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ABSTRACT 

Objective: This systematic review and meta-analysis investigated surrogate measures of hip 

joint loading during walking in people with hip osteoarthritis (OA).    

Methods:  Five databases were searched up to January 14th, 2018. Studies that measured hip 

joint moments in the frontal or sagittal plane during walking in people with hip OA and used 

either a healthy control group or the unaffected leg to compare hip joint moments were 

included. Standardised mean differences (SMD) in sagittal and frontal plane moments were 

pooled as appropriate, using a random effect approach. Methodological quality was assessed 

using the Downs and Black checklist.  

Results: Thirteen studies with 1,141 participants were eligible and suitable for meta-

analyses. Overall, people with hip OA had lower sagittal (SMD -0.55 (95% CI -1.00 to -0.10) 

and frontal plane moments (SMD -0.63 (95% CI -0.92, -0.34) compared to controls. 

However, substantial heterogeneity was observed (I2 ≤ 89%). Results by disease stage 

suggest that people with end-stage hip OA have lower sagittal (SMD -0.96; -1.30, -0.61; I2 = 

69%) and frontal (SMD -1.17;95%CI -1.71, -0.64; I2 = 85%) plane moments compared to 

controls. People with less severe hip OA than end-stage disease have comparable sagittal 

(SMD 0.37; 95%CI -0.17, 0.90; I2 = 69%) and frontal (SMD -0.24; 95%CI -0.76, 0.27; I2 = 

51%) plane moments compared to controls.  

Conclusion: Hip joint loading may be dependent on disease stage. People with end-stage hip 

OA under-loaded compared to controls, while those who were not awaiting hip joint 

replacement had comparable hip joint loads to controls.  
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INTRODUCTION 1 

Hip osteoarthritis (OA) is a prevalent and costly chronic musculoskeletal condition that often 2 

results in pain and physical dysfunction1. Evidence-based modifiable treatment targets for hip 3 

OA remain somewhat elusive and are largely based on evidence from the knee OA 4 

literature2,3. Preliminary evidence implicates the role of abnormal hip joint loading in the 5 

pathogenesis of hip OA4. Given that hip joint loading is potentially modifiable with 6 

interventions such as gait-based training5,6, there is a need to synthesise the evidence relating 7 

to hip joint loading during walking to inform the development of targeted treatments.  8 

In vivo measurement of hip joint loading during walking is not typically feasible and indirect 9 

measures from three-dimensional gait analysis are often used to infer hip joint loading7. The 10 

external peak hip flexion moment and peak hip adduction moment are of interest given that 11 

both account for a large proportion of total hip joint contact force during walking8. Recent 12 

data suggest that higher cumulative moments in the frontal plane predict joint space 13 

narrowing in women with hip OA5. Several studies report a lower peak external hip flexion 14 

moment in people with hip OA compared to controls9-13, albeit inconsistently14,15. Similarly, 15 

studies report a lower peak external hip adduction moment during walking9-11, 14, 16 and others 16 

report comparable moments to controls17,8. Several studies have investigated hip joint 17 

moments in people with hip OA, though interpretation is hindered by large heterogeneity in 18 

patient characteristics (i.e. severity of radiographic disease, severity of symptoms, age, sex), 19 

methodological approaches, and comparison groups (i.e. contralateral leg or healthy control 20 

group). The aim of this study was to conduct a systematic review and meta-analysis to 21 

describe sagittal and frontal plane hip joint moments during walking in people with hip OA.  22 

METHODS 23 
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This study is in accordance with the Preferred Reporting Items for Systematic Reviews and 24 

Meta-analysis (PRISMA) guidelines19. The study protocol is registered in PROSPERO - 25 

https://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42017067045 (CRD # 26 

CRD42017067045). 27 

Search Strategy  28 

The search strategy was developed and reviewed by all authors. Electronic searches were 29 

conducted in MEDLINE via PubMed, CINAHL via EBSCO, EMBASE via Ovid, SCOPUS 30 

and Web of Science up to the 14th January 2018 by one of the authors (MH). A manual 31 

search of reference lists from relevant articles was also performed. Key terms were searched 32 

as keywords [MeSH] and text words in title and abstracts to create two separate filters. These 33 

filters were: i) Pathology: “hip osteoarthritis”; ii) Moments: “biomechanics”, “moment”, 34 

