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Summary 
Down syndrome is a chromosomal condition that affects the musculoskeletal system, 

including the foot. Children with Down syndrome have structural variations to their feet, 

which complicates footwear fit. Consequently, many children with Down syndrome wear 

poorly-fitting footwear. This can have negative consequences, including reducing levels 

of physical activity. Therefore, the aims of this thesis are to determine: (i) the 

effectiveness of interventions (including custom-fitted footwear to improve fit) to increase 

physical activity in children with Down syndrome; and (ii) the foot dimensions of children 

with Down syndrome to better understand footwear fitting issues in this population. 

Four studies were conducted. The first study was a systematic review of nine 

randomised controlled trials that evaluated the effectiveness of interventions to improve 

physical activity in individuals with intellectual disabilities. A key finding was that only a 

limited number of physical activity interventions were effective in increasing physical 

activity in this population. These were a gym-based progressive resistance training 

program, a multi-component diet and physical activity program and a physical activity 

framework and education program. No previous studies investigated the effects of 

footwear on physical activity in individuals with intellectual disabilities, including those 

with Down syndrome. This warranted further investigation because poorly-fitting footwear 

has been associated with reduced physical activity.  

The second study was a randomised pilot study that determined the feasibility of 

conducting a definitive randomised trial to evaluate the efficacy of custom-fitted footwear 

to increase physical activity in children with Down syndrome. Thirty-three children with 

Down syndrome (mean age 9.7 [3.6] years, 21 girls) were randomly allocated to an 

intervention group (custom-fitted footwear) or a wait-list control group. Based on Bowen’s 

framework, six domains of feasibility were evaluated: demand (recruitment), 

implementation (co-interventions and adherence), acceptability (satisfaction with the 

intervention), practicality (adverse events), limited efficacy testing (physical activity; 

disability associated with foot and ankle problems, and gait) and adaptation (shoe-fit). 

Outcome measures were assessed at baseline, 6 weeks and 12 weeks. The results 

showed trends for differences in physical activity that favoured custom-fitted footwear; 

however, the differences were small. The main finding was that the fit of the footwear 

intervention – despite being fitted according to the manufacturer’s protocol – was no 

better than participants’ regular footwear. The footwear the participants were provided 

with was too narrow to accommodate foot width. These findings justified the need to 

better understand the foot dimensions of children with Down syndrome.  
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The third study investigated the reproducibility of measuring foot dimensions of children 

with Down syndrome. Three-dimensional (3D) foot scans of 30 children with Down 

syndrome (mean age 10.6 [3.9] years, 18 girls) were obtained to determine the intra- and 

inter-rater reproducibility of 13 unique foot dimension measurements. These 

measurements related to length (foot length, ball of foot length, outside ball of foot 

length), width (diagonal and horizontal foot width, heel width), girth (ball and instep girth), 

height (first and fifth toe height, instep height), forefoot shape (length of the digits, 

classified according to longest toe) and the ratio of foot length to foot width (Wejsflog 

Index). Two raters completed the measurements independently, 2 weeks apart using 3D 

Tool© and Canvas© software programs. All measurements were found to have moderate 

to excellent reliability (intra-class correlation coefficients [ICCs] ranging from 0.73 to 

0.99). Seven measurements had narrow limits of agreement (LOA) values (foot length, 

diagonal foot width, horizontal foot width, Wejsflog Index, instep height, first toe height 

and fifth toe height), but the remaining measurements (ball of foot length, outside ball of 

foot length, heel width, ball girth and instep girth) had wider LOA values indicating poorer 

agreement.  

As the measurements of foot dimensions were found to be reproducible, the fourth study 

was a cross-sectional observational study that compared the foot dimensions of children 

with and without Down syndrome. 3D foot dimensions of 51 children with Down 

syndrome were compared to 51 typically developing children (using 3D foot scans), who 

were age (±2 years) and sex-matched (mean age 10.8 [3.7] years, 28 girls). Data were 

analysed as absolute and normalised (for scale) differences due to the wide age range (5 

to 20 years) of participants. Results showed children with Down syndrome have smaller 

feet (absolute length, width and girth measurements). Further, after normalising for scale, 

children with Down syndrome were found to have a shorter foot length (heel to toe 

measurement), but a longer ball of foot length (heel to ball measurement), wider forefoot, 

a greater girth circumference (ball and instep girth) and greater fifth toe height. These 

differences in dimensions may explain why children with Down syndrome commonly 

wear poorly-fitting footwear.  

Collectively, these studies identified that footwear fit is a problem for children with Down 

syndrome. Footwear may potentially improve physical activity in children with Down 

syndrome; however, improving footwear fit is a necessary first step. At present, 

commercially available footwear is unlikely to accommodate the unique foot structure of 

children with Down syndrome. Children with Down syndrome need footwear that is wide, 

has adequate girth and a deep toe box height at a given size (length fit). Footwear with 

the required extra-depth and width (known as medical-grade footwear) is not readily 

available for children. Developing footwear according to normative dimensional data for 
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children with Down syndrome, or mass-customisation based on new technologies could 

solve the issue of poorly-fitting footwear for children with Down syndrome.  
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Chapter 1 – Introduction  

1.1 Down syndrome  
Down syndrome is a chromosomal disorder, characterised by unique facial features, 

intellectual disability and impairments to all body systems [1]. It affects 1 in 650 to 1,000 

births worldwide. It is estimated that 5,400 infants are born each year with Down 

syndrome in the United States and approximately 290 per year in Australia [2]. The 

prevalence of Down syndrome is increasing when both live births and terminated 

pregnancies are included [3]. There are two main reasons for this. First, a greater 

proportion of women are giving birth later in life. Approximately 22% of women who gave 

birth in 2004 were 35 years or over, which is substantially higher than the 8% of women 

who were aged 35 or over in 1985 [3]. Second, there has been an improvement in the 

sensitivity of diagnostic screening during early pregnancy to detect foetuses with Down 

syndrome [3, 4]. Children with Down syndrome have increased risks of health issues that 

lead to reduced life expectancy. However, the life expectancy of those with Down 

syndrome has improved in recent years, primarily due to advances in cardiac surgery [5]. 

At present, the estimated life expectancy of adults with Down syndrome is 60 years [6, 

7]. Approximately 90% of children with Down syndrome live beyond five years and 85% 

live beyond 10 years [8].  

 

1.1.1 Pathophysiology of Down syndrome 
Down syndrome is the most common chromosomal abnormality and occurs as a result of 

additional genetic material related to chromosome 21. This may occur in three ways. The 

first, known as trisomy 21, occurs when an error in cell division results in an embryo with 

three copies of chromosome 21 instead of two [9-11]. It is the most common form of 

Down syndrome, with 95% of children with Down syndrome having this anomaly. The 

second, known as translocation, occurs when genetic material is re-arranged. There are 

three copies of chromosome 21, and one copy is attached (i.e. rearranged) to another 

chromosome, usually chromosome 14 or 15 [12]. Translocation occurs in 3 to 4% of 

children with Down syndrome and can be inherited [12]. The third, known as mosaicism, 

occurs when both normal cells and trisomy 21 cells are present, which may occur in two 

ways: (i) when a normal zygote with 46 chromosomes experiences an early mitotic error 

that leads to some cells with trisomy 21, or (ii) an early mitotic error causes some cells in 

an embryo with trisomy 21 to revert to a normal karyotype [13]. Mosaicism is the rarest 

form of Down syndrome and is present in 1 to 2% of children with Down syndrome [14].  
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There are a number of risk factors for Down syndrome, including paternal origin Down 

syndrome (where Down syndrome originated from the father), impaired folate 

metabolism, and increased maternal weight [15]. However, the two most well-known risk 

factors for Down syndrome are increased maternal age and altered recombination (a 

process where components of DNA are broken and recombined to produce new 

combinations of alleles [a variant form of a gene]) [16].  

 

1.1.2 Systemic characteristics of Down syndrome 
The clinical presentation of Down syndrome varies between individuals. However, there 

are common features that are present to a varied extent in individuals with Down 

syndrome. This includes systemic changes to several body systems, including the 

central nervous, cardiovascular, endocrine and musculoskeletal systems. As this thesis 

primarily focuses on musculoskeletal characteristics, these will be discussed separately 

in Section 1.1.3. 

The effects of Down syndrome on the central nervous system includes intellectual 

disability and cognitive decline. The degree of intellectual disability is often moderate in 

severity but can range from mild to severe [17-19]. Additionally, cognitive decline can 

occur in the later stages of life. Individuals with Down syndrome are at high risk of early 

onset Alzheimer’s disease; over 75% of individuals with Down syndrome over the age of 

65 years will have a clinical diagnosis of dementia [20]. The brains of those with Down 

syndrome show granulovacuolar cytoplasmic changes, senile plaques and 

cerebrovascular amyloid similar to those with Alzheimer’s disease [21]. The risk of 

Alzheimer’s disease has emerged more recently for individuals with Down syndrome due 

to their increased life expectancy [22]. For this reason, regular physical activity in this 

population is important as it may be protective against Alzheimer’s disease due to its 

positive effects on brain health [23]. Therefore, improving physical activity in children with 

Down syndrome is important to establish positive lifestyle behaviours early in life. 

Congenital heart disease occurs in approximately 40 to 50% of children with Down 

syndrome [24]. The most common forms of congenital heart disease are atrioventricular 

septal defects, ventricular septal defects and atrial septic defects [25]. Congenital heart 

disease is the leading cause for mortality and morbidity for children with Down syndrome, 

particularly in the first two years of life [26]. Congenital heart defects can affect 

cardiorespiratory capacity and physical fitness. Cardiovascular fitness is reduced in 

children with Down syndrome due to reduced aerobic capacity or VO2peak (the 

maximum uptake of oxygen during incremental exercise). Children with Down syndrome 

also have reduced peak heart rate, which also contributes to their reduced aerobic 
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capacity [27]. Other anatomical and physiological variations found in individuals with 

Down syndrome (such as smaller nasal/oral cavities, muscle hypotonia and a narrowed 

aorta) may also limit cardiorespiratory capacity, thereby affecting their ability to engage in 

physical activity [27].  

Down syndrome is also associated with endocrinopathies such as thyroid dysfunction, 

low bone mass, and a greater predisposition to obesity [28]. The most common form of 

thyroid dysfunction is hypothyroidism (which occurs in 4 to 8% of children with Down 

syndrome [29]), but specific autoimmune thyroid disorders such as Graves or 

Hashimoto’s disease may also occur [28, 29]. Thyroid disease in Down syndrome is 

often transient, and is not associated with sex, comorbidities or obesity [30]. Low bone 

mass affects children with Down syndrome as bone development is impaired by reduced 

physical activity, decreased sun exposure, obesity, mineral deficiencies (vitamin D and 

calcium), reduced muscle mass and malabsorption syndromes, all of which are more 

common in children with Down syndrome [31]. Low bone mineral density worsens with 

increased age [32] and may increase the risk of fractures and osteoporosis in later life 

[33]. Children with Down syndrome also have a higher predisposition for obesity 

compared to typically developing children, with the prevalence varying from 23 to 70% 

[34]. Children with Down syndrome have less lean muscle mass and more fat mass, 

even when adjusted for BMI [35]. This higher predisposition for obesity is speculated to 

be associated with increased leptin (a hormone that is released from fat cells to regulate 

energy balance), reduced basal metabolic rate, sedentary behaviour and poor diet [34]. 

Obesity contributes to morbidity and mortality, and plays a major role in the development 

of chronic health conditions such as type 2 diabetes mellitus and heart disease [36].  

 

1.1.3 Musculoskeletal characteristics of Down syndrome  
The musculoskeletal system is affected by Down syndrome in two major ways; hypotonia 

(reduced muscle tone) and ligamentous laxity (increased joint mobility beyond normal 

range of motion) [37, 38]. Together, these features can impact the function of children 

with Down syndrome, as evidenced by delayed developmental milestones [39], reduced 

gait stability, increased energy expenditure during movement and reduced physical 

activity [38]. Hypotonia and ligamentous laxity also alter joint kinetics and kinematics, 

which reduces exercise economy (a term that refers to how much speed or power is 

developed at a certain level of V02) [40].  

Hypotonia and ligamentous laxity are risk factors for the development of musculoskeletal 

conditions [41], which affect approximately 20 to 63% of individuals with Down syndrome 

[42, 43]. Such conditions include atlanto-axial instability, scoliosis, hip subluxation and 
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knee instability [44-47] (Table 1). These musculoskeletal conditions can be progressive, 

are often characterised by pain and disability, and can adversely affect physical activity. 

Low physical activity can lead to secondary chronic health conditions such as 

osteoporosis, obesity and diabetes. In this way, musculoskeletal conditions can have 

significant effects on the physical activity and quality of life of individuals with Down 

syndrome [38, 48, 49].  

Children with Down syndrome are at an increased risk of arthritis in early life. 

Inflammatory arthritis in children with Down syndrome is often polyarticular rheumatoid 

factor negative and mostly affects the small joints of the hands and wrists [50]. The 

prevalence of arthritis in children with Down syndrome is 8.7 to 10.2 in every 1000 

children [50]. This is two to three times greater than previously reported [50]. Arthritis in 

children with Down syndrome is often misdiagnosed or has a delayed diagnosis from 

onset of disease. It may be asymptomatic but can lead to erosive damage to the joints 

and functional changes [50]. If left undiagnosed or untreated, it can lead to permanent 

joint damage and disability [50, 51]. 

 

Table 1. Common musculoskeletal conditions associated with Down syndrome. 

Musculoskeletal 
condition 

Definition Prevalence Potential outcomes  

Atlanto-axial 
instability [44, 52] 

Increased mobility 
of C2 in relation to 
C1 (cervical 
vertebrae) 

10 to 40%   Neck pain 
 Abnormal gait 
 Spinal cord impingement 

Scoliosis [46] Sideways 
curvature of the 
spine 
 

~10%   Back pain 
 Central nervous system 

effects 
 Difficulty in breathing 

and sleeping  
Hip dysplasia 
[47] 

Abnormality of the 
hip socket in which 
the acetabulum 
does not fully cover 
the head of femur  

1 to 7%   Hip subluxation 
 Abnormal gait 
 Degenerative hip 

changes  

Patella instability 
[45] 

Inability of the 
patella to maintain 
its position within 
the trochlear 
groove during 
movement 

4 to 8%   Abnormal gait 
 Pain 
 Falls  
 Reduced health-related 

quality of life 

 

For children with Down syndrome, the two most common musculoskeletal conditions that 

affect the lower limb are hip dysplasia and patella instability (as outlined in Table 1 
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above). Hip dysplasia occurs in 1 to 7% of children with Down syndrome [47]. Although 

ligamentous laxity and hypotonia play a major role in hip dysplasia, it may also be 

attributed to anatomical irregularities, such as abnormalities of the acetabulum and the 

femur [53]. For example, there may be greater femoral anteversion (internal rotation of 

the femoral shaft), but a normal angle at the neck of femur. Instability of the hip in 

children with Down syndrome progresses with time [54]. Initially, there is hypermobility of 

the hip, which can delay the onset of walking. Following this, symptomatic hip dislocation 

can occur, accompanied with crepitus, limping and hip instability. Finally, the hip can 

begin to deviate from its centre alignment and acetabular dysplasia occurs, resulting in 

the hip developing into a rigid, painful position in late adolescence [54]. It is possible for 

hip instability to develop after skeletal maturity is reached [53]. In a study of 65 adults 

with Down syndrome, 28% of participants had hip abnormalities identified through 

radiographs, which included acetabular dysplasia and hip dislocation [55]. These 

radiographic changes have been correlated with reduced walking ability, suggesting that 

hip dysplasia may reduce independent mobility with increasing age, which is another 

contributor to reduced physical activity [55].  

Compared to hip dysplasia, there is limited information on patella instability in children 

with Down syndrome. Patella instability occurs in approximately 4 to 8% of children with 

Down syndrome. Like hip dysplasia, ligamentous laxity and hypotonia are believed to 

contribute to the occurrence of patella instability. Other factors may also contribute to hip 

dysplasia such as femoral trochlear dysplasia and increased height of the patella [56]. 

Excessive foot pronation is more common in children with Down syndrome (see Section 

1.2.1) and may also contribute to internal rotation of the tibia, which may worsen patella 

instability [57]. Patella instability can negatively affect gait and can have a subsequent 

adverse effect on physical activity [45].  

 

1.2 Effects of Down syndrome on the foot  
The feet of children with Down syndrome are usually affected in two ways: 

dermatological manifestations and structural variations. Briefly, dermatological 

manifestations include dermatomycoses (fungal infections of the skin, which may be 

related to immunological deficiencies), pressure-related lesions (which may be related to 

footwear fit and elevated plantar pressures), xerosis (dry skin around the heels) [58] and 

split toe nails [59]. Dermatological issues will not be discussed further as they are 

unrelated to the aims of this thesis.  

Structural variations may be congenital (i.e. pes planus) or acquired (i.e. hallux valgus) 

and may have several negative outcomes. Structural variations may adversely affect 
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gait, contribute to the development of foot pain and negatively affect footwear fit. Few 

studies have focused on variations in foot structure and its sequalae in children with 

Down syndrome. This is despite approximately 30% of orthopaedic complaints in Down 

syndrome arising from the foot [60].  

The following sections focus on three important areas, which provide the basis for this 

thesis: variations in foot structure, the measurement of foot structure in children with 

Down syndrome focussing on the potential of 3D scanning technology, and the 

implications of structural variations on footwear fit. 

 

1.2.1 Variations in foot structure of children with Down syndrome 
The feet of children with Down syndrome exhibit differences in structure compared to 

typically developing children. Structural variations that have been observed include 

lesser toe deformities (i.e. partial/complete syndactyly [webbing]; and sagittal plane 

deformities [claw or mallet toes]) [61-63], hallucal gap (space between the first and 

second toe) [63], isolated metatarsus primus varus [61], metatarsus primus varus with 

hallux valgus deformity [61], hallux valgus [61-64], pes planus [59, 61-66] and isolated 

calcaneal valgus [61] (Table 2). A large proportion of these structural variations (i.e. 

lesser toe deformities, syndactyly, clinodactyly, hallucal gap, isolated metatarsus primus 

varus, hallux valgus and metatarsus primus varus with hallux valgus deformity) affect the 

forefoot. The structural variations with the highest prevalence are a pes planus foot type 

(92%) [65] and hallucal gap (74%) [63]; however, hallux valgus (45%), isolated 

metatarsus primus varus (40%) and metatarsus primus varus with hallux valgus 

deformity (34%) are also common.  

