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Abstract
Background  Cerebral palsy (CP) is the most common 
physical disability of childhood, affecting movement 
and posture, resulting from a neurological insult during 
pregnancy or the neonatal period. While the brain lesion 
is static, the musculoskeletal sequelae in CP are often 
progressive and lifelong, associated with pain and can 
impact the lives of children with CP, their families and 
the healthcare system. The Australasian Cerebral Palsy 
Musculoskeletal Health Network (AusCP MSK) study will 
conduct comprehensive, population-based surveillance 
of children with moderate to severe functional mobility 
limitations (Gross Motor Function Classification System 
(GMFCS) levels III–V) to explore the early biomarkers of, 
and interactions between, musculoskeletal complications 
related to CP, including hip displacement, scoliosis and 
skeletal fragility.
Methods  The AusCP MSK study involves three cohorts of 
children. Cohort A (n=500) is a multicentre retrospective 
(3 years) and prospective (4 years) cohort study in children 
aged 4–9 years that will be implemented at five sites 
across Australia and New Zealand. Retrospective data will 
include clinical history, information on CP diagnosis and 
other investigations (previous X-rays and biochemistry). 
Primary prospective outcomes will involve measures of 
hip displacement (migration percentage, acetabular index, 
femoral head orientation, Hilgenreiner’s epiphyseal angle), 
scoliosis (Anteroposterior/Posteroanterior and lateral spine 
X-ray), skeletal fragility (Dual Energy X-ray Absorptiometry, 
peripheral quantitative computed tomography), motor 
function (GMFCS, Manual Ability Classification System 
(MACS) and Communication Function Classification 
System (CFCS)) and range of movement (lower limb and 
spine). Cohort B (n=4000) is a retrospective analysis 
of data to evaluate fractures in children up to 18 years 
of age with CP (GMFCS I–V) from the New South Wales 

(NSW)/Australian Capital Territory CP Registers linked 
with corresponding records from NSW administrative 
health data (n=3000), and a New Zealand cohort of linked 
data from the New Zealand Cerebral Palsy Register to 
the Accident Compensation Corporation data for fracture 
claims (n=1000). Cohort C (n=30) will cross-sectionally 
examine bone quality through a transiliac bone biopsy in 
children undergoing scheduled hip surgery. Relationships 
between early biomarkers, early brain structure and 
musculoskeletal complications will be explored using 
multilevel mixed-effect models.
Ethics and dissemination  Ethical approval for this study 
was granted by Children’s Health Queensland Hospital 
and Health Service Human Research Ethics Committee, 
The University of Queensland Human Research Ethics 
Committee and the New Zealand Health and Disability 
Ethics Committee.

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ The study employs a prospective cohort design, al-
lowing for the longitudinal assessment of musculo-
skeletal complications in children with moderate to 
severe cerebral palsy (CP).

	⇒ The study leverages multisource data linkage and 
imaging-based assessments across Australia and 
New Zealand enhancing population representative-
ness and generalisability.

	⇒ Possible risk of participant dropout and incomplete 
data across the study.

	⇒ Findings will be limited to children with moderate 
to severe CP (Gross Motor Function Classification 
System III–V) and results may not be generalisable 
to those with milder motor impairments.
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Research outcomes will be disseminated via scientific conferences 
and publications in peer-reviewed journals; to the National Bodies and 
Clinicians; and to people with CP and their families.
Trial registration number  Australian New Zealand Clinical Trials Registry 
number: ACTRN12622000788774p

INTRODUCTION
Cerebral palsy (CP) is the most common physical disability 
of childhood impacting 1 in 700 children in Australia.1 
The condition affects the development of movement and 
posture, causing activity limitations, commonly attributed 
to non-progressive disturbances that occurred in the 
developing fetal or neonatal brain.2 The musculoskeletal 
sequelae in CP are progressive and life-long, extensively 
impacting the lives of children with CP, their families and 
the healthcare system and are often associated with signif-
icant pain.3

Background to Musculoskeletal Abnormalities in Cerebral 
Palsy
The mechanical properties of bone size, shape and 
strength,4 5 are determined by genetics, bone growth and 
the forces applied to the bone by muscles and weight-
bearing.6 In children with CP, the initial static neurolog-
ical insult leads to spasticity/dystonia and/or weakness, 
resulting in abnormal muscle forces on the developing 
skeleton, which impacts bone morphology and contrib-
utes to progressive hip displacement, scoliosis and skel-
etal fragility.7 These musculoskeletal alterations continue 
across the lifespan,8 contributing to reduced motor 
function, joint displacement (eg, hip displacement), 
increased joint pain, reduced habitual physical activity 
(HPA), increased sedentary behaviour, increased diffi-
culty in care giving9 and decreased quality of life (QoL).10 
The altered musculoskeletal development begins early 
in children with CP,11 resulting in muscles with reduced 
volume,8 12 with muscle fascicles that are stiffer,13 have 
reduced force production capacity,11 are thinner14 and 
shorter with longer tendons.14 15 The altered muscle acti-
vation patterns and reductions in muscle force, applied in 
abnormal directions, result in ongoing perturbations to 
skeletal development. In the hip, abnormal femoral head 
and acetabular development and coxa valga, all contribute 
to hip displacement.16 Increased hip adductor spasticity 
has also been considered as a contributing factor of hip 
displacement.17–19 At the spine, there is abnormal verte-
bral growth and reduced vertebral strength, which may 
contribute to scoliosis development.20 Reduced muscle 
force can also impact bone mass accrual throughout the 
skeleton, increasing the risk of fragility fracture.21 The 
precise age of onset of musculoskeletal complications, 
detailed knowledge of genetic predisposition, potential 
early biomarkers and complex interactions between the 
musculoskeletal complications of CP remain unclear.