“torque”, “kinetic” or “joint load”. The search was restricted to the English language and to 35 

humans. The complete search strategy is presented in detail in Supplementary Material File 1.  36 

Eligibility Criteria 37 

Studies of any design were included if they met the following criteria: i) Population: hip 38 

osteoarthritis; ii) Walking biomechanics: hip joint moments in the sagittal plane and frontal 39 

plane; iii) Comparison: hip joint moment assessed in either a healthy control group or in the 40 

unaffected leg of the hip OA group; iv) full text studies published as original articles.  41 

Selection of studies 42 

Following removal of duplicates from the initial search, two authors (LD and KA) 43 

independently screened the articles by title and abstract to exclude irrelevant studies. Full-text 44 

of all articles considered relevant by either of the two reviewers was obtained and screened 45 

for eligibility by both reviewers. 46 
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Data extraction 47 

Data extraction was performed independently by two authors (LD and KA) on published data 48 

only. The following information was extracted: authors, publication year, number of 49 

participants in hip OA group and control group (if applicable), gender, age, body mass index, 50 

disease stage, walking speed, mean and standard deviation of external peak hip flexion 51 

moment/internal peak hip extension moment and external peak hip adduction 52 

moment/internal peak hip abduction moment during stance phase of walking. For studies 53 

where both pre- and post-intervention data were presented, pre-intervention data (i.e. 54 

baseline) were extracted. Standard deviations were extracted or estimated from standard 55 

errors, 95% CI, or interquartile range when unavailable. The pre-defined hierarchy for hip 56 

joint moment comparison was: 1) healthy controls, and 2) unaffected leg; such that data from 57 

the unaffected leg was used for analysis when a healthy group was not described.  58 

Data synthesis and statistical analysis 59 

Stata version 14.2 (StataCorp, College Station TX, USA) was used to perform all statistical 60 

analyses. Where possible, data from studies were pooled to conduct a meta-analysis. 61 

Standardised mean difference (SMD) with 95% CI were calculated for the external peak hip 62 

flexion moment and external peak hip adduction moment during stance. A SMD of 0.2 was 63 

considered small, 0.5 moderate and greater than 0.8 was considered large20. Study 64 

heterogeneity was assessed using the I2 statistic and the �� test. We anticipated heterogeneity 65 

in SMDs and in individual study protocols, and therefore used random-effects meta-analysis 66 

to combine study results. A prediction interval was estimated to provide a predicted range for 67 

the true effect of hip OA in an individual study21. Separate meta-regression models were 68 

performed to explore if study and participant characteristics could explain the heterogeneity. 69 

Among the variables evaluated as predictors of study heterogeneity were sample size, age, 70 
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body mass index, sex, and walking speed. We also performed a sub-group analysis between 71 

studies with end-stage hip OA, defined as studies with people waiting for a hip replacement; 72 

and studies with less severe disease, defined as studies with people not awaiting hip 73 

replacement. Sensitivity analysis was performed to determine the effect using the unaffected 74 

leg to compare hip joint moments.  75 

Risk of Bias assessment 76 

Two reviewers (MH and KA) independently assessed study quality with regard to risk of bias 77 

using the Down and Black checklist22. Disagreement was resolved by discussion with third 78 

author (FD). Items related to an intervention were excluded (Items 4, 8, 9, 13, 14, 15, 16, 17, 79 

19, 23, 24, 26). Therefore, risk of bias was evaluated on the remaining 15 items.  80 

RESULTS 81 

Our search strategy identified 6,170 articles (Figure 1). Thirteen studies fulfilled the 82 

eligibility criteria including 1,141 participants. Study characteristics are described in Table 1. 83 

Overall, studies included participants that were normal to overweight (body mass index 84 

range: 24.0kg/m2 to 29.1 kg/m2) with a mean age in studies ranging from 47 to 65 years. One 85 

study described participants with early-stage hip OA17, two studies described participants as 86 

having mild-to-moderate stage hip OA14,23, and seven studies included participants with end-87 

stage hip OA, awaiting hip arthroplasty.10,11,13,16,25-27 Other studies included participants with 88 

various disease severities.9,2,15,17,18 Except for one study16, all eligible studies included a 89 

healthy control group for comparison.  90 

Thirteen studies were included in a meta-analysis. Two studies9,25 reported males and females 91 

separately, and hence sex-specific comparisons of these two studies were included as two 92 

mutually independent comparisons. Correspondence with the author confirmed that 93 
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participants with end-stage hip OA from one study25 were a subset of participants from 94 

another study with varied disease severity9. The larger sample study, including participants 95 

with varied disease severity9 was included in the primary meta-analysis, while the study 96 

assessing participants with end-stage hip OA awaiting hip joint replacement only25 was 97 

included for the subgroup analysis of disease stage. 98 

External hip flexion moment 99 

The external hip flexion moment meta-analysis included 815 participants from 10 datasets9-
100 

