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Abstract  23 

Introduction: The aim of this study was to investigate the association between gait parameters, gross 24 

motor function and physical activity (PA) in young people with cerebral palsy (CP).   25 

Methods: Thirty-eight adolescents aged between 10-19 years with spastic CP in GMFCS levels I-III (mean 26 

[standard deviation] age 13.7 [2.4] yr; 53% female) were included in this cross-sectional study. Hip, knee 27 

and ankle joint excursion and stance time was assessed using 3D gait analysis. Self-selected walking 28 

speed was assessed during a timed 10m overground walk and treadmill walking. Gross motor function 29 

was assessed using dimensions D and E of the Gross Motor Function Measure (GMFM-66). Moderate-to-30 

vigorous PA, light PA and step-count were assessed using an accelerometer. Linear regression was used 31 

to examine associations. 32 

Results: After adjusting for age, sex and GMFCS level, percentage stance time was associated with 33 

dimension E of the GMFM-66 (=-0.29, 95% CI -0.54 to -0.05). There was no evidence that any other gait 34 

parameters were associated with GMFM-66 dimensions D or E. There was also no evidence that gait 35 

parameters or GMFM-66 dimensions D or E were associated with step-count or time in PA after 36 

adjusting for age, sex and GMFCS level. 37 

Discussion: The findings provide an insight into the complexity of the relationship between gait quality 38 

or ability at the impairment level, function as measured in a controlled environment, and the 39 

performance of habitual PA, which is essential for health among children with CP. 40 

 41 

 42 

Keywords: developmental neurology and neurodisability; functional performance; gait; gait analysis; 43 

mobility limitation; paediatrics 44 

 45 

 46 
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Introduction 47 

Cerebral palsy (CP) is a permanent, non-progressive disorder associated with an impairment of the 48 

developing fetal or infant brain [1]. It is a common cause of childhood physical disability worldwide and 49 

is characterised by abnormal fine and gross motor functioning [1]. In addition to abnormal tone, people 50 

with CP experience reduced muscle strength and aerobic fitness, musculoskeletal disorders, and often 51 

participate in low levels of physical activity (PA) [1-3]. Management of CP encompasses medical, surgical 52 

and therapeutic interventions, which typically aim to improve functioning as described by the World 53 

Health Organisation’s International Classification of Functioning, Disability and Health (ICF). According to 54 

the ICF, functioning refers to body structures and functions, activity and participation, where activity is 55 

described as the execution of a task by an individual and participation is involvement in a life situation 56 

[4].  57 

Improving mobility is often a primary therapeutic goal for people with CP [5]. Many interventions to 58 

improve mobility target impairments in body structures and functions in order to optimise activity and 59 

participation. However, the effects of such treatments are often evaluated on only one level of the ICF 60 

[6, 7]. For example, the effect of orthopaedic surgery on mobility is often examined by assessing gait 61 

parameters, as a measure of body structures and functions [7]. Whereas the effect of exercise on 62 

mobility is often examined by assessing gross motor function, as a measure of activity [6]. Further, the 63 

effect of interventions on mobility in the context of a person’s usual environment is rarely examined [6, 64 

7]. As functioning of an individual is context-dependent [4], a person’s mobility in a controlled 65 

environment (i.e., activity capacity) may differ to their mobility in their daily environment (i.e., activity 66 

performance) [8].  Guidelines in the United Kingdom recommend that children should participate in an 67 

average of at least 60 minutes of moderate-to-vigorous intensity physical activity (MVPA) per day across 68 

the week [9]. Although PA of any intensity can provide health benefits, MVPA is needed to achieve the 69 

maximum health benefits [9]. As many children with CP do not achieve sufficient MVPA [3], 70 
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understanding the potential association between gait parameters, function and MVPA warrants further 71 

consideration.   72 

 73 

The literature investigating the associations between gait parameters, gross motor function, and PA 74 

performance in a person’s daily environment is relatively limited. To date, there has been no 75 

investigation of the relationship between gait kinematics and both gross motor function and PA in the 76 

same cohort of children with CP. In relation to the association between gait parameters and gross motor 77 

function, Robinson found that the Gait Profile Score (GPS) differed between children in Gross Motor 78 

