3 Bespoke Walkway Methods

A further application from the methods in this study might be to use the bespoke
walkway protocol in Chapter 5. It may be possible to create a biomechanical and
behavioural profile to predict children at high fall risk depending on how they negotiate
a simlar walkway. For example, children who demonstrate high fall risk behaviours such
as high percentage fixations on distractions, in combination with near fall experiences
due to interactions with the walkway, could score higlysmilar method has been
ud SR FT2NJ 2f RSNJ | Raekeimary etéall, PORIYhisyfyPeda? methbdi A 2 v
may require more detailed statistical analysis of key fall risk predictors and would likely
require a longitudinal assessment plan. Feasibility of this method would depend on
keeping parents and children engaged and accounting foxtrof children over dong

period (several months or years)

Another adaptation of thigs to create a high fall risk index for those that
negotiate the bespokewalkway with specific gait characteristics that deviate from

characteristics that offer stable negotiation in challenging environmeh¢shniques
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have been used previously to quantify differences in pathological gait of children with
CP to normal gait on level grouri8chutte et al., 2000and there now exists several
widely usedools for profiling gait, such as the Gait Profile Sd@aker et al., 2009)r

Gait Deviation Inde¢gGchwartz and Rozumalski, 2008)iscould potentially be adapted
with falls specific outcome variables over a bespoke walkwaywever would be more
difficult with the largerange ofstepping strategiegvidencedover uneven surfaces.
Further research and funding forpgogramme toexplorethese methods may help to
make this possible, however, the bespoke walkway protocol offers this opportunity
given its success in isolating individual occurrences of instability andfadéam this

PhD.

A bespoke walkway similar to the one used in this research would likely only
work as an identification tool if it was a permanent-sgt in a laboratory. However,
creating a more accessible tool by combining elements of this walkway and something
smaller am easily movable, like the earlier discussed SWOC (Chapter 2) could make
assessment viable. The SWOC test has been widely used as a reliable tool to assess
functional ambulation(Held et al., 2006)possibly due to the ease of setup and easily
interpreted metrics (e.g. number of stumbles, time to completion). An adapted SWOC
including uneven surfaces that are more applicable to-weaild fall occurrence, and
incorporating a distraction, with metricgich as number of trips and gaze fixation on a
distraction, could provide a better reflection of those children who are at highest fall

risk, whilst also being more easily accessible.

Analysisof a child? gait patternwhen negotiatinga bespoke walkway in clinical
assessment would offer more detailed insight into the benefits of surgical outcomes on
fall prevention. Currently gait analysis is conducted over level ground, without
accounting for the challenges identified in this reseat@tbe an indicator of neafall
risk (e.g. potholes)Boyer and Pattersoi2018) noted that gait pathologies typically
associated with high fall rigkat are often targeted for treatmento optimise gaite.g.
in-toeing, stiff knee gait, are not linked to fall occurrence. Perhaps the use of a bespoke
walkway prior to and after treatment, as is usually done with routine gait analysis
following surgery, would allow better insight into theffectivenessof specific

proceduresn redudngfall risk in replica realvorld environments.
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6.62 Fall prevention for realvorld application

The series of studies that form part of this PhD offer a more detailed
understanding of the causes and mechanisms of falls that reflecttadgay
experiences, which have the potential to inform more applicable fall prevention training
and intervention tebniques for children with CP. Previous interventions that have
established a potential for stability improvement for children with CP include exercise
(Dewar et al., 2015palance trainingBarHaim et al., 2008; Bhamy and Abd El Kafy,
2014; Hosseini et al., 2015)rtual reality(Ravi et al., 2017hydrotherapy interventions
(Zverev and Kurnikova, 2016yalking interventions(Elnahhas et al.,, 2019r a
combination of methodgDuarte et al.,, 2014; Aradjo et al., 202 owever, the
outcomes lack direct applicability to everyday fall riEkShamy and Abd EI Kafy (2014)
calculated fall risk as an outcome pastervention, which identified increased stability
and decreased fall risk for children with CP following static balance training. Yet static
interventions may not accurately represent deorday dynamic stabilitygspecially with
additional environmental challenges. Intervention work or training programmes based
on the current research could include a smaller version of the bespoke walkway used in
Chapter 5, with distractiondt could also be used as a repeateditiag tool for
preplanning foot path and to improve recovery strategies over replica-weald

challenging environments.

