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1. Preface

The idea to complete the studies that constitute this thesis originated from a proposal by
orthopaedic surgeon Niels Wisbech Pedersen to develop a stronger collaboration bet-
ween the Motion Analysis Laboratory at Odense University Hospital and the Danish
Cerebral Palsy follow-Up Program (CPUP), with the purpose of implementing three-
dimensional instrumented gait analysis children with cerebral palsy followed in CPUP.

His initiative led to my first meeting with Anders Holsgaard-Larsen, head of research in
the Motion Analysis Laboratory at Odense University Hospital, and subsequently to our
drafting of a project protocol entitled “The effect of a specific treatment plan based on
clinical gait analysis in the cerebral palsy follow-up program” in early March 2011. After
many challenges, and meetings, methodological discussions with Sgren Overgaard and
others, and a huge effort by Anders Holsgaard Larsen, the project “Individually defined
multidisciplinary interventions for children with cerebral palsy — The impact of three-
dimensional gait analysis on gait and functional mobility” was approved as the basis for
a PhD study in late summer 2012.

The thesis is based on work carried out in the Orthopaedic Research Unit at the Depart-
ment of Orthopaedic Surgery and Traumatology, Odense University Hospital, and at the
Department of Clinical Research, University of Southern Denmark. It is based on three
clinical studies described in four scientific papers, of which two have been published
and two have been submitted to peer-reviewed journals.
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Abbreviations

The following abbreviations are used in text or legends in the thesis.

BL

CI

CP
CpPUP
FMS
Gait analysis
GDI
GMFCS
GMFM
GPS
GVS
ICC
ICF
IQR
PEDI
PedsQl
PODCI
SD

UL

Bilateral spastic cerebral palsy

Confidence Interval

Cerebral palsy

Cerebral Palsy follow-Up Program

Functional Mobility Scale

Three-dimensional instrumented gait analysis
Gait Deviation Index

Gross Motor Function Classification System
Gross Motor Function Measure

Gait Profile Score

Gait Variable Score

Intra-class Correlation Coefficient
International Classification of Function
Interquartile range

Pediatric Evaluation of Disability Inventory
The Pediatric Quality of Life Inventory
Pediatric Outcome Data Collection Instrument
Standard Deviation

Unilateral spastic cerebral palsy
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2. Introduction

This thesis focuses on younger children with spastic cerebral palsy who walk unaided.
They comprise more than half of all children with cerebral palsy. The vast majority of
the ambulatory children with cerebral palsy experience an altered gait pattern or other
walking difficulties and are dependent on healthcare interventions throughout their
childhood.

The idea to explore the use of three-dimensional instrumented gait analysis (gait analy-
sis) in individually defined interdisciplinary interventions for gross motor function
emerged from experience in clinical practice and a critical appraisal of the scientific lite-
rature, which showed that evidence for the effectiveness of gait analysis was lacking for
the patient group of interest.

In this introduction, the diagnosis and clinical characteristics of ambulant children with
cerebral palsy are presented in terms of its effect on body functions and structures as
well as activity and participation. Furthermore, a thorough description of the current
healthcare and interdisciplinary interventions and gait analysis are outlined.

2.1. Cerebral palsy: The clinical signs and their impact on walking

Cerebral palsy is a diagnosis that includes a range of conditions caused by a non-pro-
gressive brain injury occurring in the developing foetal or infant brain. Although the
brain injury is non-progressive, the neuro-musculoskeletal and movement-related fun-
ctions may deteriorate and cause activity limitation [1].

According to the Surveillance of Cerebral Palsy in Europe the definition of cerebral palsy
must include the following five key elements:

“Cerebral palsy is a group of disorders;

- It is permanent but not unchanging;

- It involves a disorder of movement and/or posture and of motor fun-
ction;

- It is due to a non-progressive interference/lesion/abnormality;

- This interference/lesion/abnormality is in the developing/immature
brain”[1a]

Cerebral palsy is the most common congenital motor disability in childhood with a pre-
valence of 1.5-3.0/1000 live births (95% CI: 1.32 — 1.68 and 2.69 — 3.31) in Europe [1].
The latest published prevalence for a Danish cohort is 2.4 per 1000 live births (95% CI:
1.8 — 3.2) for children born from 2003 to 2008 in the Region of Southern Denmark [2].
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Introduction

The diagnosis of cerebral palsy can be categorised into four subtypes: spastic (unilateral
or bilateral), dyskinetic, ataxia, and mixed form [1]. The subtype is supplemented with
a classification of gross motor function using the Gross Motor Function Classification
System (GMFCS) [3]. The GMFCS is an ordinal scale with five levels of function, repre-
senting clinically meaningful distinctions in motor function. Children at level I are the
least disabled, although they may have limitations in advanced motor skills. Children at
level V have the most severe motor disability. Approximately 65% of all children with
cerebral palsy walk independently without aids and are consequently classified at
GMFCS level I or IT [4].

The clinical signs of cerebral palsy gradually develop during the first years of life and
become visible as the child grows and the central nervous system matures. The first
signs of cerebral palsy may be early development of hand dominance in grasping, around
3 to 6 months of age or delayed development of unsupported walking, around 18 to 24
months of age [5]. The most common clinical signs of spastic cerebral palsy are muscle
weakness and muscle imbalance across joints, altered muscle tone, reduced passive
range of motion, and deformity of bones and joints [1, 6, 7], which often lead to an alte-
red gait pattern, such as stiffness of the knee in the swing phase of gait, excessive hip
and knee flexion (crouch gait), intoeing and equinus [8]. Furthermore, the children
experience activity limitations (e.g. in dressing, feeding and functional mobility) and
restricted participation (e.g. when playing or participating in social, school and commu-
nity activities), compared with their typical peers [9].

The development of gross motor function is often delayed and some functions may
never be achieved. The children walk independently later than their peers, they walk at
a slower pace and with an increased energy consumption [10]. According to the GMFCS,
walking performance in children at GFMCS levels I and II after 6 years of age can be
described as walking without limitation (GMFCS level I) and walking with limitation
(GMFCS level IT) [3]. Most children at GMFCS level I walk independently on all surfaces
at 5, 50 and 500 meters, corresponding to walking at home, at school and in the com-
munity, according to the Functional Mobility Scale (FMS). However, some children can
only walk independently on even surfaces and a few use sticks at 500 meters. The degree
of independence in mobility is more diverse among children at GMFCS level II. The
majority are independent on even surfaces, some use sticks, a walking frame (5, 50 and
500 meters) or a wheel chair (500 meters) for independent mobility [4].

When the children and their parents are asked to identify factors that adversely affect
health-related quality of life, the amount of gait pathology has been shown to play an
important role [11]. Furthermore, children, parents and healthcare professionals iden-
tify impairments in body function and structure as well as gross motor skills as domains
they would like to see impacted by interventions [12].

2.2, Healthcare and interdisciplinary interventions

People in Denmark have universal and free access to health care. The responsibility for
healthcare is shared between regions and municipalities. The municipalities are respon-
sible for interventions by orthotists, physiotherapists and occupational therapists. The
regions are responsible for the hospitals and thus, interventions such as spasticity mana-
gement and orthopaedic surgery handled by orthopaedic surgeons and paediatricians
[13]. Guided by the problems faced by each child, interventions are individually planned
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Introduction

to help the child and family to achieve their goals [14].

The healthcare professionals offer standardised clinical examinations throughout child-
hood using the Cerebral Palsy follow-Up Program (CPUP) developed in Sweden more
than 20 years ago [13]. The use of the surveillance program and the associated national
clinical quality database is designed to lead to early detection of complications, such as
hip dislocation, scoliosis, and muscle contracture as well as to improvements in the qua-
lity of healthcare [13, 15]. The CPUP uses threshold values and three categories inspired
by traffic light signals on passive range of motion and migration percentage of the hip
joint to guide clinical decisions. For children on GMFCS levels I to III, the threshold
values of passive range of motion are set to ensure that the patient is able to dorsiflex
adequately in the stance and swing of walking [16]. The CPUP uses the following inter-
pretation for the three categories of passive range of motion:

“Green means “clear” and that no indication of deterioration was
noted during assessment, yellow indicates that vigilant observation or
potentially treatment is recommended, and red indicated “alert” and
that treatment is urgently needed (assuming no specific contra-indi-
cations)” [17a].

The current interdisciplinary interventions offered by the municipal and regional health-
care providers to children with cerebral palsy at GMFCS levels I and II, are described
below. The interventions have been offered to participants in the experimental and the
control group in Study II.

Municipal healthcare

In the municipalities, physiotherapists responsible for interventions are affiliated with a
range of different institutions, such as rehabilitation centres, nurseries, special needs
schools, and independent clinics [13]. The physiotherapeutic interventions aim to pre-
vent deterioration in, or to improve, body functions and structures and enhance the
child’s ability to perform activities and participate in social roles. A large variety of inter-
ventions are used depending on the problems faced by the individual child, and the
clinical expertise and facilities available. An experience-based list of the interventions
used within the framework of the International Classification of Function (ICF) is shown
Table 1.

Orthopaedic surgeons and paediatricians prescribe orthoses that subsequently are
financed by the municipalities under social legislation. Private companies provide the
orthoses, based on the defined aims, the described impairments and the family’s wishes.
The orthotics are primarily aimed at the joints in the ankle and foot to support stability
or mobility of the joints, or to support muscle function [18]. The most commonly used
orthoses are the ankle/foot orthoses, insoles/foot orthoses and the dictus band/ankle
strap.

The organisation of healthcare in Denmark, and the diverse geographic location across
23 municipalities of the 60 participants in Study II, has led to 58 physiotherapists and a
large number of prosthetics being involved in the interventions offered to the partici-
pants.
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Regional healthcare

The paediatric departments offer interdisciplinary consultations, where children,
parents, and the local healthcare team consisting of professionals from the municipal
and regional healthcare systems meet and agree on future surveillance, coordinate com-
mon goals and plan interdisciplinary interventions for the child [13].

Paediatricians and orthopaedic surgeons are responsible for spasticity management.
The most frequently used intervention is injection of Botulinum toxin type A in

hyperactive muscles in the lower extremities, most often the Gastrosoleus muscle [19].

Treatment in the form of orthopaedic surgery is performed at highly specialised centres.

Table 1. The most common interventions used by physiotherapists in Denmark

ICF dimensions

Name of intervention

Description

Body functions and
structures

Fitness training

Strength training

Stretching

Planned structured activities involving
repeated movement of skeletal muscles that
result in energy expenditure.