It is important to acknowledge that prevalence rates vary between studies. For example, 

one study showed that metatarsus adductus was observed in 4% of children with Down 

syndrome [63]. However, another study reported metatarsus adductus to be present in 

48% of children with Down syndrome [65]. Another example is the prevalence of hallux 

valgus, which was reported as 36% in one study [63] and 45% in another study [64], both 

markedly higher than 10 to 15% reported in other studies [61, 62]. The differences in 

reported rates may be due to the methods used to collect data. For example, when 

clinical observation was used to report on hallux valgus, lower rates were found when 

compared to radiographic evaluation, which showed higher rates of hallux valgus [64]. 

Nevertheless, these findings signify the differences in the foot structure of children with 

Down syndrome, with most variations affecting the forefoot. This has implications on 

footwear fit as the differences in forefoot structure increase forefoot width and toe box 

requirements of footwear. 
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Table 2. A summary of studies that have evaluated the variation in foot structure in individuals with Down syndrome. 

Study Study 
design 

Participants Measurements Key findings (prevalence) 
Children with Down 

syndrome 
Children without Down 

syndrome 
Prasher et al. 
1995 [59] 

Case-
matched 
study 

Age: 7 to 14 years 
Groups: 
(i) 50 with Down syndrome 
(29 boys, 21 girls) 
(ii) 50 with learning 
disabilities (32 boys, 18 
girls) 
(iii) 50 age-matched controls  
(20 boys, 30 girls) 

Visual observation 
for podiatric 
anomalies (i.e. 
general appearance 
of the foot, 
assessment for toe 
abnormalities, 
toenail health, foot 
alignment and skin 
health) 

Pes planus foot (58%) 
Abnormal pressure 
prints (34%) 
 

Children with learning 
disabilities 
Pes planus foot (20%) 
Abnormal pressure prints 
(36%) 
Age-matched controls  
Pes planus foot (20%) 
Abnormal pressure prints 
(14%) 

Concolino et 
al. 2006 [61] 

Case-
matched 
study 

Age: 3 to 8 years 
Groups: 
(i) 50 children with Down 
syndrome (19 boys, 31 girls) 
(ii) 100 children without 
Down syndrome (32 boys, 
68 girls) 

Complete podiatric 
examination  
Podoscopic 
evaluation 
Static and dynamic 
baropodometric 
examination of the 
lower limb 

Pes planus (60%) 
Isolated hallux valgus 
(26%) 
Isolated metatarsus 
primus varus (40%) 
Hallux valgus and 
metatarsus primus 
varus (34%) 
Syndactyly (10%)  
Clinodactyly (6%) 
Isolated calcaneal 
valgus (24%) 

Pes planus (10%) 
Isolated hallux valgus 
(10%) 
Isolated metatarsus 
primus varus (0%) 
Hallux valgus and 
metatarsus primus varus 
(0%) 
Syndactyly (2%)  
Clinodactyly (0%) 
Isolated calcaneal valgus 
(6%) 

Lim et al. 2014 
[62] 

Cross-
sectional 
observational 
study 

Age: 5 to 18 years 
Participants:  
50 children with Down 
syndrome (28 boys, 22 girls) 

Foot Posture Index 
Arch Index 
Hallux valgus  
Lesser toe 
deformities 

Pes planus (76%) 
Hallux valgus (10%) 
Lesser toe deformities 
(12%) 

N/A 

El Mansour et 
al. 2017 [63] 

Case-
matched 
study 

Age: 14.6 years (mean age 
of case group) and 13.5 

Podoscopic 
assessment for foot 
deformities 

Pes planus: 
Grade 2 (39%) 
Grade 3 (30%) 

Pes planus:  
Grade 2 (15%), 
Grade 3 (30%) 
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years (mean age of control 
group) 
Groups: 
(i) 55 children with Down 
syndrome (36 boys, 19 girls) 
(ii) 53 age-matched typically 
developing children (27 
boys, 26 girls) 

Footprints via 
podoscope 
 

Hallux valgus (36%) 
Hallucal gap (74%) 
Increased space 
between hallux, 
second toe and hallux 
valgus (17%)  
Syndactyly (13%) 
Clinodactyly (16%) 

Hallux valgus (7%) 
Hallucal gap (3%) 
Increased space 
between hallux, 
second toe and hallux 
valgus (0%)  
Syndactyly (0%) 
Clinodactyly (5%) 

Puszczalowska 
et al. 2017 [66] 

Case-
matched 
study 

Age: 14 to 15 years 
Groups: 
(i) 30 adolescents with 
Down syndrome (boys only) 
(ii) 30 adolescents without 
Down syndrome (boys only) 

Foot dimensions 
(podoscope) 
Angular 
measurements 
(hallux valgus angle 
and angle of varus 
deformity of the fifth 
toe) 

Flatter longitudinal 
arch  
Shorter foot length 
Narrower foot length  

Not reported 

Calvo-Lobo et 
al. 2018 [65] 

Case-
matched 
study 

Age: 15 to 63 years  
Groups:  
(i) 50 with Down syndrome  
(ii) 55 without Down 
syndrome (sex-ratio not 
reported) 

Podoscopic 
evaluation 
Static and dynamic 
baropodometric 
examination of the 
lower limb (as 
described by 
Concolino et al. 
2006) 

Pes planus (92%) 
Metatarsus primus 
adductus (48%)  
Hypermobile first ray 
(52%) 

Not reported 

Perotti et al. 
2018 [64] 

Cross-
sectional 
observational 
study 

Age: 5 to 18 years 
Groups (101 children with 
Down syndrome): 
(i) 41 children foot 
radiographs (27 boys, 14 
girls) 
(ii) 60 children with ankle 
radiographs (31 boys, 29 
girls) 
(iii) 15 children with ankle 
and foot radiographs (11 
boys, 4 girls) 

Evaluations of 
radiographs of the 
foot and ankle 
 

Pes planus according 
to clinical observation 
(46%) and 
radiographic 
observation (58%)  
Hallux valgus 
according to clinical 
observation (15%) 
and radiographic 
observation (45%) 
 

N/A 
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1.2.2 Measurement of foot structure of children with Down syndrome  
Anthropometric data of the foot forms the foundation of footwear design and production 

[67]. Appropriately fitting footwear relies on the consideration of several foot 

characteristics [68], such as foot dimensions that describe the 3-dimensional (3D) 

structure of the foot (Table 3). There is a lack of consistency across the literature in the 

terms used to describe foot dimensions. However, these measurements can be 

classified into four general categories relating to length, width, girth and height (Figure 1).  

 

Table 3. Definitions of foot dimension measurements. 

Foot dimensions [69-71]  

Length  

Foot length Distance between foot end (pternion) and foot tip (anterior 
point of most protruding toe). 

Ball of foot length Distance between foot end (pternion) and the first 
metatarsophalangeal protrusion. 

Outside ball of foot length Distance between foot end (pternion) and the fifth 
metatarsophalangeal protrusion. 

Width   

Diagonal foot width Connecting line between the first metatarsophalangeal 
joint and the fifth metatarsophalangeal joint. 

Horizontal foot width Orthogonal connection line starting at the first 
metatarsophalangeal joint to the outside curvature of the 
foot. 

Heel width  Maximum orthogonal connection line starting at the 
medial side of the heel to the outside curvature of the 
heel. 

Girth   

Ball girth Maximum circumference at the level of the first and the 
fifth metatarsophalangeal joint protrusion. 

Instep girth Maximum circumference measured from the most plantar 
aspect of the foot to the most dorsal aspect of the foot, at 
the level of the navicular. 

Height  

First toe height Maximum height of the hallux measured from the most 
plantar aspect of the hallux to the most dorsal aspect of 
the hallux. 

Fifth toe height Maximum height of the fifth toe measured from the most 
plantar aspect of the fifth toe to the most dorsal aspect of 
the fifth toe. 

Instep height Measured from the most plantar aspect of the foot to the 
most dorsal aspect of soft tissue. 
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Figure 1. Foot dimensions measurements. 

 

Historically, one- (1D) and two-dimensional (2D) measurements were used to develop 

the anthropometric databases used by footwear manufacturers to guide the design and 

manufacture of footwear in a range of sizes. There are numerous methods to collect 

anthropometric data, such as foot gauges (to measure length and width), callipers and 

footprints (which may describe the profile of the arch, such as the Arch Index). Although 

these methods provide useful information, 1D and 2D measurements offer limited detail 

of a 3D structure [72]. Additionally, these methods of measurement are subject to human 

error. Callipers rely on training experience and an understanding of landmark positioning, 

while ink-footprints can be affected by the quality of the ink. Further, neither 1D nor 2D 

measurements allow for important circumferential foot measurements (such as ball and 

instep girth) to be measured [73].  

More recently, the development of surface scanning equipment such as 3D scanners 

and software has overcome many of the limitations of 1D and 2D measurements of foot 

structure. This technology allows for rapid data collection and the creation of a 3D digital 

representation of the human foot and has multiple applications. For example, 3D foot 

scanners have been used to determine the differences in foot shape between men and 

women [70, 71, 74, 75], and different ethnic populations [71, 76]. Understanding these 

variations is useful to aid the design and manufacture of footwear that can accommodate 

for unique foot shapes [77].  

As children with Down syndrome have a characteristic foot structure, it would be 

beneficial to understand the detailed foot structure of children with Down syndrome and 

how this may differ to typically developing children. However, the reproducibility of using 
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3D foot scans to measure foot dimensions of children with Down syndrome has not been 

established. Establishing the reproducibility of such measurements is an important first 

step to using this technology. Applications of the technology could include exploring the 

foot dimensions of children with Down syndrome; using foot dimension data to support 

the design and manufacture of more appropriately fitting footwear for this population; and 

monitoring a child’s foot posture over time.  

 

1.2.3 Footwear fit in children with Down syndrome 
Footwear has several important functions, such as protection, injury prevention, support 

and expression of personal style. These functions are governed by the appropriateness 

of footwear fit. When footwear is poorly-fitted, it is unable to fulfil its purpose and may 

cause foot pathology. This includes skin disorders (e.g. blistering, callus, corns), 

subungual hematomas, ingrown toenails, foot deformities (e.g. hallux valgus, lesser toe 

deformities) and foot pain (e.g. pain associated with the aforementioned issues) [78, 79]. 

Poorly-fitting footwear has been associated with reduced physical activity in children with 

Down syndrome [80]. 

Poorly-fitting footwear has been identified as an issue affecting children and adults with 

intellectual disability [59, 81]. Generally, the measurements of foot length and width 

guide footwear fitting. However, other measurements of footwear fit are also important, 

such as toe box depth, girth fit and instep height. Children with Down syndrome often do 

not wear appropriately fitting footwear (Table 4) due to the difficulty in matching their foot 

structure (wider forefoot relative to length) to the dimensions of footwear. Therefore, the 

prevalence of poorly-fitting footwear in this group is high, ranging from 60 to 88% [65, 

80]. Four studies investigating footwear fit in individuals with Down syndrome (Table 4) 

(that have focused on length and width measures) show how foot width relative to foot 

length may be a key contributing factor in poorly-fitting footwear. These studies show the 

proportion of children with Down syndrome that wear narrow footwear is as high as 58%. 

One approach to address narrow fitting footwear is to purchase footwear that is longer 

(which subsequently has a greater width and girth), yet this is likely to result in footwear 

that is too long. Indeed, approximately 54% of children with Down syndrome wear 

footwear that is too long [80]. Commercially available footwear with additional width is 

difficult to find. As a consequence, children with Down syndrome are more likely to wear 

footwear that is an appropriate length but too narrow, or wear footwear that is too long 

but wide enough to accommodate their feet [62].  
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Table 4. Summary of studies evaluating footwear fit in individuals with Down syndrome. 

Study Study 
design 

Participants Measurements Key findings 
Children with Down 

syndrome 
Children without 
Down syndrome 

Prasher et 
al. 1995 
[59] 

Case-
matched 
study 

Age: 7 to 14 years 
Groups: 
(i) 50 with Down syndrome  
(29 boys, 21 girls) 
(ii) 50 with learning 
disabilities  
(32 boys, 18 girls) 
(iii) 50 age-matched controls  
(20 boys, 30 girls) 

Visual observation for 
podiatric anomalies (i.e. 
general appearance of 
the foot, assessment for 
toe abnormalities, toenail 
health, foot alignment 
and skin health) 

Poorly-fitting footwear 
(10%) 
 

Children with 
learning disabilities 
Poorly-fitting 
footwear (6%) 
Age-matched 
controls  
Poorly-fitting 
footwear (0%)  
 

Jenkins et 
al. 2012 
[81] 

Cross-
sectional 
observational 
study 

Age: median of 25.6 years 
(58.5% males, 41.5% 
females) 
Sample size: 4,094  
 

Foot to shoe mismatch 
(footwear fit) using 
Brannock device 
Rate of referral  

Athletes with special needs  
29% wore shoes that were 
too big.  
13% wore shoes that were 
too small. 
41% had a mismatch of 
foot and shoe. 

N/A 

Shields et 
al. 2017 
[80] 

Prospective 
cohort study 

Age: 5 to 18 years  
(28 boys, 22 girls) 
Sample size: 50 
Children with Down 
syndrome 

Foot posture (Arch 
Index) 
Visual observation of 
foot deformities 
Footwear fit  
Physical activity 
 

10% of participants wore 
shoes that were too short.  
58% wore shoes that were 
too narrow. 
52% of participants wore 
shoes that were too long. 

N/A 

Calvo-Lobo 
et al. 2018 
[65] 

Case-
matched 
study 

Age: 15 to 63 years  
Groups:  
(i) 50 with Down syndrome  
(ii) 55 without Down 
syndrome (sex-ratio not 
reported) 
 

Complete podiatric 
examination  
Podoscopic evaluation 
Static and dynamic 
baropodometric 
examination of the lower 
limb 

Poorly-fitting footwear 
(76%) 
Appropriately fitting 
footwear (12%) 

Poorly-fitting 
footwear (16%) 
Appropriately fitting 
footwear (84%) 
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Another issue that arises from wearing poorly-fitting footwear is an increased risk of 

reduced physical activity [80]. There is evidence that the greater the difference between 

footwear length and absolute foot length, the less physically active a child with Down 

syndrome is [80]. This may be explained by the interference of excessively long footwear 

on an individual’s gait (i.e. reduced gait velocity to avoid tripping). This also increases the 

effort required to engage in physical activity, which may be exacerbated already by 

hypotonia [82]. Additionally, excessively long footwear affects the position of the treadline 

of footwear relative to the metatarsophalangeal joints. This causes the 

metatarsophalangeal joints to dorsiflex in a region of footwear that is not designed for 

flexion, increasing the risk of developing foot pain [79, 80]. Foot pain is an established 

barrier to physical activity [62]. Considering the link between poorly-fitting footwear and 

reduced physical activity, it is plausible that improving footwear fit has the potential to 

have a positive effect on physical activity in children with Down syndrome. If improving 

footwear fit increases physical activity in children with Down syndrome, it may improve 

health-related quality of life in this population. There may also be other benefits, such as 

greater opportunities for social participation and interaction, improved self-esteem and 

happiness. These benefits may result in reduced burden on the healthcare system as a 

result of improved health, and reduced burden on families due to improved social 

participation and health. 

One approach to resolve the issue of poorly-fitting footwear in children with Down 

syndrome is to determine their unique foot dimensions. No studies have thoroughly 

investigated the foot dimensions of both male and female children with Down syndrome 

and the implications on footwear fit. One study found that boys with Down syndrome 

have shorter, narrower feet when compared to their age and sex-matched typically 

developing peers [66]. However, this study only included boys with a very narrow age 

range (14 to 15 years), which limits the generalisability of the findings. Additionally, the 

study measured foot dimensions in 2D, so it is unknown how 3D measurements, such as 

volume and girth, vary. Therefore, there is limited information on the complex, 3D 

structure of the foot in children with Down syndrome. The 3D shape of the foot is 

important for correct footwear fit, so further studies are required to establish the 3D foot 

dimensions of children with Down syndrome. Doing so will provide valuable data that 

would assist footwear manufacturers when creating footwear for this population. 
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1.3 Physical activity  
Physical activity is defined as any bodily movement produced by skeletal muscle that 

results in energy expenditure [83]. Physical activity is an important component of health 

promotion and disease prevention for all individuals. The effect of physical activity 

extends beyond weight management. It reduces the risk of health conditions that impact 

an individual’s physical and mental health and wellbeing [84]. Physical activity can 

increase muscular and cardiovascular fitness, improve bone density, improve sleep 

patterns, and improves mental health [85]. Importantly, physical activity reduces the risk 

of developing non-communicable chronic health conditions such as cardiovascular 

disease, diabetes mellitus, obesity, hypertension, and skeletal and joint diseases [84, 

86], all of which are more common in individuals with Down syndrome. Therefore, regular 

physical activity participation is a critical component of good health for children with 

Down syndrome. 

For children aged between 5 to 17 years, physical activity guidelines recommend a 

minimum of 60 minutes of moderate to vigorous physical activity daily [87]. For children 

with disabilities, these physical activity guidelines are applicable and should be met 

where possible [87]. Consistent physical activity in childhood that continues into 

adulthood enables individuals to maintain a favourable risk profile for chronic health 

conditions. For example, consistent physical activity is an important factor in reducing 

rates of morbidity and mortality associated with cardiovascular and metabolic conditions 

[88, 89]. Therefore, encouraging regular physical activity participation of all children is 

crucial. Physical activity in children may be achieved through play or structured exercise. 

However, these opportunities may not be as readily available for children with Down 

syndrome due to barriers that interfere with their participation in physical activity. The 

following sections describe (i) methods used to measure physical activity and their 

relative advantages and disadvantages (Section 1.3.1), (ii) physical activity in children 

with Down syndrome (Section 1.3.2), and (iii) barriers and facilitators to physical activity 

in children with Down syndrome (Section 1.3.3). 