Another examples to use virtual reality to create realorld scenarios or an
interactive game where children are able to practice preplanning their foot path with
and without distractions that replicate those identified during The WWallkng Project.
Research shows thathmersive virtual reality with a Computer Assisted Rehabilitation
Environment (CAREN) platform and the Gait Heale Analysis Interactive Lab (GRAIL)
system can improve functional movements in children with CP including walking and
running (Gagliardi et al., 2018; Maggio et al., 2024hd even suggests that these
systems can help improve spatial navigation, which requires path prepla(iBifiiget
al., 2020; Nossa et al., 2022However, similar to the typical assessments of stability
addressed previously, these protocols are carried out over level treadmill walking and
are not focused on fall prevention and do not involve distractions that bring attention
away to the walking pth ahead. Therefore, there is scope for a new protocol, informed

by the bespoke walkway used in this study, to be successful in training children with CP
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to plan their path around challenging features of the environments that replicate those

faced in the realvorld with and without distractions.

Further work would be required with longitudinal studies to assess the validity and
applicability of such tools over timan combination with measurements of fall
occurrence. There is potential for a walformed training or intervention programme,
created from the findings of this research, to be introduced in community groups, such
as thosewho supportedthe researchprogrammed C2 NJ S E | Y LJt iSclude{ G A O1
fall specifictasksduring their sessions, includingow to fall safely for ambulatory
children with CPCerebral Palsy Uniteaffer football based physiotherapy exercises for
children and adolescents with CP to improve mobilRevious workhighlights the
potential of successfuimplementationof complex care for childrethrough community
and clinical partnergCohen et al., 2012and the similar apples here. Community
partners may welcome ideas and protocols that clinical based therapy cannot, especially
giventheir openness to supporting the research reported in this thdsimportantly, a
well-informed training or intervention programme is likely to align with their invested

interest given the functional goals they work towards with children

6.6.3 Lifelongmpacts

Training or interventions developed from the findings of this research might not
only apply to children with CP, but to adults with CP, given the issue of falls exists
throughout the lifespan(Morgan and McGinley, 2013Negative psychosocial and
physical consequences of falls are seen in both adMsgan et al., 2015; Shah et al.,
2024)and children with CRGibson et al., 2012; Towns et al., 20284 ults with CP
particularly present reduced physical health status, including serious injury and reduced
personal wellbeing, including isolation due to fdNéorgan et al., 2014, 2015; Esterley
et al., 2024) Targeted fall prevention when younger may lead to improvements later in
life, especially if interventions are applicable to places that people with CP of all ages
encounter every day (e.g. walking to the shop over uneven pavements). Therefore, if
children are supported to learn how to safely navigate challenging environments
identified in thisresearch, and carry this into adulthood, risk of falling, and the negative
consequences associated with falling could be lowerealliagef people with CP.
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6.64 Wider application within the ICiFamework

The ICF framework highlights that functioning, disability and health should
consider the personal and environmental factors that impact the ability carry out daily
tasks (World Health Organization, 2001). The work in this PhD suggests that children
with CP(1) regularly experience falls in the reabrld (2) that these falls occur more
often than in children without CP, due to physiological function (e.g. inadequate
avoidance of features of a challenging environment) and environmental factors (e.g. an
uneven environment with distractions), and (3) that falls increase negative psychosocial
consequences, leading to reduced activity participation and participation restrictions.
Thus, causes and mechanisms of falls for children with CP, fit within the ICF tyremew
and the findings offer further justification for creating individualised fall prevention

programmes for children with CP.

Moreover, this PhD presents examples of the consequences of falls for children
with CP and demonstrates that these consequences can be different for each child.
Physical consequences of falls such as injury are inherent. However, psychological
impacts of &lls, such as embarrassment, fear and reduced activity participation are
evident throughout this work; these appear to be dependent on the individual and
situation. Literature emphasises the importance of individualised impacts of falls on
daily wellbeingThe Gait Outcomes Assessment Tool has been used to understand the
importance of various areas of mobility to children and parents that could improve
guality of life (Thomason et al., 2018 his contains a section for gait function and
mobility, which accounts for walking on uneven ground and a section for gait
appearance, which accounts for walking without tripping or falling. Previous work with
caregivers shows that these are importanttars for daily wellbeing of children with CP
(Boyer et al., 2022)and similar tothe ICF, highlights how falls and fall reduction is
important for the functionality, disability and health of children with CP. The ICF
additionally supports the consideration of individualised activity participation and
restriction, suggesting that theagative psychosocial consequences of falls should be
addressed to promote overall improvements in functioning, disability and health of
children with CP.