Training with the use of progressively more
challenging resistance to movements to
improve muscle function.

Use of an external passive force exerted upon
the limb to move it into a new and
lengthened position.

Activity
(Motor activities)

Functional training

Goal-directed training

Hippo-therapy

Home programs

Task-specific practice of functional tasks.

Specific practice of child-set goal-based
tasks.

Therapeutic horse riding to practise postural
control, balance and symmetry.

Practice of tasks by the child, led by the
parent or other adult and supported by the
therapist, in the home or school

environment.
Hydrotherapy Aquatic-based exercises.
Neurodevelopmental Direct, passive handling and guidance to

therapy (NDT, Bobath)

improve performance.

Participation

Assistive technology

Equipment or devices to improve
independence e.g. walking frames and
wheelchairs.

Abbreviations: ICF: International Classification of Function.
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Some of the most common surgeries are tendon transfers, muscle tendon lengthening,
rotational osteotomy and stabilisation of joints. The surgeries aim to restore joint mobi-
lity, muscle function, stability and lever arm function [20].

In total, six paediatric departments and two departments of paediatric orthopaedic sur-
gery were involved in the healthcare of children with cerebral palsy in Study II.

2.3. Gait analysis

The purpose of gait analysis is to record biomechanical data on the movements and for-
ces on the body segments during gait [21]. Since the introduction of gait analysis
laboratories in the early 1980s, the objective biomechanical measurements during gait
have played a major role in the development of surgical interventions used in the treat-
ment of children with cerebral palsy [22]. Today, gait analysis has developed into an
essential part of research in, and clinical practice for, ambulant children with cerebral

palsy [21].

Referral to gait analysis is dependent on institutional guidelines or the clinical reaso-
ning of the individual paediatrician or orthopaedic surgeon [21], as there is no
international consensus on referral criteria.

In clinical practice, gait analysis is used for the diagnosis between disease entities, the
assessment of severity, the extent or nature of the disease, the monitoring of progress
and the prediction of outcomes of the intervention [21].

Studies have shown that gait analysis affects the decisions regarding orthopaedic surgi-
cal interventions [23-25], and that good agreement can be obtained between
recommendations based on gait analysis and the surgery performed [25-28]. Further-
more, gait analysis has been used in research to evaluate interventions, such as selective
dorsal rhizotomy [29, 30], orthopaedic surgery [31], botulinum toxin [32] and different

types of physiotherapy [33-35].

Data collection in clinical practise

The methods currently used to perform gait analysis in children with cerebral palsy at
GMFCS levels I and II at the Gait Analysis Laboratory at Odense University Hospital are
described below. Some of the methods have been applied to participants in Study II, as
outlined in detail in chapter 4 in section 4.3 Outcome measures and 4.4 Interventions.

Typically, the examination of a child consists of functional tests, measurement of body
segments, recording and processing of gait, and a physical examination [21]. The indi-
vidual parts of the examination are often adapted to the individual child, based on a
weighing up of the possible gains relative to the expected time consumption in an exten-
sive examination [36].

To support the interpretation of the biomechanical data, functional tests are used to
establish the gross motor capacity of the child [37]. Non-standardised tasks, such as
standing on one leg, toe walking or different kinds of jumping; and standardised mea-
sures of gross motor capacity, such as the Gross Motor Function Measure [38] and
1-minute walk test [39] are used in the interpretation of the examination.
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Measurement of the child’s height, leg length, joint width and body weight are taken
[36].

Data are typically collected while the child walks the length of an approximately 10-meter
walkway a minimum of 10 times during the examination [21]. The central measurement
in gait analysis is the recording of data on the movement of the body segments in three
dimensions with an optoelectronic tracking system using reflective markers placed on
the skin over bony landmarks. The data allows the quantification of joint movement
(joint kinematics). The joint kinematics are supplemented with data from multicompo-
nent force plates recording the position of the ground reaction forces, as the child walks.
The recordings are used to calculate the moments that the muscles and other soft tis-
sues are exerting at the joint (kinetics). Besides kinematic and Kkinetic data,
temporal-spatial data are collected, mainly walking velocity, steps per minute, step and
stride length and step width [21].

A thorough physical examination is conducted for comparison with the biomechanical
data [36]. Muscle weakness, altered muscle tone, reduced passive range of motion and
deformities are the common clinical manifestations of cerebral palsy and are measured
using standardised methods [37].

Interpretation, recommendations and dissemination

Although data from gait analyses are objective, the interpretation of data, recommenda-
tions of interdisciplinary interventions and dissemination of recommendations are, to
some extent, subjective. Studies have documented large discrepancies in physicians’
interpretations of data when identifying soft-tissue problems and bone deformities of
the lower limb [40], poor agreement between specific surgical recommendations across
surgeons and institutions [41] and large variation in the compliance between guideline
recommended surgery and performed surgeries [26, 27, 42].

The approach called Impairment-Focused Interpretation is based on the principles that
the process and the resulting report should be relevant, succinct, evidence-based, trans-
parent, within the competence of the authors and time-efficient [36]. The overall aim is
to identify and report the impairments that are affecting an individual’s gait. The met-
hod does not consider or report on other factors, such as institutional resources or
preferences of the child and family, which might influence clinical decisions about inter-
ventions [43]. The clinimetric properties of the method have not been reported.

In the report, the impairments that are affecting the child’s gait pattern are described by
body part (such as bone or muscle) and what is wrong with it (such as altered muscle
tone, contracture, deformity or weakness). Furthermore, the underlying features in the
gait data displayed in the graphs and supplementary data (e.g. physical examination
and gross motor function performance), that identify the impairments are well docu-
mented [36]. The method is carried out in four parts: 1) orientation, 2) mark-up, 3)
grouping and 4) reporting, as displayed in Table 2 [36].

Textbooks on clinical interpretation of gait analysis have proposed guidance on the
choice of treatment recommendation [37, 44]. Miller (2007) presents a description of
segments and joint compensations and proposes the use of gait treatment algorithms
based on the cerebral palsy subtype, the child’s age and the movement features affecting
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Table 2. Impairment focused interpretation
Description of the four parts of the Impairment-Focused Interpretation and examples of how the

information is disseminated in the report.
1) Orientation
Review information about

«  Background and diagnosis

+ Classification of gross motor function
and performance

« Patient-reported function

+ Current and past interventions

Walking pattern and gait data

«  Visual observation of gait (video)
+ Summary scores of gait

« Temporal-spatial parameters

«  Check consistency of gait data
«  Selection of one representative trial

2) Mark-up
Marking features
e Marking features on gait graphs using
symbols, colours (side) and letters. See
example of dorsiflexion

List the features

« Type of symbol, side, variable (graph)
and timing

3) Grouping
Group and describe

«  Group features and supplementary data

« Describe: evidence (Clear, Probable,
Possible), effect on walking (minor,
moderate, major) and features not
grouped.

4) Reporting
Finish the report
e Write other comments to the

interpretation, if relevant (e.g. warnings,
uncertainty).

Example: Informations in the report

»  Spastic unilateral cerebral palsy

«  GMFCSlevel IT-FMS6 -6 —1.
1-min walk: 82.5 meter

«  PODCI Global Functioning Scale: 72

«  Past interventions: Physiotherapy

e OQverall Gait Deviation Index: 90.6
«  Walking speed 1.18 m/s (96% of normal)

Example: Gait Data - ankle dorsiflexion

=30

d Too little right dorsiflexion in stance
e too little dorsiflexion in swing.

Example: Impairment

Impairment: Left plantar flexor spasticity
Documented with feature d and e; and
spasticity and normal passive range of
motion in the physical examination.

Evidence: Clear - Effect: Moderate.

Abbreviations: Gross Motor Function Classification System
(GMFCS), Pediatric Outcomes Data Collection Instrument
(PODCI), Functional Mobility Scale (FMS),
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the child’s gait [37]. It is recommended that the formal treatment recommendations are
made by healthcare professionals with relevant specific backgrounds, i.e. only an ortho-
paedic surgeon should make recommendations about orthopaedic surgery [36].

The results and recommendations for interventions are typically presented in a report
that is distributed to the referring physician [27], but discussion of the recommendati-
ons with the surgeon who will perform the operation has also been proposed [25].

2.4. Summary — Motivation for the studies

Gait analysis has become an important and reliable method of clinical assessment of
gait in ambulant children with cerebral palsy [22, 45, 46]. Nevertheless, the referral to
gait analysis is dependent on institutional guidelines or the clinical reasoning of the
individual paediatrician or orthopaedic surgeon[21]. The CPUP ensures continuous sur-
veillance of all children with cerebral palsy with the same standardised assessments
throughout childhood and, thus, is a common basis for decisions about interdisciplinary
interventions. In CPUP, overall gross motor function and functional mobility are evalu-
ated by standardised classification systems and measures [13]. However, the gait pattern,
i.e. the manner of walking used by the child is not evaluated. Hence, the idea of combi-
ning the CPUP with the use of gait analysis in the interdisciplinary interventions for
children with cerebral palsy emerged when the implementation of CPUP in Denmark
was initiated.

A literature search showed that gait analysis has primarily been investigated as a mea-
surement method. Furthermore, a few studies reported its effectiveness for evaluating
outcomes of the types of orthopaedic surgical interventions used [23-25], of orthopae-
dic surgery of the lower limb [42] and of individualised physiotherapy [34, 35].

Thus, the research question for this thesis emerged from experience in clinical practice
and a critical appraisal of the scientific literature, revealing unknown effectiveness of
the use of gait analysis in interdisciplinary interventions for children with cerebral palsy.

In the planning of Study II, we became aware that the clinimetric properties of the Gait
Deviation Index, a summary measure of overall gait, had only partly been described in
the literature, which is the motivation for carrying out Study I.

The interpretation of the gait analysis from the baseline assessment revealed some chil-
dren with severely reduced passive range of motion (corresponding to the red values in
the traffic light signal used by the CPUP) were walking with only minor deviation in
their gait measured with the Gait Deviation Index, which encouraged the completion of
Study III.
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3. Study aims and hypotheses

The overall aim of the thesis was therefore to investigate the use of gait analysis in indi-
vidually defined interdisciplinary interventions for children with cerebral palsy. The
specific study aims are listed below.