 

1.3.1 Measurement of physical activity 
Physical activity can be quantified using subjective or objective outcome measures. This 

includes self-reported estimations of physical activity (often referred to as subjective 

measures) and measurement devices that use known physical and/or time parameters 

(often referred to as objective measures), with each approach having its own advantages 

and limitations (Table 5) [90]. Physical activity is a complex health behaviour that can be 

described through several dimensions, such as frequency of activity, duration of activity, 
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intensity of activity, and type of activity performed. Activity can also be performed for 

different reasons, such as exercise (structured physical activity), activity related to work, 

school or leisure, or activity used as a mode of transport [87]. With this in mind, the 

various methods of measuring physical activity vary in their ability to measure each 

dimension and are unlikely to measure them all. While self-reported measures of 

physical activity (e.g. diary entry, surveys, checklists) are simple to use and provide 

relevant information, they are subject to recall bias which may affect the validity of the 

data collected [91]. Objective measures of physical activity (such as accelerometers) 

provide information on several dimensions that are descriptive of physical activity (e.g. 

duration, frequency, intensity of physical activity) and can overcome many of the 

limitations of subjective measures of physical activity. Therefore, objective measures of 

physical activity may provide a more valid measure of physical activity. As a result, 

accelerometers have rapidly become a ‘gold-standard’ for the objective measurement of 

physical activity [92]. The following section discusses the use of accelerometers in 

research as this type of device was used to assess physical activity in this thesis.  
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Table 5. Advantages and disadvantages of common methods to measure physical 

activity. 

Method of 
measuring 
physical 
activity [90] 

Data type Advantages Disadvantages 

Self-reported 
data (i.e. diary 
entry) 

Subjective Provides accurate 
data on type, 
duration and is cost-
effective. 

Subject to under/overestimation. 
Potential recall bias. 
May be unreliable. 
Dependent on motivation and 
ability of individuals to report 
accurately and consistently. 
May encourage physical activity 
during time being studied. 

Direct 
observation 

Subjective Provides information 
on activity, type, 
frequency and 
duration.  

Cannot measure intensity or 
energy expenditure.  

Accelerometry Objective Data on intensity, 
duration, frequency 
and stores data over 
time to allow for long 
term assessment. 

Cost. 
Not suitable for all activities (i.e. 
water-based exercise or cycling). 

Pedometry Objective Improved reliability. 
Easy to use. 
Output data easy to 
interpret. 

No storage, therefore, data must 
be recorded by user. 
Only measures steps completed. 
Adherence. 

Doubly 
labelled water 

Objective  Can accurately 
assess large number 
of people. 
Estimates energy 
expenditure.  

Subject to error and expensive. 
Does not provide information on 
type of physical activity. 

Direct 
calorimetry 

Objective Accurate (less than 
1% error). 
Used to validate 
other forms of 
physical activity 
measures. 

Limited normal activity. 
Not practical. 

Indirect 
calorimetry 

Objective More practical than 
direct calorimetry. 

Limits typical movement. 

Measurement 
of VO2 peak 

Objective Best used in 
combination with 
other physical activity 
measures. 

Not practical to measure 
maximum effort by most people. 
Not applicable for all activity 
(e.g. weightlifting). 

Monitoring of 
heart rate 

Objective Provides data on 
energy expenditure. 
Can indicate time, 
which provides data 
on frequency, 
duration and rate of 
activity. 

May be expensive. 
Removeable so may not detect 
all activity. 
Does not describe type of 
activity performed. 
Need self-reported data 
alongside use. 
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Accelerometers can collect objective data on duration, intensity and frequency of 

physical activity. Accelerometers record time-stamped acceleration signals that are 

converted into time spent in physical activity intensities [93]. Intensities are based on 

calibrated thresholds set by manufacturers derived from research data for specific 

populations or age groups. Data can be categorised according to time spent in various 

intensities (e.g. light, moderate, vigorous), which can help determine if physical activity 

guidelines are met.  

One challenge with accurately measuring physical activity in children with Down 

syndrome relates to adherence with wearing accelerometers. On average, data collected 

over a minimum of four days out of seven non-consecutive days are needed to be valid 

[94]. One weekend day has also been recommended for valid data collection [95]. 

Adhering to wear time protocols can be challenging for people with Down syndrome [96-

98] and others with intellectual disability [99-102]. Poor adherence to wear time protocols 

is problematic as missing physical activity data in studies that have used accelerometery 

may affect the validity of the results and limit the conclusions, as it is likely that data are 

not missing at random [103]. Methods to improve adherence to wear time have been 

suggested and involve placing the accelerometer beneath clothing, concomitantly using 

diaries to document accelerometer use, and wearing an accelerometer for 24 hours each 

day [104].  

There are additional limitations to the use of accelerometers. They do not automatically 

classify type of activity (e.g. walking versus running); therefore, this data needs to be 

documented separately. They also do not measure all forms of activity, such as cycling 

or water-based activities (as they are not water-resistant). Another issue is the various 

options with data processing (i.e. setting different epoch lengths) that can affect the 

results, particularly with children who engage in high intensity bursts of activity 

throughout the day. The epoch length (interval over which acceleration signals are 

averaged) is the usual accelerometer-stored magnitude that is recorded at fixed intervals 

(i.e. 1 second, 5 seconds,15 seconds, 60 seconds or longer). The index of physical 

activity is calculated at the end of each epoch (or fixed interval). This process is repeated 

until data collection is complete [105, 106]. To address this issue, recent attempts have 

examined an appropriate epoch length to estimate sporadic, high intensity activity that 

some children may engage in [105, 107, 108]. It is suggested that a shorter time-

sampling interval may reduce errors when classifying physical activity estimates [105]. 

There are also several cut-off points to classify intensities available, which can vary 

interpretation of data [109]. 
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1.3.2 Physical activity in children with Down syndrome 
Many children with Down syndrome do not perform enough physical activity to meet 

physical activity guidelines [110]. The percentage of children with Down syndrome who 

meet daily physical activity targets has been reported to range from 0 to 43%. Further, 

the level of intensity of physical activity is reduced in children with Down syndrome 

compared to their peers. Children with Down syndrome tend to engage in less intense 

activity and more sedentary and light activity [110]. Further, the amount and intensity of 

physical activity that children with Down syndrome engage in declines with age [111-

113]. This is supported by the findings that younger children with Down syndrome tend to 

engage in higher intensity physical activity when compared to adolescents with Down 

syndrome [112, 114]. A longitudinal study showed this trend by following participants 

over time, where physical activity in earlier years was not maintained or improved, rather 

it declined with time [113]. This was seen to continue as those children with Down 

syndrome who did not maintain or improve physical activity continued to maintain low 

levels of physical activity over time. Physical activity patterns do not appear to be 

influenced by the day of the week in children with Down syndrome (i.e. weekday or 

weekend) [112]; however, sex-based differences in physical activity over the weekend 

have been reported [112]. Boys with Down syndrome engage in greater amounts of 

physical activity as well as at higher intensities when compared to girls with Down 

syndrome [113]. This finding may be explained by the greater likelihood for males to be 

involved with organised sporting activities compared to females [112]. 

Despite it being well established that many children with Down syndrome do not meet 

physical activity guidelines, it is important to acknowledge that many typically developing 

children also do not meet physical activity guidelines, with similar patterns regarding 

activity decline with age, and differences in physical activity between males and females 

[115]. However, the difference between these populations is that children with Down 

syndrome face additional challenges related to their disability (and external barriers such 

as access issues, time limitations, transport issues etc.) that are not experienced by 

typically developing children.  

The most obvious detrimental effect of low physical activity among children with Down 

syndrome relates to the impact on physical health. Low physical activity is the primary 

cause of a large proportion of chronic diseases [116]. It increases the risk of obesity, 

which is common in children with Down syndrome. Obesity increases the risk of serious 

chronic health conditions (including osteoarthritis [117], type 2 diabetes, hypertension, 

cardiovascular diseases and cancer [118]) and further exacerbates these conditions. 

This is problematic for children with Down syndrome as they are already predisposed to 

such conditions as a result of the effects of Down syndrome on the body. Further, low 
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physical activity may have a negative impact on skill development. For example, children 

with Down syndrome often engage in physical activity through play, which is an 

opportunity for children with Down syndrome to practice their physical, social, 

communication and verbal skills. Play time is also a significant means for social 

interaction as it provides an opportunity for children to engage with their peers. When this 

form of physical activity is reduced, this can have consequential effects on the 

development of these skills. It is evident that regular physical activity for children with 

Down syndrome is essential for their health and holds significant consequences when 

not performed. Despite this, children with Down syndrome face unique challenges that 

contribute to low physical activity levels. These factors are discussed in Section 1.3.3. 

 

1.3.3 Barriers and facilitators to physical activity in children with Down 

syndrome 
The causes for reduced physical activity in children with Down syndrome are complex 

and multifactorial [119]. Broadly, contributing factors are associated with characteristics 

of Down syndrome, family factors and the availability of opportunities for physical activity 

for children with Down syndrome. However, some of these factors are modifiable and 

can be considered as facilitators that can improve physical activity engagement and 

allow children with Down syndrome to experience the benefits of physical activity.  

Physical activity can be affected by the characteristics of Down syndrome. 

Cardiovascular conditions (e.g. congenital heart disease and altered physiology [reduced 

heart rate peak]) [120] affect physical activity through reduced energy and endurance. 

Musculoskeletal characteristics (i.e. hypotonia and ligamentous laxity [43, 82, 121]) make 

physical activity more challenging for children with Down syndrome, particularly in the 

presence of a musculoskeletal condition (e.g. hip dysplasia). Reduced gross motor skills 

in children with Down syndrome also affect physical activity participation. Differences in 

cognitive and physical skills between children with Down syndrome and their typically 

developing peers worsen with increasing age and act as a barrier to participation [119]. 

Additionally, the presence of an intellectual disability and the reduced communication 

ability of some children with Down syndrome may make it more challenging for them to 

participate in mainstream activities. However, certain personal characteristics of children 

with Down syndrome can facilitate physical activity. Children with Down syndrome who 

are strong verbal communicators, have good physical skills or those who have the 

cognitive ability to comprehend rules are more likely to be involved in mainstream 

physical activities [122]. Children who are determined and driven by success are likely to 

persist with physical activity, particularly when an activity involves competition.  



33 
 

Family members play a major role in influencing physical activity. Parental concern can 

limit children with Down syndrome from engaging in certain types of activity. In some 

instances, parents may be overprotective of their child and discourage them from 

participating if they feel they are too vulnerable in mainstream settings [119, 123]. There 

may be additional family restrictions that can limit physical activity such as other family 

responsibilities and time (e.g. parents’ work commitments or balancing the needs of 

other family members [119]). This is particularly true when children with Down syndrome 

require one-on-one supervision due to safety concerns (i.e. the risk of injury) or 

behavioural issues. On the other hand, family members can facilitate physical activity by 

providing support and initiating opportunities. Parents who value sports and recognise its 

importance are more likely to involve their children in physical activity; either by sourcing 

opportunities for their child or creating them [119]. Siblings act as role models and 

encourage physical activity through creating interest or opportunities [119, 122]. Children 

with Down syndrome are also more likely to emulate behaviours observed by siblings, 

which can further facilitate opportunities of physical activity.  

Finally, a major barrier to physical activity involves the lack of suitable programs for 

children with Down syndrome. Mainstream physical activity programs may not have the 

capacity to be adapted to account for the needs of children with Down syndrome [119]. 

Adapting existing mainstream programs to suit children with Down syndrome is difficult 

due to issues relating to limited staff, lack of resources (which may include financial 

constraints), time restrictions and lack of education. To address this, greater efforts are 

required to create programs that cater to the needs of children with Down syndrome. For 

example, team-based activities can be appropriate for children who are motivated by 

winning or enjoy teamwork or peer interaction. Alternatively, activities that are not team-

based may suit other children with Down syndrome, who may require direct attention or 

guidance. A physical activity program should consist of activities that are enjoyed by 

children with Down syndrome, which reduces the likelihood of children requiring external 

encouragement from parents to participate.  

Given that poorly-fitting footwear is associated with reduced physical activity (Section 

1.2.3), improving footwear fit offers potential as an intervention that may improve 

physical activity. At present, the effectiveness of many interventions with potential to 

improve physical activity in children with Down syndrome is unknown, as few randomised 

trials (required to determine intervention effectiveness) exist [124-126]. More broadly, no 

systematic reviews have yet been published that have evaluated the effectiveness of 
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interventions to increase physical activity in individuals with intellectual disabilities. 

Accordingly, a broader synthesis of the literature to investigate the effectiveness of 

physical activity interventions in those with intellectual disabilities may provide insight as 

to what may be effective and applicable to children with Down syndrome.  

 

 

 

 

 

 

 

Figure 2. Barriers and facilitators to physical activity participation in children with Down 

syndrome. 
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1.4 Thesis outline 
In the preceding sections, two linked problems were identified – these problems underpin 

the body of work presented in this thesis. The first is children with Down syndrome often 

do not participate in recommended levels of physical activity, and the second is they 

commonly wear poorly-fitting footwear. These problems also interact with each other; 

that is, wearing poorly-fitting footwear can make it more difficult for children with Down 

syndrome to be physically active. Therefore, improving footwear fit may have favourable 

effects on physical activity.  

Children with Down syndrome also have unique foot dimensions that differ to their peers 

without Down syndrome, and this impacts footwear fit. Investigating the foot dimensions 

of children and Down syndrome is an important step to understanding how they differ to 

typically developed children, and how this affects footwear fit. Doing so will highlight the 

areas of fit that are most problematic to children with Down syndrome, which can then be 

used to design and manufacture more appropriate footwear for this population.  

With this in mind, there are two primary aims to this thesis, which are stated below. 

1. To determine the effectiveness of interventions (including custom-fitted footwear 

to improve fit) to increase physical activity in children with Down syndrome.  

2. To determine the foot dimensions of children with Down syndrome, to better 

understand the issue of poorly-fitting footwear.  

The following objectives address the primary aims of the thesis. 

 Systematically synthesise the findings from studies that have evaluated the 

effectiveness of interventions to increase physical activity in individuals with 

intellectual disabilities. 

 Determine the feasibility of conducting a definitive randomised trial to evaluate 

the efficacy of custom-fitted footwear for increasing physical activity in children 

with Down syndrome.  

 Determine the reproducibility of measuring foot dimensions of children with Down 

syndrome using 3D-scanning. 

 Compare the foot dimensions (obtained from 3D-scanning) of children with and 

without Down syndrome.  

To address the objectives of this thesis, four related studies will be reported. These 

studies are presented across four chapters, as outlined below. 

Chapter 2 presents a systematic review of the effectiveness of physical activity programs 

to increase physical activity in individuals with intellectual disabilities. The review 
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synthesised the findings of randomised controlled trials that have evaluated the 

effectiveness of physical activity interventions in individuals with intellectual disabilities. 

The findings from this review informed the study presented in Chapter 3. 

Chapter 3 presents a randomised pilot study that aimed to determine the feasibility of 

conducting a definitive randomised trial to evaluate the efficacy of custom-fitted footwear 

for increasing physical activity in children with Down syndrome. Bowen’s feasibility 

framework was used to guide this study. The results demonstrated that sizing of 

commercially available footwear may not accommodate the unique foot structure of 

children with Down syndrome. This limitation led to two further studies, presented in 

Chapters 4 and 5. 

Chapter 4 presents a reproducibility study of measuring foot dimensions of children with 

Down syndrome using 3D foot scans. This study reported the intra- and inter-rater 

reproducibility of measuring foot dimensions that are used in the design of footwear. This 

study informed the measurements used in the study presented in Chapter 5.  

Chapter 5 is a cross-sectional observational study that compared the differences in foot 

dimensions of a group of children with Down syndrome to an age and sex-matched 

group of typically developing children. This study reported the differences in foot 

dimensions and their implications for footwear fit.  

Chapter 6 presents a discussion of the overall findings including the strengths and 

limitations of the research in this thesis and concludes with recommendations for future 

research in the field. 
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Chapter 2 – Systematic review 

Preface  
Children with Down syndrome are often less physically active than their typically 

developing peers and may not engage in adequate levels of physical activity. This places 

them at greater risk for many chronic health conditions. Therefore, increasing physical 

activity in this population is crucial. There is potential to modify recognised environmental 

barriers and/or enhance facilitators to physical activity to improve participation and health 

outcomes in this population. 

Two previous systematic reviews reported physical activity interventions can have a 

positive effect on fitness (such as muscle strength), balance and psychological outcomes 

(such as improved self-confidence and self-esteem) in adults with intellectual disabilities 

[127, 128]. However, it is unclear whether physical activity interventions have a specific 

effect on physical activity. Accordingly, this chapter aims to address Objective 1 of this 

thesis, which is to systematically synthesise the findings from randomised controlled 

trials that have evaluated the effectiveness of interventions to increase physical activity in 

individuals with intellectual disabilities. This study considers individuals with an 

intellectual disability originating from any condition, not specifically Down syndrome, as 

the body of literature involving children with Down syndrome was too small to perform a 

meaningful synthesis.  

This chapter was published in the Journal of Intellectual Disability Research in 2019 with 

the associated online supplementary files presented in Appendix 1. The citations within 

this chapter relate to the reference list of the publication, not the reference list included at 

the end of this thesis.  
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2.1 Effectiveness of interventions to increase physical activity in 

individuals with intellectual disabilities: a systematic review of 

randomised controlled trials 
 

The reference for this publication is: 

Hassan NM, Landorf KB, Shields N, Munteanu SE. Effectiveness of interventions to 

increase physical activity in individuals with intellectual disabilities: a systematic review of 

randomised controlled trials. Journal of Intellectual Disability Research; 2019:63(2);168 – 

191. DOI: https://doi.org/10.1111/jir.12562  

This study was presented at two conferences: 

Hassan NM, Landorf KB, Shields N, Munteanu SE. Effectiveness of interventions to 

increase physical activity in individuals with intellectual disabilities: a systematic review of 

randomised controlled trials. Australasian Academy of Cerebral Palsy and 

Developmental Medicine Conference. March 2018, Auckland, New Zealand. 