The implications of this PhD in the context of the ICF framework are important for

future work, particularly work that aims to examine tailored and applicable
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interventions and training to reduce falls in children with CP and, thus, reduce the
negative consequences of falls. Specifically, the ICF highlights that rehabilitation and
environmental change are important for prevention of activity limitation and
participation restriction. The work in this PhD provides a foundation for improving how
a child with CP navigates challenging environments through training and improvement
in ability to adapt to high fall risk environments through intervention. This has the
potential to increaseactivity participation physically and socially (e.g. walking with
friends without falling or fear of falling), that are important to overall functioning,

disability and health.
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6.7 Reflexivity

My primaryresearchinterestsare clinical human movement analysggarticulaty
in children withcerebral palsyln the early phases of thiBhDQ | becameaware of the
value of involving children and pareswithin the researchaboutthem. At conferences,
| gained insighthat PPIEvasnot yet a widelyadoptedmethodfor investigatingstability
and fall risk Childcentred methods have been core to outcomafsthis body of work
and havedeveloped my belieffor their use in futureresearch. My experience
volunteering allowed me ttruly understandhe value of investing time intoommunity
groupsand working with children and their familiemnd developgreater appreciation
for the daily experiences of falls in children with @ important to acknowledghow
my subjectiveexperiences volunteering Y R 6 dzAf RAy 3 NBf I A2y akKk.
may have influenced this workowevertheseexperiencefave alselped me to have
a more open mindwith regards tothe techniques thatcan be used to understand

complexissues

Thedesign andmplementation ofnovel researcimethods, particularly tenanage
a novel application of a watklong interview anag more uncontrolledaboratory study
than seentypically (e.g. gait analysi$)aveexpanded my view ofhow problems can be
approachedbiomechanicallyand creatively The methodology used in this PhD has
required commitment and initiative to bable tosuccessfuy capture data that moves
closer toward reflecting realorld fall experiencesAn example of this during The
Walk-Along Project (Chater 4) is travelling to places local to children and parents, to
allow the interview to be accessible. An example during the laboraiased study
(Chapter 5), is sourcing material and hand making a walkway of different terfi@ns.
move the field towards successful fall prevention for children with fGiher novel
methodsneedto be created and thertried and tested, such as a wadkong app for
identifying children, or a portable challenging walkway as a trairiow). These
techniques are the next step for fall preventimand importantly, lased on the
experience and findings of thiesearchit is my firm belief thathese techniquegan

be successful with the involvement of children with& their lived experiences
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6.8 Conclusion

This research identifiedatises and mechanisms of falls in children with CP by
exploringtheir lived experiences and using a bespoke laboratory protocol that repdicate
environmentswhere falls happenmost in the realworld. Uneven natural or built
environments are a cause of falls and néalts in the realworld and distractionsikely
increase fall risk for childremith CPMechanisms that explain instability in children with
CP and could lead to a trip or fall include lack of visual preplanning ferfsat
placement and motor impairment&.g. reduced range of motionfhat can lead to a
destabilising interaction with the environment (e.g. trip onto a pavement edge) or a
destabilising avoidance of an environmental feature (e.g. avoidance of a pothues.
work is required to fully understand distractive influescand how this changes
depending on the individual.hese novel insights provide a deeper insight than previous

stability assessments or treatment methods targeted to reduce.falls

Although children with CP seemed resigned to fallimgnow havenovelevidence
about whyand how these falls happen in the reabrld. This knowledge offerthe
potential to pave the way foa low-cost diagnostic tool for identifying children with CP
at high fall risk andmplementfall prevention training and interventiomethods that
arespecifically tailoredo realworld fall experienceOn alargerscale, heapplications
resulting from thisnew knowledgecould change the way childrewith CPare able to
move throughout their daily walking plagewithout the high occurrence of trips,
stumbles and fallsand thus thelifelong negativepsychosociatonsequencesuch as
fear, embarrassment and frustratiohat are reported brieflywithin this thesis but
experienced daily by children with Gfnally, tdoring this childcentred work to a close,

it seems fitting to turrto a summary fronthe voices of children and parents

Children with CP havéo know how todput our feet in the exact right positian
(Georggto avoida fall.In falls researchailored fallpreventionmethods arevital, since
dintervention earlier on is better, and these childrén? y detienough of that
interventiore (Elliot@ Dad) The novel knowledge presented in this body of work offers
the opportunityto inform future investigations into falland fall prevention ananly
fromthiswecantruly 6K St LJ LIS 2 LX S guaderstardl o peoie-wichave t
I t X &(Leb)t
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8 Appendices