11,13-16,23,25-26. There was an overall average moderate SMD -0.55 (95% CI -1.00 to -0.10) in 101 

peak external hip flexion moment, such that people with hip OA had a lower moment 102 

compared to controls. Substantial heterogeneity was observed (I2 = 88.7%, ���
�  = 88.9, p < 103 

0.001). The meta-regression analysis determined no association between the SMD in peak 104 

external hip flexion moment and any of the study or participant characteristics investigated 105 

(Table 3). When studies were grouped according disease stage (Figure 2a), we found on 106 

average an overall large SMD -0.96 (95% CI -1.30 to -0.61) for end-stage hip OA compared 107 

to controls (I2 = 69.2%, ��
� = 22.7, p = 0.002). However, the peak external hip flexion 108 

moment was no different in people with less severe disease and controls (SMD 0.37 (95% CI 109 

-0.17 to 0.90; I2 = 68.9%, ��
� = 6.43, p = 0.040).  Results remained unchanged when 110 

excluding the study16 that used the unaffected limb to compare with the hip flexion moment 111 

of the pathological joint (data not shown).  112 

External hip adduction moment  113 

The external hip adduction moment meta-analysis included 704 participants from nine 114 

studies.9-11,14,16-18,25-26 We observed on average an overall moderate SMD -0.63 (95% CI -115 

0.92, -0.34) in peak external hip adduction moment between people with hip OA and 116 

controls. People with hip OA had a lower peak hip adduction moment compared to controls. 117 



 6 

Substantial heterogeneity was observed (I2 = 73.8%, ��
� = 34.4, p < 0.001). The meta-118 

regression analysis found an association between the SMD in peak external hip adduction 119 

moment and the proportion of study sample that was male (unstandardized ß -0.03; 95% CI -120 

0.06, -0.01; Supplementary Material File 2). Specifically, the difference in peak hip 121 

adduction moment increased with a greater proportion of males in the study sample. No other 122 

significant associations were observed between the SMD in the external hip adduction 123 

moment and any other factors examined (Table 3). When studies were grouped according 124 

disease stage (Figure 2b), we found on average an overall large SMD -1.17 (95% CI -1.71, -125 

0.64) for end-stage hip OA compared to controls (I2 = 85.6%, ��
� = 41.70, p < 0.001). 126 

However, the peak external hip adduction moment was comparable when comparing less 127 

severe hip OA to controls (SMD -0.24 (95% CI -0.76, 0.27; I2 = 51.0%, ��
� = 4.08, p = 0.13). 128 

Results remained unchanged when excluding the study16 that used the unaffected limb to 129 

compare with the hip adduction moment of the pathological joint (data not shown).  130 

Quality assessment 131 

The methodological quality of the studies was generally moderate (Table 4) and ranged from 132 

47%-92%, with higher scores indicating better quality. Most studies performed well 133 

regarding reporting (items 1-10). However, several studies were at risk of selection bias as 134 

there was insufficient information provided about participant recruitment and 135 

representativeness (items 11, 12, 21, and 22). Only one study14 described a sample size 136 

calculation.  137 

DISCUSSION 138 

In this systematic review, we included 13 studies to establish whether people with hip OA 139 

demonstrate different hip joint moments during walking compared to healthy controls. 140 

Overall, the meta-analysis from 13 studies for sagittal plane and frontal plane moments 141 