3.1. Study I. Test-retest

The aim of this study was to investigate the intra-rater reliability and agreement of the
most common gait summary measures: the Gait Deviation Index, the Gait Profile Score
and the Gait Variable Score in children with cerebral palsy across two repeated sessions.

3.2. Study II. Randomised controlled trial

This study aimed to determine if individually tailored interdisciplinary interventions
with gait analysis lead to greater improvements than individually tailored interdiscipli-
nary intervention without gait analysis in overall gait pathology, walking performance
and patient-reported outcome measures of function, disability and health-related qua-
lity of life.

The predefined hypotheses were:

H1) The use of gait analysis in the planning of individually tailored interdisciplinary
interventions would be superior in improving overall gait pathology (evaluated by the
Gait Deviation Index (primary outcome)) compared with ‘usual care’ in children with
cerebral palsy at GMFCS levels I and II.

H2) The use of gait analysis in the planning of individually tailored interdisciplinary
interventions would be superior compared with ‘usual care’ in improving walking per-
formance (1-min walk test) and patient-reported outcomes of functional mobility
(Pediatric Evaluation of Disability Inventory), overall health, pain and participation in
normal daily activities (Pediatric Outcomes Data Collection Instrument) as well as
health-related quality of life (Pediatric Quality of Life Inventory Cerebral Palsy Module)
in children with cerebral palsy at GMFCS levels I and II.

3.3. Study III. Cross-sectional study

The aim of this study was to investigate the threshold values used by the CPUP by testing
the hypothesis that passive range of motion in ankle dorsiflexion is associated with gross
motor function and that gross motor function differs between the groups of participants
in each category. Gross motor function is measured by various methods describing the
overall gross motor capacity, the ankle-specific gait capacity, and the use of gross motor
skills in everyday life.
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4. Methods

4.1. Study outline, registration and ethics

The thesis is based on the above three studies with the following methodological design:
Study I Intra-rater reliability and agreement study

Study II Randomised controlled trial

Study III Cross-sectional study

Study registration

The studies have been reported to the Danish Data Protection Agency (2008-58-0035).
ClinicalTrials.gov have been used for study registration (NCT:02160457, Registered
09.06.2014) and the information on the site has been updated throughout the study
(Updated 17.07.2015, 17.07.2016 and 20.07.2017), including the statistical analysis plan
(Uploaded 25.07.2017).

Ethics

Ethics approval was obtained from the Committee for Medical Research Ethics in the
Region of Southern Denmark (S-20120162) and the studies were conducted in accor-
dance with the Declaration of Helsinki.

Children and parents were given verbal and written information about the study,
experimental procedure and potential risks, such as discomfort when the patches with
the reflective markers were removed and fatigue during the examinations. Furthermore,
children and parents were informed that participation was voluntary and that, at any
stage in the study, they could decide to discontinue participation without giving any
reason and without it having consequences for their further treatment. Informed
consent to participate was obtained verbally from the children, and in writing from the
parents.

4.2. Participants and sample size
The number of participants, age, sex, cerebral palsy subtype and gross motor function
of the participants are outlined in Table 3.

Reference group

The three studies investigated gait in children with cerebral palsy using gait summary
measures that calculated the deviation from the gait of a reference group of typically
developing children, preferably collected in the same gait analysis laboratory.

The Gait Deviation Index and Gait Profile Score are speed-dependent [47, 48], which
can be managed by using a reference group with a walking speed similar to the study
group.
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The existing reference data used at our centre were from 15 children aged 7 to14 years.
To mimic the age and thereby also the height and walking speed of the participants in
the three studies, we supplemented the existing reference group with gait data from an
additional 15 children aged 5 to 10 years without gait impairment. Thus, a reference
group of 30 typically developing children aged 5 to 14 years was used to calculate the
gait summary measures in the three studies.

Participants for the reference group were recruited from September 2012 to February
2013 by the research unit and through personal networks.

Study I. Test-retest

Through e-mail and an oral presentation at a national conference, the principal investi-
gator (HMR) invited physiotherapists and medical doctors affiliated with our institution
to participate in the recruitment of participants. The healthcare professionals encoura-
ged children and their parents to participate in the study by contacting the principal
investigator (HMR). Children were enrolled after screening for eligibility, and were
tested and retested from March to October 2013. Eligibility criteria were age of 5 to 12
years, a diagnosis of spastic cerebral palsy at GMFCS levels I or IT and could coorporate
to complete the gait analysis. Exclusion criteria were: orthopaedic surgery or injection
with botulinum toxin type A within 6 or 3 months prior to baseline assessment, respec-
tively.

To mimic clinical practice and the sampling of data for the planned RCT study (Study
IT), three teams of two assessors conducted the data collection at the Motion Analysis
Laboratory at Odense University Hospital.

Sample size
The sample size of the study was determined with an expected Intra-class Correlation

Coefficient (ICC) of 0.89 for the Gait Deviation Index (primary outcome of the RCT), as
reported by Miller et al. [49] and a 95% confidence interval (CI) of + 0.1, resulting in a
sample of 18 children.

Study II. Randomised controlled trial

Children registered in the CPUP in the Region of Southern Denmark and the North
Denmark Region were screened for eligibility and invited to participate in Study II. Eli-
gibility criteria were age of 5 to 8 years and a diagnosis of spastic cerebral palsy at
GMFCS levels I or II. Exclusion criteria were: orthopaedic surgery or injection with
botulinum toxin type A within 52 or 12 weeks prior to baseline assessment, respectively.
Furthermore, the children schould to be able to participate in the examination and their
parents needed to speak and understand Danish. Participants were recruited from June
2014 until June 2016 and data were collected from August 2014 to July 2017. Questi-
onnaires were mailed to the parents prior to the examination at the Motion Analysis
Laboratory at Odense University Hospital.

Sample size
The sample size for this study was based upon the Gait Deviation Index (primary out-

come), collected in Study I, which included a comparable group of children with cerebral
palsy (mean Gait Deviation Index 79.3, SD 12.0). A minimum clinically important diffe-
rence in the Gait Deviation Index has been defined as 7.9 points by the current group of
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Table 3. Participants in the studies

Reference Study I Study II-111
Number, n 15 18 60
Age, mean (SD) 6y10 m (1y8m) 8yom (2y1m) 6y10m (1y3m)
Sex, boys/girls, n (%) 7/8 (47/53) 12/6 (67/33) 21/39 (35/65)
CP subtype, UL/BL, n (%) - 10/8 (56/44) 43/17 (72/28)
GMFCS1/1I, n (%) - 9/9 (50/50) 42/18 (70/30)

Abbreviations: BL: Bilateral spastic cerebral palsy; CP: Cerebral palsy; GMFCS: Gross Motor Function Classification System; SD:
Standard deviation; UL: Unilateral spastic cerebral palsy (UL).

authors a priori, which is equivalent to an improvement of 10%, as suggested by Swartz
et al. [30]. A minimum of 29 subjects in each group (n = 58) was required with alpha =
0.05 and 80% power. Following these estimations, it was decided to include 60 children
in total (30 participants in each group), allowing for a dropout rate of 5%.

Study I11. Cross-sectional study
We performed a cross-sectional study based on selected data from the baseline assess-
ment in Study II, the randomised controlled trial.

4.3. Outcome measures

In this section, the outcome measures used in this PhD thesis are presented together
with their clinimetric properties. The outcome measures are selected to cover the three
individual dimensions of body function and body structures, activities and participa-
tion, and the two contextual dimensions of environmental factors and personal factors
of the International Classification of Functioning, Disability and Health, version for
Children and Youth (also called ICF-CY). The outcome measures, the ICF Domain they
are affiliated with and their use in the studies are described in Table 4.

Diagnosis, subtype and classification of function

Date of birth and diagnosis were collected from the child’s paediatrician at the initial
screening for eligibility. Subtype and classification of function are used to describe par-
ticipant characteristics (Studies I-III) and are used in the clinical interpretation of the
gait analysis (Study II).

The GMFCS was used to classify the child’s ability to perform self-initiated movements
related to sitting and walking [50]. The GMFCS has strong construct validity with the
Gross Motor Function Measure [51] and good inter-observer and test-retest reliability

[52].
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Table 4. Outcome measures

ICF-CY Domain Study
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Diagnosis, subtype and function
Age and diagnosis X X X X
GMFCS X X X X
Functional Mobility Scale X X X
Instrumented gait analysis
GMFM 66 items version X X
1-minute walk X X X
Gait Deviation Index X X X X
Gait Profile Score X X
Gait Variable Score X X X
Physical examination X X
Patient reported outcome measures
PEDI mobility scale X X X X
PODCI X X X X X
PedsQl Cerebral Palsy Module X X X X X X

Abbreviations: GMFCS: Gross Motor Function Classification System; GMFM: Gross Motor Function Measure; PEDI: Pediatric
Evaluation of Disability Inventory; PODCI: Pediatric Outcome Data Collection Instrument; PedsQl: The Pediatric Quality of Life
Inventory.
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The Functional Mobility Scale was used to quantify the child’s independent mobility
according to the need for assistive devices in different environmental surroundings [53].
Evidence of construct validity [54], inter-rater reliability with ICCs of 0.94 to 0.95 [53]
and inter-observer reliability with weighted kappa coefficients of 0.86 to 0.92 [55] have
been documented.

Three-dimensional instrumented gait analysis
The gait analysis consisted of the following elements:
« Recording and processing of the gait,
« Calculation of the gait summary measures,
« Assessment of gross motor function and walking, and
« Physical examination.

All described in the following sections. The data collected during the examination were
used as outcome measures in the studies and/or for clinical interpretation in Study II.

Recording and processing of the gait
As part of the gait analysis, height (centimetres), leg length (centimetres) and body

weight (kilograms) were measured.

Gait analysis with three-dimensional kinematics and kinetics was performed using a
6-camera Vicon MXo03 system (Study I) or an 8-camera Vicon T40 system (Study II)
(Vicon, Oxford, UK) operating at 100Hz. Ground reaction forces were recorded using
two force plates (AMTI, OR6-7-1000, Watertown, MA, USA), sampling at 1000Hz.

The children walked barefoot and, if relevant, also with orthotics and shoes, at a self-sele-
cted speed along a 10-m walkway until at least five acceptable trials (Study I) or ten
acceptable trials (Study II) were collected for each child. Furthermore, if possible, five
trials with walking speed matched to that of the baseline examination were collected
(Study II). Subsequently, the parents were asked to confirm that the performance was
representative of the regular gait function of their child. If not, additional trials were
performed until confirmation was achieved.