Function Classification System (GMFCS) levels I, II and III [10], with more impaired gait kinematics seen 79 

in those with poorer functional mobility. Molloy found a strong correlation (r=0.70) between the Gait 80 

Deviation Index and total score on the Gross Motor Function Measure (GMFM) among children aged 4-81 

17 yr in GMFCS levels I-IV [11]. Damiano and Abel found cadence, normalized velocity, hip knee 82 

excursion and percentage single support were associated with score on the GMFM among children aged 83 

[12]. Two studies have examined the association between gait kinematics and PA. Guinet and Desailly 84 

reported a correlation of 0.41 (Spearman’s rho) between the Gait Deviation Index (GDI) and step count 85 

in 25 adolescents with CP in GMFCS level I-II.[13] Wilson reported a stronger correlation of 0.58 86 

between the GDI and step count in a larger sample of 55 children and adolescents aged 6 to 18 years 87 

[14]. However, neither study found an association between GDI and time in MVPA. Guinet and Desailly 88 

reported fair correlations between MVPA and key kinematic parameters at heel strike and toe off 89 

(spearman’s rho 0.3 to 0.33) [13]. However, these specific gait cycle points give a limited snapshot of an 90 

individual’s gait deviation.  91 

 92 

Given that the ICF places an emphasis on the interaction between body functions and activity, 93 

understanding the association between gait parameters, gross motor function and habitual PA is 94 
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important for awareness of the impact of CP on the individual and identification of appropriate 95 

interventions. However, there is a lack of evidence regarding the association between gait and gross 96 

motor function, and gait and habitual PA, respectively, in a single cohort of people with CP.  97 

 98 

The aim of this study was to investigate the association between gait parameters, gross motor function 99 

and PA in young people with CP.   100 

 101 

Methods 102 

Data for this cross-sectional study were obtained from the baseline assessment of a randomised 103 

controlled trial that aimed to investigate the effects of strength training for adolescents with CP [15].  104 

Recruitment took place between August 2015 and May 2017. Participants were recruited throughout 105 

England from eight National Health Service (NHS) trusts, a special education needs school, a University, 106 

a primary care organisation, national organisations for people with disabilities, and by word of mouth. 107 

Inclusion criteria were a diagnosis of spastic CP, aged 10-19 years, ability to walk independently with or 108 

without a mobility aid (i.e., GMFCS levels I-III), and an ability to activate the ankle plantarflexors as 109 

determined by palpation. Adolescents were excluded if they had orthopaedic surgery of the lower limbs 110 

in the past 12 months, had botulinum toxin type A injections or serial casting in the past 6 months, or 111 

had insufficient cognition to comply with assessment procedures and the training programme delivered 112 

as part of the trial. Participants aged 16 years and over gave written informed consent. Participants 113 

under 16 years of age gave written informed assent and a parent or guardian provided written informed 114 

consent. The trial was approved by Brunel University London’s College of Health and Life Sciences 115 

Research Ethics Committee and the Surrey Borders Research Ethics Committee (ref: 15/LO/0843). 116 

 117 
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Gait parameters 118 

The gait parameters examined in this study were total sagittal plane excursion of the hip, knee and ankle 119 

(i.e., the difference between maximal and minimal angles over one full gait cycle), percentage stance 120 

time, and self-selected walking speed. These parameters were selected in order to provide clinical 121 

information relevant to joint movement during gait. Reduced sagittal excursion at the hip, knee and 122 

ankle has been shown in pathological gaits in CP, for example, at the knee and ankle in crouch [16] and 123 

at the hip, knee and ankle in children with hemiplegia who also show excessive muscle coactivation [17]. 124 

Variation in gait patterns was expected among participants, given the inclusion of adolescents in GMFCS 125 

levels I, II and II. Therefore, analysis of total sagittal plane excursion was preferred over joint angles at 126 

single gait cycle points, which could differ considerably depending on the participant’s pattern.   127 

 128 

Kinematic data during treadmill walking were collected using a computerized motion capture system 129 