Hip displacement
Children with CP with moderate to severe mobility 
limitations (GMFCS levels III–V)22 have a high risk 

of progressive hip displacement with an incidence of 
approximately 35%.23 24 The pathophysiology of hip 
displacement in CP has been historically based on the 
spastic muscle model, which postulates that initial brain 
damage leads to spasticity characterised by muscle stiff-
ness in the hip adductors and flexors, which pulls the 
femoral head out of the hip joint.16 While the spastic 
muscle model seems logical, there is evidence that hip 
displacement is unrelated to motor type, that is, there is 
no greater risk of hip displacement in children with spas-
ticity than hypotonia.23 24 A more holistic model of hip 
displacement focuses on the negative features of CP as 
an upper motor neuron syndrome, with muscle weak-
ness and limited weight bearing and walking function as 
causes of hip displacement.16 Hip abductor weakness and 
limited weight bearing/walking lead to abnormal joint 
forces, causing changes in the proximal femoral geom-
etry (increased femoral neck anteversion and neck shaft 
angle) subsequently leading to hip displacement.16 25 
When not treated early or effectively, displacement can 
lead to painful dislocation of the hip, with decreased 
function, increased carer burden and decreased QoL.26 27 
A Victorian population-based study (n=323) recognised 
GMFCS as the strongest predictor of progression of hip 
displacement, defined as migration percentage (MP) on 
anteroposterior pelvic X-ray of greater than 30%, with 
increasing risk in children who are marginal ambulators 
GMFCS level III (41.3%); those non-ambulant but able 
to sit GMFCS IV (69%) and those unable to sit GMFCS 
V (90%).24 Based on the findings of these studies, a 
number of clinical guidelines for the systematic routine 
surveillance of hip displacement have been developed, 
including in Australia.28–30

Several longitudinal studies have demonstrated the 
effectiveness of population-based hip surveillance 
programmes on reduced rates of complete hip disloca-
tion through early identification and timely referral for 
orthopaedic assessment and surgical management31–33; 
these do not, however, elucidate whether specific factors 
are protective against the development of progressive 
hip displacement for some children, such as increased 
habitual activity levels in children at GMFCS III, or floor 
mobility and standing function in those functioning at 
GMFCS IV.

There is no uniformly recognised treatment for 
prevention of hip displacement in children with CP, 
with interventions such as intramuscular Botulinum 
toxin A injections, Intrathecal Baclofen (ITB) and 
Selective Dorsal Rhizotomy (SDR) having limited 
effectiveness.34–38 Hip surgery (femoral osteotomy) is a 
well-recognised treatment for children with significant 
displacement or dislocation of the hips.39 Children 
with a hip MP of ≥30% are at higher risk of progres-
sive hip displacement,40 and a hip with an MP ≥50% is 
at higher risk of dislocation.41 Surgical reconstruction 
has been demonstrated to be effective in improving 
pain and mobility in children with CP with marked hip 
displacement.42–46  
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Scoliosis
Progressive spinal deformities, including scoliosis and 
kyphosis, are a major problem in children functioning at 
GMFCS levels IV and V, and can result in limitations to 
function and activity, cause pain and can be life-limiting 
due to respiratory compromise.47 Scoliosis is defined 
as a spinal curve of angle >10° as measured using the 
Cobb method.48 49 Similar to hip dysplasia, the incidence 
of scoliosis in children with CP has a direct correlation 
with GMFCS level.50 51 A Swedish prospective longitu-
dinal study (n=1025), conducted within the follow-up 
healthcare programme and registry for children with CP 
(CPUP), reported the risk of severe scoliosis (Cobb angle 
>40°) at 10 years old was 2% for GMFCS III, 5% in GMFCS 
IV and 20% in GMFCS V. At 20 years, the prevalence of 
severe scoliosis (Cobb angle >40°) was 8% for GMFCS III, 
35% for GMFCS IV and 75% for GMFCS V.50

Similarly, in an Australian cohort (n=292), a scoliosis 
(Cobb angle >10°) was found in 41% of individuals with 
CP and was directly related to increasing GMFCS level. 
Severe scoliosis (Cobb angle >40°) was most common in 
children functioning at GMFCS IV and V (18% and 48%, 
respectively). Curves were also more common in young 
people with more severe limitations in fine motor func-
tion and the presence of dystonia or mixed movement 
disorders.52 There is limited research that has explored 
protective factors for preventing scoliosis in children with 
CP. In addition, the relationship between hip displace-
ment and scoliosis and the inter-related musculoskeletal 
complications are not well established in child popu-
lations.49 In adult populations with CP, the association 
between asymmetrical limited hip flexion (<90°), pelvic 
obliquity and clinical assessment of scoliosis is well estab-
lished.53 In children with CP, postural asymmetry may play 
a role in increasing the likelihood of developing scoliosis, 
windswept and contracted hips.54 While the convexity of 
scoliosis has been associated with the high side of pelvic 
obliquity in young people with CP,55 not all who have a 
scoliosis and pelvic obliquity will develop significant hip 
displacement, and the natural history and aetiological 
mechanisms which underpin severe scoliosis in young 
people with CP are not clear. These studies highlight 
associations between hip abnormalities and scoliosis in 
children and adults with CP, however a causative relation-
ship remains unclear. There are few prospective studies 
in children with CP that have investigated the early 
biomarkers of progression and the inter-relationship 
between hip displacement and scoliosis, confirmed by 
radiology, within the same cohort. Also, while guidelines 
for hip surveillance have been available in Australia since 
2008,29 there is currently no national clinical guideline 
for the routine identification and surveillance of scoliosis.