The Helen Hayes marker set and corresponding Plug-in-Gait model were used to gene-
rate the kinematic data [60]. Vicon Nexus software (version 1.7.1 - 1.8.5) and Vicon
Polygon software (version 3.5.2 - 4.3) were used for data processing to define gait cycles
of the trials from each participant. Five trials of self-selected speed from each session
were selected (Study I and Study II). Furthermore, if possible, five trials with a consi-
stent velocity (+15%) with walking speed matched to that at baseline were also selected
(Study II).

Both kinematic and kinetic data were used for the clinical interpretation (Study IT) and
the kinematic data were used to calculate the gait summary measures (Gait Deviation
Index, Gait Profile Score and Gait Variable Score) as outcome measures (Studies I-II).

Calculation of gait summary measures
An overview of the use of gait summary measures in the studies and manuscripts is out-

lined in Table 5. In study III, the most affected leg was defined as the leg with the most
serverly reduced range of motion in the ankle joint, i.e. the leg where one or both
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measurements were classified into the red or yellow category and, if similar in range of
motion, the leg with the lowest Gait Deviation Index was chosen.

Gait Deviation Index

The Gait Deviation Index is an overall quantitative index that summarises the gait pat-
hology for each participant by comparison with a non-pathological gait. A Gait Deviation
Index of 100 represents the absence of gait pathology, and each 10-point decrement
below 100 indicates approximately one standard deviation from normal gait kinematics
[61]. Satisfactory concurrent and construct validity of the Gait Deviation Index in chil-
dren with cerebral palsy have been shown [61, 62]. Responsiveness of the Gait Deviation
Index has been shown by comparing the Gait Deviation Index before and after surgical
lengthening of the Gastrocnemius in children with cerebral palsy [63].

Table 5. The use of gait summary measures

Study I Study II Study III
Gait Deviation Index
Each leg X
Most affected leg X
Average of both legs X X
Gait Profile Score
Each leg X
Overall Gait Profile Score X
Gait Variable Score
Each leg X
Most affected leg X

The Gait Deviation Index has been reported as a reliable measure within a single session
for children with cerebral palsy [64]. Intra-tester reliability and agreement across two
separate sessions have been investigated for typically developing children, demonstra-
ting limits of agreement of £10 points and a non-significant difference between the two
sessions [64], but have not previously been investigated in children with cerebral palsy.
As described in the results section of this thesis, excellent intra-rater reliability and
acceptable agreement across two repeated sessions in a group of children with cerebral
palsy were documented for the Gait Deviation Index in Study I [65].
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Gait Profile Score

The Gait Profile Score is another overall quantitative index that, as the Gait Deviation
Index, summarises the gait pathology for each participant by comparison with a non-pat-
hological gait. It is obtained from the same gait kinematics as the Gait Deviation Index
and is calculated on all gait features representing the root mean square difference bet-
ween the participant’s data and the average from the reference dataset [47]. Satisfactory
face and criterion validity of the Gait Profile Score in children with cerebral palsy have
been shown [66] and responsiveness has been documented by comparing the Gait Pro-
file score before and after surgical lengthening of the Gastrocnemius [67].

Intra-tester reliability and agreement across two separate sessions have not previously
been investigated in children with cerebral palsy. As described in the results section of
this thesis, excellent intra-rater reliability and acceptable agreement across two repea-
ted sessions in children with cerebral palsy were documented for the Gait Profile Score
in Study I [65].

Gait Variable Score

The Gait Variable Score is a quantitative index in relation to Gait Profile socre, which
summarises the gait pathology for each joint and is obtained from each of the gait kine-
matics used by the Gait Deviation Index and Gait Profile Score. It is calculated for each
gait feature and represents the root mean squared difference between the participant’s
data and the average from the reference dataset [47]. The Gait Variable Score is illustra-
ted by the Movement Analysis Profile (Figure 1).
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Figure 1. The Movement Analysis Profile

An example of the Movement Analysis Profile which is a graphical
presentation of the scores of the 15 kinematic variables of the Gait Variable
Score that together form the basis for calculation of the Gait Profile Score.
The black areas are based on data from the reference group, and thus
represent non-pathological gait kinematics, while the coloured areas
representent the left limb, right limb and overall data from the patients being
examined.

Abbreviations: Gait Profile Score: GPS, Interquartile range: IQR.
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Satisfactory face validity and criterion validity of the Gait Variable Score in children
with cerebral palsy have been shown [66]. Investigation of intra-session variability has
suggested that the Gait Variable Score is a reliable measure within a single session [47].

Intra-tester reliability and agreement across two separate sessions have not previously
been investigated in children with cerebral palsy. As described in the results section of
this thesis, fair to good intra-rater reliability and acceptable agreement across two repe-
ated sessions have been shown for the Gait Variable Score in children with cerebral
palsy and were documented in Study I [65].

Assessesment of gross motor function and walking
Gross motor capacity was assessed using an experience-based selection of a minimum

of 17 items from the 66-item Gross Motor Function Measure and subsequent calcula-
tion of the GMFM-66 score using the Gross Motor Function Measure Estimator software
[38]. The Gross Motor Function Measure is an evaluative measure of motor function
designed to document motor change in children with cerebral palsy [56]. The clinime-
tric properties of the measure and selected items of the measure have been extensively
investigated. Excellent levels of reliability and high construct, criterion and content vali-
dity have been reported [57, 58].

Table 6. Physical examination

Muscle function | Muscle tone Range of motion Deformities
Kendall 0-5 Modified Goniometer Goniometer
Ashworth Observation
Tardieu
Hip flexion Extension
B Hip extension Abduction
an Intermal rotation
External rotation
8 Knee extension Hamstring Popliteal angle Tibial torsion
.ﬁ Knee flexion Rectus femoris Hamstring shift Knee (valgus / varus)
o Quadriceps lag Knee extension
= Quadriceps lag
Q Rectus femoris
Q
S| length
w
- Plantar flexion Plantar flexor Dorsiflexion Posture of feet
j): Dorsiflexion (knee 90° and 0°)
o Inversion
= Eversion
@ Confusion test
=<
=
<
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Flexed knee Extended knee

“Clear and that no indication of deterioration was
noted during assessment’”.

>10° - <20° >0° - <10°

”Yellow indicates that vigilant observation or
potentially treatment is recommended”.

‘ Sloo SOO

‘Alert” and that treatment is urgently needed
(assuming no specific contra-indications)”.

Figure 2. Ankle dorsiflexion

Clinical cut-off points, clinical interpretation for the three categories of passive range of
motion and illustration of the examination of passive range of motion in ankle
dorsiflexion with flexed and extended knee [16a, 174a].

Photograph used with permission from the Cerebral Palsy follow-Up Program in the
Capital Region of Denmark.

Walking performance was measured with the 1-minute walk test as described by McDow-
ell et al. [39]. Children were asked to walk as fast as possible without running on a
20-metre track for 1 minute. The test has demonstrated a high correlation with gross
motor function [59] and good test-retest reliability with ICC values of 0.94 for children
with cerebral palsy [39].

Physical examination
A thorough physical examination was completed after the data collection with gait ana-

lysis (Study II). The examinations were conducted as described by the CPUP [68] and
Baker et al. [36] and consisted of the measures described in Table 6. The clinical exami-
nations were used for clinical interpretation of the gait analysis, except passive range of
motion in the ankle joint, which was also used in Study III.
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The clinical cut-off points and clinical interpretation for the three categories of passive
range of motion in ankle dorsiflexion with flexed and extended knee used in Study III,
are described in Figure 2.

Patient-reported outcome measures

Pediatric Evaluation of Disability Inventory
The Mobility Scale of the original Pediatric Evaluation of Disability Inventory evaluates

the child’s functional mobility in everyday activities with regard to functional skills and
amount of caregiver assistance [69]. A Danish version was applied as a parental questi-
onnaire and its content and discriminative validity have been established in children
with cerebral palsy [70, 71].

Pediatric Outcomes Data Collection Instrument

The Pediatric Outcomes Data Collection Instrument assesses overall health, pain and
participation in normal daily activities. Concurrent and discriminant validity have been
assessed by comparing the Pediatric Outcomes Data Collection Instrument with other
measures of health and well-being, gross motor function and diagnostic subgroups in
children with cerebral palsy [72]. Moderate to good test-retest reliability with ICC values
of 0.71 to 0.97 have been reported in children with orthopaedic or musculoskeletal dis-
orders [73].

The Pediatric Quality of Life Inventory Cerebral Palsy Module
The Pediatric Quality of Life Inventory Cerebral Palsy Module is a measure of health-re-

lated quality of life, specifically designed for children with cerebral palsy. It is based
upon the parents’ report and measures physical, emotional, social and school functio-
ning. Construct validity and discriminative validity of the original version have been
supported by comparing the scores from children with cerebral palsy with a generic
measure of the same construct with those from children without disability. Satisfactory
reliability with ICC values of 0.42 to 0.84 were demonstrated in the same study [74]. A
linguistically validated Danish version was used [75].

Recommended and applied interventions
Records of the recommended and parent-reported applied interventions were used to

explore the type and number of interventions in the two intervention groups with regard
to the four categories: orthopaedic surgery, spasticity management, physical therapy
and orthotics [14, 20]. Information about the recommended interventions was collected
at the release of the gait analysis report. The applied interventions and the participants’
perceived responses to the interventions were collected with a short questionnaire to
the parents at 52 weeks follow-up.

Participant-perceived responses to the interventions
The parents were asked about their perception of the responses to the interventions

with three clinical anchor questions by means of a 5-point Likert scale as response cate-
gories.
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The question and answer categories for the anchor questions were:

1) “How would you describe the results of the interventions your child
has participated in?”
Answer categories: excellent, very good, good, fair, and poor.

2) “In general, how would you say your child’s walking ability is today
compared with one year ago?”

Answers categories: much better, a little better, about the same, a little
worse, and much worse.

3) “In general, how would you say your child’s overall health is today
compared with one year ago?” Answers categories: much better, a lit-
tle better, about the same, a little worse, and much worse.

The answers were used to determine between-group differences in the responses to the
interventions and potentially also as anchor questions to determine the minimal clini-
cally important difference [76]. Similar approaches have been used to evaluate spasticity
management [77, 78] and orthopaedic surgery [79] in children and adults with cerebral

palsy.