8.1 Appendix 1.
Search strings for each database

Database

Web of
Science

Search String |
¢htL/Y 66bOSNBONIf LI faéa hw KSYA'spasiAAF |
RALX SIAFbOU ' b5 ¢htL/Y 663INRdzyyR hw afl yR
topography OR uneven OR stair* OR obstacle* OR perturbat* OR incline* OR decline* OR
hw | 80SyF hw RS&a0OSYyF hw NI YLNIhWS K& tHwoa T It
hw aFFff NA&]1E hw GNARLF hw aiddzyotS hw af)
GLIAGdNNI £ &6F&é hw aiGNHzy| &6l é&é hw aAyOf
kinematics))

(Refinedtaga R2 OdzySy i GeLiS&ay | NIAOfSévu

PubMed

ObOSNBONIf LI faedaweAltSk! 0a0NIOUB hw KSY/
ball aGA0 KSYALX STIAFaweAilt Sk! 6aiN Olie hw |
O0ANBPdzyROCAGE Sk! 6&A0GNI OGB8 hw aftlyR DENFI OS¢
GSYBANRBYYSyYy(Glt FSIGdNBatdweAlGt Sk! 0adNF Ol 8
uneven[Title/Abstract] OR stair*[Title/Abstract] OR obstacle*[Title/Abstract] OR
perturbat*[Title/Abstract] OR incline*[Title/Abstract] OR decline*[Title/Abstract] OR
slope*[Titke/Abstract] OR ascen*[Title/Abstract] OR descen*[Title/Abstract] OR

N} YLIOE¢AGE Sk! 640N OGB6 hw KAff®OeAGE Sk! 080N
NI 6§Sa¢é0¢Alft Sk! 6aiGNI OG8 hw aFFft 200dNNBY (
trip*[Title/ Abstract] OR stumble[Title/Abstract] OR slip[Title/Abstract] OR stability[Title/Abstr
hw dzyadl of So¢Alt Sk! 0adiG NI OiG6 hw olflyOSwt]
Aol 8¢ WCAGESk! 0aGNI Oi86 hw GiNIy It &HLEE D&
ASLI NI A2y w¢cAlt Sk! 0adNI OG6 hw a3FAd adl o
(refined tog full text, clinical trial, controlled clinical trial, observational, RCT, journal paper,
English)

Scopus

(TITLBBSY9 ., 6 hOSNBONI f LI fad8da hw KSYALX SIAF h
diplegi*")) AND (TITEEBSY 9 , 6 ANR dzy R hw dafl yR &dNNFI OS¢
OR topography OR uneven OR stair* OR obstacle* OR perturbat* OR*i@Rndecline* OR
slope* OR ascen* OR descen* OR ramp OR hil)) AND-ABEYES , 0TI f £t f hw &
200dNNNBy OS¢ hw aFltf NARAlE hw GNALF hw &i
O2yiUNBE hw daLl2addNI t yOd IAg/d GHv ya b NI 1S €4 éhiw
dGloArAfAdGesd hw 1AYSYLFGAOQaLL

(refinedtoca R2 OdzySy & G&LISY | NIGAOEf Séo

MEDLINE

CINAHL

. O0bOSNBONIf LIfaeda hw KSYALIX SIAF hw RAL
Il'b5 1. O63aINRBdzy R hw aflyR adNFIF 0S¢ hw LI (K
uneven OR stair* OR obstacle* OR perturbat* OR incline* OR decline* OR GBpescen* OR
RS&aO0SYyF hw NIYLI hw KAffo ' b5 1. O0FlFtftfF h
hw &ddzyotS hw atAlLl hw adloAtAde hw dzyadl ¢
dgl&é hw aAYyOf Ayl A DALFIAGIASIE o AZRIE MIwd A
(refined to- full text, English, journal article)
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8.2 Appendix 2
Data extraction summary of included papers