(Motion Analysis, Motion Analysis Corporation, Santa Rosa, CA, USA) with 8 infrared cameras. Two 130 

researchers with over 5 years of experience each in 3D motion capture research and PhDs in closely 131 

related areas collected the data. The Motion Analysis software Cortex was used for the processing of 132 

kinematic data (150 Hz).  133 

 134 

Participants were asked to walk on a fully instrumented treadmill (Bertec Corporation, Columbus, Ohio) 135 

at their preferred walking speed. Prior to testing, participants performed a familiarisation session to 136 

ensure they were comfortable walking on the treadmill, and to establish a comfortable preferred treadmill 137 

walking speed as previously described [18]. Following a mandatory two minute rest period after 138 

familiarisation, participants were asked to walk on the treadmill at their preferred walking speed for two 139 

minutes to ensure a minimum of 30 gait cycles were collected for further analysis [19].  140 
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Knee, ankle and hip joint kinematics were measured from a body motion analysis marker set. For this 141 

purpose, reflective markers were placed on the anterior superior iliac spine, sacrum, the greater 142 

trochanters, mid-thigh, medial and lateral femoral epicondyles, on each tibia (midway between the 143 

ankle and knee), the medial and lateral malleoli, the heads of the first and fifth metatarsals and the 144 

calcaneus. Kinematics from the most affected leg, as reported by the participant, were calculated in 145 

Visual 3D software using the conventional gait model [20], with a modification at the foot. Where the 146 

participant reported that both sides were equally affected, data from the right leg were used. Joint 147 

angles were computed as the angles between the proximal and distal segment of the relevant joint with 148 

the primary axis of the foot segment defined as the line between the ankle joint centre (rather than the 149 

calcaneus) and the mid-point of the first and fifth metatarsal heads, as previously described [21]. The 150 

foot was calculated in this way due to intermittent occlusion of the calcaneus marker by the treadmill 151 

apparatus, but the use of the ankle joint centre did not affect total ankle joint range.  152 

 In addition to gait parameters collected during treadmill walking, self-selected overground walking speed 153 

was measured as this is potentially a more feasible method of assessing gait during routine clinical 154 

practice. Preferred walking speed during two minutes of treadmill walking was recorded. Participants 155 

were instructed to walk at a self-selected speed over approximately 15 metres. The time taken to walk 10 156 

metres was recorded. Participants repeated this three times and the average speed of the three trials was 157 

used in analysis. Walking speed normalised to height was used in analyses.  158 

 159 

Gross Motor Function  160 

Gross motor function was assessed using dimensions D and E of the GMFM-66, which were 161 

administered by two physiotherapists and video-recorded. A specialist paediatric physiotherapist, with 162 

training and experience of scoring the GMFM-66, scored performance. The GMFM-66 is valid and 163 
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reliable in children with CP [22, 23]. Dimension D evaluates activities in standing. Dimension E evaluates 164 

activities in walking, running and jumping. A higher score indicates better gross motor function.  165 

 166 

Physical Activity  167 

Daily light PA, moderate-to-vigorous PA and step-count were measured using an Actigraph wGT3X 168 

accelerometer (Actigraph, USA) worn on the waist above the right hip or least affected side in the case 169 

of significant asymmetry, in the midaxillary line. Participants were asked to wear the accelerometer for 7 170 

consecutive days. Participants with at least 2 days of monitoring were included in the analysis as two 171 

days is necessary to achieve a reliability coefficient of 0.70 for adolescents with CP [24]. Data were 172 

analysed using Actilife Software. Non-wear time was identified using an algorithm developed by Choi 173 

[25]. Non-wear time was identified as a period of ≥90 minutes of no movement with a spike tolerance of 174 

two minutes. Cut-points validated in children and adolescents with CP were applied to identify time 175 

spent in light physical activity (LPA) and MVPA [26].  176 

  177 

Statistical Analysis 178 

Data were analysed using Stata version 15.0 (StatCorp LLC, TX, USA). Distribution of data was explored 179 

using histograms and Q-Q plots. We removed GMFM-66 D score for one participant with an outlying 180 

value, 5 standard deviations from the mean. Continuous data were summarised as mean and standard 181 

deviation or median and interquartile range if data were not normally distributed. Categorical variables 182 

were summarised as frequency counts. Linear regression was used to explore associations between gait 183 

parameters (i.e., hip, knee and joint excursion, percentage stance time, normalised overground and 184 

treadmill walking speed), gross motor function (i.e., GMFM-66 dimension D and E), and PA (i.e. time in 185 