To manage scoliosis, surgical intervention is considered 
the main treatment pathway,56 with non-surgical manage-
ment including bracing and postural support in seating 
for prevention and slowing progression of minor curves. 
Bracing can improve sitting posture and trunk support, 
enabling better head, neck and upper limb control;57 58 

however, bracing treatment can be difficult to prescribe 
and is poorly tolerated by young people with CP with 
significant dystonia or hypertonia, cognitive impairment 
or associated neurodiverse conditions due to the invasive 
and restrictive nature of casting and braces. Evidence of 
the effectiveness of bracing is mixed, with some demon-
strating that bracing can slow curve progression, specifi-
cally in younger children with Cobb angles of less than 
40°. 5759 Other research, however, has suggested that for 
most children with CP braces are insufficient to reduce the 
requirement of surgical intervention,58 although in non-
ambulatory individuals with scoliosis, optimising seating 
position has been identified as effective in increasing 
support and improving functional outcomes.60

Skeletal fragility
Skeletal fragility is a significant complication of CP that 
worsens with disability and age.61 Skeletal fractures cause 
pain and result in diminished QoL and substantially 
increase costs of medical care as they can occur frequently 
and throughout the life span.62–64 Abnormal bone devel-
opment during growth in children with CP increases the 
risk of pathological fracture that persists into adult life.65 
The incidence of pathological fracture of the femur, tibia 
and humerus in children with CP is approximately 40%, 
with an annual fracture rate of 7%–10%.66 This has not, 
however, been evaluated in an Australian cohort. Although 
the overall incidence of fracture in children with CP is no 
greater than typically developing children (TDC), it is the 
mechanism of fracture (minimal or no trauma in children 
with CP), the fracture site (femur, tibia and humerus in 
CP as opposed to distal radius and ulna in TDC) and the 
associated morbidity that makes skeletal fragility a signif-
icant issue.67 The aetiology of reduced bone mass for age 
and reduced bone strength in children with CP is multi-
factorial. The primary factor is reduced mobility and asso-
ciated reduced muscle force on bone.66 68 Other factors 
that can impact bone mass accrual include vitamin D defi-
ciency, dietary calcium deficiency, undernutrition and 
low body weight, pubertal delay, and medications such 
as anticonvulsants, steroids and diuretics.69 70 Although 
Australian investigators have published consensus guide-
lines71 and undertaken studies on the prevention and 
treatment of skeletal fragility in children with CP,72 73 
there is currently no predictive model to determine prog-
nosis, best therapeutic actions or strategies to reduce the 
burden of fracture in children with CP.74 75 Improving our 
understanding of bone health would enable timely inter-
vention to optimise bone strength, prevent complications 
of pain, pathological fracture and failure of orthopaedic 
devices. An important component of the AusCP Muscu-
loskeletal Health Network (AusCP MSK) study is fully 
characterising the bone of children with CP through a 
combination of dual-energy X-ray absorptiometry (DXA), 
an in vivo peripheral quantitative CT (pQCT) and ex vivo 
bone mineral density distribution (BMDD).

Interventions designed to reduce skeletal fragility in chil-
dren with CP include weight-bearing exercise, specifically  
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including high ground reaction force or pull/strain 
on the skeleton over a prolonged period of time, such 
as vibration platforms.76 Positive treatment effects have 
been documented for weekly callisthenics programme77 
and whole body vibration therapy.78 Current guidelines 
in CP recommend the treatment of fragility fractures with 
bisphosphonates.71 73 There is some contention, however, 
about the paucity of rigorous studies that examine the 
efficacy and safety of this approach.72

Significance of the current study
The overarching goal of the AusCP MSK Network is to 
conduct comprehensive, population-based surveillance 
of children with CP to better understand the aetiology, 
age at onset, rate of progression and the clinical signif-
icance of musculoskeletal complications in CP as well 
as to identify therapeutic targets to inform prevention 
programmes for musculoskeletal complications. Muscu-
loskeletal complications related to CP for non-ambulant 
children, including hip displacement, scoliosis and 
skeletal fragility are often severe and progressive, with 
a life-long impact. Currently in Australia, there are a 
number of guidelines in place to inform clinical practice 
in people with CP. These include the Australasian Cere-
bral Palsy Clinical Trials Network (Aus-CP-CTN) on early 
detection,79 early intervention80 and efficacy of interven-
tions to improve functional outcomes.81 The Australian 
Hip Surveillance Guidelines for Children with Cerebral 
Palsy28–30 have been implemented to varying degrees 
in most states, however, there are no existing clinical 
guidelines or registries for spinal surveillance and skel-
etal fragility which this study aims to address. This has 
prevented the investigation of early biomarkers for, and 
the inter-relationship between, hip displacement, scoli-
osis and skeletal fragility. These knowledge gaps have 
hampered the development of timely and effective inter-
ventions aimed at either preventing or mitigating these 
musculoskeletal complications. Ultimately, early detec-
tion of musculoskeletal complications in children with 
CP, coupled with evidence-based preventative interven-
tions, will reduce the impact of spine, hip and skeletal 
fragility disorders in children, adolescents and adults 
with CP. This will support people with CP to have the best 
possible musculoskeletal health, physical function and 
QoL, leading to a reduction in healthcare-related and 
societal costs. The AusCP MSK—MRF2015970 is prospec-
tively registered at ACTRN: ACTRN12622000788774p 
and ACTRN12622000782730p.

METHODS AND ANALYSIS
Aims and hypotheses
The AusCP MSK primary study objective is to:
1.	 Identify early biomarkers of onset/progression of 

musculoskeletal complications (hip displacement, sco-
liosis, fragility fracture) that predict the severity and 
rate of progression of musculoskeletal complications 
(MP>30%, Cobb angle>10°, lateral distal femur (LDF) 

bone mineral density (BMD) Z-score< −2.0) at 8–13 
years, leading to natural history data that can be used 
to inform early intervention clinical trials and identify 
new therapeutic targets.