Author Title Participants Methods Assessment Tool  Quality
Score

Uneven Surfaces

16 children with CP
Bohmetal. Stiffknee gaitin cerebral palsy: How (14.1 + 6.2 yrs, diplegia
2014 do patients adapt to uneven ground? GMFCS-2), 13TD
children (13.5 £ 4.8 yrs)

Barefoot walking over level and uneven surfac 3D motion analysis and
(7 m walkway). Uneven surface made of EMG (8&camera Good
polyurethane floor panels. Vicon/Telemyo)

17 children with CP (5 Barefoot walking over level and uneven surfac

Do children with cerebral palsy chang 18 yrs, 10 with 3D kinematic and kinetic
Malone et . . . . ; . over (10 m walkway). Uneven surface .

their gait when walking over uneven hemiplegia, 7 with ; . data (Codamotion cx1 Good
al. 2015 . . customised using bagd pebbles scattered at .

ground? diplegia, GMFCS 1 or 2 varving anales on the walkwa system and Kistler Force

17 TD children (a8 yrs) ying ang Y
_ 20 children with CP (8

Romkes et Wa_lklng on uneven ground: How to 18 yrs, hemiplegia, ~Barefoot over level and uneven surfaces, (6 ir 3D motion analysis (22 _

patients withunilateral cerebral palsy GMFCS-2), 20 TD  walkway). Uneven surface made of : Fair
al. 2020 \ y camera Vicon)

adapt? children (818yrs) polyurethane floor panels.

Inclines and Declines

2D motion analysis and

Level versus inclined walking: timing gates (Sony MVC

10 CP (84 yrs, diplegia, Indoor conditionsbarefoot level gait analysis

géii etal. \/,AVirPhbgiaarté)br?/aclzor;lzenusneggnsul&gglrldrer GMFCS 2), 10 TD  over 7 m. Outdoor conditions: level walking ar digital camera Fair
0 paisy children (514 years)  7° incline on concrete with shoes over 7m.  Perpendicular to plane on
conditions left and right sides).
Hol et al Contractile behaviour of the medial 11 : crf;lltfjrievevvil;h ((3:|\F/)||§Z; Barefoot 3D gait analysis on a treadmill over 1 ec):grrr?eorgo\r}isgr?)lyslgi/lg
' gast.rocnem|us in cwCP d‘%””g,fo'fwa" yrs, diplegia, - ' secondslevel, inclined (+12%) and backward ] Fair
2016 uphill and backwardiownhill gait 1 or 2), 17 TD children declined {12%) ultrasound and physical

(7-16 yrs) exam
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Spastic diparetic does not directly 10 children with CP (7 tc

Mélo etal.  affect the capacity to ascend and 13 yrs, diplegia, GMFC: Barefoot walking over 10m, level, inclined (7°) 3D motion analysis (6 Poor
2017 descend access ramps: three 1 or 2), 10 TD children or declined (7°). camera Vicon)

dimensional analysis (7-13 yrs)
¢ 2 Licedz2 How do children W|trb|lateral_ spastic 18 chlld_ren Wlth CP (6 Walking with shoes indoors on level, incline (5 3D ga|t_anaIyS|s, (12

cerebral palsy manage walking on 10yrs, diplegia, GMFCS Y : o o camera Vicon). Forces fo  Good
al. 2018 - . and 10°) and decline (5° and 10°) surfaces. o

inclines? or 2), 19 TD children level and 10° ramp

Gait characteristics of children with 10 children with CP (6 3D motion analysis with
Ma et al. spastic cerebr-al palsy durmg mclmec_i 12 yrs, hemiplegia and Walking in virtual environment on treadmill CAREN system (12 came Eair
2019 treadmill walking under a virtual reality giplegia, GMFC$2), 10 level and inclined for 1 minute each. Vicon, split belt

environment. TD children treadmill).

Gait Adaptation Is Different between

the Affected and Unaffected Legs in 17 chiigren with CP (6 10 camera Vicon s

. i ‘ ' . . . : . I ystem

Choi et al. Children with Spasyc Hem|_pleg|c 18 yrs, hemiplegia, TIeadmlll V\ialkmg uphill and downhill (0°, then 100Hz, lower limb Good
2022 Cerebral Palsy While Walking on a GMFCS-2) 5°, then 10°). markers.