MVPA and LPA, and step-count). Univariable models (i.e., linear regression models with one dependent 186 

variable and one independent variable) were fitted to examine separate associations between each gait 187 
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parameter (i.e., independent variable) and GMFM-66 D score, GMFM-66 E score, time in LPA, time in 188 

MVPA, and step-count (i.e., dependent variables). Multivariable models (i.e., linear regression models 189 

with one dependent variable and more than one independent variable) were fitted to examine the 190 

associations between each independent variable and each dependent variable after adjusting for age, 191 

sex and GMFCS level. We explored the effect of additionally adjusting for distribution but chose not to 192 

include it in final models because there was no evidence that it changed the coefficient for the 193 

independent variable of interest by >10% after age, sex and GMFCS level had been adjusted for. To 194 

explore if gross motor function and gait parameters jointly explained variation in PA, we fitted three 195 

linear regression models with GMFM-66 D and E score, hip, knee and ankle joint angle, normalised 196 

overground walking speed, and percentage stance time as independent variables and (1) MVPA, (2) LPA 197 

and (3) step-count as dependent variables. For each model, F-tests were used to test the null hypothesis 198 

that gait parameters and gross motor function were not jointly associated with PA. 199 

 200 

Assumptions of linear regression, namely normally distributed residuals, homoscedasticity, and a linear 201 

relationship between each independent variable and dependent variable conditional on the other 202 

independent variables in the model, were checked using appropriate plots. In models where GMFM-66 203 

D and E score were dependent variables, there was some evidence that residuals were not normally 204 

distributed. Therefore, for these models a bootstrapping procedure was used. The bootstrap provides 205 

an alternative way to estimate valid standard errors and confidence intervals without relying on 206 

assumptions about distributions [27]. It involves calculating β in multiple “bootstrap samples” that are 207 

sampled with replacement from the original sample [27]. Bias corrected and accelerated bootstrap 208 

confidence intervals (CIs) were calculated from 2,000 replicates [28]. As exact p values are not calculated 209 

when a bootstrapping procedure is used, the p value associated with each effect estimate was inferred 210 
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from the confidence interval (CI) (i.e., p<0.05 or p<0.01 where the 95% CI or 99% CI, respectively, did not 211 

include the null value).   212 

     213 

Results 214 

Thirty-eight adolescents with complete data on gait parameters were included in the study. Participant 215 

characteristics are described in Table 1.  216 

 217 

- Insert Table 1  -  218 

Hip, knee and ankle joint excursion, percentage stance time, self-selected walking speed during 219 

overground walking and treadmill walking, GMFM-66 D score, GMFM-66 E score, light PA, moderate-to-220 

vigorous PA and step-count are described in Table 2. Figure 1 shows hip, knee and ankle kinematics over 221 

the gait cycle in the sagittal plane.  222 

 223 

- Insert Table 2  -  224 

 225 

Associations between gait parameters and gross motor function are presented in Table 3. In unadjusted 226 

analyses, normalised overground walking speed and percentage stance time were associated with 227 

dimensions D and E of the GMFM-66, and normalised treadmill walking speed was associated with 228 

dimension D of the GMFM-66. However, after adjusting for age, sex and GMFCS level, only percentage 229 

stance time remained associated with dimension E (=-0.29, 95% CI -0.54 to -0.05). Hip, knee and ankle 230 

joint excursion were not associated with dimension D or E in unadjusted or adjusted analysis. 231 

 232 

- Insert Table 3  -  233 

 234 
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Associations between gait parameters and PA are presented in Table 4. There was no evidence that hip, 235 

knee or ankle joint excursion were associated with LPA, MVPA or step-count. There was also no 236 

evidence that percentage stance time or normalised treadmill walking speed were associated with LPA, 237 