The AusCP MSK secondary study objectives are to:
1.	 Identify the relationship between early brain structure 

(clinical MRIs), aetiology of CP and musculoskeletal 
development at 1–4 years of age on disability outcomes 
at 8–13 years of age.

2.	 Determine the costs and consequences of medical and 
allied health resource use (HRU), and poor QoL at 
8–13 years of age, related to severity of musculoskeletal 
complications at 4–9 years of age.

3.	 Determine prevalence, HRU costs and clinical charac-
teristics of children and adolescents with CP who sus-
tain a pathological fracture, evaluate complementary 
data for CP patient bone quality and develop a predic-
tive model for fracture.

These aims will be explored through the following 
hypotheses:
1.	 Higher prevalence of musculoskeletal risk factors for 

hip displacement, scoliosis, reduced BMD for age, such 
as Gross Motor Function Measure (GMFM), HPA/sed-
entary behaviour, nutritional status, body composition 
(fat mass/fat free mass on DXA), at 4–9 years of age 
will lead to poorer musculoskeletal outcomes at 8–13 
years of age.

2.	 The location and extent of the brain lesion(s) on struc-
tural MRI, pathophysiology of CP (motor type and dis-
tribution), motor capacity (GMFM-88) at 4–9 years of 
age will predict severity of musculoskeletal complica-
tions (hip displacement, scoliosis, bone fragility) and 
performance outcomes (Pediatric Evaluation of Dis-
ability Inventory, Computer Adapted Test, PEDI-CAT) 
at 8–13 years of age.

3.	 The location, extent of the brain lesion(s) on semi-
quantitative MRI (<6 years) will predict the severity of 
musculoskeletal outcomes (MP>30%, Cobb>10°), at 
8–13 years of age.

4.	 Healthcare costs will be higher for children with great-
er adverse musculoskeletal biomarkers at 4–9 years of 
age and will lead to poorer outcomes and QoL (conse-
quences) at 8–13 years of age.

5.	 Pathologic fracture will be a major health burden in 
children with CP that increases with GMFCS and age.

6.	 The identification of children with CP at greatest risk 
of fracture through a predictive tool will enable the 
determination of prognosis, inform therapeutic action 
and reduce fracture burden.

7.	 Bone quality of children with moderate-to-severe CP 
will be abnormal compared with TDC;

8.	 Genetic variation will influence onset and progression 
of musculoskeletal complications in CP.

Study design
The AusCP MSK is a multicentre prospective (4 years) 
and retrospective (3 years) cohort study that will be imple-
mented nationally and internationally at five sites: (1)  
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Queensland Children’s Hospital (QCH); (2) Royal Chil-
dren’s Hospital, Melbourne (RCH); (3) The Children’s 
Hospital at Westmead (CHW); (4) The Sydney Children’s 
Hospital (SCH) and (5) The Starship Children’s Hospital 
(SCH), New Zealand. This study builds on the founda-
tions of previous studies by the research team: epidemi-
ology of CP, early diagnosis of CP and early surveillance 
of CP and will undertake further comprehensive surveil-
lance in three cohorts (A, B and C) of children with CP, 
outlined in figure 1. The study commenced in February 
2024 and will be completed by 29 February 2028.

Cohort A (n=500) involves the collection of 3-year retro-
spective data and subsequent 4-year prospective follow-up 
(baseline (T1) and three annual assessments (T2, T3 
and T4)) for a range of musculoskeletal measures with 
children with CP GMFCS III–V, capturing development 
from ages 4 to 13 years, providing 7 years of data. This 
approach enables the identification of early biomarkers 
of musculoskeletal change, acknowledging that while 
prospective tracking begins at age 4, important features 
of musculoskeletal health before this age can be explored 
through retrospective data collection. Cohort B focuses on 
a retrospective analysis of data from individual’s records 
from both Australian and New Zealand cohorts to identify 
clinical presentations for fractures among children with 

CP GMFCS I–V, aged less than 18 years of age from 2001. 
The Australian cohort (n~3000) will be retrieved from 
the NSW/Australian Capital Territory (ACT) CP Register 
that has been linked with admitted hospital, emergency 
department and outpatient data collections. The New 
Zealand cohort (n=~1000) will involve extracting clin-
ical data from the New Zealand Cerebral Palsy Register 
and linking it to deidentified fracture claims data in the 
Accident Compensation Corporation database. Cohort C 
includes a single-timepoint examination of bone quality, 
quantity and turnover in up to 30 children with CP, 
GMFCS III–V, undergoing scheduled hip surgery at QCH 
with an exposed iliac crest. A transiliac bone biopsy will 
be performed using a 5 mm to 7.5 mm diameter trephine. 
This biopsy will be subjected to testing of histomorphom-
etry and quantitative backscatter electron microscopy 
imaging (qBEI) for the analysis of: (1) bone cellular 
activity and (2) BMDD.82

Eligibility criteria
Australian sample
Participants are eligible to be included in the prospective 
studies (cohort A and C) if the following criteria apply: 
(1) have a diagnosis of CP and gross motor function 
classified at GMFCS levels III–V; (2) aged between 4.00 

Figure 1  Visual description of the AusCP MSK study cohorts A, B and C. ACC, Accident Compensation Corporation; ACT, 
Australian Capital Territory; CHW, The Children’s Hospital at Westmead; CP, cerebral palsy; ED, emergency department; 
GMFCS, Gross Motor Function Classification System; NSW, New South Wales; QCH, Queensland Children’s Hospital; RCH, 
The Royal Children’s Hospital; SCH (NZ), Starship Children’s Hospital New Zealand.
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and 9.99 years of age at the time of recruitment (any age 
less than 18.00 years for cohort C); (3) have a parent or 
legal guardian that is capable of giving signed, informed 
consent.