4.4. Interventions

In Study II, interventions were carried out in two study groups:

- Experimental group: Individually tailored interdisciplinary intervention based on
measures performed as part of the CPUP, other clinical examinations AND gait analysis.
- Control group: Individually tailored interdisciplinary intervention based on measures
performed as part of the CPUP and other clinical examinations BUT NOT gait analysis.

The two models of individually tailored interdisciplinary intervention are outlined in
Figure 3.

For both the experimental and control groups, the interdisciplinary interventions
addressing impairments that affect the gait are described in four categories [14, 20]:
orthopaedic surgery, spasticity management, physical therapy and orthotics. The cur-
rent pragmatic study design did not involve standardisation of the interdisciplinary
interventions and did not provide training of the healthcare professionals in the inter-
ventions provided by the participating hospitals and municipalities.

All participants in the study continued the healthcare interventions provided by the
municipalities and regions, including the yearly examinations by physiotherapists and
interdisciplinary consultations.

Experimental

The experimental intervention included an individually tailored interdisciplinary inter-
vention based on measures performed as part of the CPUP, other clinical examinations,
standardised measurements of walking and recommendations from the gait analysis.

An interdisciplinary team provided recommendations for the interventions based on
impairment-focused interpretation and reporting according to Baker 2013 [36]. The
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data collection, interpretation, development of recommendations and dissemination of
recommendations were carried out in four steps:

- Step 1: Data collection (gait analyses)
Data collection, as described in the section: gait analysis.

- Step 2 Impairment-focused interpretation

The approach ‘Impairment-Focused Interpretation’ [36] refers to the interpretation of
the gait analysis. The principal investigator (HMR) identified and described the impair-
ments that affected the child’s gait and subsequently validated the findings with the
head of the motion laboratory (AHL).

- Step 3: Recommendations for interdisciplinary interventions

The recommendations were developed to address the impairments found in the impair-
ment-focused interpretation (Step 2) and were provided by the gait analysis team, which
consisted of a neuro-paediatrician (LKH), a paediatric orthopaedic surgeon (NWP or
VE), a physiotherapist (HMR) and a biomechanist (AHL).

Group 1 Experimental intervention

Group 2 Control intervention (‘usual care’)

Individually tailored interdisciplinary intervention
based on measures performed as part of the Cerebral
Palsy follow-Up Program and other clinical
examinations AND three-dimensional
instrumented gait analysis

The three-dimensional instrumented gait analysis
consists of four steps:
1 Gait analysis (data collection)
2 Impairment-focused interpretation
3 Recommendations for interdisciplinary
interventions

4  Dissemination of recommendations

Individually tailored interdisciplinary interventions
based on measures performed as part of the Cerebral
Palsy follow-Up Program and other clinical
examinations BUT NOT three-dimensional
instrumented gait analysis

Interventions
The interventions are individually tailored and after
acceptance by child and family they are carried out by the
local healthcare team

Orthopaedic Spasticity
surgery management

Physical therapy Orthotics

Application of interventions
Category, duration and intensity of the
applied interventions are recorded

Figure 3. Interdisciplinary interventions
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To facilitate an objective recommendation for treatment selection, we created a treat-
ment algorithm, inspired by Miller 2007 [80], of the most common underlying
neuro-musculoskeletal impairments of the movement features we measured. Finally,
each of the recommendations for interdisciplinary interventions was based upon con-
sensus. Otherwise, the specific interventions were not recommended.

- Step 4: Dissemination of recommendations

The parents of the child and the local healthcare team, which consisted of a paediatri-
cian, a paediatric orthopaedic surgeon, a physiotherapist and/or an orthotist, were
informed by mail about the recommendations for interventions based on knowledge
from the gait analysis. The family and local healthcare teams were encouraged to con-
tact the principal investigator (HMR) if they had any queries or uncertainties.

Adherence to the recommended interventions was not a prerequisite for participation in
the current pragmatic study. As in daily clinical practice, the child, his/her family and
the local healthcare team had the option to follow or to reject the recommended inter-
vention or to choose interventions other than those recommended by the gait analysis
team.

Control

The control intervention (‘usual care’) included individually tailored interdisciplinary
interventions based on measures performed as part of the CPUP and other clinical exa-
minations, but not gait analysis.
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4.5. Statistical methods
An overview of the statistical methods used in each of the studies is shown in Table 7
and described briefly for each of the studies in the following sections.

Study I. Test-retest

Participant characteristics were presented with descriptive statistics. The distribution
of the data was investigated using normal probability plots and the Shapiro-Wilk test
[81]. Not normally distributed data were logarithmically transformed. Investigation of
systematic differences was performed using the Students paired t-test and the Wil-
coxon signed Ranks Test. Bland-Altman plots with 95% limits of agreement, were used
to explore agreement between the two sessions [82, 83]. Reliability of each variable
was quantified using ICC (two-way random effect model) and 95% CIs [82]. Agree-
ment was assessed with the Standard Error of Measurement and absolute reliability
with the Smallest Detectable Change [82].

Study II. Randomised controlled trial

The data associated with baseline characteristics were checked for completeness and
their distribution was investigated using normal probability plots and the Shapiro—
Wilk test [81]. Descriptive statistics were calculated with mean and standard deviation
(SD), median and interquartile range (iqr) or number of patients.

Main comparative analyses between groups were performed on the full analysis set
with missing data imputed using last observation carried forward. A multiple regressi-
on model with group and baseline value of the relevant variable as covariate was used
to analyse between-group mean changes. The model assumptions were checked for
relationship, homoscedasticity, outliers and normality of residuals. Since minor viola-
tions of the assumptions were present, the analysis was done with robust estimation.

Differences between the interventions applied and participant-perceived responses to
the interventions were investigated with descriptive statistics, Pearson’s chi-squared
and Wilcoxon’s rank-sum test.

Study III. Cross-sectional study

Participant characteristics were presented with descriptive statistics. The statistical
distribution of data was investigated using normal probability plots and the Shapiro—
Wilk test [81]. Scatterplots with fitted values were prepared to provide an overview of
the data. Correlations were investigated with Pearson correlation coefficients or the
Spearman’s rank correlation coefficient.

Differences were investigated with one-way ANOVA or the Kruskal-Wallis test and, if
relevant, pairwise comparisons with Wilcoxon rank sum test (Mann-Whitney).
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Table 7. Overview over statistical methods

Study I Study II Study III
Participant characteristics
Descriptive statistics X X X
Statistical distribution
Normal probability plots X X X
Shapiro-Wilk test X X X
Transformation
Logarithmically transformation X
Analysis
Student paired t-test X
Wilcoxon signed ranks test X
Interclass correlation coefficient X
Standard error of measurement X
Smallest detectable change X
Multiple regression analysis X
Pearson's chi-squared test X
Wilcoxon rank sum test X X
Pearson correlation coefficients X
Spearman’s rank correlation coefficient X
One-way Analysis of variance X
Kruskal-Wallis test X
Graphics
Bland-Altman plots X
Scatterplots with fitted values X X
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5. Summary of results

5.1. Study I. Test-retest
Three teams of two assessors conducted the data collection from the 18 children, aged 5
to 12 years, with spastic cerebral palsy, at two sessions separated by 1 to 9 days.

No systematic bias was observed between the sessions and no heteroscedasticity was
observed in Bland-Altman plots (Figure 4).

For the Gait Deviation Index and Gait Profile Score, excellent reliability with ICC values
of 0.8 to 0.9 were found, while the Gait Variable Score was found to have fair to good
reliability with ICCs of 0.4 to 0.7.

The agreement for the Gait Deviation Index and the logarithmically transformed Gait
Profile Score, in terms of Standard Error of the Mean as a percentage, varied from 4.1%
to 6.7%, whilst the smallest detectable change ranged from 11.3% to 18.5%.

For the logarithmically transformed Gait Variable Score, we found a fair to large varia-
tion in Standard Error of the Mean as a percentage, which ranged from 7% to 29% and
in the smallest detectable change from 18% to 81%.
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Figure 4. Example of Bland—Altman plot of Gait
Deviation Index (GDI) with 95% limits of
agreement (blacklines), mean difference (black
dash line) and 95% CI (black dotted line).
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5.2. Study II. Randomised controlled trial

In total, 160 children were invited to participate in the study. Of these, 83 children were
screened for eligibility and 60 participants were randomised to either the experimental
intervention (n=30) or the control intervention (‘usual care’) (n=30) groups. Recruit-
ment of participants and data collection were carried out between June 2014 and July
2017. Complete assessments were available from 57 participants at baseline, 48 partici-
pants at 26 weeks follow up, and 55 participants at the primary endpoint at 52 weeks.
All children received their allocated intervention of interdisciplinary interventions with
or without gait analysis.

The 60 participating children had a median age of 6 years and 11 months. The full list of
patient characteristics is presented in Table 1 in Paper IIb. The cerebral palsy subtype
and GMFCS levels for the participants were 43 children with unilateral (experimental
group / control group, n=21/n=22), 17 with bilateral (n=9 / n=8) spastic cerebral palsy,
42 children at GMFCS level I (experimental group / control group, n=20/n=22) and 18
at GMFCS level II (n=10 / n=8).

Primary outcome
At 52 weeks follow up, the mean change scores in the Gait Deviation Index for self-sele-

cted walking speed did not differ significantly between the groups (difference in Gait
Deviation Index: -0.59, 95% CI; -3.9 - 2.8, Eta2 < 0.01), (Figure 5). In total, 11 partici-
pants improved more than the a priori-defined minimum clinically important difference
of 7.9 on the Gait Deviation Index (experimental group / control group, n=5/n=6),
resulting in a non-significant risk difference of -0.03 (95% CI; -0.23 — 0.16, Z=0.33,

p=0.738).
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Figure 5. Within-group change from baseline in Gait Deviation Index (a) and 1-minute
walk test (b)from baseline to 52 weeks.
* Statistically significant within-group change.
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Secondary outcomes
No statistical significant between-group differences in change scores were observed in

the 1-minute walk test (3.02 meter (-2.9 - 9.0), Eta2 = 0.02) at 52 weeks or in the
patient-reported outcome measures at 26 or 52 weeks. Statistical significant and poten-
tial clinically relevant within-group improvements were seen in some of the secondary
outcome measures at 26 and 52 weeks. Examples of the within-group changes are out-
lined in Figure 5 and Figure 6. The complete table of the within-group and between-group
differences is outlined in Table 2 in Paper IIb.