MVPA or step-count. Normalised overground walking speed was associated with daily step-count and 238 

time in MVPA, but not LPA, in unadjusted analyses. However, after adjusting for age, sex and GMFCS 239 

level there was no evidence that normalised overground walking speed was associated with LPA, MVPA 240 

or step-count.  241 

 242 

- Insert Table 4  -  243 

When all gait parameters, GMFM-66 D and GMFM-66 E score were entered into a regression model as 244 

independent variables, hip joint excursion was associated with step-count (p=0.046; Table 5). A one 245 

degree increase in hip excursion was associated with an increase of 133 steps per day. However, there 246 

was no evidence that gait parameters and gross motor function were jointly associated with step-count 247 

(p=0.133), MVPA (0.209) or LPA (p=0.406). In combination, gait parameters and gross motor function 248 

explained 33% of the variance in step-count (R2=0.325), 29% of the variance in MVPA (R2=0.289) and 249 

22% of the variance in LPA (R2=0.225). 250 

- Insert Table 5  - 251 

Discussion 252 

The results of this study indicate percentage time spent in stance is negatively associated with gross 253 

motor function, specifically activities relating to walking, running and jumping. After controlling for age, 254 

sex and GMFCS level, a 1% increase in stance time is associated with on average a -0.29 point reduction 255 

on GMFM-66 dimension E score. Gait parameters and function were not associated with step-count or 256 

time in PA after adjusting for age, sex and GMFCS level. Similarly, in combination, gait parameters and 257 
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function were not predictive of step-count or time in PA and explained a relatively small proportion of 258 

the variance in these outcomes.  259 

 260 

Few studies have examined associations between gait parameters, gross motor function and PA. Molloy 261 

et al. reported a strong association between the GDI and total score on the GMFM in children and 262 

adolescents in GMFCS levels I-IV [11]. However, potentially confounding variables such as age, sex and 263 

GMFCS level were not adjusted for when examining this association. Similarly to this study, Damiano 264 

and Abel reported unadjusted associations between percentage single support, normalised velocity and 265 

score on the GMFM among 32 children aged 3-18 years [12]. After adjusting for age, sex and GMFCS 266 

level, we found that walking speed did not remain associated with GMFM-66 dimensions D or E. 267 

Damiano and Abel also found that hip knee excursion was associated with GMFM score. Lack of 268 

agreement between our findings may be due to differences in the age range of the sample and the use 269 

of the full GMFM score. The variance of full GMFM score and the variance of hip joint excursion are 270 

likely bigger among children aged 3-18 years compared to children aged 10-19 years, and may explain 271 

why an association was observed by Damiano and Abel.  272 

 273 

We did not find that gait parameters or function were associated with step-count or time in MVPA after 274 

adjusting for age, sex and GMFCS level. However, when all gait parameters and GMFM-66 dimensions D 275 

and E were included together in multiple linear regression, hip joint excursion was independently 276 

associated with step-count. A one degree increase in hip excursion was associated with an average 277 

increase of 133 steps per day. A previous study, examining associations between a set of 54 kinematic 278 

and spatio-temporal parameters, step-count and MVPA among adolescents with CP, found that hip 279 

flexion at toe off, knee flexion at heel strike and ankle flexion at heel strike, were weakly and negatively 280 

correlated with MVPA [13]. The same study found GDI and stance duration were weakly correlated with 281 
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step-count but were not correlated with MVPA. A moderate correlation between GDI and step-count 282 

has also been observed among children with CP [14]. These findings suggest that gait parameters may 283 

be weakly correlated with performance of steps in daily life but not general activity.  284 

 285 

However, gait parameters and function still explained relatively little of the variance in step-count. This, 286 

in combination with the limited number of associations we observed between gait impairments, 287 

function, and PA, emphasise the important contribution of environmental and personal factors to the 288 

interaction between body structures and functions and activity, as outlined by the ICF [4]. Associations 289 

between impairments and activity limitations, either in a controlled environment or a person’s usual 290 

environment, are influenced by contextual factors. Motivation and self-efficacy play an important role in 291 

participation in PA among adolescents with CP [29, 30], which may be unrelated to impairments. Other 292 

barriers include lack of access to appropriate equipment, inadequate staffing within schools, transport 293 

to activities, and lack of inclusive sport opportunities [29, 30].     294 

 295 

Study limitations 296 

Limitations of this study include the relatively small sample and lack of applicability of findings to 297 

adolescents with moderate motor impairment, given that only two participants were in GMFCS level III. 298 