Participants will be excluded if the parent/legal 
guardians’ English language skills are not sufficient to 
understand the study information, provide informed 
consent and/or complete the parent-reported study 
questionnaires.

For study B (cohort B), data extracted from the NSW/
ACT CPR will allow records for individuals with CP 
(GMFCS I–V), aged less than 18 years to be matched in 
data linkage. The CPR is a population-based database 
registry with multiple ascertainment strategies of individ-
uals with CP who were born or live in NSW or ACT.

New Zealand sample
Participants are eligible to be included in the prospec-
tive studies (cohort A) if the following criteria apply: 
(1) have a diagnosis of CP and gross motor function 
classified at GMFCS levels III–V; (2) aged between 
4.00 and 9.99 years of age at the time of recruitment. 
For study B (cohort B), data extracted from the New 
Zealand Cerebral Palsy Register will be linked to frac-
ture claims data in the Accident Compensation Corpo-
ration database for children with CP (GMFCS I–V) aged 
less than 18 years.

Outcomes
For cohort groups (A, B and C) the following retrospective 
early life data will be collected at one timepoint only (base-
line, T1):

I. Where available, clinical history will be retrieved from 
medical records, participating registries, clinical trial and 
neonatal discharge summaries including: sex, ethnicity, 
gestational age at birth, birth weight, delivery, singleton 
or one of multiple births, perinatal risk factors (genetic 
history, infection) and MRI brain findings.

II. Age and severity of CP information will include: age 
at CP diagnosis, GMFCS,83 Manual Ability Classification 
System (MACS),84 Communication Function Classifica-
tion System (CFCS)85 and the Eating and Drinking Assess-
ment Classification System (EDACS).86

III. Parent-reported early intensive therapy interven-
tions will include: (1) age at commencement (2), the 
frequency and duration (dose) and (3) mode (cohort A, 
C)

IV. Investigations will include: X-rays of hip and/or 
spine, biochemistry including 25-hydroxy vitamin D 
(250HD) and alkaline phosphatase (cohort A, C).

Prospective longitudinal study outcomes for cohort A 
and C, except for DXA scans, will be measured at baseline 
(T1, year 1), 12 months postbaseline (T2, year 2), 2 years 
postbaseline (T3, year 3) and 3 years postbaseline (T4, 
year 4). The AusCP MSK schedule of assessments for all 
cohort studies (A, B, C) is outlined in table 1.

Primary outcomes
Hip assessment will involve annual AP pelvis X-rays, 
performed according to Hip Surveillance Guidelines for 
positioning children with CP.29 30 Reimers MP, acetabular 
index (AI), sphericity of femoral head, pelvic obliquity, 
hip abduction/adduction, femoral neck-shaft angle and 
Hilgenreiner’s epiphysial angle (HEA) will be analysed 
on all anterior–posterior pelvis X-rays. A passive range 
of motion (ROM) physical examination will include 12 
lower limb assessments performed by the study physio-
therapists. The physical examination will measure ROM87 
of the hip (flexion, extension, abduction, rotation), knee 
(extension, flexion) and ankle (dorsiflexion), and this 
measure has demonstrated good interrater,87 88 intra-
rater88 and test–retest reliability89 in children with CP87 88

Spine assessment will use radiological and clinical 
biomarkers from annual seated anterior–posterior 
(AP) and lateral spine X-rays (upper thoracic vertebrae 
to anterior superior iliac spine (ASIS)) to screen and 
monitor development of scoliosis. Clinical metrics eval-
uated on spinal X-rays including frontal Cobb angle,90 
sagittal thoracic kyphosis angle,90 coronal sacral shift91 
and shoulder height asymmetry, sagittal vertical axis,92 
rotational spinal deformity due to axial rotation,93 and 
coronal rib vertebral angle at the apical vertebra will be 
utilised as a secondary proxy for rotational deformity.94 
Clinical assessment of scoliosis will involve the Adam’s 
forward bend test, and CPUP assessment.95 Spinal 
symmetry will be assessed through a seated lateral flexion 
test and lateral functional reach test (FRT) and analysed 
on participants with function at GMFCS III-IV that have 
been identified as able to complete the test. The seated 
lateral flexion test involves children in a seated position 
with arms at their sides using lateral trunk flexion to reach 
their fingertips down towards the floor on each side. This 
measure has not been previously psychometrically evalu-
ated in a CP child sample. This study therefore will report 
on the reliability and predictive validity of this measure 
for this population. The seated lateral FRT involves chil-
dren in a seated position with their arm outstretched at a 
90° angle and then using their trunk to reach as far across 
as possible with their arm running parallel with the floor 
and has high test-retest reliability.96 The standing version 
of this measure has been found to be reliable and valid 
in ambulant children with CP (GMFCS I – III) compared 
with TDC97 but has not been tested in those at GMFCS 
levels IV-V.

Dual energy X-ray absorptiometry (DXA) scans (GE-Lunar 
(GE Medical Systems) or Hologic [Hologic Inc, USA]) 
will be acquired at T1 and T3, and at T4 if a low BMD for 
age (Z-score<−1.5) at any site is reported at T3. Measures 
will include age and height matched areal BMD (aBMD; 
g/cm2), bone mineral content (BMC; grams) at proximal 
hip, anteroposterior (AP) lumbar spine, total body and 
LDF.98 These have been demonstrated to be reproduc-
ible in CP samples.99 Bone mineral apparent density (g/
cm3) will be used to estimate volumetric BMD from the 
AP lumbar spine image. The total radiation exposure to  
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provide all DXA scans at three timepoints (T1, T3 and T4) 
would equate to a total radiation exposure of 0.0075 mSv 
above normal clinical care. Changes in DXA values will 
be adequately determined by a baseline (T1), 24-month 
(T3) and 36 months (T4) assessment. The addition of a 
12-month (T2) DXA reading is not expected to signifi-
cantly enhance the understanding of the natural history 
of bone mass accrual in this cohort of children.