Additional/tertiary outcomes

No significant difference was observed between the groups in participant-perceived
responses to the interventions (p=0.19) or changes in walking (p=0.38). However, a dif-
ference between the groups was seen in overall health in favour of the experimental

group (p=0.03) (Figure 7).

Interventions

The compliance with the recommended types of interventions was 24 of 28 participants
for physiotherapy (% (95% CI), 86% (67 — 96), 6 of 10 participants for orthotics (60%
(26 — 88)), 5 of 14 for spasticity management (36% (13 - 65)) and o out of 1 for orthopa-
edic surgery (0% (no 95% CI calculated)).

Adverse events

The participants (children and parents) did not report any serious adverse events during
the study period. However, during the testing, the assessors experienced one child who
did not want to wear the adhesive reflective markers at the post examination, and five
children (three at baseline and two at follow-up) were too tired to complete the 1-minute
walk test after the collection of gait data was completed.

oV}

12
o

12

10
L
10
L

8
|
8
|

6
I
6
|

4
L
4
h

2
L

Change in PEDI Caregiver assistance
2
L

Change in PEDI functional skills

o
|

-2
L
2

T T
o 26 52 o 26 52
time (weeks) time (weeks)

® Experimental O Control |—| 95% CI ® Experimental O Control |—| 95% CI

Figure 6. Within-group change from baseline in Functional skills (a) and Caregiver
assistance (b) of the Mobility scale of the Pediatric Evaluation of Disability Inventory
(PEDI) from baseline to 26 weeks and from baseline to 52 weeks.

* Statistically significant within-group change.
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Figure 7. Bar charts illustrating the frequency of answers in each of the five categories for
the participant-perceived responses to the interventions (a), changes in walking (b) and
in overall health (c¢).

5.3. Study III. Cross-sectional
A total of 60 children with cerebral palsy participated in this study, and of these a full
dataset was available for 57 participants at baseline.

Statistically significant moderate correlations were observed between the Gait Variable
Score of the ankle and DF with flexed knee (r = -0.37, [95% CI:-0.57 - -0.13], p<0.05)
and extended knee (r = -0.37, [95% CI: -0.57 - -0.13], p<0.05) and peak dorsiflexion
and DF with flexed knee (r = 0.49, [95%CI: 0.26 — 0.67], p < 0.001) and extended knee
(r = 0.55, [95% CI: 0.35 — 0.71], p < 0.001). No significant correlations between the
other measures of gross motor function and passive dorsiflexion were observed.
Examples of scatterplots of the correlations are outlined in Figure 8.

There were statistically significant differences in the Gait Variable Score of the ankle
and peak dorsiflexion between the three groups of participants based on the categories
with flexed and extended knee (Table 2 in paper III) .

For ankle dorsiflexion with flexed knee, the median Gait Variable Scores of the ankle for
the red and green categories were 13.74° and 7.58°; the distributions in the two groups
differed significantly ((z-score, p-value), z = -2.63 p = 0.009) and with extended knee,
the median Gait Variable Score of the ankle for the red and green categories were 16.79°
and 7.62°; the distributions in the two groups differed significantly ((z-score, p-value),
Z =-2.43 p = 0.015).
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For Peak dorsiflexion, we observed a difference in red versus green and red versus yel-
low passive range of motion categories with flexed knee ((mean (95% CI) -9.6° (-14.4 to
-4.7) and -7.9° (-13.1 to -2.6), respectively) and between red versus green and yellow
versus green passive range of motion categories with extended knee (-9.57° (-15.4 to
-3.8) and -7.9° (-14.2 to -1.5), respectively).

No statistically significant group-mean differences were observed between the partici-
pants classified into each of the passive range of motioncategories of passive ankle range
of motion on the variables of Gait Deviation Index, 1-minute walk, Gross Motor Func-
tion Measure, the Pediatric Quality of Life Inventory Cerebral Palsy Module and Pediatric
Outcomes Data Collection Instrument transfer and basic mobility scores.
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Figure 8. Examples of scatterplot of the correlation of Gait Variable Score of the ankle (a
- b) and Gait Deviation Index (c - d) versus passive range of motion in dorsiflexion with
flexed (a - ¢) and extended knee (b - d).
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6. Discussion

In the following sections the methods and results are discussed and the ethical conside-
rations are presented.

6.1. Applied methods

The overall topic of the thesis is the use of gait analysis in children with spastic cerebral
palsy. The participants were not assessed by a paediatrician to evaluate and confirm the
diagnosis of spastic cerebral palsy at the time of inclusion in the studies. However, the
participants were recruited on the basis of their participation in the Cerebral Palsy fol-
low-Up Program, and at all baseline assessments an experienced physiotherapist
participated and confirmed the clinical signs of spastic cerebral palsy.

In the use of gait analysis, as for most outcome measures used in clinical science, one
must be aware that uncertainties associated with the techniques used might lead to pro-
blems regarding the accuracy of the data collected. The Helen Hayes marker set and
corresponding Plug-in-Gait model [60] used was derived from normal adults and the
relationship between bones, joint centres and muscles might be different in children
with cerebral palsy. Furthermore, the models depend on consistent marker placement
on the participant, which sometimes is difficult due to the need for the child to stand still
for long periods of time. The potential problems with marker placements was minimi-
zed by having well-trained teams of two people conducting the gait analysis and by
adapting the marker placement situation to the wishes of the individual child. Further-
more, test-retest reliability in our laboratory was established on a similar patient group
in study I. Thus, intrinsic and extrinsic variations of outcome measures were provided
before initiation of study II.

Summary measures of gait

Summary measures of gait (Gait Deviation Index, Gait Profile Score and Gait Variable
Score) were used as outcome measures in the studies. An advantage of the summary
measures is that they use the gait pattern across the most important joints and move-
ments in the lower extremities through the entire gait cycle to calculate a single score.
For patients, parents, clinicians and other non-experts, a single score is more easily
interpreted compared with a comprehensive report, describing all the detailed informa-
tion collected during the gait analysis. However, the absolute reliability with the smallest
detectable change reported in Study I meant that to accurately claim a true change in
the individual child, relatively large changes in gait were necessary. Furthermore, the
usability of the summary measures in the interpretation of the results of a gait analysis
was limited, since the measures could not be used to identify the impairments causing
the features affecting the score.
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The use of a single score to evaluate changes in gait may be preferable in studies of
patients, where the features impacting gait can be seen in a range of different joints and
movements. This is the case in children with cerebral palsy, compared with the use of
selected features from the gait cycle, such as maximal ankle dorsiflexion in stance or
knee extension in initial contact. A few disadvantages in the use of summary measures
as outcome measures has been reported: the lack of direction specificity which might
lead to underestimation of change [84] , the distribution of the Gait Profile Score and
Gait Variable Score data that is generally not considered normal [47] and the impact of
gait speed [47, 48]. The disadvantages can to some extent be addressed during planning
of the study, especially the impact of gait speed, which can be minimised using a
speed-matched reference group. Furthermore, matching the walking speed of the parti-
cipants during data collection at follow-up has been used [85]. In Study II, we planned
to use this approach, but it proved impossible to instruct the children to walk at a cer-
tain walking speed.

There is growing evidence for the use of the Gait Deviation Index in children with cere-
bral palsy [65, 86]. However, this measure has been criticised because responsiveness
has only been documented in relation to orthopaedic surgery [86]. Furthermore, a
strong correlation between baseline scores and the change scores has been reported, in
patient undergoing total hip artrplasty which supports a theory of a risk of ceiling effect

[87].

Study I. Test-retest

Before using summary measures of gait to evaluate effectiveness in a randomised con-
trolled trial, we documented the intra-rater reliability and agreement across two
repeated sessions for the Gait Deviation Index, Gait Profile Score and Gait Variable
Score. To reflect the inclusion and exclusion criteria in the intervention study, we deci-
ded on relatively narrow inclusion criteria, which might have affected the results of the
study. This decision has limited the external validity of the study and might have con-
strained the reliability results, since the study sample was a selected group of children
with cerebral palsy who were relatively homogeneous. However, the decision might
have improved the possibility of achieving reasonable agreement and absolute reliabi-
lity [82].

The sample size in studies of clinimetric properties of outcome measures is debated.
The Guidelines for Reporting Reliability and Agreement Studies (GRAAS) [88], which
we used in our planning of the study, acknowledge that the decision on sample size is
not a simple one. These guidelines state that articles should explain how the sample size
was chosen and state the number and characteristics of raters, subjects and replicated
observations. Based on a sample size calculation, we included 18 participants and a total
of 36 legs and used three assessor teams and two repeated measures of the same subject,
which in the context of other studies in the field seems to be acceptable. A recent syste-
matic review of clinimetric properties on measures of gait and walking refers to the
original criteria described by Consensus-bases Standards for the selection of health sta-
tus Measurement Instruments (COSMIN), that all studies with a sample size below 30
are given the methodological rating ‘Poor’ [89, 90]. The systematic review documents
that only half of the studies on the subject include more than 30 participants and include
studies with as few as four participants with cerebral palsy [90].
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The methodologically optimal timing of the repeated sessions of gait analysis was expe-
cted to be at the same time and on the same weekday, where the child’s activity levels
during the days before the examination were comparable. However, to include the par-
ticipants within an acceptable period of time, this was not possible. Consequently, the
planning was balanced between the family’s preferences, logistical constraints and the
optimal timing, and the only absolute rule in the planning of the sessions was a maxi-
mum period between the sessions of 10 days.

Study II. Randomised controlled trial

The randomised controlled trial design is considered the ‘gold standard’ for clinical stu-
dies, and provides the most reliable evidence on the effectiveness or efficacy of healthcare
interventions [91]. Study II was registered at ClinicalTrials.gov before enrolment of the
first participants, the study protocol was published in an international peer-reviewed
journal, the statistical analysis plan was published at ClinicalTrials.gov before unblin-
ding of the data, and the results reported according to the CONSORT statement.
Furthermore, only five participants were lost to follow-up on the primary outcome at 52
weeks, and only two participants did not complete any of the patient-reported outcome
questionnaires, and thus, were completely lost at 52 weeks follow-up. These are all
important requirements for a trial being rated as a high quality randomised controlled
trial.