Hassan NM, Landorf KB, Shields N, Munteanu SE. Effectiveness of interventions to 

increase physical activity in individuals with intellectual disabilities: a systematic review of 

randomised controlled trials. VIC State Podiatry Conference. April 2018, Melbourne, 

Australia. 
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Chapter 3 – Randomised pilot study 

Preface 
The findings of the systematic review (Chapter 2) showed only nine studies have 

evaluated the effectiveness of interventions to increase physical activity in individuals 

with intellectual disabilities, and only three of interventions were effective in improving 

physical activity. No study had evaluated footwear as an intervention to improve physical 

activity.  

As raised in the introduction to this thesis (Chapter 1, page 26), poorly-fitting footwear 

can interfere with walking patterns, thus making physical activity more challenging for 

children with Down syndrome. Poorly-fitting footwear may also contribute to foot pain, 

which is a risk factor for reduced physical activity. Accordingly, improving footwear fit 

may have a positive effect on physical activity levels through reduction of foot pain and 

improved walking patterns. 

This chapter aims to address Objective 2 of this thesis, to determine the feasibility of 

conducting a definitive randomised trial to evaluate the efficacy of custom-fitted footwear 

for increasing physical activity in children with Down syndrome. In this study, custom-

fitted footwear refers to footwear that was fitted according to the manufacturer’s protocol 

using a foot gauge (provided by the manufacturer) to measure foot length and width. 

This chapter was published in the journal of Disability and Rehabilitation in 2019 with the 

associated online supplementary files presented in Appendix 2. The citations within this 

chapter relate to the reference list of the publication, not the reference list included at the 

end of this thesis. 
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3.1 Efficacy of custom-fitted footwear to increase physical activity in 

children and adolescents with Down syndrome (ShoeFIT): 

randomised pilot study 
 

The reference for this publication is: 

Hassan NM, Shields N, Landorf KB, Buldt AK, Taylor NF, Evans AM, Williams CM, Menz 

HB, Munteanu SE. Efficacy of custom-fitted footwear to increase physical activity in 

children and adolescents with Down syndrome (ShoeFIT): randomised pilot study. 

Disability and Rehabilitation; 2019:22;1 – 10. DOI: 

https://doi.org/10.1080/09638288.2019.1692380 
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Chapter 4 – Reproducibility study 

Preface  
A randomised pilot study (Chapter 3) suggested a definitive randomised trial is feasible 

but highlighted that commercially available footwear – despite being custom-fitted – may 

not be able to accommodate the unique foot structure of children with Down syndrome.  

To be able to supply appropriately fitting footwear to children with Down syndrome, a 

detailed understanding of the foot dimensions of children with Down syndrome is 

required. This requires reproducible methods of obtaining the foot dimensions of children 

with Down syndrome. 3D foot scanning technology has the potential to improve our 

knowledge on the foot dimensions of children with Down syndrome; however, its 

reproducibility has not been evaluated in children with Down syndrome. Therefore, the 

study presented in this chapter aims to address Objective 3 of this thesis, to determine 

the reproducibility of measuring foot dimensions of children with Down syndrome using 

3D foot scanning. The protocol for obtaining foot measurements from 3D foot scans 

described in this study was used in a subsequent study (Chapter 5).  

This chapter has been published in the Journal of Foot and Ankle Research in 2020 with 

the associated online supplementary files presented in Appendix 3. The citations within 

this chapter relate to the reference list of the publication, not the reference list included at 

the end of this thesis. Following publication of this journal article, a correction (i.e. 

corrigendum) was published that detailed minor amendments to the wording of the 

article. The correction is included at the end of this chapter immediately after the journal 

article. 
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4.1 Reproducibility of foot dimensions measured from 3-dimensional 

foot scans in children and adolescents with Down syndrome  
 

The reference for this publication is: 

Hassan NM, Buldt AK, Shields N, Landorf KB, Menz HB, Munteanu SE. Reproducibility 

of foot dimensions measured from 3-dimensional foot scans in children and adolescents 

with Down syndrome. Journal of Foot and Ankle Research. 2020;13:31. DOI: 

https://doi.org/10.1186/s13047-020-00403-1 

The reference for the correction is: 

Hassan NM, Buldt AK, Shields N, Landorf KB, Menz HB, Munteanu SE. Correction to: 

Reproducibility of foot dimensions measured from 3-dimensional foot scans in children 

and adolescents with Down syndrome. Journal of Foot and Ankle Research. 2020;13:41. 

DOI: https://doi.org/10.1186/s13047-020-00409-9  
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Chapter 5 – Cross-sectional 
observational study 

Preface  
Chapter 4 highlighted the measurement of foot dimensions using 3D foot scans was 

reproducible. Subsequently, this measurement was used for the study described in this 

chapter.  

The study presented in this chapter is a cross-sectional observational study that aimed to 

address Objective 5 of this thesis, which was to determine differences in foot dimensions 

of children with and without Down syndrome using 3D foot scans. This study was 

submitted to Disability and Rehabilitation in June 2020 and is under review. The study is 

presented in this chapter as it was submitted to Disability and Rehabilitation (i.e. 

formatted for this journal), and the citations within this chapter relate to the reference list 

of the manuscript, not the reference list included at the end of this thesis. Likewise, the 

figures and tables presented in this chapter relate to this chapter and are not part of the 

numbering system used in the rest of this thesis. 

 

  



89 
 

5.1 Differences in foot dimensions between children and adolescents 

with and without Down syndrome  
 

Abstract  

Children with Down syndrome frequently wear poorly-fitting footwear, and this has been 

attributed to their unique foot shape. This study compared the differences in foot 

dimensions obtained from three-dimensional (3D) foot scans between 51 children with 

Down syndrome (mean age 10.5 years; 28 female) and an age and sex-matched cohort 

of 51 typically developing children. Twelve-foot dimensions were measured. Absolute 

and normalised (for height or foot length) measurements were compared between 

groups. Absolute differences suggest children with Down syndrome have smaller feet 

than typically developing children. When normalised for height, foot length remained 

shorter in children with Down syndrome. When normalised for foot length, ball of foot 

length, foot width, girth and fifth toe height were significantly greater in children with 

Down syndrome. This indicates substantial variations in foot shape of children with Down 

syndrome and should be considered when fitting and manufacturing footwear for this 

group.  

Key words 

Foot anthropometry, Shoes, Down syndrome, Child, Adolescent, Foot deformities; 3-D 

image 

Practitioner summary 

Children with Down syndrome wear poorly-fitting footwear due to their unique foot shape. 

The 3D foot dimensions were compared between children with and without Down 

syndrome. There are substantial variations in foot shape in children with Down syndrome 

which should be considered when fitting and manufacturing footwear for this population.   



90 
 

Background 

Children with Down syndrome often do not wear appropriately fitting footwear. One study 

involving 50 children with Down syndrome found 60% of participants wore footwear that 

was too narrow and 54% of participants wore footwear that was too long [1]. Another 

study with 105 participants (50 with Down syndrome) found only 12% of individuals with 

Down syndrome (which included adolescents and adults) wore appropriately fitting 

footwear, compared with 84% of individuals without Down syndrome [2]. Poorly-fitting 

footwear may lead to inefficient gait, and this can be further compounded in those with 

Down syndrome who also have hypotonia and reduced muscle strength [3]. Further, 

poorly-fitting footwear is a recognised contributor to foot pain and deformity (i.e. hallux 

valgus and lesser toe deformity) [4].  

The characteristic foot shape of children with Down syndrome is speculated to be a 

factor in contributing to their increased prevalence of poorly-fitting footwear. Four studies 

comparing the foot shape of children with and without Down syndrome have 

demonstrated that pes planus foot type, hallux valgus deformity and lesser digital 

deformities are more common in children with Down syndrome [2, 5-7]. Only one study 

[8] has compared the foot dimensions of children with and without Down syndrome. 

Puszczałowska-Lizis et al. [8] demonstrated the feet of males with Down syndrome aged 

14 to 15 years were shorter and narrower than age-matched peers, as measured using a 

podoscope. However, a limitation of this study is that only boys of a limited age range 

were included (14 to 15), so the generalisibilty of these findings to females with Down 

syndrome or across a broader age range is limited. Further, only two foot dimensions 

were measured (foot length and width) using a 2-dimensional technique [8], which may 

not fully represent the complex shape of the foot.  

Three-dimensional (3D) foot scanning is an accurate and reliable approach for capturing 

the dimensions of the foot [9]. Several studies have used 3D foot scanning to identify 

variations in foot structure between populations, as population-specific foot dimension 

data is important for footwear design and manufacture [10-12]. However, to our 

knowledge, no reported study has used 3D foot scanning technology to study the foot 

dimensions of children with Down syndrome. Therefore, the aim of this study was to 

compare the 3D foot dimensions in children with Down syndrome to typically developing 

children. 

Methods 
This study is reported in accordance with the Strengthening the Reporting of 

Observational Studies in Epidemiology Statement (STROBE) [13].  
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Study design  
This was a cross-sectional, observational study comparing children with Down syndrome 

(which included adolescents) to typically developing children, who were matched 

according to age (±2 years) and sex.  

Ethics approval 
Ethics approval was obtained from the La Trobe University Human Ethics Committee 

(HEC13-035, HEC16-027, HEC19-290). Prior to participation, written informed consent 

was obtained from parents. Where possible, the children who participated were also 

invited to provide written assent. 

Participant recruitment and eligibility 
Participant data came from three studies. Data for children with Down syndrome was 

obtained from two previous studies in which 3D foot scans were obtained. The first study 

was a cross-sectional study investigating the association of foot structure and footwear-fit 

with foot-specific disability in children with Down syndrome [1]. The second study was a 

randomised pilot study investigating the efficacy of custom-fitted footwear to increase 

physical activity levels in children with Down syndrome [14]. Both studies shared similar 

recruitment methods and eligibility criteria [1, 14]. Participants were recruited through a 

community, member-based disability organisation (Down Syndrome Victoria). 

Participants were excluded if they had a medical condition that may have affected 

physical activity levels; had lower limb surgery in the previous 12 months; had significant 

joint laxity that may result in subluxation; or required the use of an ambulatory device 

(such as a cane or walker).  

Typically developing children were recruited in a third study from the community using 

promotional flyers. Eligibility criteria were the same as for the two studies involving 

children with Down syndrome outlined above, with the exception that these children were 

typically developing. The typically developing children were matched to the children with 

Down syndrome according to age (±2 years) and sex. Recruitment occurred over a 

period of five months (August to December 2019). All data were collected at La Trobe 

University, Melbourne campus.  

Data collected  

Participant characteristics 
Age (in years), sex, height (in metres), weight (in kilograms) and body mass index (BMI) 

were documented for all participants.  

Foot posture 
Foot Posture Index classified foot type into normal, supinated foot or pronated foot types. 

This is a six-criterion tool used to classify foot posture according to the alignment of the 
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rearfoot and forefoot. Scores range from -12 to +12, and normal foot posture in children 

lies within the range of +2 to +9. Scores greater than +9 indicate a pes planus (i.e. low-

arched) foot posture, while scores less than +2 indicate a pes cavus (i.e. high-arched) 

foot posture [15]. Previous research has shown the Foot Posture Index is a reliable and 

valid measurement tool [16].  

Foot scanning process 

A FotoScan 3D scanner (Precision 3D, Weston-super-mare, UK) was used to obtain 3D 

foot scans to measure the foot dimensions of children with Down syndrome (n = 51). 

According to the manufacturer, the scanned model has an accuracy to within 0.5 mm. 

Standardised verbal instructions and a demonstration of the scanning process was 

provided to each child prior to the scan. The same order of assessments was performed 

for each child. Timing of 3D scanning was not standardised per day due to the need to 

accommodate participant availability, which varied between children. Both scanners were 

calibrated where required and used in accordance to the manufacturer’s guidelines. 

Participants placed their right foot on the scanner and stood in a relaxed, bipedal stance. 

The FotoScan 3D device uses a fixed system of high resolution cameras and projectors 

to obtain images of the foot, which are then automatically converted into a 3D model [17]. 

At the time of data collection for typically developing children, an unforeseen technical 

issue occurred with the FotoScan 3D scanner that resulted in an alternative foot scanner 

(INFOOT 3D scanner) being used (n = 51). The INFOOT scanner is an optical laser 

scanning system that captures a 3D image of the foot, with the same accuracy as the 

previous scanner (0.5 mm). The scanning protocol was the same across both scanners. 

A stereolithography (STL) file was created from both foot scanners (Figure 1). The 3D-

Tool© Version 13 (3D-Tool GmbH, Weinheim, Germany) software was used to calculate 

all length, width and height measurements. Although the software of the INFOOT 

scanner is capable of automatically calculating a range of foot dimensions based on 

identified landmarks, we used the same software (3D-Tool© Version 13) for all STL files 

when measuring foot dimensions to maintain consistency. 

Measurement of foot dimensions  

All dimensions were measured by the same researcher (NMH). The following dimensions 

were assessed: foot length, ball of foot length, outside ball of foot length, diagonal foot 

width, horizontal foot width, heel width, ball girth, instep girth, first toe height, fifth toe 

height, instep height and forefoot shape [18, 19]. Each foot measurement is defined in 

Table 1 and illustrated in Figure 2. The intra- and inter-rater reliability of these 

measurements is moderate to excellent (ICC ranging from 0.70 to 0.90) [17, 20]. These 

measurements have been used previously in other anthropometric studies of the feet 

and are used in footwear design and manufacture [19].  
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Sample size and statistical analysis 

No formal sample size calculation was performed. The sample size (n = 51 per group) 

was based on available data and was considered feasible [21]. All analyses were 

performed using IBM SPSS Statistics version 25.0 (IBM Corp, NY, USA). Data were 

assessed for normality (using skewness and kurtosis tests) and were found to be 

normally distributed. Only measurements of the right foot were analysed so that the 

independence assumption of statistical analysis was fulfilled [22]. Independent t-tests 

were performed for continuous variables and chi-square analyses were performed for 

nominal data (e.g. forefoot shape). Differences in foot dimensions were compared using 

two approaches. First, we analysed differences between groups using the absolute value 

of measurements. Second, to account for differences in foot sizes between participants 

(e.g. due to age differences), we analysed differences in foot dimensions normalised for 

foot length [23]. Foot length was normalised for differences in height. Where significant 

differences were identified, Cohen’s d effect sizes and 95% confidence intervals were 

calculated to obtain a measure of the magnitude of differences. Cohen’s d values were 

classified as small (0.20), moderate (0.50) and large (>0.80) [24]. 

Results 

Participant characteristics 
One hundred and two participants took part, with 51 participants (28 females and 23 

males) in each group. The groups of children with Down syndrome and typically 

developing children were of similar mean age (Table 2) and both groups had a mean 

BMI within the normal range. Children with Down syndrome had a more pronated foot 

type, as indicated by a higher mean Foot Posture Index score than the typically 

developing children (Table 2). 

Differences between groups in absolute foot dimensions  
Table 3 shows the absolute differences in foot dimensions between groups. Differences 

between the groups were found for 10 of the 12 variables measured. Children with Down 

syndrome had a shorter foot length and also a shorter outside ball of foot length 

compared to typically developing children. Children with Down syndrome also had 

narrower foot width (diagonal foot width and horizontal foot width), narrower heel width 

and smaller girth measurements (ball girth and instep girth) compared to typically 

developing children. In children with Down syndrome, first toe height and instep height 

were lower than for typically developing children. There were no differences in ball of foot 

length and fifth toe height measurements between the groups. 
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Differences between groups in normalised foot dimensions 

Seven out of 11 normalised foot measurements were significantly different between 

groups (Table 4). Children with Down syndrome had a shorter foot length, but a longer 

ball of foot length compared to typically developing children. Foot width (diagonal foot 

width and horizontal foot width) was greater in children with Down syndrome as was foot 

girth (ball girth and instep girth) compared to typically developing children. Lastly, fifth toe 

height was greater in children with Down syndrome. There were no significant 

differences between groups for outside ball of foot length, heel width, first toe height and 

instep height. 

Discussion 

Our findings show there are substantial differences in the foot shape of children with 

Down syndrome compared to typically developing children. Children with Down 

syndrome have smaller foot dimensions compared to their peers. However, when we 

adjusted our analyses to normalise for differences in height, we found children with Down 

syndrome had a relatively shorter foot length, and when normalised for foot length, a 

longer ball of foot length, wider forefoot width, larger girth measurements and a greater 

fifth toe height. The effect sizes for these differences were all moderate to large. 

These findings are novel as this is the first study to comprehensively measure foot 

dimensions of children with Down syndrome using 3D foot scans. The absolute 

differences in foot dimensions found between groups (i.e. not adjusted for foot length) 

are in agreement with a previous study using a podoscope that reported boys with Down 

syndrome had shorter and narrower feet as compared to their peers [8]. The normalised 

results are also in agreement with other descriptive studies that report the feet of children 

with Down syndrome are wide [1, 7] and short [25]. Our findings add to the existing 

literature by expanding the number of foot dimensions of children with Down syndrome 

investigated.  

Normalised differences in foot dimensions may explain why poorly-fitting footwear is 

relatively common among individuals with Down syndrome [1, 14, 25, 26]. Children with 

Down syndrome are more likely to wear footwear that is too long or too narrow in an 

attempt to accommodate their unique foot dimensions [1, 2, 25, 26]. Commercially 

available footwear is manufactured from shoe lasts made to fit the foot of individuals 

without Down syndrome. The dimensions of commercially available footwear are unable 

to accommodate the usual foot dimensions of an individual with Down syndrome which is 

shorter and wider, with increased girth and of greater height of the lesser toes (as 

measured by the fifth toe). 
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The implications from this study are that children with Down syndrome require footwear 

that is wider and deeper than commercially available footwear, to accommodate feet that 

are wider and more voluminous. Current footwear design has led to a challenging 

situation for parents of children with Down syndrome, which is to identify commercially-

available footwear that satisfies this need, as custom-made footwear is unlikely to be a 

feasible option. A better solution would be that future footwear should account for 

differences in foot dimensions of children with Down syndrome. In addition to designing 

shoes that fit correctly, other issues need to be considered, including understanding the 

experiences and barriers to appropriate footwear selection of care givers, education of 

caregivers and footwear suppliers, and the development of a greater range of shapes of 

commercially available footwear that are aesthetically pleasing and affordable.  