A strength of the study is that we adjusted for age, sex and GMFCS level, which confounded a number of 299 

associations between gait parameters, function and PA as evidenced by differences between unadjusted 300 

and adjusted β coefficients. These confounders were not controlled for in previous studies. We 301 

calculated separate scores for GMFM-66 dimension D and E, rather than calculating a score for the full 302 

GMFM-66, as we hypothesised that associations between gait parameters, physical activity and function 303 

may differ for function relating to standing (i.e., GMFM dimension D) and function relating to walking 304 

running and jumping (i.e., GMFM dimension E). We also believed these specific associations are of 305 
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interest to clinicians. However, it should be noted that these scores on the individual dimensions of the 306 

GMFM-66 may not be reflective of a person’s full GMFM-66 score. While abbreviated approaches for 307 

estimating the full GMFM-66 score are accurate at a single time point, they are less accurate at 308 

estimating change in the full GMFM-66 over time [32]. 309 

 310 

Conclusion 311 

This study found percentage time spent in stance is negatively associated with function assessed in a 312 

controlled environment, specifically activities relating to walking, running and jumping. Gait parameters 313 

and function were not associated with step-count or time in PA after adjusting for age, sex and GMFCS 314 

level. The findings provide an insight into the complexity of the relationship between gait quality or 315 

ability at the impairment level, function as measured in a controlled environment, and the performance 316 

of habitual PA, which is essential for health among children with CP. 317 
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Table 1. Participant characteristics 425 

 426 
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 439 

 440 

SD: standard deviation441 

 442 

 443 

 444 

 n (%) Mean (SD) 

Age, yr 38 13.7 (2.4) 
Gender   
   Female 20 (53)  
   Male 18 (47)  
Height, cm 38 154.5 (13.4) 
Mass, kg 38 47.9 (12.9) 
Distribution   

   Unilateral 22 (58)  
   Bilateral 16 (42)  
GMFCS level   

   I 19 (50)  
   II 17 (45)  
   III 2 (5)  
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 446 

 447 

Table 2. Description of kinematic variables, walking speed, gross motor function and physical activity 448 

 449 

 450 

 451 

 452 

 453 
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 465 

 466 

 467 

SD: standard deviation 468 
aData presented as median (interquartile range); bnormalised to height. 469 

 470 

 471 

 472 

 n  Mean (SD) Range 

Hip joint excursion, deg 38 36.2 (9.2) 22.7 to 56.8 
Knee joint excursion, deg 38 48.4 (11.2) 15.7 to 77.0 
Ankle joint excursion, deg 38 20.6 (7.6) 7.9 to 42.9 
Overground walking speed, m.s-1 38 1.13 (0.19) 0.72 to 1.47 
Normalised overground walking 
speed,b  m.s-1.m-1 

38 0.75 (0.12) 0.54 to 0.95 

Treadmill walking speed, m.s-1 37 0.44 (0.13) 0.11 to 0.80 
Normalised treadmill walking speed,b  
m.s-1.m-1 

37 0.28 (0.09) 0.07 to 0.56 

Stance time, % 38 70.5 (6.2) 55.0 to 85.0 
GMFM-66 Dimension Da 37 36.2 (3.2) 22.0 to 39.0 
GMFM-66 Dimension Ea 38 67.5 (7.0) 12.0 to 72.0 
Light physical activity, min.day-1 35 200.4 (52.0) 96.4 to 354.7 
Moderate-to-vigorous physical 
activity, min.day-1 