The total population of children with spastic cerebral palsy in the Region of Southern
Denmark and the North Denmark Region were invited to participate in the study by
their local healthcare teams in the CPUP. Together with few exclusion criteria, this
strengthens the external validity and generalisability of the results from Studies II and
III. Since it has been reported that the CPUP reduces the secondary consequences of
cerebral palsy [92-94], the use of the surveillance program in the areas of recruitment
may have reduced the proportion of children who are likely to experience severe secon-
dary consequences of their cerebral palsy, such as reduced passive range of motion,
compared with areas that do not offer a prevention program.

The relatively young age group was chosen for the study to ensure inclusion of partici-
pants at an age before the development of extensive and fixed deformities that might
cause severe impairments and associated gait pathology [7]. Furthermore, the young
age group was chosen for pragmatic reasons to avoid children being excluded because
of earlier interventions in the form of orthopaedic surgery and to reduce the risk of par-
ticipants dropping out or crossing over as part of clinical practice (‘usual care’). However,
this methodological decision restricts the relevance of the current findings to a relatively
young age group and consequently reduces the generalisability of the results.

The decision to include children at GMFCS levels I and II was made to ensure valid data
from the gait analysis to be used as the primary outcome measure. However, this may
have limited the generalisability of the study results.

The sample size calculation was based on a minimum clinically important difference of
7.9 in the Gait Deviation Index, corresponding to a change of 10% as suggested by
Schwartz et al. [30]. The minimum clinically important difference of 10% was used by
Schwartz et al. to evaluate outcomes of orthopaedic surgery and selective dorsal rhizo-
tomy. However, that degree of change might have been too optimistic for our study
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sample and the interventions used. Furthermore, the Gait Deviation Index has recently
been criticised since responsiveness has only been established in patients with cerebral
palsy undergoing orthopaedic surgery [90]. The findings of the current study do not
show that the experimental intervention has superior impact on the change score of the
primary outcome, Gait Deviation Index - a finding that is supported by the secondary
outcomes. Thus, it cannot be assumed that the missing difference on the primary out-
come, Gait Deviation Index, is due to lack of responsiveness.

In the study, we used a pragmatic approach to reflect common clinical practice and
ensure high external validity and generalisability of the results. This is in contrast to
studies emphasising internal validity that are carried out in an ‘ideal setting’ with highly
selected participants, practitioners and hospitals [95]. The pragmatic approach can be
seen as a limitation, since reduced adherence to the recommended interventions and
inconsistency in the delivery of the interdisciplinary interventions may have affected the
results. One could argue that formal training in the use of the results from the gait ana-
lysis and the interventions recommended could have had an impact on the study results.
A more detailed explanatory approach could have counteracted these issues but would
have risked a conclusion of less value for current clinical practice, with reduced external
validity and generalisability.

The use of the Impairment-Focused Interpretation approach in the interpretation of the
data from the gait analysis was chosen to ensure a structured and transparent method
to prepare the report. It would have been preferable if the method could have been
tested in clinical practice and investigated for its ability to identify features and under-
lying impairments before its use in the study. However, this was not possible for our
study.

A limitation in the design and outcome measures used is the lack of a standardised and
detailed description of the specific interventions offered to the families, the specific
applied intervention and reasons for not offering or applying interventions. This chal-
lenge is broader than the design of our study, as there are also numerous different
interventions provided by medical practitioners or allied health professionals in the
community and a pronounced lack of consensus about the naming of these interventi-
ons [14].

The primary follow-up period of 52 weeks was chosen to balance the desire for (i) a
short follow-up for the interventions’ spasticity management and physiotherapy and (ii)
sufficient time for the effects of orthopaedic surgery and orthotics to be measureable,
which might take as long as 24 months to emerge [96]. Based on the reported interven-
tions applied in the study, one can speculate that a shorter follow-up (i.e. 16 weeks post
release of the report) would have been more sensitive. Our study was designed to evalu-
ate long-lasting effectiveness however, and extra follow-up at 16 or 20 weeks post start
of the interventions would have been methodologically preferable but difficult to imple-
ment and not feasible for the study’s sample. In addition, it could have been relevant to
plan the timing of the gait analysis and the release of the report to coincide with the
examinations and interdisciplinary consultations offered by the local healthcare teams.
In the planning of the study, this was not considered possible, which means that for
some participants, there may have been a longer period of time from the release of the
report to their local healthcare team having an opportunity to discuss the recommended
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interventions.

The study included a wide range of outcome measures that covered all dimensions of
the International Classification of Functioning, Disability and Health [97] that seemed
relevant to the participants, their parents and the healthcare professionals. As the pri-
mary outcome, we used the summary measure, the Gait Deviation Index. The properties
of the measure were discussed previously in section 6.1.1. Summary measures of gait.
Measures used to document the effectiveness of interventions should ideally be relevant
to participants, such as survival or health-related quality of life [91]. Although it has
been documented that gait plays an important role for children and their parents [11],
the Gait Deviation Index must be considered as a surrogate outcome and may not be
directly relevant for the participants.

6.1.4. Study IL.I Cross-sectional

To investigate potential associations between outcomes of different constructs at a spe-
cific moment in time, the cross-sectional design was used. However, the study design
does not allow conclusions about causality nor the extent to which the traffic light cate-
gories are able to identify children who are at risk of developing secondary consequences,
such as deformities of the foot. Furthermore, the strength of our results is limited by the
relatively small sample size.

The study sample of relatively young children with cerebral palsy may have reduced the
number of participants with yellow and red threshold values in passive range of motion
in ankle dorsiflexion, and thereby limited the strength of the results based on the groups
formed by the three traffic light categories in Study III.

The rationale for the focus on the ankle joint is that reduced passive range of motion, at
this specific joint, is quite common in our study sample of relatively young and well-fun-
ctioning children with spastic cerebral palsy [7]. Despite the focus on joint mobility in
the patients, it is well known that there is a large variability of goniometric measure-
ments of passive range of motion [98].

6.2. Study findings and current evidence

Study I. Test-retest

The study provides evidence of the Gait Deviation Index and Gait Profile Score having
excellent reliability and acceptable agreement in a group of children with cerebral palsy.
However, the study also revealed a large variability in some of the Gait Variable Scores,
which highlights the need for careful consideration in research and clinical practice. The
study supports the use of gait summary measures in children with spastic cerebral palsy
at GMFCS levels I and II at a relatively early age (8.0 +£1.2 years). The results observed
in the study are comparable with the reported reliability of other outcomes retrieved
from gait analysis [49, 90, 99].

Study II. Randomised controlled trial

Study II investigated the effectiveness of using gait analysis in the interdisciplinary
interventions for 60 participants with cerebral palsy at GMFCS levels I or II, (median
age 6 years 11months), who were randomised to the experimental or control group. No
superior effectiveness in the change scores of the experimental compared with the con-
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trol group were documented at 26 weeks or 52 weeks follow-up for measures of gait,
health, pain, participation in normal daily activities or health-related quality of life.
Thus, the study did not provide evidence for the use of gait analysis in the interdiscipli-
nary interventions in a case-mix of children with cerebral palsy at GMFCS levels I and
I1, at an early age.

Our results agree with a previous randomised controlled trial on the outcome of lower
extremity orthopaedic surgery with and without gait analysis [42]. The study reported
lack of compliance between the recommended interventions and the interventions
applied, as in our study. Several studies have reported the degree of compliance [25-28],
but only a few have documented the reasons for the lack of compliance [8]. These rea-
sons included a decision by the surgeon, a request from the patient/family and a change
in patient status. The lack of compliance may also be caused by the absence of consen-
sus about the interpretation and reporting of data, and the fact that even though the
data from the gait analysis are objective, the interpretation and recommendations are to
some extent subjective [40]. Lofterod et al. (2007) suggest that discussion of the recom-
mendations with the surgeon who will perform the operation might improve the
compliance [25].

In our study, the timing of the gait analysis and release of the report and recommenda-
tion to the interdisciplinary consultations offered by the paediatric departments might
have improved the compliance. In practice, this could mean that the gait analysis, inter-
pretation, recommendation and dissemination should be completed within a pre-defined
time period and that the participants meet with their local healthcare team immediately
after the report is available, to discuss the recommendations and decide on treatment.

An explanation for the lack of difference in the change scores between the groups may
be the interventions recommended and applied. During the study, some of the health-
care professionals involved in the local teams expressed uncertainty about the
recommended interventions and how they should be used in clinical practice (i.e. how
the progressive resistance should be applied to improve muscle strength in the Tibialis
Anterior or how often the training should be applied to be effective). This suggests that
there might be a lack of common use and understanding of interventions across sectors
and interdisciplinary professional groups. Furthermore, only a few studies of high qua-
lity have investigated the effectiveness of interventions to improve the impairments
identified by gait analysis, making it uncertain as to what extent the applied interven-
tion has the potential to affect the impairments [14].

Study III. Cross-sectional

This study showed that threshold values (traffic light categories) on passive range of
motion in ankle dorsiflexion used by the CPUP were moderately associated with measu-
res of gait that are specific to movement in the ankle (the Gait Variable Score ankle and
peak dorsiflexion) in this sample, but not with measures of overall gait function, walking
or gross motor capacity or performance. The study questions the clinical value of the
categories for assessing overall gross motor function, but emphasises their value to
identify isolated deviation of ankle movement during gait.
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Our findings accord with the relationship between changes in passive range of motion
and gait function reported in a study investigating the effects of gastrocnemius fascia
lengthening in 19 children with cerebral palsy [31]. They establish a stronger association
between the changes in passive range of motion in ankle dorsiflexion after surgical
Gastrocnemius fascia lengthening and ankle specific gait function measured with the
Gait Variable Score ankle, compared with overall gait function measured with the Gait
Deviation Index [31, 63, 67].

To our knowledge, the threshold values on passive range of motion used by the CPUP
have not previously been investigated as to whether they:

“ensure that the patient has enough passive range of motion to per-
form adequate dorsiflexion in walking” [16a].

6.3. Ethical considerations

The children were included in the studies after they and their parents had given their
informed consent. Their participantion were based on interest and not on a referral
from their paediatrician or a paediatric orthopaedic surgeon. All participants received
the results from their examinations either after their baseline assessment (Study I and
the experimental group in Study II) or after their follow-up assessment (the control
group in Study II). This was done since the effectiveness of gait analysis in the interdi-
sciplinary interventions was unknown.

Very few children experienced discomfort during the assessments, but some children
felt too tired to complete the entire assessment. When this happened, the child was
asked if they wanted to continue the assessment, and if not, the child’s choice was accep-
ted and the healthcare team focussed on the participation in the parts of the assessment
that the child had completed.