Our findings must be considered in the context of its limitations. First, the study did not 

stratify the analyses across specific age ranges or sex as it was not powered to do so. 

Future studies could explore if there are differences across specific age ranges or 

between sexes. Second, the assessor who measured all foot dimensions was not 

blinded to the groups when measuring foot dimensions, which may have introduced 

assessment bias, although we attempted to minimise this with a strict measurement 

protocol and assessor training. Lastly, we experienced a technical issue with the 

scanners used, which required half the sample to be measured using a different scanner. 

However, we do not believe this would have affected the results because both scanners 

create the same file output (STL files), all scans were measured using the same protocol 

and technique, and both scanners are accurate to 0.5 mm.  

Conclusion 

There are substantial variations in the 3D foot shape of children with Down syndrome. 

These findings should be considered when fitting and manufacturing footwear for 

children with Down syndrome.   
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Tables 

Table 1. Definitions of the foot measurements. 

Length   

Foot length Distance between foot end (pternion) and foot tip (anterior point of 
most protruding toe). 

Ball of foot length distance between foot end (pternion) and the first 
metatarsophalangeal protrusion. 

Outside ball of 
foot length 

Distance between foot end (pternion) and the fifth 
metatarsophalangeal protrusion. 

Width   

Diagonal foot 
width 

Connecting line between the first metatarsophalangeal joint and 
the fifth metatarsophalangeal joint. 

Horizontal foot 
width 

Orthogonal connection line starting at the first 
metatarsophalangeal joint to the outside curvature of the foot. 

Heel width  Maximum orthogonal connection line starting at the medial side of 
the heel to the outside curvature of the heel. 

Girth   

Ball girth Maximum circumference at the level of the first and the fifth 
metatarsophalangeal joint protrusion. 

Instep girth Maximum circumference measured from the most plantar aspect 
of the foot to the most dorsal aspect of the foot, at the level of the 
navicular. 

Height  

First toe height Maximum height of the hallux measured from the most plantar 
aspect of the hallux to the most dorsal aspect of the hallux. 

Fifth toe height Maximum height of the fifth toe measured from the most plantar 
aspect of the fifth toe to the most dorsal aspect of the fifth toe. 

Instep height Measured from the most plantar aspect of the foot to the most 
dorsal aspect of soft tissue. 

Forefoot shape Three categories: (i) first toe longest, (ii) second toe longest, and 
(iii) first and second toe equal in length. 
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Table 2. Participant characteristics. Values are mean (SD) unless otherwise noted. 

 Children with Down 
syndrome 

Typically developing 
children 

Age, years 10.5 (3.7) 10.8 (3.7) 
Age, n (%) 
5 to 10 years 
11 to 15 years 
16 to 19 years 

 
27 (53) 
17 (33) 
7 (14) 

 
24 (47) 
21 (41) 
6 (12)  

Females/males, n 28/23 28/23 

Height (m) 1.3 (0.2) 1.4 (0.2) 

Weight (kg) 40.4 (21.4) 43.2 (18.5) 

BMI1 (kg/m2) 22.1 (6.7) 20.1 (4.5) 

Type of Down syndrome, n 
(Trisomy 21/Translocation/Mosaic) 

44/6/1 N/A 

Foot Posture Index, right 
 
FPI -12 to +1, n (%)  
FPI +2 to +9, n (%)  
FPI +10 to +12, n (%) 

8.8 (2.1) 
 
0 (0) 
31 (61) 
20 (39) 

5.4 (2.2) 
 
2 (4) 
48 (94) 
1 (2) 

1Body mass index. The Foot Posture Index scores range from -12 to +12. For children, 
normal foot posture in children lies within the range of +2 to +9. Scores greater than +9 
indicate a pes planus foot posture, while scores less than +2 indicate a pes cavus foot 
posture. 
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Table 3. Comparison of absolute differences in foot dimensions. Values are the mean (SD) and measured in mm unless indicated 

otherwise. 

Foot measurement Children with 
Down syndrome 

Typically 
developing 
children 

Mean difference 
(95% CI) 

Cohen’s d  
(95% CI, size of effect) 

Foot length 193.0 (26.6) 223.2 (28.4) -30.1 (-40.9 to -19.3) 1.1 (0.7 to 1.5, large effect) 

Ball of foot length 146.5 (20.6) 166.1 (21.1) -19.7 (-27.9 to 11.5) 1.0 (0.6 to 1.4, large effect) 

Outside ball of foot length 125.8 (17.2) 147.0 (17.6) -21.2 (-28.1 to -14.4) 1.2 (0.8 to 1.6, large effect) 

Diagonal foot width 78.2 (11.7) 86.5 (11.2) -8.3 (-12.8 to -3.8) 0.7 (0.3 to 1.1, moderate effect) 

Horizontal foot width 76.3 (10.9) 83.1 (10.3) -6.8 (-11.0 to -2.6) 0.7 (0.3 to 1.1, moderate effect) 

Heel width 49.1 (7.6) 56.1 (6.9) -6.9 (-9.8 to -4.1) 1.0 (0.6 to 1.4, large effect) 

Ball girth 187.3 (26.1) 205.4 (24.9) -18.0 (-28.0 to -8.0) 0.7 (0.3 to 1.1, moderate effect) 

Instep girth 201.3 (25.2) 224.0 (26.6) -23.3 (-33.5 to -13.1) 0.9 (0.5 to 1.3, large effect) 

First toe height 19.5 (3.6) 21.9 (2.8) -2.4 (-3.7 to -1.1) 0.8 (0.4 to 1.2, large effect) 

Fifth toe height 16.2 (2.9) 15.5 (2.4) 0.7 (-0.3 to 1.7) 0.3 (-0.1 to 0.7, small effect) 

Instep height 54.9 (7.5) 64.5 (7.4) -9.6 (-12.5 to -6.7) 1.3 (0.9 to 1.7, large effect) 

Forefoot shape 

1st toe longest, n (%) 

2nd toe longest, n (%) 

1st and 2nd toe equal length, n 
(%) 

 

42 (82) 

3 (5) 

6 (12) 

 

46 (90) 

1 (2) 

4 (8) 

1.581 (p = 0.483)2  

1Pearson’s chi-square statistical test value. 2P-value.  
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Table 4. Comparison of normalised differences in foot dimensions. Values are the mean (SD) and measured in mm unless indicated 

otherwise. 

Foot measurement Children with 
Down syndrome 

Typically developing 
children 

Mean difference  
(95% CI) 

Cohen’s d  
(95% CI, size of effect) 

Foot length1 202.3 (10.0) 213.9 (7.3) -11.6 (-15.1 to -8.2) 1.2 (0.8 to 1.6, large effect) 

Ball of foot length 157.8 (4.9) 155.0 (3.7) 2.9 (1.2 to 4.6) 0.7 (0.3 to 1.1, moderate effect) 

Outside ball of foot 
length 

135.8 (6.3) 137.4 (6.3) -1.6 (-4.1 to 0.9) 0.3 (-0.1 to 0.7, small effect) 

Diagonal foot width 84.4 (6.2) 80.8 (3.8) 3.7 (1.6 to 5.7) 0.7 (0.3 to 1.1, moderate effect) 

Horizontal foot width 82.4 (5.8) 77.6 (3.7) 4.8 (2.9 to 6.7) 1.0 (0.6 to 1.4, large effect) 

Heel width 53.1 (5.5) 52.4 (3.5) 0.7 (-1.1 to 2.5) 0.2 (-0.2 to 0.6, small effect) 

Ball girth 202.5 (14.2) 191.9 (8.8) 10.6 (5.9 to 15.3) 0.9 (0.5 to 1.3, large effect) 

Instep girth 217.9 (14.7) 209.9 (9.7) 7.9 (3.0 to 12.8) 0.7 (0.3 to 1.1, moderate effect) 

First toe height 21.0 (2.6) 20.5 (2.2) 0.5 (-0.5 to 1.4) 0.2 (-0.2 to 0.6, small effect) 

Fifth toe height 17.6 (3.0) 14.5 (1.4) 3.1 (2.2 to 4.1) 1.3 (0.9 to 1.7, large effect) 

Instep height 59.5 (6.1) 60.4 (4.1) -0.9 (-2.9 to 1.1) 0.2 (-0.1 to 0.6, small effect) 

Forefoot shape 

1st toe longest, n (%) 

2nd toe longest, n (%) 

1st and 2nd toe equal 
length, n (%) 

 

42 (82) 

3 (5) 

6 (12) 

 

46 (90) 

1 (2) 

4 (8) 

1.582 (0.483)3  

1Foot length was normalised to height while remaining dimensions were normalised to foot length. 2Pearson’s chi-square statistical test 

value. 3P-value 
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Figure 1. 3D model of the foot. 
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Figure 2. Foot dimension measurement technique.



105 
 

List of figures  

Figure 1. 3D model of the foot. 

Figure 2. Foot dimension measurement technique. 

List of abbreviations 

3D: Three-dimensional.  

STL: Stereolithography. 

STROBE: Strengthening the Reporting of Observational Studies in Epidemiology 

Statement. 

Authors’ contributions 

Conception and design – NMH, KBL, NS and SEM 

Collection and assembly of data – NMH and AKB 

Analysis and interpretation of data – NMH, NS, KBL, HBM and SEM 

Drafting of article – NMH, KBL, NS and SEM 

Final approval of article – NMH, AKB, NS, KBL, HBM and SEM 
  



106 
 

Chapter 6 – Discussion 

6.1 Summary of key findings  
This thesis examined two interrelated problems – reduced participation in physical 

activity and poorly-fitting footwear in children with Down syndrome. The two primary aims 

of this thesis were to determine the: (i) effectiveness of interventions (including custom-

fitted footwear) to increase physical activity in children with Down syndrome, and (ii) foot 

dimensions of children with Down syndrome, to better understand the issue of poorly-

fitting footwear. Four related studies were completed that address these aims. The 

following section summarises the key findings identified in these studies.  

 

Key finding 1 (Chapter 2) – No previous studies investigated the 

effectiveness of footwear to increase physical activity in children with 

Down syndrome  
The aim of the study presented in Chapter 2 was to determine the effectiveness of 

interventions to increase physical activity in individuals with intellectual disabilities. In 

order to do this, a systematic review of randomised trials was conducted to synthesise 

findings from high level evidence. Key findings were: (i) a small body of evidence (9 

studies) currently exists regarding the effectiveness of interventions in increasing 

physical activity in individuals with intellectual disabilities; (ii) no trials had evaluated the 

potential effects of footwear in increasing physical activity in individuals with intellectual 

disabilities, including those with Down syndrome; (iii) several trials had methodological 

limitations and none were rated as low risk of bias; (iv) a limited number of interventions 

were effective in increasing physical activity in individuals with intellectual disabilities, 

and the magnitude of effect was small to large; (v) three trials included children or 

adolescents with Down syndrome as participants; and (vi) only one trial, involving 

adolescents with Down syndrome, demonstrated positive effects of an intervention 

(progressive resistance training program) on physical activity.  

No previous randomised trials had evaluated the effects of footwear on physical activity 

in children with Down syndrome. However, there is preliminary evidence to show poorly-

fitting footwear is associated with reduced physical activity in children with Down 

syndrome [80], so further research was warranted to evaluate the effectiveness of 

appropriate footwear fit in increasing physical activity.  
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Key finding 2 (Chapter 3) – A definitive randomised trial to evaluate 

the efficacy of custom-fitted footwear to increase physical activity in 

children with Down syndrome is feasible, but commercially available 

footwear may not be suitable 
The aim of the study presented in Chapter 3 was to investigate the feasibility of a 

definitive randomised trial to evaluate the efficacy of custom-fitted footwear to increase 

physical activity in children with Down syndrome. To achieve this, a randomised pilot 

study was performed that evaluated six feasibility domains; demand, implementation, 

acceptability, practicality, limited efficacy testing and adaptation. Key findings from this 

study were: (i) a definitive randomised trial is feasible, (ii) intervention adherence and 

acceptability were high, and (iii) positive trends for effects on physical activity in the 

intervention group were found in the short term (6 weeks). However, several issues need 

to be considered prior to embarking on a definitive trial, including: (i) the rate of 

recruitment was lower than anticipated due to long travel distances and competing family 

responsibilities of participants’ caregivers, (ii) the use of co-interventions was high, and 

importantly, (iii) footwear fit of the intervention was no better than participants’ existing 

footwear.  

The primary issue with the intervention (i.e. commercially available footwear) used was 

insufficient width fittings to accommodate the width requirement of the forefoot in children 

with Down syndrome. Although steps were taken to custom-fit the footwear – such as 

using footwear manufactured by a reputable children’s footwear manufacturer, using 

styles of footwear with multiple width fittings, adhering to a measurement and fitting 

protocol provided by the manufacturer, using footwear styles that were adjustable to suit 

width (i.e. Velcro and lace fixation options, and using footwear that had a removable foot 

bed to increase space) – this was not sufficient to accommodate foot width. Therefore, 

these findings indicate commercially available footwear does not provide an appropriate 

fit for children with Down syndrome, which may explain the high prevalence of poorly-

fitting footwear in this population. 

 

Key finding 3 (Chapter 4) – Measuring the foot dimensions of children 

with Down syndrome is reproducible using 3D foot scans 
The aim of the study presented in Chapter 4 was to determine the intra- and inter-rater 

reproducibility of measuring foot dimensions of children with Down syndrome using 3D 

foot scans. In order to improve the understanding of variations in foot structure of 

children with Down syndrome, its impact on footwear fit, and subsequently, to design 
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appropriately fitting footwear, it is critical that 3D measurements of foot dimensions are 

reproducible.  

A method for obtaining detailed measurements of foot dimensions (including lengths, 

widths, girths and height measurements) of children with Down syndrome using 3D foot 

scans was developed and the intra- and inter-rater reproducibility was evaluated. Key 

findings from this study were: (i) measuring the foot dimensions of children with Down 

syndrome is reliable, as there was moderate to excellent reliability for all measurements 

performed; (ii) agreement for the measurement of foot length was acceptable; (iii) the 

acceptability of agreement for the remaining measurements was unclear. Overall, the 

findings from the study in Chapter 4 indicate that the reproducibility of foot dimension 

measurements from 3D foot scans is acceptable, which means the method can be used 

in future studies in this population. 

 

Key finding 4 (Chapter 5) – Children with Down syndrome have 

shorter, wider feet with increased girth and fifth toe height compared 

to typically developing children  
The aim of the study presented in Chapter 5 was to compare the 3D foot dimensions of 

children with Down syndrome to typically developing children. A cross-sectional 

observational study was conducted with 51 typically developing children who were 

matched according to age (±2 years) and sex to 51 children with Down syndrome. Both 

absolute and normalised (to scale) differences in foot dimensions were assessed. Key 

findings were: (i) children with Down syndrome have smaller foot dimensions overall; and 

(ii) when foot dimensions were normalised to scale, children with Down syndrome have a 

shorter foot (heel to toe measurement) but a longer ball of foot length measurement (heel 

to ball measurement), a wider forefoot with increased girth (ball and instep girth), and a 

greater fifth toe height measurement. These findings confirm there are differences in the 

3D foot shape of children with Down syndrome, and this should be considered when 

fitting and manufacturing footwear for this population.  

These findings are consistent with the previously conducted studies that infer differences 

in foot structure between children with and without Down syndrome in terms of length 

and width [59, 61-63, 65, 66]. However, the study presented in Chapter 5 has added to 

the existing knowledge by describing other dimensions that have not been previously 

evaluated. Specifically, these findings show children with Down syndrome have a longer 

ball of foot length, increased girth measurements (which highlights the volume of the 

foot), and a greater fifth toe height measurement. These findings are important as they 
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provide information regarding critical dimensions that are important in assessing 

footwear fit, fitting footwear, as well as footwear manufacturing. 

 

6.2 Discussion of the main findings  
6.2.1 There are limited interventions that have been shown to 

increase physical activity in children with Down syndrome 
There are limited interventions that increase physical activity in children with Down 

syndrome. Only three interventions have been shown to be effective in improving 

physical activity; but these interventions include individuals with intellectual disabilities of 

any origin and only one intervention involved adolescents with Down syndrome. These 

interventions are: 

i. A 12-week gym-based, progressive resistance training program (compared to a 

social group) [124], which had a large effect on maintaining physical activity; 

ii. A multicomponent diet and physical activity program (compared to a wait-list 

control group [99]), which had a small effect on physical activity; 

iii. A physical activity framework and education program (compared to usual care 

[102], which had a large effect on physical activity. 

These interventions, which all had a positive effect on physical activity, share common 

characteristics that may play a role in their effectiveness: access, familiarity, routine and 

support. First, each of the interventions were implemented in a convenient, accessible 

location for participants. The first intervention was implemented at a local community 

gym [124], the second at participants’ homes [99], and the final at a day activity centre 

regularly attended by participants [102]. Utilising a convenient location improves access 

by reducing barriers to participation (such as long travel distances or transportation 

issues) and has the additional advantage of enabling physical activity without the need 

for specific equipment, as the physical activity programs can be adapted to an 

individual’s environment. Second, implementing a physical activity intervention in a 

familiar environment (such as participants homes) and involving the individuals who 

provide care is also more likely to encourage individuals with an intellectual disability to 

engage in organised activities as familiarity facilitates physical activity [129, 130]. Third, 

the interventions encouraged an individual to develop a routine. A routine of physical 

activity provides individuals with regular opportunities to practice and improve their skills 

[119, 129, 131]. This may help improve their confidence in their abilities to engage in 

physical activity. Establishing a routine of physical activity is also beneficial because it 

creates a habit. Finally, a support person can facilitate the physical activity intervention 

by encouraging and supporting individuals with an intellectual disability to participate. A 
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support person can initiate physical activity as well as participate in physical activity 

alongside individuals with an intellectual disability to help their adherence. Involving a 

support person during physical activity is also useful in assisting individuals with an 

intellectual disability in learning new skills through imitation [119, 129].  