35 59.6 (22.7) 10.0 to 118.6 

Step count, steps.day-1 35 6365.5 (2123.6) 2218.6 to 11562.8 
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Table 3. Unadjusted and adjusted associations between gait parameters and gross motor function 473 

aadjusted for age, sex and GMFCS level; bexact p value not provided as bootstrapping procedure was used to obtain β and associated confidence 474 

interval; cnormalised to height. 475 

CI: confidence interval 476 

Bold text indicates p<0.05477 

 478 

 479 

 480 

 481 

 n  Unadjusted β (95% CI) p valuea R2 Adjusteda β (95% CI) p valueb R2 

 Dependent variable: GMFM-66 Dimension D  

Hip joint excursion, deg 37 -0.06 (-0.33 to 0.09) >0.05 0.022 -0.11 (-0.41 to 0.07) >0.05 0.396 
Knee joint excursion, deg 37 -0.002 (-0.15 to 0.07) >0.05 0.000 -0.03 (-0.15 to 0.03) >0.05 0.345 
Ankle joint excursion, deg 37 0.02 (-0.05 to 0.11) >0.05 0.003 0.07 (-0.01 to 0.24) >0.05 0.360 
Normalised overground walking 
speed,c m.s-1.m-1 

37 7.34 (0.10 to 16.74) <0.05 0.074 5.38 (-2.14 to 17.99) >0.05 0.370 

Normalised treadmill walking 
speed,c m.s-1.m-1 

36 11.95 (3.03 to 28.82) <0.01 0.085 4.14 (-7.87 to 15.61) >0.05 0.311 

Stance time, % 37 -0.11 (-0.28 to -0.01) <0.05 0.047 -0.04 (-0.19, 0.06) >0.05 0.342 

 Dependent variable: GMFM-66 Dimension E  

Hip joint excursion, deg 38 -0.31 (-1.12 to 0.34) >0.05 0.048 -0.23 (-0.80 to 0.07) >0.05 0.822 
Knee joint excursion, deg 38 0.11 (-0.32 to 0.52) >0.05 0.009 0.02 (-0.19 to 0.22) >0.05 0.804 
Ankle joint excursion, deg 38 0.04 (-0.49 to 0.34) >0.05 0.000 0.18 (-0.04 to 0.52) >0.05 0.812 
Normalised overground walking 
speed,c m.s-1.m-1 

38 47.16 (13.44 to 
100.46) 

<0.01 0.185 14.16 (-0.28 to 39.66) >0.05 0.817 

Normalised treadmill walking 
speed,c m.s-1.m-1 

37 -31.48 (-133.81 to 
35.57) 

>0.05 0.061 18.13 (-4.51 to 49.08) >0.05 0.752 

Stance time, % 38 -0.84 (-1.80 to -0.33) <0.01 0.156 -0.29 (-0.54 to -0.05) <0.05 0.819 
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Table 4. Unadjusted and adjusted associations between gait parameters and physical activity 482 

aadjusted for age, sex and GMFCS level; bnormalised to height 483 

CI: confidence interval 484 

Bold text indicates p<0.05485 

 n  Unadjusted β (95% CI) p 
value 

R2 Adjusteda β (95% CI) p 
value 

R2 

 Dependent variable: Step-count, steps.day-1  

Hip joint excursion, deg 35 19.05 (-62.14 to 100.23) 0.636 0.007 35.20 (-51.26 to 121.67) 0.412 0.266 
Knee joint excursion, deg 35 -9.81 (-83.16 to 63.53) 0.787 0.002 -25.12 (-97.23 to 46.99) 0.482 0.262 
Ankle joint excursion, deg 35 -13.45 (-113.88 to 86.97) 0.787 0.002 13.98 (-86.43 to 114.39) 0.778 0.251 
Normalised overground 
walking speed,b m.s-1.m-1 

35 6186.31 (536.37 to 
11836.24) 

0.033 0.131 4216.62 (-1933.31 to 10366.55) 0.171 0.297 

Normalised treadmill 
walking speed,b m.s-1.m-1 

34 -1252.14 (-9106.30 to 
6602.01) 

0.747 0.003 -1738.47 (-12267.74 to 
8790.80) 

0.738 0.159 

Stance time, % 35 -96.87 (-209.98 to 16.23) 0.091 0.084 -64.41 (-181.70 to 52.87) 0.271 0.280 