The GMFM is a criterion-referenced observation 
measure developed to measure gross motor function of 
children with CP.83 The GMFM-88 version is used to assess 
gross motor activities in five dimensions (lying/rolling; 
sitting; crawling/kneeling, standing; walking, running 
and jumping).

Fracture sustained for any participants (retrospective 
and prospective) will be confirmed from patient medical 
records and using radiological evidence; this will be 
cross-referenced with an annual parent-reported fracture 
questionnaire. For cohort B, presentation to emergency 
department, outpatient clinic or admission to hospital 
for fracture will be identified using linked administrative 
health data. Data and age at presentation, procedures 
and length of stay will be determined.

Classifications
Motor type will be classified as: spastic, dystonic, ataxic, hypo-
tonic, choreoathetosis, mixed or unclassifiable according 
to the Surveillance in Europe,100 and spastic topography as 
the number of limbs impaired: unilateral (hemiplegia) 

Table 1  Data pooling plan for AusCP MSK studies

Retrospective study cohort A at 1–5 years/cohort B at 
fracture

Prospective follow-up from 4 to 9 years
Cohorts A and C

Domain/test A B TEST A C

Child primary outcomes

1.Hip displacement (MP, AI) ✓ Hip displacement (MP, AI); ✓ ✓

Scoliosis: PA/AP and lateral ✓ Scoliosis PA/AP and Lateral ✓ ✓

DXA, pQCT DXA, pQCT ✓ ✓

Motor function: GMFM/
GMFCS,

✓ ✓ Motor function: GMFM/ GMFCS/
MACS/CFCS.

✓ ✓

Musculoskeletal: ROM 
assessment (lower limb 
and spine) including motor 
type/distribution.

✓ Musculoskeletal: ROM 
assessment (lower limb and spine) 
including motor type/distribution

✓ ✓

Fractures: hospital 
admission, emergency 
department presentation or 
outpatient visit

✓ ✓

Child secondary measures are:

Function: PEDI-CAT ✓ Function: PEDI-CAT ✓

Habitual physical activity 
(5 day)

✓ HPA/sedentary (7 day) ✓

Growth height/weight/BIA ✓ Growth/growth velocity: Ht/Wt ✓ ✓

Skeletal fragility: # history, 
Pain Q

✓ Skeletal fragility: # history, PPP ✓ ✓

Nutrition: 3 day diet, 
Feeding Q

Feeding Q, Vit D, ✓ ✓

Quality of Life—CPQOL ✓ CP CHILD/CHU9 ✓

Mat/neonatal risk ✓ ✓ Medical Dx CP, genomics ✓ ✓

Neonatal MRI Kiddokoro 
(aim 2)

✓ Fiori brain lesion severity ✓

HRU: medical/AH costs ✓ ✓ HRU/medical/AH costs/PBS MBS ✓

AI, Acetabular Index; ANZNN, Australian and New Zealand Neonatal Network; CHU9, Child Health Utility—9 Dimensions; CPCHILD, 
Caregiver Priorities and Child Health Index of Life with Disabilities; DXA, dual-energy X-ray absorptiometry; GMFM, Gross Motor Function 
Measure; HEA, Hilgenreiner’s Epiphyseal Angle; HRU, health resource utilisation; MACS, Manual Ability Classification System; MBS, Medicare 
Benefits Schedule; MP, migration percentage; PBS, Pharmaceutical Benefits Scheme; PEDI_CAT, Paediatric Evaluation of Disability Inventory 
Computerised Assessment Test; PPP, The Pediatric Pain Profile; pQCT, peripheral Quantitative Computed Tomography.
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and bilateral distribution (diplegia, triplegia, quadri-
plegia) using the Australian Spasticity Assessment Scale.101

Gross Motor Function Classification System (GMFCS) has 
internationally established validity, reliability and stability 
for the classification of children with CP, 2–12 years.84 As 
gross motor abilities change with age, separate descrip-
tors are used for different age bands using the expanded 
and revised GMFCS.102 This classification system has 
demonstrated high inter-rater reliability between thera-
pists (ICC=0.84).103

MACS is a five-level system developed for children aged 
4–18 years with good inter-rater reliability.84 104 The MACS 
classifies how well children use their hands to handle 
objects in day-to-day activities.84 This classification demon-
strates high reliability between therapists (ICC=0.97) and 
between parent and therapist (ICC=0.96).84

CFCS has been validated in children aged 2–18 years85 
and classifies children’s performance in sending and 
receiving communicative message via their typical 
communication means. Good inter-rater reliability 
between professionals has been demonstrated for this 
measure (κw=0.77) for children older than 4 years and 
high test–retest reliability 0.82.85

EDACS classifies the eating and drinking abilities of 
children with CP from 3 years of age and describes the 
level of safety and efficiency (levels I–V) on consuming 
food and fluid textures.105 This classification demon-
strates high inter-rater reliability between professionals 
(ICC=0.93).86

Secondary outcomes
Peripheral quantitative computer tomography (pQCT) of the 
tibia will be used to measure the volumetric BMD (mg/
cm3), shape and size of cortical and trabecular bone, and 
to derive strength measures.106 pQCT will be performed 
on children GMFCS III and subset of GMFCS IV and V, 
from cohort A. The total radiation dose for the pQCT 
scans (maximum total of 3 during the study) is 0.03 mSv 
above normal clinical care.