Some characteristics of the interventions outlined above, however, may have had less of 

an influence on its effectiveness. For example, although the interventions were adapted 

to suit the needs of individuals with intellectual disabilities (e.g. by reducing complex 

components or modifying equipment), they were not population-specific, as they were 

adaptations of existing programs created for the general public. It is possible that some 

components of the interventions were too complex, or adaptations were inadequate, for 

participants with an intellectual disability to benefit. In addition, several interventions were 

based on theories of behavioural change such as Social Cognitive Theory, which is 

grounded on self-efficacy and motivation. Although behavioural change is more likely to 

occur when based on an appropriate theory [132], the use of behaviour change theories 

for those with intellectual disabilities has been questioned due to the level of abstract 

thinking required [133]. Further, despite the lengthy duration of some interventions 

(which allows individuals enough time to develop new routines or behaviours), no long-

term intervention was effective.  

The generalisability of the findings from the existing trials to children with Down 

syndrome also needs consideration. Only three trials [124-126] included children with 

Down syndrome, and only one intervention (progressive resistance training) was shown 

to be effective in maintaining physical activity in young adults (aged between 14 to 22 

years) [124]. Further, a gym-based progressive resistance training intervention may not 

be appropriate for younger children. Therefore, there are no interventions supported by 

randomised controlled trials that have been shown to be effective at increasing physical 

activity in school aged children with Down syndrome. 

Similar to the findings of Chapter 2 (systematic review), there are few interventions to 

increase physical activity in children with intellectual disabilities (i.e. not only children with 

Down Syndrome) and have limited effectiveness [133]. More broadly, while interventions 

aimed to increase physical activity in children with any kind of disability (including 

physical, intellectual, sensory and developmental disabilities) have short terms benefits, 

there are methodological limitations to available published studies, such as 

generalisability, transferability and scientific rigour [134].  
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6.2.2 Children with Down syndrome have a unique foot structure and 

this has implications for footwear fit 
Children with Down syndrome have a unique foot structure, which is a proportionally 

shorter foot length (heel to toe measurement), a longer ball of foot length (heel to ball 

measurement), greater forefoot width, greater foot girth (ball and instep girth), and 

greater fifth toe height. These findings, outlined in Chapter 5, broadly align with previous 

descriptions of the feet of individuals with Down syndrome [59, 61-63, 65, 66], but they 

also add to existing knowledge by providing a thorough description of the 3D foot 

dimensions of children with Down syndrome. These findings have identified new 

information regarding the variations of the ball of foot length, girth and height 

measurements of the feet of children with Down syndrome. These novel findings suggest 

that achieving appropriate footwear fit extends beyond fitting based on length and width 

measurements, as traditionally performed. These findings also indicate that footwear fit 

can be inappropriate even with the correct length and width fitting.  

The improved understanding of the unique foot shape of children with Down syndrome 

allows for a better evaluation of footwear fit in this population, and this may lead to the 

supply of more appropriately fitting footwear. At present, children with Down syndrome 

commonly wear footwear that is either too long when fitted according to width, or too 

narrow when fitted to length. This can be explained by the unique dimensions of the feet 

of children with Down syndrome that are wider at the forefoot (with greater girth 

measurements) and shorter in length [70]. Further, additional considerations for width 

may be required in the presence of a foot deformity, such as hallux valgus. When 

attempting to accommodate a wider foot, larger footwear sizes are often selected, which 

increases footwear length. This subsequent change in length (which is based on the foot 

width fitting as opposed to the true length of the foot) then affects the position of the 

metatarsophalangeal joints, particularly the first metatarsophalangeal joints, relative to 

the treadline of footwear. This distorts the overall fit, as footwear fitted will be too long 

[65, 79-81]. Therefore, width fitting is the most problematic issue when fitting footwear 

[135], and explains why children with Down syndrome frequently wear poorly-fitting 

footwear. 

Evaluating the range of foot dimensions allows for the identification of key areas of 

footwear fit that can be improved. The findings from Chapter 5 suggest in order to 

appropriately accommodate the feet of children with Down syndrome, there are some 

key considerations. First, greater width and girth fittings are necessary to accommodate 

the increased volume of the foot at the forefoot and midfoot. Second, a deeper toe box is 

needed to accommodate for increased toe height. Lastly, ball of foot length as well as 

overall footwear length (heel to toe measurement) need to be considered in the fitting 
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process. Fitting according to the ball of foot length measurement will ensure correct 

alignment of the first metatarsophalangeal joint at the treadline of the shoe.  

Due to the limited research on footwear fit in children with Down syndrome, it may be 

useful to consider the outcomes of other studies that have improved footwear fit in other 

populations. Footwear fitting issues are common in older individuals who have structural 

variations. These variations may be related to ethnic or sex-differences to foot structure 

(e.g. different lengths, widths, girth and height measurements) or structural deformities 

(such as forefoot deformities), which are prevalent in older people. In previous clinical 

trials, off-the shelf, extra-depth and width footwear (known as medical-grade footwear) 

has been shown to improve footwear fit in older people [136, 137]. Further, extra-depth 

and width footwear significantly improved foot pain and function, which is an indication of 

improved foot health [137]. These findings may be relevant to children with Down 

syndrome, since both groups share similar foot characteristics – older individuals 

typically have a broader forefoot [79], forefoot deformities, and are more likely to have a 

flatter medial arch [79].  

While extra-depth and width footwear might be a potential option for improving footwear 

fit in children with Down syndrome, access to such footwear needs to be considered. 

Although extra-depth and width footwear for children is available online, it is not readily 

available in a retail setting (Figure 3). This limits the options available for children with 

Down syndrome where being fitted prior to purchase could be considered to be critical to 

ensuring the fit is correct. It is also unclear whether extra-depth and width footwear would 

be aesthetically pleasing for children with Down syndrome, which may affect wear 

adherence. Therefore, off-the-shelf, extra-depth and width footwear may be an option for 

children with Down syndrome; however further research is required to determine if: (i) 

such footwear can be purchased in a way to ensure that it fits correctly; and (ii) the styles 

of footwear available are aesthetically acceptable. 
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Figure 3. Examples of off-the-shelf, extra-depth and width footwear for children and 

adults. Top row: children’s footwear obtained from an online retail store (left: 

Healthyfeetstore.com, Mt Emey 3301 model, retailing for $100 USD, with extra wide 

fitting [138]; right: Wellandable.com.au, Boston school shoe model retailing at $268 AUD, 

with wide fitting [139]). Bottom row: adults’ footwear available online or through 

healthcare providers (left: Dr. Comfort, Maggie X model retailing at $289 AUD [140]; 

right: Dr Comfort, William X model retailing at $279 AUD [141], with both models having 

extra wide fitting).  

 

 6.2.3 Commercially available footwear is not suitable for children with 

Down syndrome  
A key finding from the pilot study presented in Chapter 3 was that custom-fitted footwear 

did not accommodate the foot structure of children with Down syndrome. Indeed, the fit 

of the footwear was found to be no better fitting than participants’ existing footwear, 

highlighting a major limitation in the suitability of commercially available footwear. This 

indicates that commercially available footwear is not suitable for all children with Down 

syndrome, and as such, parents are likely to experience difficulty acquiring footwear for 

their children that fits appropriately.  

A limitation of commercially available footwear is that there are insufficient width fittings 

to accommodate the relatively wide forefoot shape of children with Down syndrome 

[135]. There are limited styles of footwear that are designed to accommodate variations 

in foot structure or structural deformities that increase width dimensions of the forefoot, 

as these differences are not usually seen in typically developing children. This limits 
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children with Down syndrome from being able to wear certain styles of footwear. It is 

possible that these issues may not be a problem across all footwear brands. However, 

the challenge when fitting children with Down syndrome is identifying commercially 

available footwear that has sufficient dimensions to accommodate their feet.  

Besides limited width fittings, there are a number of other reasons to explain why 

commercially available footwear is not suitable for children with Down syndrome. The 

first is the existing practice of fitting footwear according to length and width 

measurements, as footwear sizes are based on these measurements [135]. This 

approach oversimplifies footwear fitting as it does not consider the way in which other 

foot dimensions, such as foot girth, influence overall fit. Footwear fit is further 

compounded by the inconsistencies in sizing that occur across footwear brands. This 

sizing issue occurs because of the different sizing and grading systems (including the 

French, Chinese, Japanese, American, British and Mondo Point systems) used across 

the world. Each system varies in its incremental differences between sizes, and this may 

affect the resulting footwear fit when attempting to purchase footwear that is the same 

size as an individual’s existing footwear [135]. This misfit may be further accentuated in 

the presence of foot deformities or significant variations in the average foot shape, which 

is typically seen in the Down syndrome population. 

Although commercially available footwear is not able to accommodate the foot structure 

of children with Down syndrome, a number of compensatory footwear fitting techniques 

may be used to address the limitations of commercially available footwear in the interim. 

Initially, applying appropriate footwear fitting techniques in conjunction with selecting 

footwear with favourable features may improve footwear fit. This includes use of footwear 

with: (i) a malleable upper material to accommodate structural variations, (ii) a deep 

round-shaped toe box to accommodate differences in toe height, (iii) multiple width 

fittings at a given size (e.g. New Balance® footwear, or Dr Comfort® footwear for older 

children who may fit into adult sizes), and (iv) lace-up or Velcro fixation to allow for 

adjustment.  

Although these compensatory footwear fitting techniques may be useful, these 

adjustments may not be able to improve all aspects of footwear fit for all children, as 

happened in our trial (Chapter 3). To address this, two alternative options are available. 

First, extra-depth and width footwear (medical-grade footwear) can be used, which is 

likely to cater for the additional depth and width required. Second, if extra-depth and 

width footwear does not provide an adequate fit, custom-made footwear can be 

accessed. Both of these options are relatively expensive, particularly when it is 

considered that the footwear will be replaced regularly to allow for growth. Fortunately, 

external funding schemes are available in Australia (e.g. State-wide Equipment Program 
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[SWEP] and the National Disability Insurance Scheme [NDIS]) for children with Down 

syndrome and can help families access footwear by covering the costs of medical-grade 

footwear or custom-made footwear as required. 

A long-term solution to improving footwear fit of children with Down syndrome is to create 

footwear that is based on the foot dimensions of this population. Manufacturing footwear 

for children with Down syndrome using normative data for this population would result in 

footwear that appropriately accommodates their unique foot dimensions. While the 

findings from Chapter 5 provide preliminary data on the foot dimensions of children with 

Down syndrome, the sample size included in the study was relatively small (51 children 

with Down syndrome) and is unlikely to be representative of all children with Down 

syndrome. A representative sample would need to consider: (i) the number of children 

with Down syndrome within a region (e.g. within Australia); (ii) the distribution of ages 

within the age bracket of 5 to 18 years and (iii) the number of boys and girls with Down 

syndrome, including those within each age group. In previous studies, the number of 3D 

foot scans analysed for foot dimension data have ranged substantially, from 42 to 9,220 

[70, 71, 76, 142-150]. A more recent study evaluated 1.2 million foot scans across three 

geographical regions [151]. Therefore, a significant body of further work (with the input of 

a statistician) is required to obtain a large database of 3D foot scans that is 

representative of children with Down syndrome to allow for footwear manufacturing for 

this population.  

 

6.2.4 Using innovative technology to design and manufacture 

customised footwear is a possible alternative to commercially 

available footwear, which can help solve footwear fitting issues in 

children with Down syndrome  
With advancements in technology, innovative technologies may play a pivotal role in the 

future of footwear design and manufacture of footwear, particularly in developing 

affordable, customised footwear. This could have a substantial effect on resolving 

footwear fitting issues experienced by children with Down syndrome as it addresses the 

limitations of mass-produced, generic footwear.  

Mass-customisation of footwear uses technology to develop products that are tailored to 

the needs of individuals while minimising the associated cost of production [152]. As 

discussed previously, children with Down syndrome require footwear that is appropriately 

fitting, affordable and readily available, which suggests that mass-customisation of 

footwear may be an ideal approach for this population. Aesthetics is also an important 

factor as the appearance of footwear can have social implications (e.g. identity and 



116 
 

personal style a child may identify with), and thus it may affect adherence [153]. A 

framework for mass-customisation has been described elsewhere [154]. Essentially, 

mass-customisation of footwear uses a computer-automated design system to design 

customised footwear in relation to style and fit. 3D scanning is used to obtain foot 

dimension data that are used to create the digitised foot model for that individual. 

Footwear style is then decided upon by the consumer through an existing database of 

footwear styles. Once the style has been finalised, the available footwear lasts are 

adapted according to the dimensions of the consumer (obtained through the 3D foot 

scan) and the footwear is manufactured [154]. This system bridges the gap between 

manufacturers and consumers and provides consumers a significant role in determining 

their preferred footwear that have a superior fit to commercially available footwear [154]. 

In future, mass-customisation of footwear may replace traditional methods of footwear 

manufacturing for both custom-made footwear (which is time consuming, labour 

intensive and costly) and generic footwear. Although exciting, this advanced process of 

footwear manufacture is still in development and likely to take time before it is fully 

implemented [155]. 

 

6.3 Future research 
To build on the knowledge generated from this thesis, it would be important to solve the 

issue of poor footwear fit in children with Down syndrome before a definitive randomised 

trial is conducted to evaluate the effectiveness of custom-fitted footwear to increase 

physical activity. The use of extra-depth and width footwear is a possibility, and an initial 

step would be to collaborate with manufacturers of extra-depth and width footwear to 

compare footwear last dimensions with the average foot dimensions of children with 

Down syndrome obtained from 3D foot scans (e.g. data from Chapter 5). If it was found 

that their foot dimensions can be accommodated in such footwear, a definitive trial using 

extra-depth and width footwear could be conducted. Important outcome measures such 

as appropriateness of footwear fit and acceptability of footwear (i.e. acceptability of the 

footwear in relation to its aesthetics, and adherence to wear as measured in the 

randomised pilot study) would need to be evaluated. Other limitations identified in the 

pilot study presented in Chapter 3 need to be addressed prior to a definitive trial. For 

example, the slow recruitment rate as a result of long travel distances to assessment 

location can be improved by altering data collection methods. This may include collecting 

outcome measurements online where feasible (e.g. using REDCap software), as well as 

allowing some flexibility with the location of the trial to collect data that cannot be 

collected through an online platform (e.g. multi-site trial).  
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To further improve footwear fit, creating footwear that is specific to the foot dimensions of 

children with Down syndrome (i.e. wider, deeper footwear that can accommodate for the 

increased girth and toe height, at a given size) is necessary. To do this, further research 

is required to establish normative data for the foot dimensions of children with Down 

syndrome. Data on foot dimensions can be collected through the use of 3D foot scans for 

analysis, and the analysis can be further extended to evaluate sex- and age-based 

differences, as evaluated in studies of other populations [70, 143, 151]. Findings from 

this study can then be factored into the footwear development process. A prototype of 

the footwear at a range of sizes can be trialled in future studies to determine the 

appropriateness of fit and acceptability in children with Down syndrome prior to 

developing this range on a commercial scale.  



118 
 

6.4 Strengths and limitations of this thesis 
The strengths of this thesis lie in its examination of the two interrelated concepts of 

physical activity and footwear in children with Down syndrome, which have not been 

investigated previously. The findings build upon previous literature by: (i) synthesising 

research that has evaluated the effectiveness of physical activity interventions; (ii) 

identifying key considerations for a definitive randomised trial; (iii) providing preliminary 

findings on a novel intervention (custom-fitted footwear) to improve physical activity; (iv) 

establishing 3D scanning is a reproducible method of measuring foot dimensions for 

children with Down syndrome; and (v) providing an in-depth understanding of the foot 

dimensions of children with Down syndrome.  

A variety of study designs were implemented to thoroughly answer the research 

questions that were posed. Rigorous methods reduced the effects of confounding factors 

(such as risks of bias), and valid and reliable tools were consistently used to collect data, 

thus increasing confidence in the findings. The systematic review and the randomised 

pilot study were registered prospectively (with PROSPERO and ANZCTR). The use of 

relevant reporting guidelines (e.g. PRISMA, TIDier, CONSORT, GRAAS, STROBE) also 

ensured transparency and consistency when reporting the studies.  

The findings from the studies conducted in this thesis have several applications across 

clinical, research and industry settings. There is potential for the findings to have an 

impact on clinical and research practice, that will ultimately lead to positive improvements 

to the health and quality of life of children with Down syndrome. For example, for 

clinicians, the findings provide a better understanding of footwear fitting issues commonly 

experienced in children with Down syndrome and highlight how footwear fit can be 

evaluated and improved. For researchers, future studies can be guided by the available 

data, including using: (i) the randomised pilot study (Chapter 3) to plan a definitive 

randomised trial, and (ii) the measurement technique (presented in Chapter 4 and 5) to 

obtain normative data on the foot dimensions of children with Down syndrome. For 

industry, the findings will assist in the design and manufacture of footwear specific to 

children with Down syndrome. Additionally, this thesis focused on a young age group, 

which is an important group for research to focus on as health improvements during 

childhood years have implications that persist into adulthood. 

There are also some limitations. Randomised trials investigating the effectiveness of 

physical activity interventions (i.e. those included in Chapter 2) had significant 

heterogeneity in the types of interventions and time-points that were evaluated, which 

limited the ability to conduct a meta-analysis. A meta-analysis would have been useful to 

improve statistical power and the precision of the effect estimates. There were also 

methodological issues associated with the studies (such as missing data and risk of 
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bias), which reduces the certainty of the confidence of the findings. In addition, because 

physical activity interventions are physical, participant blinding is difficult. Although this is 

recognised as an inherent issue in randomised trials [156], the possibility of 

ascertainment bias affecting the estimate of effects of such interventions cannot be 

overlooked. 

A further limitation relates to the inclusion criteria used in the randomised pilot study 

presented in Chapter 3. Participants did not have their existing footwear screened for 

appropriateness of fit prior to being enrolled in the study. Although this was not an issue 

for the majority of participants (as 88% of participants wore poorly-fitting footwear prior to 

being enrolled), this is an important consideration in any future trial as it may interfere 

with the difference in the effect between the experimental footwear and the existing 

footwear (as there would be little difference in fit between the two shoes, thus masking 

any effect if the experimental intervention was effective). Therefore, any future trial 

should revise the eligibility criteria and exclude children with Down syndrome who 

present with appropriately fitting footwear (if any).  

In addition to this, future research involving the lower extremity in children with Down 

syndrome should also consider any conditions that may affect joints and their function 

(such as Juvenile Idiopathic Arthritis [51]) due to such a condition being under-diagnosed 

in this population. This is also necessary when using interventions that may impact joint 

function. Future studies should consider these conditions when designing studies, for 

example, when developing participant inclusion and exclusion criteria.  