In Study II, some parents expressed that parts of the questionnaires were difficult to
answer or generated reflections and thoughts about their situations. In these cases, the
team explained the purpose of the questionnaires, answered any queries that had arisen
or referred the parents to their local healthcare team for further discussion.

From an ethical point of view, the experiences and efforts of the participants are consi-
dered acceptable, given the purpose of the studies.
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~. Conclusion

Study I. Test-retest

The Gait Deviation Index and Gait Profile Score demonstrated excellent reliability and
acceptable agreement, proving that they can both be used in research and clinical prac-
tice. However, the observed large variability in some of the Gait Variable Scores requires
cautious consideration when selecting outcome measures for children aged 5 to 12 years
with cerebral palsy at GMFCS levels I and II.

Study II. Randomised controlled trial

This study could not confirm the hypothesis that improvement in the overall gait patho-
logy, walking performance and patient-reported outcomes following individually
tailored interventions when gait analysis is used are superior to those following ‘usual
care’ in a case-mix of all children with cerebral palsy at GMFCS levels I and II, at an
early age.

Study III. Cross-sectional

Passive range of motion in ankle dorsiflexion is moderately associated with ankle-speci-
fic measures of gross motor function (Gait Variable Score ankle and peak dorsiflexion),
and the mean scores of the ankle-specific measures were different in the three categori-
cal groups. In contrast to our hypothesis, we did not find an important relationship
between pas-sive range of motion in ankle dorsiflexion or the three related categories

and overall measures of gross motor capacity or the use of gross motor skills in everyday
life.
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8. Perspectives

Gait analysis using the Gait Deviation Index has been used as a ‘gold standard’ measure
of gait in children with cerebral palsy [90]. However, it is important to keep in mind that
there are areas of the clinimetric properties of the Gait Deviation Index still to be inve-
stigated, such as the responsiveness of the measure and also the risk of a ceiling effect
when the gait pattern is close to normal (which results in the Gait Deviation Index sco-
ring close to 100).

The randomised controlled trial did not provide the expected evidence for the use of gait
analysis in clinical practice in a case-mix of children with cerebral palsy at GMFCS levels
I and II, at an early age. The highly specialised examination may still be relevant in
many situations, for example, if a functional diagnosis of impairments affecting gait or
documentation of changes after interventions are needed. Knowledge and evidence
about which specific children with cerebral palsy may benefit from the use of gait analy-
sis in clinical practice is lacking.

Exploratory data collected during Study II calls for further investigations that are beyond
the scope of this thesis. One could have investigated differences in the change scores in
the explorative outcome measures, characteristics of the responders and non-respon-
ders and to what extent the clinical examination or the patient-reported outcome
measures could be used to detect children who have extensive deviations in gait who
could potentially benefit from gait analysis. Furthermore, there is an obvious need to
focus research on interpretation, reporting and dissemination of results and recom-
mendations from gait analysis and on the process, where healthcare professionals
incorporate the results and recommendations into clinical decision-making and thus
comply with those recommendations.

The study of the clinical value of measures of passive range of motion and the three traf-
fic light categories of dorsiflexion for indicating gross motor function in children with
cerebral palsy did not have the casaulity to change clinical practice, but the study does
highlight the need for further research to ensure valid tools to support clinical decisi-
on-making. Extensive validation of the follow-up program to reduce development of hip
dislocation has been performed, including documentation that passive range of motion
is a poor indicator of the risk of hip displacement [100]. The large amount of informa-
tion in the clinical databases of the CPUP in Sweden, Norway and Denmark could be
used to investigate the extent to which the measurement of passive range of motion and
the three traffic light categories could be used as indicators of the development of secon-
dary consequences, such as decreasing use of walking / standing functions or deformities
in bones and joints.
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9. Summary

English summary

The majority of ambulatory children with cerebral palsy experience an altered gait pat-
tern or other walking difficulties and are dependent on healthcare interventions
throughout their childhood. In the Nordic countries, a surveillance program and associ-
ated database, called the Cerebral Palsy follow-Up Program (CPUP) are used to ensure
timely and consistent examinations. The interventions offered to children with cerebral
palsy are based upon clinical examinations and standardised measures of overall gross
motor function and functional mobility. However, the gait pattern, i.e. the manner of
walking used by the child is not evaluated. This can be done with 3-dimensional instru-
mented gait analysis (gait analysis).

Gait analysis has been used in clinical practice and research for more than thirty years
and is widely recognised as the ‘gold standard’ measure of gait in children with cerebral
palsy. However, the potential added benefits of using gait analysis on gait, walking and
patient-reported outcomes in the decision-making associated with interdisciplinary
interventions to address impairments in gait have not been investigated. Thus, the over-
all aim of this thesis was to study the use of gait analysis in individually defined
interdisciplinary interventions on gait, walking and patient-reported outcomes in chil-
dren with cerebral palsy.

The starting point for the thesis was the investigation of intra-rater reliability and agre-
ement of gait summary measures across two repeated sessions (later to be used in the
randomised controlled trial). The study showed that the summary measures: the Gait
Deviation Index and Gait Profile Score have excellent reliability and acceptable agree-
ment. However, a large variability in some of the Gait Variable Scores was documented.

Having established documentation for the reliability and agreement of the Gait Devia-
tion Index (primary outcome measure), a randomised controlled trial investigating the
effectiveness of interdisciplinary interventions based on the use of gait analysis versus
‘usual care’ was conducted. A total of 60 children aged 5 to 8 years with spastic cerebral
palsy at Gross Motor Function Classification System (GMFCS) levels I or IT were rando-
mised to the experimental or control group. No significant or clinically relevant
between-group differences in the change scores of the primary outcome (Gait Deviation
Index) or secondary outcome measures (1-min walk test, Pediatric Evaluation of Disa-
bility Inventory, The Pediatric Quality of Life Inventory Cerebral Palsy Module and The
Pediatric Outcome Data Collection Instrument) were found at 26 weeks or 52 weeks
follow-up. Showing that the addition of gait analysis in a case-mix of children with cere-
bral palsy at GMFCS levels I and II at an early age does not improve gait function, gross
motor function and patient-reported outcome measures of disability and quality of life
more than ‘usual care’ (without gait analysis).
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Summary

Lastly, using a mechanistic approach to the data from the baseline assessment of the
participants in the randomised controlled trial, we investigated the potential relations-
hip between passive range of motion and passive traffic light categories used by the
CPUP versus gait summary measures from the instruments’ gait analysis, gross motor
function and patient-reported outcome measures. We found that in our study sample,
the range of motion in ankle dorsiflexion and the traffic light categories were correlated
with measures of gait that are specific to movement in the ankle and not with measures
of overall gait function, walking or gross motor capacity or performance.

In conclusion, the results of this thesis do not support the use of gait analysis in the deci-
sion-making of interdisciplinary intervention in a case-mix of children with cerebral
palsy at GMFCS levels I and II, at an early age. Studies investigating which children with
cerebral palsy could benefit from the use of gait analysis in clinical practice are warran-
ted.
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Danish summary - Dansk resume

De fleste gdende born med cerebral parese oplever at de bevager anderledes and andre
bern, og de vil ofte veere afheengige af sundheds tilbud gennem hele deres barndom. I
Danmark og de gvrige nordiske lande anvendes et opfelgningsprogram og en tilhgrende
database, kaldet CPOP — Opfelgningsprogram for Cerebral Parese (CPUP pa svensk).

De overordnede mal med CPOP er at forbedre kvaliteten af sundhedstilbuddene til barn
og unge med cerebral parese og begranse udviklingen af sekundaere folger hos det
enkelte barn. Dette sker bl.a. ved at alle bern med cerebral parese tilbydes ensartede
undersggelser gennem hele barndommen. De tveerfaglige indsatser til bern med cere-
bral parese, planlegges pa baggrund af kliniske undersogelser og standardiserede
malemetoder til at vurdere grovmotorik og gang. Men barnets gangmenster evalueres
ikke, hvilket kan gores med 3-dimensionel klinisk ganganalyse.

Ganganalyse har vaeret anvendt i klinisk praksis og forskning til bern med cerebral
parese i mere end tredive ar og er anerkendt som et ’guld standard’ til vurdering af
bevagelser under gang (gangmenstret) hos bern med cerebral parese. De mulige for-
dele ved at bruge ganganalyse i beslutninger om tveerfaglige indsatser er ikke tidligere
undersogt. Det overordnede forméal med afhandlingen er at undersoge effekterne af at
anvende ganganalyse i individuelt tilpassede tvaerfaglige indsatser pa a&ndringer i gang-
funktionen hos bgrn med cerebral parese.

Forste studie undersogte palidelighed og overensstemmelse for tre méalemetoder, der
beregner en samlet score for afvigelser i barnets bevagelserne under gang (Gait devia-
tion Index, Gait Profile Score og Gait Variable Score). Resultaterne viste at de to
overordnede score (Gait Deviation Index og Gait Profile Score) har en god palidelighed
og acceptabel overensstemmelse, mens en stor variation for nogle af Gait Variable Sco-
res blev dokumenteret.

Herefter blev der gennemfort et lodtreekningsstudie, hvor anvendelse ganganalyse i de
tveerfaglige tilbud til bern og unge med cerebral parese blev sammenlignet med det
nuvearende tilbud, hvor ganganalyse ikke tilbydes rutinemaessigt til alle bern. I studiet
blev 60 bern med spastisk cerebral parese og gangfunktion uden hjalpemidler (GMFCS
niveau I eller II) i alderen 5 til 8 ar, tilfaeldigt fordelt mellem de to grupper. Ingen signi-
fikante eller kliniske relevante forskelle blev dokumenteret imellem &ndringerne i de to
grupper ved 26 uger eller 52 ugers opfelgning. Resultaterne viser at brugen af gangana-
lyse til alle bern med cerebral parese og gangfunktion uden hjelpemidler (GMFCS
niveau I og II) i en tidlig alder, ikke forbedrer gangmenstret eller deltagernes oplevelse
af funktionsnedsattelen og livskvalitet.
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Summary

Resultaterne i athandlingen understatter ikke brugen af ganganalyse i beslutninger om
tveerfaglige indsatser til alle born med cerebral parese pA GMFCS niveau I og ITi en tid-
lig alder. Der er behov for forskningsprojekter, der fokuserer pa hvilke grupper af bern
med cerebral parese, der kan drage fordel af at ganganalyse anvendes.
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