Changing Slope

The Effect of a New Generation of Gait Real Time Interactivt
camuncoi e Foot Orthoses on Sloped Walki' g children with CP (6 Walking on treadmill inclined and declined (- Lab, 3D motion analysis
ot al. 2024 in Children with Hemiplegia Using thef 11 yrshemiplegia,  10°, 10° and 0°), with two different types of (10 camera Vicon and Good

. Gait Real Time Analysis Interactive Le GMFCS-2) AFO. duakbelt instrumented

(GRAIL) treadmill).
Obstacles

An exploratory study of gait and
Bailes ewl. ~ functional 11 Children with CP{6 Gait assessment (level), BMWT, SWOC. Test  SWOC with hands free .
2016 out(c::gmes after neuroprosthesis use ir 17 yrs GMFCS 1 or 2) pre and post FET neuroprosthesis interventior test

cw

12 children with CP  Barefoot walking over 8 m witbr without an 2D and 3D motion

Law et al. Gait adaptation of children with (mean 13 yrs, diplegia, obstacle (1.47 m long cylindrical stick, 11 mm  analysis (Vicon system Poor
2005 cerebral palsy compared with control GMFCS unknown) 12 T diameter). Obstacle was adjusted to flat, low and 2D video from 6

children (mean 10 yrs)

and high-0, 10 and 20% leg length. cameras)
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children when stepping over an
obstacle

ObstacleCrossing During Gait in cwCF
CrossSectional Study With Kinematic

3D kinematic and kinetic

Malone et i ) 34 Children 17 CP, 17 Barefoot walking with an obstacle crossing. data (Codamotion cx1 Good
al. 2016 Analysis of Dynamic Balance and Tru D Obstacle was 10 cm hurdle .
Control system and Kistler Force
Treadmill Perturbations
Functional assessment of stretch Children walked in shoes on Sp'lt bekadmill
Flux et al. hyperreflexia in children with cerebral . under VR.enV|ronment._Short belt accgleratlor 3D motion analysis (Vicol .
palsy 38 children 24 CP 14 Tl were applied (perturbations) at three different Fair
2021 ! ) ) . " ) . system)
using treadmill perturbations intensities while children walked at comfortabl
speed.
Stairs
Sienko Stairlocomotion in .chlldr.en with Walking up and down stairs with barefoot,
Thomas et spastic hemiplegia: the impact of 19 children with cp  1inged AFO's, posterior leaf spring AFO's or 3D motion analysis (6 Good
L 2002 three different ankle foot orthosis solid AFO's. Stairs hdd.2 cm rise and 24.1 cm camera Vicon)
al. (AFOs) configurations run, 32° slope.
Uneven Surfaces and Obstacle Crossing
Pilatesbased exercises for gait and
balance in : . . Baseline and follow up walking before and aft¢ : .
ambulant children with cerebral palsy: . A . : 3D motionanalysis
Coman et al. - . , 4-weeks pilates exercise intervention. Walking . . :
feasibility 46 children with CP . (Codamotion cx1 motion Fair
2022 barefoot on uneven surface and walking over

andclinical outcomes of a randomised
controlled
trial

obstacle (23 cm hurdle). capture)
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8.3 Appendix3.

Guidance for Reporting Involvement of Patients and the Public (GRIPP) 2 checklist, long
form (Staniszewska et al., 2017)

Reported
Section and topic Item on page
No
Section 1: Abstract of paper
la: Aim Report the aim of the study 53
1b: Methods Descr_|be the methods used by which patients and the publi 53
were involved
1c: Results Reportthe impacts and outcomes of PPI in the study 53
1d:Conclusions Summarise the main conclusions of the study 53
le: Keywords LYyOftdzRS ttLYX aLIUASYU FYyR I53
terms as keywords
Section 2: Background to paper
2a: Definition Report the deﬁnmop of PPI used in the study and how it link 55.57
to comparable studies
2b: Theoretical Report the theoretical rationale and any theoretical influenc
. . . 55-57
underpinnings relating to PPl in the study

2c: Concepts anttheory

Report any conceptual models or influences used in the stu 55-57
development

Section 3: Aims of paper
3: Aim Report the aim of the study 59-60
Section 4: Methods of paper