Finally, in the case-matched study presented in Chapter 5, a technical error with the 

original foot scanner (3D FotoScan foot scanner) occurred, so the scanner was not able 

to be used for participants in the control group. Therefore, all participants in the control 

group had their foot scanned using a more recent scanner (INFOOT foot scanner). Even 

though both scanning devices have the high accuracy (within 0.5 to 1.0 mm) and create 

the same output file, it was not ideal to measure participants using different scanners. It 

was also not feasible to ask the children with Down syndrome to attend a further testing 

session for the purpose of having their foot rescanned.  

 

6.5 Conclusion  
Footwear fit is a problem for children with Down syndrome. Footwear may have potential 

to improve participation in physical activity, but this is difficult to evaluate empirically until 

there is a solution to the issue of limited availability of appropriately-fitting footwear. 

Possible solutions to this problem that warrant further investigation are extra-depth and 

width footwear, and innovative approaches to footwear production using 3D scanning 
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and manufacture. Further studies could then test the hypothesis that foot health status 

and the amount of physical activity of children with Down syndrome could be improved 

through footwear modification. Given footwear plays a substantial role in performing day-

to-day activities, it is imperative that footwear fit is improved for children with Down 

syndrome.  
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Appendices  

Appendix 1. Online supplementary files associated 
with the published systematic review 
 

Supplementary file 1 – Search records  
 

#  Search terms MEDLINE  EMBASE CINAHL SPORTDiscus Cochrane 
Library  

1 Exp Intellectual 
Disability/or 
intellectual 
disability*.mp or 
exp Cognition 
Disorders/ or 
cognitive 
deficit*.mp or 
*mentally 
disabled persons/  

184,365 455,893 14,143 1,140 3,299 

2 Exercise.mp or 
exp Exercise/ or 
exp physical 
activity/ or 
physical 
activity*.mp 

390,959 672,246 124,573 235,537 60,482 

3 1 AND 2 
 

2,841 11,352 
 

360 248 234 

4  Search filters* 908 1,389 
 

129  Nil Nil 

Note: mp: title, original title, abstract, name of substance word, subject heading word. Exp: explode.*Details of the search 
filters are located in Additional file 2. 
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Supplementary file 2 – Search filters used in each database 
 

MEDLINE 
 

EMBASE CINAHL Cochrane 
Library1 and 
SPORTDiscus 

Exp Intellectual 
disability/or intellectual 
disabilit* .mp. 

Exp 
Intellectual 
Disability/ or 
intellectual 
disabilit*.mp. 

(MH “exp Intellectual 
Disability+”) OR 
“intellectual disability*” 

Intellectual 
disabilit*.ti,ab,k
w 

Exp Cognition 
Disorders/or cognitive 
deficit*.mp. 

Cognitive 
deficit*.mp. 

“cognitive deficit*” OR (MH 
exp “Cognition 
Disorders+”) 

Cognitive 
deficit*.ti,ab,kw 

*mentally disabled 
persons/ 

*Mentally 
disabled 
persons/ 

(MH exp “Mentally 
Disabled Persons”) OR 
“mentally disabled 
persons” 

*mentally 
disabled 
persons:ti,ab,k
w 

1 or 2 or 3 1 or 2 or 3 1 OR 2 OR 3 1 or 2 or 3 
Exp Exercise/ or 
exercise.mp. 

Exp physical 
activity/ or 
physical 
activit*.mp. 

(MH exp “Exercise+”) OR 
“exercise” 

Physical 
activit*:ti,ab,kw 

Physical activity*.mp. Exp exercise/ 
or 
exercise.mp. 

(MH exp “Physical 
Activity”) OR “physical 
activity*” 

Exercise:ti,ab,k
w 

5 or 6 5 or 6 5 OR 6 5 or 6 
4 and 7 4 and 7 4 AND 7 4 and 7 
Randomized 
controlled trial.pt 

Random:.tw. (MH “Clinical Trials+”)  

Controlled clinical 
trial.pt. 

Placebo:.mp. PT Clinical Trial  

Randomized.ab. Double-
blind:.tw. 

TX clinic* n1 trial*  

Placebo.ab. 9 or 10 or 11 TX ( (singl* n1 blind*) or 
(singl* n1 mask*) ) or TX ( 
( doubl* n1 blind*) or 
(doubl* n1 mask*) ) or TX ( 
(tripl* n1 blind*) or (tripl* 
n1 mask*) ) or TX (trebl* 
n1 blind*) or (trebl* n1 
mask*) ) 

 

Drug therapy.fs. 8 and 12 TX randomis* control* 
trial* 

 

Randomly.ab.  (MH “Random Assignment 
“) 

 

Trial.ab.  TX random* allocat*  
Groups.ab.  TX placebo  
9 or 10 or 11 or 12 or 
13 or 14 or 15 or 16 

 (MH “Placebos”)  

Exp animals/ not 
humans.sh. 

 (MH ”Quantitative 
Studies”) 

 

17 not 18  TX allocate* random*  
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8 and 19   9 OR 10 0R 11 OR 12 OR 
13 OR 14 OR 15 OR 16 
OR 17 OR 18 OR 19 

 

  8 AND 20   
Abbreviations: exp, explode; MH, major heading; sh, medical subject heading; ti, title; ab, abstract; kw, keyword; pt, 
publication type; tw, title/abstract; mp denotes free text search; fs denotes floating subheading;. 1ti, ab, kw used for 
Cochrane search strategy. 
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Supplementary file 3 – Risk of bias judgement 
 

Angulo-Barroso et al. (2008) 

Methods Randomised controlled trial. 
Participants  30 infants with Down syndrome. 
Interventions Individualised treadmill training protocols (high-intensity and 

low-intensity). 
Outcome  Changes to physical activity levels between groups during 

the intervention phase and at four different occasions 
during a 1-year follow up. 

Risk of bias 
Item  Authors’ 

judgement 
Description 

Adequate sequence 
generation 

Unclear Insufficient information provided to permit a 
judgement of risk. 

Allocation 
concealment 
 

Unclear  Insufficient information provided to permit a 
judgement of risk. 

Blinding of 
participants 

High Participants not blinded due to the nature of 
the intervention. 

Blinding 
Outcome assessor 

Low Not blinded, but main outcome was an 
objective outcome measure (activity log), so 
not likely to be influenced by lack of blinding. 

Incomplete outcome 
data  

High Six out of 30 participants dropped out and 
were subsequently left out of the study, and 
the authors have not mentioned which group 
they dropped out of. 

Selective reporting Unclear Insufficient information provided to permit a 
judgement of risk. 

Other biases Unclear  Insufficient information provided to permit a 
judgement of risk. 
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Bergstrom et al. (2011) 

Methods Cluster randomised controlled trial. 
Participants  129 adults with mild to moderate intellectual disabilities aged 

between 20-66 years. 
Interventions Multi-component intervention for caregivers and participants based 

on the social cognitive theory and health promotion. 
Outcome  Moderate to vigorous physical activity measured by steps per day. 
Risk of bias 
Item  Authors’ 

judgement 
Description 

Adequate 
sequence 
generation 

Low Simple randomised design was used and a 
researcher with no knowledge of the participants 
performed randomisation. Participant identification 
numbers were mixed in a basket and chosen to 
allocate participants into groups. 

Allocation 
concealment 
 

Low Sealed envelopes with participant identification 
numbers were used. 

Blinding of 
participants  

High Not blinded due to nature of intervention. 

Blinding 
outcome 
assessor 

Low Not blinded however primary outcome was an 
objective outcome measure which is not likely to be 
influenced by lack of blinding. 

Incomplete 
outcome data  

Low Three out of 33 clusters dropped out after recruitment 
but before the intervention was implemented. One 
out of 130 participants dropped out and was 
subsequently left out of the trial. Missing data unlikely 
to be related to the outcome. 

Selective 
reporting 

Low Protocol published and outcomes pre-specified. 

Other biases Low  The trial appears to be free of other sources of bias. 
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Curtin et al. (2013) 

Methods Pilot randomised controlled trial. 
Participants  21 participants aged between 13-26 with Down syndrome 

and a BMI of equal or greater than 85th percentile were 
enrolled in the trial. 

Interventions Nutrition and activity education versus nutrition and activity 
education with a behavioural intervention. 

Outcome  Change in moderate to vigorous physical activity. 
Risk of bias 
Item  Authors’ 

judgement 
Description 

Adequate sequence 
generation 

Unclear Insufficient information provided to permit a 
judgement of risk. 

Allocation 
concealment 
 

High Group assignment was made in the order of 
enrolment by the research coordinator 
working from a printed list of assignments. 

Blinding of 
participants 

High Participants not blinded due to the nature of 
the intervention. 

Blinding 
Outcome assessor 

High Outcome assessors were not blinded to 
group assignment. 

Incomplete outcome 
data  

High 4 out of 21 participants dropped out (19%) 
with unclear reasons for drop-outs. 

Selective reporting Unclear Insufficient information to determine risk of 
bias. Unable to locate trial protocol. 

Other biases Unclear  Insufficient information to determine risk of 
bias. 
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McDermott et al. (2012) 

Methods Randomised active controlled intervention trial. 
Participants  443 community dwelling adults aged between 19-70 with 

mild to moderate ID. 
Interventions 'Steps to Your Health' participatory classes. 
Outcome  Change in mean of minutes of moderate to vigorous 

physical activity. 
Risk of bias 
Item  Authors’ 

judgement 
Description 

Adequate sequence 
generation 

Unclear Participants were assigned on random 
assignment however it is unclear how the 
process of randomisation took place. 

Allocation 
concealment 

Unclear The authors did not address this domain. 

Blinding of 
participants  

High Participants were not blinded due to the 
nature of intervention. 

Blinding of outcome 
assessor 

Low Primary outcome was measured objectively 
and is unlikely to be affected by lack of 
blinding. 

Incomplete outcome 
data  

High  Significant amounts of outcome data were 
missing. 236 out of 445 participants (53%) 
dropped out and were subsequently left out 
of the trial. 

Selective reporting Unclear Insufficient information provided to determine 
risk of bias. No protocol was located. 

Other biases Unclear  Unclear if other forms of bias are present. 
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Melville et al. (2015) 

Methods Cluster randomised controlled trial. 
Participants  102 participants over 18 with any level of ID. 
Interventions Walk Well program aimed to encourage walking and 

engagement in physical activity. 
Outcome  Percentage in time in moderate to vigorous physical 

activity. 
Risk of bias 
Item  Authors’ 

judgement 
Description. 

Adequate sequence 
generation 

 
Low 

Sequence generation was random by using a 
computer to generate permuted blocks. 

Allocation 
concealment 

low Used an interactive voice response system 
that was hosted externally. 

Blinding of 
participants  

High  Not blinded due to nature of intervention. 

Blinding of outcome 
assessor 

Low Not blinded, but primary outcome was an 
objective outcome measure (activity log via 
an accelerometer), so not likely to be 
influenced by lack of blinding. 

Incomplete outcome 
data  

High 82 out of 102 participants dropped out (20%) 
and were subsequently left out of the trial. 

Selective reporting Low Reported pre-specified outcomes. Qualitative 
outcomes published elsewhere. 

Other biases Low Appears to be free of other forms of bias. 
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Shields et al. (2013) 

Methods Randomised controlled trial. 
Participants  68 young people with Down syndrome who were aged 

between 14-22 and had mild to moderate ID. 
Interventions Student-led progressive resistance training program versus 

attention controlled social program. 
Outcome  Physical activity measured as the average vector 

magnitude activity per minute. 
Risk of bias 
Item  Authors’ 

judgement 
Description 

Adequate sequence 
generation 

Low  Sequence generation process performed 
through block randomisation method where 
participants were considered in blocks of 4, 6 
& 8. Order of blocks were generated from a 
web-based program. 

Allocation 
concealment 
 

Low  Allocation concealment (1:1 allocation) was 
performed through sequentially numbered, 
opaque and sealed envelopes. 

Blinding of 
participants  

High  Participants were unable to be blinded due to 
nature of intervention. 

Blinding of outcome 
assessor 

Low Assessments were completed by an assessor 
blinded to group allocation and had no 
involvement in recruitment, randomisation or 
training participants. 

Incomplete outcome 
data  

Low A small amount of missing data occurred for 
reasons other than that related to the 
intervention. 

Selective reporting Low Outcomes were reported as specified in the 
trial protocol. Two minor variations however 
were made to data analysis, including the 
calculation of SMD and using Pearson's r 
correlation coefficient to improve 
interpretability of results. 

Other biases Low This trial appears to be free of other forms of 
bias. 
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Shields and Taylor (2015) 

Methods A phase II randomised controlled trial. 
Participants  16 participants aged from 18-35 with Down syndrome. 
Interventions Mentored physical activity program. 
Outcome  Physical activity measured as vector magnitude per 

minute. 
Risk of bias 
Item  Authors’ 

judgement 
Description 

Adequate sequence 
generation 

Low Sequence generation process performed 
through block randomisation method where 
participants were considered in blocks of 4, 
6 & 8. Order of blocks were generated from 
a web-based program. 

Allocation concealment 
 

Low Allocation concealment (1:1 allocation) was 
performed through sequentially numbered, 
opaque and sealed envelopes. 

Blinding of participants 
  

High No blinding due to nature of intervention. 

Blinding of outcome 
assessor 

Low Assessments were completed by an 
assessor blinded to group allocation and had 
no involvement in recruitment, randomisation 
or training participants. 

Incomplete outcome 
data  

Low Data missing for 4 participants (3 controls, 1 
intervention). Reasons for missing sessions 
were not related to the intervention, carry 
forward technique used for missing data. 

Selective reporting Low Trial protocol not located however the 
authors reported on results for key outcomes 
expected to be reported. 

Other biases Low Free of other forms of bias. 
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Ulrich et al. (2011) 

Methods Randomised controlled trial. 
Participants  72 participants aged between 8-15 with Down syndrome. 
Interventions Modified bicycle versus a wait-list control. 
Outcome  Physical activity measured in number of minutes per day 

spent in moderate to vigorous physical activity. 
Risk of bias 
Item  Authors’ 

judgement 
Description 

Adequate sequence 
generation 

Unclear Insufficient information on randomisation 
and sequence generation process. 

Allocation concealment 
 

Unclear Method of allocation not described and 
possibly not performed. 

Blinding of participants  High Not blinded due to the nature of the 
intervention. 

Blinding of outcome 
assessor 

High Although some outcomes were objective 
(e.g. physical activity via accelerometers), 
on balance, there is too much room for bias. 

Incomplete outcome 
data  

High 11 out of 72 participants (15%) dropped out 
and were subsequently left out of the trial, 
plus 15 were not analysed because they did 
not learn to ride the bike (36% in total not 
analysed). 

Selective reporting High Trial registry shows different time points to 
what was reported. 

Other biases High Potential conflict of interest regarding 
funding source and use of fleet bikes 
however there is insufficient information 
provided to rule this out. 
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van Schijndel-Speet et al. (2017) 

Methods Cluster randomised clinical trial. 
Participants  151 participants who were 40 years or older. 
Interventions Physical activity and education programme versus usual 

care. 
Outcome  Physical activity measured in steps per day. 
Risk of bias 

Item  Authors’ 
judgement 

Description 

Adequate sequence 
generation 

Unclear  Person responsible for randomising groups 
may be aware of treatment allocation. Clients 
and family were concealed to the allocation, not 
day centre managers. Investigators/participants 
not blinded for allocation. 

Allocation concealment 
 

High Person responsible for randomising groups 
may be aware of treatment allocation. Only 
clients and family were concealed to the 
allocation, not day centre managers. 

Blinding of 
participants  

High Blinding of participants not possible due to 
nature of intervention. 

Blinding of outcome 
assessor 

High Executors of baseline and effect measurements 
were not blinded to allocation. 

Incomplete outcome data  High Substantial amount of missing data on the 
primary outcome measure of PA. 

Selective reporting Low The trial protocol is available, and all pre-
specified outcome measured 
(primary/secondary) have been reported as 
specified in the protocol however subsets of 
data used. 

Other biases Unclear Insufficient information to rule out other forms 
of bias. 

 

  



146 
 

Supplementary file 4 – Definition of adherence to physical activity 

monitors used across studies. 
 

 

 

  

Trial  Definition of adherence 

Angulo-Barroso et al. 
(2008) 

Not reported. 

Bergstrom et al. 
(2013)  

Around the waist in line with the knee for seven consecutive 
days.  

Curtin et al. (2013) Equal or greater than 600 minutes per day (10 hours) on at 
least three weekdays and one weekend. 

McDermott et al. 
(2012) 

To be worn around the waist during all waking hours for five 
days minimum including two weekend days. 

Melville et al. (2015)  All walking hours for seven days, minimum being six hours of 
data on at least three out of the seven days of use. 

Shields et al. (2013) Four days including one weekend day with at least 10 hours of 
data a day. 

Shields and Taylor 
(2015) 

Four days including one weekend day with at least 10 hours of 
data a day. 

Ulrich et al. (2011) No minimum time specified, to be used for all activities except 
water activities. 

van Schijndel-Speet 
et al. (2017) 

At least four days of use. 
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Supplementary file 5 – Description of interventions 

Trial  Intervention  

Angulo-
Barroso et al. 
(2008) 

A 9-month high-intensity interval training program was compared to a 
low-intensity interval training program on a custom-built treadmill. 
The high-intensity protocol involved progressive increases to 
treadmill belt speed, time and ankle weights. The low-intensity 
protocol did not change during the longitudinal interval of the 
intervention. 

Bergstrom et 
al. (2013)  

A three-component intervention (with a duration of 12 to 16 months) 
was developed in line with the Social Cognitive Theory and aimed to 
improve health literacy and behaviour through improving social and 
physical environments. The three components were: (i) appointment 
for a health ambassador in each community residence attending 
network meetings, (ii) a study circle for caregivers and (iii) a health 
course for residents.  