Bone biopsy (cohort C) will involve a transiliac bone 
biopsy after tetracycline labelling in 30 subjects with CP, 
GMFCS III-V who are undergoing scheduled hip surgery. 
A biopsy from the iliac crest using a 5 mm or 7.5 mm diam-
eter trephine. Bone cellular activity and BMDD on the 
sample will be measured using qBEI. Measurements will 
be compared with normative data of BMDD established 
in TDC.107

HPA will be measured using accelerometers worn on the 
less-affected wrist (ActiGraph GT3X+) and less-affected 
thigh (Axivity AX3) for 7 consecutive days immediately 
after each assessment visit, where day 1 is defined as the 
first full day after receipt of the accelerometers. Parents/
caregivers will record the child’s sleep times and removal 
of the devices on an activity log sheet. The raw acceler-
ometer signal will be processed into HPA outcomes using 
machine-learnt physical activity classification models 
specifically trained and validated for youth with CP who 
are ambulatory or use mobility aids for ambulation.108 109

Brain structure measured via retrospective structural 
brain MRIs captured at any age will be assessed by study 
investigators at Commonwealth Scientific and Industrial 
Research Organisation using automated, quantitative 
methods, namely the developing Human Connectome 
Project structural pipeline110 or neonatal data, and the 
AssessCP for children aged 4–18 years.111 This will provide 
measures of brain macrostructure (regional volumes) 
and cortical shape (cortical thickness, sulcal depth). This 
data will also be assessed manually using the Fiori brain 
lesion severity scale,112 cortical thickness, sulcal depth) 
and to describe brain lesion characteristics. This data will 
be combined with clinical information to predict GMFM 
and musculoskeletal complications.

Growth and nutritional status
1.	 Anthropometric measures will be performed includ-

ing height, length, knee height and body weight. 
Body mass index (BMI) will be calculated. Nutritional 
status will be determined using Z-score cut-offs for 
height, weight and BMI for each participant, relative 
to Centres for Disease Control and Prevention 2000 
growth data.113

2.	 Body composition: DXA measurements of fat mass, 
lean body mass and BMC.114

3.	 Feeding behaviours will be assessed through a parent 
report questionnaire,113 the Feeding Nutrition Screen-
ing Tool,115 the Functional Oral Intake Scale116 and the 
Australian Recommended Food Score.117

4.	 Vitamin D and calcium intake will be collected via a 
parent-reported food frequency questionnaire, with 
consideration given to supplementation.118

Pain variables including episodes of pain, treatment and 
medication will be collected using the parent-reported 
Paediatric Pain Profile (PPP).119 The PPP rates severity 
of pain ‘at best’ and ‘while in pain’ with good internal 
consistency (α=0.75–0.89) and reliability (ICC 0.74–
0.89).120 In instances where participants can self-report 
pain, the Wong-Baker Faces Pain Scale will be used.120

Sexual maturation will be measured through parent-
reported pubertal status of the child via pictorial illus-
trations, where puberty will be defined by Tanner stage 
≥2.121 Children with delayed or precocious puberty will 
have their clinical status highlighted to their treating 
medical team.

Biochemistry will involve blood collected at each time-
point for markers of optimal growth and mineral homeo-
stasis, including 25-hydroxy vitamin D (25OHD), calcium 
and alkaline phosphatase, which are altered in CP related 
to GMFCS, body composition, growth and nutrition.122

Sun exposure will be measured through a parent-
reported 7-day sun exposure diary within 2 weeks of the 
25OHD levels to record the child’s daily UV exposure,123 
concurrent with the 7-day physical activity monitoring.

Genetic testing will involve DNA from children in 
cohort A that will be biobanked for future use to iden-
tify potential pathogenic variants in genes implicated in 
CP and comorbid conditions including musculoskeletal  
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complications. This is an optional substudy. Individuals 
who do not wish to participate in the genetic research 
may still participate in the main study. A 4 mL EDTA 
blood sample for DNA isolation will be collected from 
participants who have consented to this substudy.

Parent-reported secondary outcomes
The following parent-reported outcome measures will be 
completed by the child’s parent/guardian or caregiver(s) 
and assisted by the assessor at each timepoint:

The Child Health Utility-9 Dimensions (CHU9D) provides a 
preference-based utility index for assessing health-related 
QoL (HRQL) in children where the nine dimensions 
reflect paediatric perspectives of HRQL.124 The parent 
proxy version will be used, completed by the parent or 
guardian to provide a utility index for economic evalua-
tions.125 The CHU9D has demonstrated moderate test–
retest reliability (ICC 0.52 and 0.60).126

The Caregiver Priorities and Child Health Index of Life with 
Disabilities (CPCHILD)127 questionnaire assesses HRQoL 
across six domains: Personal Care and Activities of Daily 
Living; Positioning, Transferring and Mobility; Comfort/
Emotions; Communication & Social Interaction; Health 
and Overall QOL. The CPCHILD has demonstrated 
content validity, reliability and construct validity for ease 
of caregiving, functional limitations, comfort, health and 
well-being of children with severe CP, test–retest reliability 
(ICC 0.97 and 0.88–0.96 for domain scores) and internal 
consistency (Cronbach’s alpha>0.70).127

The Pediatric Evaluation of Disability Inventory Computer 
Adaptive Test (PEDI-CAT) is a valid and reliable parent-
reported assessment of a child’s function in four 
domains128: Daily activities; Mobility; Social/Cognitive 
and Responsibility, using scaled scores (Rasch) that have 
good validity and reliability.129 Scaled scores (possible 
range 20–80) for each domain provide more precise 
results in the extreme ranges, compared with normative 
standard scores, and are recommended to track function 
progress in children with substantial delays.129

Health Resource Use (HRU) questionnaire130 will be 
completed by the parent or guardian and supplemented 
by Medicare Benefits Schedule (MBS) and Pharmaceu-
tical Benefits Scheme (PBS) data. The HRU includes data 
on screening, therapy frequency and duration, hospital 
admissions, medical visits, operations, medication, equip-
ment and parent time for appointments. Standard cost 
sources (MBS, PBS, hospital, diagnosis-related groups 
for inpatient and outpatient services) will be applied to 
resource use and total cost of care calculated per child 
aged 2–12 years. The cost–consequence analysis will 
report health outcomes to demonstrate value for money, 
including best possible musculoskeletal health, phys-
ical function, greater QoL, non-health effects and non-
patient effects (carer well-being and QoL).