Provide a clear description of methods by whizttients and

4a: Design the public were involved 60
. Provide a description of patients, carers, and the public
4b: Peopl I . . T ’ 1
b: People involved involved with the PPI activity in the study 6
4c: Stages of involveme Report on how PPI is used at different stages ofdfuely 61-62
4d: Level or nature of  Report the level or nature of PPI used at various stages of t 61-62

involvement study
Section 5: Capture or measurement of PPl impact

5a: Qualitative evidence If applicable, report the methods used talitatively explore N

of impact the impact of PPI in the study la
5b: Quantitative If applicable, report the methods used to quantitatively n/a
evidence of impact measure or assess the impact of PPI
5c: Robustness of If applicable, report the rigour dhe method used to capture n/a
measure or measure the impact of PPI
Section 6: Economic assessment

] . If applicable, report the method used for an economic
6: Economic assessmer n/a

assessment of PPI
Section 7: Study results
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Reported
Section and topic ltem on page

No

Report theresults of PPI in the study, including both positive

. 68-71
and negative outcomes

7a: Outcomes of PPI
Report the positive and negative impacts that PPl has had «

7b: Impacts of PPI the research, the individuals involved (including patients ani 68-71
researchers), and widémpacts

Report the influence of any contextual factors that enabled

7c: Context of PPI hindered the process or impact of PPI

68-71

Report the influence of any process factors, that enabled or

7d: Process of PPI hindered the impact of PPI

68-71

Report any conceptual or theoretical development in PPI th N

have emerged la

7ei: Theory developmen

7eii: Theory developmer Report evaluation of theoretical models, if any n/a

If applicable, report all aspects of instrumeatgvelopment and
7f: Measurement testing (eg, validity, reliability, feasibility, acceptability, n/a
responsiveness, interpretability, appropriateness, precision)

79: Economic assessme Report any information on the costs or benefit of PPI n/a

Section 8Discussion and conclusions

Comment on how PPI influenced the study overall. Describ:

8a: Outcomes oy . 73-75

positive and negative effects
. Comment on the different impacts of PPI identified in this

8b: Impacts study and how they contribute to neknowledge >
Comment on the definition of PPl used (reported in the

8c: Definition Background section) and whether or not you would suggest 76
changes

8d: Theoretical Comment on any way your study adds to the theoretical

o 75-77

underpinnings development of PPI

8e: Context Comment on how context factors influenced PPI in the stud 77-78

8f: Process Comment on how process factors influenced PPI in the stu(77-78

80: Measurement and  If applicable, comment on howell PPI impact was evaluatec

capture of PPl impact  or measured in the study n/a

If applicable, discuss any aspects of the economic cost or
8h: Economic assessme benefit of PPI, particularly any suggestions for future econo n/a
modelling.

Comment critically on the study, reflecting on the things tha
went well and those that did not, so that others can learn fr¢ 78-79
this study

PPI=patient and public involvement

8i: Reflections/critical
perspective
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8.4 AppendixA4.

Vignettes showing conversations between each child and parent in settings identified as
presenting a challenge. Speech from children is indicated in grey speech bubbles and
parents in black speech bubbles. Where conversation was consecutive between parent
and child, numbers indicate the order in which conversations were had. (Note:
Background photographs taken by participants during the vaébkg interviews. All
photographs used with full consent/assent. Canva (online graphic design tool) used to
add figues and speech bubbles (all graphics freely available under Canva's Content
License Agreement).

1.

L

Mum & Mum

“There's a few bumps in the road” *Just watch"

h —
=} i Mum
. ) B "He has a lot of falls”
5

, Mum

"Don't just nod, make sure you speak up” %

Mum

g "He doesn't have as many

" falls as his brother”
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"Watch where you are going”

Mum
(to interviewer): "Do you want me
to speak as though I do when we
are out..'watch this, watch that'?"
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Interviewer: Did you get any photos?

Child: Er, no I couldn't find anything

Photos from video of potholes child stepped
in on purpose but did not take photos of

o

Mum
"The main thing I remember being a problem
that T used to have to watch out for was when
the pavements aren't level with each other”

Mum
"He would trip but that was a long time ago”

>
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Mum
"Would that be tricky to walk on do you think?"

Mum
"Do you want to try?"

q
WS .
' "Does that feel okay or difficult?>”

? Mum

"Why?"

Mum

"Mostly your falls are from
when you're tired aren't they, or
because you can't see properly”

«i Dad

"What things make you trip over most?"
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%

Mum
"If he's walking slower and
concentrating, he's not so bad”
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8.5 Appendix5.
All photographs taken by children with CP during vedding interviews.
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