Curtin et al. 
(2013) 

A 9-month intervention was used in two active intervention groups. 
One group received a 6-month nutrition and activity education 
intervention, and the other group received a 6-month nutrition and 
activity education plus a behavioural intervention. The education 
program allocated to one group was a nutrition and activity education 
program that taught participants simple nutritional concepts and 
exercises via verbal instruction, demonstration taste tests and 
activities. The other group received same nutrition and activity 
education program, plus the addition of a behavioural intervention 
that involved sessions with a behavioural specialist who provided 
instructions on behavioural strategies (i.e. monitoring diet and 
activity). 

McDermott et 
al. (2012) 

The 12-week intervention used, known as the ‘Steps to Your Health’ 
classes consisted of eight participatory classes that covered a variety 
of topics that encouraged moderate to vigorous physical activity and 
body mass reduction. Topics included nutrition, exercise, thinking 
patterns, and behaviour management. Sessions were led by a health 
educator. The control group covered topics relating to hygiene and 
safety. 

Melville et al. 
(2015)  

The 12-week intervention involved physical activity consultations to 
implement a behaviour change model (encompassing goal-setting, 
self-efficacy, self-monitoring and mobilising social support for 
change) and involved carers. The Walk Well intervention was 
previously used on parents without intellectual disabilities. The aim of 
the walking program was for participants to gradually increase their 
daily walking time by thirty minutes.  

Shields et al. 
(2013) 

The 10-week intervention used included a progressive resistance 
training program (using readily available resistance machines) at a 
local gymnasium. It involved pairing a physiotherapy student as a 
mentor with a participant to assist them complete the training 
program and provide support. 
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Shields and 
Taylor (2015) 

Using an 8-week walking program, participants in the intervention 
group worked with their student mentor to complete walking sessions 
together and to plan for an additional session of walking without the 
student mentor while participants in the control group engaged in 
social activities with their student mentors. 

Ulrich et al. 
(2011) 

Participants were taught how to learn to ride a bicycle (intervention) 
for one week. The bicycle used was a specially designed, adapted 
bicycle that provided stability while learning. The bicycle was 
designed to allow for incremental progress to a two-wheel bicycle 
and could be altered to suit the needs of the rider. Special rollers 
could be fitted in place of the rear wheel to facilitate movement that 
was similar to a two-wheel bicycle. The rollers included a series of 
eight different sizes that increased in difficulty level. The rollers 
tapered as the rider progressed in skill, which eventually led to riding 
a standard two-wheel bicycle.  

Van 
Schijndel-
Speet et al. 
(2017) 

There were two components to the 8-month intervention. The first 
component was an education program (to improve participants’ 
knowledge on physical activity and its health benefits). The 
education component was inspired by another health promotion 
program (known as ‘Health Matters’), which is developed with 
experts in educating people with intellectual disabilities and 
developing appropriate educational content. The second component 
was a physical activity program (based on guidelines set by the 
American College of Sports Medicine and the American Heart 
Association). The physical activity program was set to address 
fitness components, including strength, endurance, balance and 
flexibility.  
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Appendix 2. Online supplementary files associated with published randomised pilot study 
 

Supplementary file 1 – Effect of Clarks® (intervention) casual shoes on gait parameters. 

 

Biomechanical variable Mean (SD) at 
baseline 
Custom-fitted 
footwear 
group 
(n = 17) 

Mean (SD) at 
baseline Control 
group (n = 16) 

Mean (SD) at 12 weeks 
Custom-fitted 
footwear group 
(n = 17) 

Mean (SD) at 12 
weeks 
Control group 
(n = 16) 

Adjusted mean 
difference (95% CI) 
 

P-value 

Velocity (cm/sec) 111.24 (23.38) 108.28 (17.26) 122.27 (21.90) 112.54 (23.80) 8.10 (-3.71 to 19.90) 0.18 
Cadence 123.67 (16.01) 124.83 (16.97) 125.38 (13.76) 125.41 (17.88) 0.71 (-6.81 to 8.23) 0.85 
Step time (sec) L1 0.49 (0.07) 0.49 (0.06) 0.48 (0.05) 0.49 (0.07) 0.00 (-0.04 to 0.023) 0.79 
Step length (cm) L 53.35 (9.12) 52.24 (7.84) 57.58 (10.17) 53.99 (10.04) 2.59 (-1.88 to 7.06) 0.26 
Step time (sec) R2 0.47 (0.08) 0.49 (0.07) 0.486 (0.05) 0.48 (0.07) -4.02 (-0.03 to 0.00) 1.00 
Step length (cm) R 54.88 (10.73) 52.62 (7.59) 60.08 (9.84) 53.87 (10.6) 4.25 (-0.33 to 8.84) 0.07 
Stride length (cm) L 108.45 (19.47) 105.42 (5.11) 117.25 (21.05) 108.33 (23.08) 3.74 (-5.03 to 12.52) 0.39 
Stride length (cm) R 108.53 (19.38) 105.14 (15.32) 118.52 (20.27) 108.43 (21.00) 5.17 (-2.83 to 13.17) 0.20 
HH3 base support (cm) L 11.38 (3.14) 9.76 (1.60) 10.17 (2.87) 9.28 (2.85) -0.12 (-1.79 to 1.56) 0.89 
HH base support (cm) R 11.45 (3.07) 9.96 (1.68) 10.11 (2.96) 9.43 (2.76) -0.14 (-1.82 to 1.54) 0.87 
Stance time (sec) L 0.61 (0.11) 0.60 (0.09) 0.59 (0.07) 0.59 (0.10) 0.00 (-0.05 to 0.04) 0.87 
Stance time (sec) R 0.61 (0.11) 0.60 (0.89) 0.59 (0.09) 0.60 (0.10) -0.01 (-0.07 to 0.04) 0.66 
Single support time (sec) L 0.38 (0.04) 0.37 (0.05) 0.38 (0.03) 0.38 (0.04) 0.00 (-0.03 to 0.02) 0.70 
Single support time (sec) R 0.38 (0.04) 0.38 (0.03) 0.38 (0.03) 0.38 (0.04) 0.00 (-0.02 to 0.02) 0.96 
Double support time (sec) L 0.23 (0.08) 0.22 (0.05) 0.21 (0.04) 0.21 (0.06) -0.01 (-0.04 to 0.02) 0.48 
Double support time (sec) R 0.23 (0.08) 0.22 (0.05) 0.21 (0.04) 0.22 (0.06) -0.01 (-0.04 to 0.02) 0.38 
Toe in/out angle L 1.02 (10.09) 2.73 (5.97) 3.89 (8.69) 3.76 (6.52) 1.49 (-1.44 to 4.41) 0.30 
Toe in/out angle R 2.08 (7.71) 2.95 (5.92) 4.52 (8.69) 2.75 (6.40) 2.32 (-0.91 to 5.55) 0.16 
Step width (cm) 51.22 (7.89) 49.57 (6.20) 54.52 (7.99) 50.15 (8.68) 2.75 (-0.34 to 5.84) 0.08 
Stride width (cm) 10.29 (3.04) 9.11 (3.04) 9.11 (2.23) 8.89 (2.30) -0.24 (-1.75 to 1.28) 0.76 
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Supplementary file 1 (cont.) – Effect of Clarks® (intervention) school shoe on gait parameters. 
 

*A system-generated error resulted in loss of data for five participants at the 12-week assessment, however multiple imputation was used prior to analysis. A negative adjusted mean difference indicates the 
result favoured the control group. 1L = left and 2R = right. 3Heel to heel base of support. 

Biomechanical variable Mean (SD) at 
baseline 
Custom-fitted 
footwear 
group 
(n = 17) 

Mean (SD) at 
baseline 
Control  
(n = 16) 

Mean (SD) at 12 
weeks 
Custom-fitted 
footwear group 
(n = 17) 

Mean (SD) at 12 
weeks Control 
group (n = 16) 

Adjusted mean 
difference 
(95% CI) 

P-value 

Velocity (cm/sec) 110.57 (21.38) 108.98 (21.96) 115.77 (20.27) 113.48 (25.28) 1.27 (-10.99 to 13.52) 0.84 
Cadence 123.42 (15.10) 124.45 (14.60) 124.87 (14.5) 125.91 (15.64) -0.30 (-7.54 to 6.94) 0.94 
Step time (sec) L 0.49 (0.06) 0.50 (0.05) 0.49 (0.05) 0.49 (0.06) 0.00 (-0.04 to 0.04) 0.89 
Step length (cm) L 53.64 (9.19) 52.81 (10.21) 58.54 (10.75) 55.00 (10.96) 2.89 (-1.63 to 7.41) 0.21 
Step time (sec) R 0.50 (0.06) 0.49 (0.06) 0.49 (0.05) 0.48 (0.06) 0.01 (-0.02 to 0.04) 0.56 
Step length (cm) R 54.26 (10.42) 52.73 (10.11) 58.35 (10.13) 54.21 (11.44) 2.94 (-2.59 to 8.47) 0.29 
Stride length (cm) L 108.33 (19.40) 105.95 (19.89) 112.01 (20.76) 108.42 (21.76) 1.58 (-8.07 to 11.23) 0.75 
Stride length (cm) R 107.87 (19.14) 105.94 (20.21) 113.08 (19.85) 110.19 (22.76) 1.32 (-9.24 to 11.88) 0.80 
HH base support (cm) L 10.94 (2.75) 10.34 (1.80) 11.11 (2.69) 9.79 (1.83) 0.99 (-0.30 to 2.28) 0.13 
HH base support (cm) R 10.96 (2.83) 10.49 (1.71) 11.19 (2.60) 9.67 (2.10) 1.24 (-0.04 to 2.51) 0.06 
Stance time (sec) L 0.61 (0.11) 0.60 (0.08) 0.60 (0.07) 0.59 (0.08) 0.01 (-0.03 to 0.06) 0.53 
Stance time (sec) R 0.6109 (0.10) 0.60 (0.08) 0.60 (0.08) 0.60 (0.09) 0.00 (-0.04 to 0.05) 0.95 
Single support time (sec) L 0.38 (0.04) 0.37 (0.04) 0.37 (0.03) 0.37 (0.04) 0.00 (-0.02 to 0.02) 0.89 
Single support time (sec) R 0.38 (0.03) 0.37 (0.04) 0.37 (1.54) 0.38 (0.04) 0.00 (-0.03 to 0.02) 0.67 
Double support time (sec) L 0.23 (0.08) 0.23 (0.04) 0.224 (0.05) 0.22 (0.05) 0.00 (-0.03 to 0.04) 0.84 
Double support time (sec) R 0.23 (0.08) 0.23 (0.04) 0.227 (0.05) 0.22 (0.05) 0.00 (-0.03 to 0.04) 0.82 
Toe in/out angle L 2.13 (9.21) 2.25 (5.07) 3.48 (8.97) 2.55 (5.73) 1.01 (-2.84 to 4.87) 0.60 
Toe in/out angle R 3.56 (7.10) 3.53 (6.04) 4.29 (6.46) 2.92 (6.84) 1.34 (-1.33 to 4.01) 0.32 
Step width (cm) 51.01 (7.80) 49.89 (8.08) 53.02 (7.90) 51.02 (8.88) 1.05 (-2.23 to 4.32) 0.53 
Stride width (cm) 9.92 (2.54) 9.46 (1.57) 9.77 (2.27) 8.69 (1.74) 0.82 (-0.25 to 1.89) 0.13 
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Appendix 3. Online supplementary files associated 
with the published reproducibility study 

 

Supplementary file 1 – 3D foot scan measurement protocol 

Software required 

The 3D-Tool© Version 13 (3D-Tool GmbH, Weinheim, Germany): https://www.3d-

tool.com/ 

Canvas© 11 software (ACD Systems International, Seattle, WA, USA).  

Notes 

• All length and width measurements can be measured using 3D-Tool© viewer 

• All girth measurements or cross-sections taken will require Canvas©  

• Unit of measurement for all dimensions are in mm (both software) 

  

https://www.3d-tool.com/
https://www.3d-tool.com/
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Length  

Foot length 
Definition 

Distance between foot end (heel) and foot tip (anterior point of most protruding toe). 

Instructions 

 

 

To measure length, click on right view under the Align tab. Select measure mark-up and 

select your landmarks from the pternion to the most protruding toe.  

Ball of foot length  

Definition 

Distance between foot end (heel/pternion) and the 1st metatarsophalangeal protrusion.  

Instructions 

To measure ball of foot length, rotate the 3D model to view the 

medial side of the foot. Select ‘measure mark-up’ and click on the 

heel from the pternion. Rotate the image to view the planter 

surface of the model. Select the landmark at the protrusion of the 

1st metatarsal. Rotate the model to check the dorsal side of the 

foot to confirm positioning (see image).  
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Outside foot length 
Definition 

Distance between foot end (heel/pternion) and the fifth 

metatarsophalangeal protrusion. 

Instructions 

Select the same point of the pternion used for foot length and ball 
of foot length, rotate the model to view the plantar side. Select the 
point of the protrusion of the 5th metatarsal. Rotate the model to 
check the dorsal side of the foot to confirm positioning (see 
image). 

 

Foot width  

     

 

 

 

 

 

 

 

                                       

             (A)                                       (B)                                     (C)                

(A) Diagonal foot width 
Definition 

Connecting line between the 1st metatarsophalangeal joint and the 5th 

metatarsophalangeal joint. 

Instructions 

Position to view the plantar surface of the foot. Select ‘measure mark-up’ and measure 

the widest points of the forefoot, at the 1st metatarsal to the 5th metatarsal, following the 

height of the metatarsal heads. 

(B) Horizontal foot width 
Definition 
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Orthogonal connection line starting at the 1st metatarsophalangeal joint to the outside 

curvature of the foot. 

Instructions 

Similarly, select the 1st metatarsophalangeal joint and measure to the outside curvature 

of the foot. 

(C) Heel width  
Definition 

Orthogonal connection line starting on the medial side of the heel to the outside 

curvature of the heel. 

Instructions 

Measure the widest part of the heel from the medial to lateral aspect of the heel. 

 

Girth  

Ball girth 
Definition 

Maximum circumference over the first to the fifth 

metatarsophalangeal joint protrusion. 

Instructions 

Rotate the model to view the dorsal side of the foot. Select 

‘cross section’. Select the ‘XZ-plane’ and drag the arrow to the 

ball of the foot. Adjust the ‘angle Z’ to follow the metatarsal 

head positioning. Select the ‘setting button’, select ‘export 

cross-section as DXF’ and save. You will need to open this 

file in Canvas© to measure ball girth. 

Instep girth 

Definition 

Measured from the most plantar surface of the foot to the most dorsal aspect of the foot, 

in alignment with the navicular.  

Instructions 
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Similar to ball girth, drag the arrow to the instep region and 

adjust the angle to align with the navicular. Rotate the image 

for the best view of the final area, then export as a DXF to 

open and measure in Canvas©. For all girth measurements 

that are exported as a DXF and opened in Canvas©, a 

dialogue box will allow you to select from a range of options. 

Ensure settings are in mm, open the file and select the 

image. The top panel will show the perimeter value. 

 

Height  

First and fifth toe height 
Definition (first toe height) 

Maximum height of the hallux measured from the most 

plantar aspect of the hallux to the most dorsal aspect of the 

hallux.  

Instructions 

Position the model to view the medial side. Take a cross-

section of the highest point of the digit, reposition the foot 

model (to view from the front) and measure height. 

Definition (fifth toe height) 

Maximum height of the 5th toe measured from the most 

plantar aspect of the toe to the most dorsal aspect of the toe. 

Instructions 

Position the model to view the lateral side. Take a cross-

section of the highest point of the digit, reposition the foot 

model (to view from the front) and measure height. 

Instep height 
Definition 

Measured from the most plantar aspect of the foot to the 

highest dorsal aspect of soft tissue (plantar foot end to the 

junction of shank and foot dorsum). 

Instructions 
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Rotate the model to view the medial side of the foot. Select 

‘cross section’. Select the ‘XZ-plane’ and drag the arrow to 

the region according to the definition. With this cross-section 

of the instep height, measure from the most plantar aspect 

to the most dorsal aspect of soft tissue. 

 

Forefoot shape 

The forefoot region of each scan has been categorised into 

3 shapes, which reflect the length of toes relative to each 

other. This section involves evaluating the forefoot and 

determining which category best suits the shape of the toes 

for each scan. 

Shapes are: 

(1) 1st digit is the longest digit (1>2>3>4>5) 
(2) 2nd digit is the longest digit (2>1>3>4>5) 
(3) 1st and 2nd digits are equal length, and longer than the remaining (1=2>3>4>5) 

 

 

 

 

 

 

 

                                                                                           

(1)                         (2)         (3) 
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Appendix 4. Study registrations (systematic review 
and pilot study)  
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Appendix 5. Author contributions 
This thesis includes 3 studies that have been published with several co-authors, and one 

manuscript included as a chapter in this thesis. For each study, I was the first author and 

was the major contributor of the article. Below is an outline of my contributions for each 

piece of work.  

Systematic review (Chapter 2) 
I was involved in the concept and design of the systematic review.  

I registered this review with PROSPERO. 

I created the relevant search terms and applied these terms to conduct the search. I 

screened and selected all the relevant articles to be included in the review.  

I completed the risk of bias assessment using a risk of bias tool and extracted the 

relevant data. I completed the data analysis using Revman software. 

I drafted the final manuscript, prepared all tables and figures and worked in conjunction 

with my co-authors to finalise the article for publication. 

 

Randomised pilot study (Chapter 3) 
I recruited all participants included in the randomised pilot study and completed all initial 

and baseline assessments for all participants. 

I completed all the progress reports required for ethics throughout the duration of the 

trial. 

I collected and extracted all the data and performed the data analysis using SPSS 

software. 

I wrote the manuscript and prepared all tables and figures. I worked in conjunction with 

my co-authors to finalise the article for publication. 

 

Reproducibility study (Chapter 4) 
I was involved in the concept and the design of the study. 

I collected and extracted all the data and performed the data analysis using SPSS 

software. 

I wrote the manuscript and prepared all tables and figures. I worked in conjunction with 

my co-authors to finalise the article for publication. 



169 
 

 

Cross-sectional observational study (Chapter 5) 
I completed the ethics application for this study. I created all the relevant documentation 

required for this application (recruitment flyers, Participant/Parent Information 

Statements, consent forms and assessment forms). 

I recruited all participants included in the cross-sectional observational study and 

completed all assessments for participants.  

I completed all the progress reports required for ethics as required. 
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