 Dependent variable: Moderate-to-vigorous physical activity, min.day-1  
Hip joint excursion, deg 35 -0.09 (-0.96 to 0.78) 0.837 0.001 -0.04 (-0.87 to 0.79) 0.922 0.410 
Knee joint excursion, deg 35 0.02 (-0.77 to 0.80) 0.968 0.000 -0.22 (-0.91 to 0.46) 0.513 0.418 
Ankle joint excursion, deg 35 -0.27 (-1.34 to 0.80) 0.612 0.008 0.06 (-0.89 to 1.01) 0.899 0.410 
Normalised overground 
walking speed,b m.s-1.m-1 

35 71.52 (11.81 to 131.22) 0.020 0.153 46.86 (-10.76 to 104.48) 0.107 0.416 

Normalised treadmill 
walking speed,b m.s-1.m-1 

34 -34.36 (-116.25 to 47.53) 0.399 0.022 -43.51 (-142.40 to 55.37) 0.375 0.331 

Stance time, % 35 -0.90 (-2.12 to 0.32) 0.144 0.064 -0.55 (-1.67 to 0.57) 0.325 0.429 

 Dependent variable: Light physical activity, min.day-1  

Hip joint excursion, deg 35 -0.02 (-2.01 to 1.97) 0.984 0.000 -1.02 (-2.94 to 0.91) 0.290 0.391 
Knee joint excursion, deg 35 0.07 (-1.73 to 1.87) 0.940 0.000 -0.76 (-2.37 to 0.85) 0.344 0.386 
Ankle joint excursion, deg 35 0.25 (-2.21 to 2.71) 0.839 0.001 0.66 (-1.59 to 2.90) 0.554 0.374 
Normalised overground 
walking speed,b m.s-1.m-1 

35 80.11 (-65.44 to 225.66) 0.271 0.037 44.23 (-97.58 to 186.04) 0.529 0.375 

Normalised treadmill 
walking speed,b m.s-1.m-1 

34 50.02 (-153.87 to 253.92) 0.621 0.008 -62.64 (-296.77 to 171.50) 0.588 0.386 

Stance time, % 35 1.99 (-0.81 to 4.80) 0.158 0.060 2.49 (-0.04 to 5.01) 0.053 0.445 
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Table 5 Associations between gait parameters, gross motor function and physical activity 486 

CI: confidence interval; LPA: light physical activity; MVPA: moderate-to-vigorous activity. 487 

Dependent variable Model 1: Step-count, steps.day-1 

(n=34) 
 Model 2: MVPA, min.day-1 

(n=34) 
 Model 3: LPA, min.day-1 

(n=34) 
 

Independent variables β (95% CI) p 
value 

R2 β (95% CI) p value R2 β (95% CI) p 
value 

R2 

Hip joint excursion, 
deg 

132.82 (2.56 to 263.08) 0.046 0.325 0.62 (-0.78 to 2.02) 0.373 0.289 0.58 (-2.89 to 4.06) 0.732 0.225 

Knee joint excursion, 
deg 

-90.29 (-194.74 to 14.17) 0.087  -0.30 (-1.42 to 0.82) 0.587  0.47 (-2.32 to 3.26) 0.732  

Ankle joint excursion, 
deg 

-23.37 (-121.40 to 74.67) 0.628  -0.37 (-1.43 to 0.68) 0.477  -0.25 (-2.86 to 
2.37) 

0.849  

Normalised 
overground walking 
speed,b m.s-1.m-1 

962.69 (-5769.03 to 
7694.40) 

0.771  21.74 (-50.69 to 
94.18) 

0.543  76.11 (-103.62 to 
255.85) 

0.392  

Stance time, % -42.49 (-164.86 to 79.88) 0.482  -0.12 (-1.44 to 1.19) 0.849  2.84 (-0.43 to 6.10) 0.086  
GMFM D score 156.35 (-171.61 to 484.31) 0.336  1.64 (-1.89 to 5.17) 0.348  7.06 (-1.69 to 

15.82) 
0.109  

GMFM E score 37.66 (-74.38 to 149.69) 0.496  0.49 (-0.72 to 1.70) 0.411  -1.16 (-4.15 to 
1.83) 

0.434  
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 488 
Figure 1 Additional kinematic graphs 489 
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