Sample size and power calculations
The total number of participants with data in line with 
the primary study objectives is expected to be n=450. This 

assumes 4 years of data from 90% of 500 enrolled partici-
pants and is based on attrition rates in previous National 
Health and Medical Research Council (NHMRC) funded 
cohorts run by the CI team. If the HD prevalence in 
approximately 70% of the total cohort is assumed, the 
AusCP MSK study will have 90% statistical power (α=0.05) 
to detect absolute differences between binary risk factor 
categories exceeding 12%. This corresponds to detecting 
relative risks (RRs) falling below 0.80 or surpassing 1.24. 
Even when risk factors are unbalanced in a 4:1 ratio, we 
will be able to identify RRs of <0.74 or >1.35. For scoliosis 
incidence, if an overall cumulative incidence of 25% is 
assumed, the study will be able to detect absolute between-
group differences of >11%. Note that this is an underesti-
mate of power due to the repeated annual measurements 
for each child.

The bone quality cohort (C) will recruit 30 children 
with CP, detecting between-group differences >1.25 SD 
with 90% power, which are smaller differences than 
observed when comparing children with mild Osteogen-
esis Imperfecta compared with TDC.131

Statistical analysis
Data will be stored on the research data manager hosted 
by lead university (The University of Queensland). To 
identify relationships between early biomarkers (aim 1), 
early brain structure (aim 2) and clinical characteristics 
and bone quality (aim 4) with musculoskeletal complica-
tions, we will construct multivariable regression models 
informed by the directed acyclic graph displayed in 
figure 2. The association between risk factors and primary 
outcomes measured on the interval scale (ie, MP%) will 
be investigated using mixed-effects linear regression 
models with child included as a random effect to account 
for repeated measures. Risk factor and time will be 
included as fixed effects, with an interaction term. Poten-
tial confounding variables will be included. For binary 
outcomes, mixed effects logistic regression models will be 
constructed and mixed effects Poisson models used for 
count outcomes.

When constructing predictive models, important vari-
ables will be examined individually first before a final 
multivariable model is selected using Bayesian informa-
tion criteria. Model calibration will be tested graphically, 
and internal calibration will use bootstrap resampling. 
Missing data will be treated as case-by-case basis depending 
on the observed pattern of missingness. For example, if 
data are ‘missing at random’, we will use multiple impu-
tation methods and if data are ‘not missing at random’, 
we will use a pattern-mixture model. Adjustments for 
multiple comparisons will be made for each separate suite 
of analyses as appropriate, bearing in mind the type I and 
type II error rates for each suite.

In addition to the primary statistical analysis, a 
cost–consequence analysis will be performed to attain 
a better understanding of the value and costs of a 
national approach to better decision-making regarding 
hip, spine and bone fragility complications in CP. The  
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cost–consequence analysis will capture the direct costs of 
medical care and direct non-medical costs from the HRU 
parent-reported questionnaire. The cost-consequence 
analysis will report costs and outcomes in a simple and 
disaggregated format to help policymakers better under-
stand the effects of prevention programmes for musculo-
skeletal problems across costs and outcomes. The analysis 
will be performed in a 4-year time horizon with a 3% 
discount rate to account for time preference.

ETHICS AND DISSEMINATION
The AusCP MSK Health Network has been approved by 
the Children’s Health Queensland Hospital and Health 
Service Human Research Ethics Committee (HREC/22/
QCHQ87118), The University of Queensland Human 
Research Ethics Committee (2022/ HE001516) and the 
New Zealand Health and Disability Ethics Committee 
(2025/FULL/21456). The trial is also registered on the 
Australian New Zealand Clinical Trials Registry (ANZCTR, 
ACTRN12622000782730p). The trial registration will 
be amended to reflect any protocol updates, and devia-
tions from the protocol will be reported in the primary 
results manuscript. Study outcomes will be disseminated 
via the ANZCTR website, conference presentations and 
abstracts, peer-reviewed scientific journals, organisation/
institution media releases and newsletters and directly to 
research participants in an appropriate and accessible 
format.

Patient and public Involvement
An AusCP MSK consumer group, consisting of parents/
families/caregivers with lived experience, has been 
established to provide ongoing guidance and input 
throughout the research process. Consumer representa-
tives will be involved at all research stages, including study 
design, creation of parent/participant information and 
consent materials (see online supplemental files 1–3), 

selection of assessment materials and procedures, study 
implementation and dissemination of results. Ongoing 
broader consumer engagement will continue via the 
consumer network (Aus-CP-CTN CRE). The AusCP MSK 
consumer representatives will be financially compensated 
for their time and expertise. Consumer representatives 
will nominate their preferred method of payment (either 
direct credit into their account or gift card). The rate of 
reimbursement will be equivalent to Health Consumer 
Queensland remuneration rates, adjusted for annual 
inflation increases (1.5%). Consumer council meet-
ings will be held no less than two times yearly, and one 
consumer representative will be invited to sit on the trial 
management committee.
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