 7 

indicated that people with hip OA under-load the hip joint compared to controls during 142 

walking. Findings also demonstrated a large degree of heterogeneity. Interestingly, proxy 143 

measures of hip joint loading (i.e. moments) may be dependent on stage of disease. People 144 

who were not awaiting hip joint replacement had comparable joint moments to controls, 145 

while those with end-stage hip OA under-loaded compared to controls.  146 

This is the first systematic review of hip joint moments in people with hip OA without total 147 

hip joint replacement. Variation in the magnitude of differences in sagittal and frontal plane 148 

moments in people with hip OA and healthy controls is apparent across studies investigating 149 

gait biomechanics. Hence, our meta-analysis sought to investigate possible explanations in 150 

the observed heterogeneity. We found moderate to large estimates, with notably large 151 

confidence intervals and wide precision intervals reflecting imprecision of the estimates, 152 

which could have several potential causes. Meta-regressions were performed to explore 153 

possible explanations for the observed heterogeneity. Of the variables assessed, only the 154 

proportion of males in study sample was related to the effect size heterogeneity for the 155 

external hip adduction moment. Specifically, studies with a greater proportion of males 156 

demonstrated a greater average SMD for a lower peak hip adduction moment between people 157 

with hip OA compared to controls. This observation warrants consideration as between-sex 158 

differences in the hip adduction moment have been observed in those without known hip 159 

pathology, but are not apparent between males and females who have end-stage hip OA9. 160 

Factors such as experimental design and statistical handling of data may have also accounted 161 

for heterogeneity between studies. For example, some studies ensured that participants with 162 

hip OA and controls walked at a matched walking speed15,18, while others accounted for 163 

differences in walking speed using various statistical approaches9,14,23,25. Pain is a complex 164 

measure and could influence joint moments alone or in combination with walking speed, and 165 

as such, may have also accounted for heterogeneity between studies.  166 
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Our observations suggest that proxy measures of hip joint loading in the frontal and sagittal 167 

plane are similar in people with early, mild-to-moderate hip OA compared to controls. This 168 

may question whether the pathogenesis of hip OA at this stage is related to mechanical 169 

influences. Indeed, experts have suggested that early OA is driven by systematic factors, 170 

rather than mechanical abnormalities4. It is important to consider that hip joint loading, albeit 171 

comparable to controls in early-to-mid stage hip OA, may still be detrimental to people with 172 

hip OA. People with hip OA, irrespective of disease stage, have a compromised hip joint, and 173 

loads for optimal joint integrity remain unknown. It also must be acknowledged that some 174 

participants in studies classified as early, mild-to-moderate also had severe radiographic 175 

(structural) disease (Table 1). Further, the definition of hip OA varied between studies, with 176 

radiographic assessment (k=5), clinical examination (k=1), and inferred disease in patients 177 

awaiting total hip replacement (k=7), all being utilised. Nevertheless, we based the 178 

classification of disease stage according to the authors’ description of the sample.  179 

In people with end-stage hip OA, measures of frontal and sagittal plane hip joint moments 180 

were generally lower compared to controls and those with less severe hip OA. Included 181 

studies identified that individuals with hip OA walked slower than healthy controls. It is 182 

reasonable to hypothesise that lower hip joint moments in individuals with hip OA could be 183 

explained by differences in walking speed. Indeed, it is possible that pain associated with 184 

end-stage disease could reduce walking speed. Although we did not account for pain in our 185 

analysis, the results from the meta-regression analysis (Table 3) suggest that walking speed 186 

did not explain the heterogeneity between included studies. Further to this, between-group 187 

differences in joint moments remained in studies where data were adjusted for walking speed. 188 

Our observations are indirectly supported by others who articulate that measures of hip joint 189 

loading reduce with greater radiographic disease severity28. Interestingly, recent data suggest 190 

that higher frontal plane cumulative loading, defined as external hip adduction moment 191 
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impulse and step count, is associated with structural disease progression in women with hip 192 

OA5. Therefore, it may not be prudent for interventions to increase hip joint loading during 193 

walking in people with end-stage hip OA.  194 

The external hip flexion moment and external adduction moment are inferred to require a 195 

balancing internal hip extensor moment and internal abduction moment generated by the hip 196 

extensors and hip abductors, respectively29. Hence, people with end-stage hip OA could have 197 

potentially lower demands on the hip extensor muscles and hip abductor muscles compared 198 

to controls. Notably, people with end-stage hip OA have reduced hip muscle strength30 and 199 

poorer muscle quality31-33 compared to controls. However, it is not possible to establish the 200 

causative relationship between hip muscle function, external moments, and end-stage hip OA 201 

disease. This relationship is likely to be complex, influenced by pain and gait kinematics and 202 

unique to the individual. The magnitudes of external hip joint moments are influenced in part 203 

by the magnitude and position of the centre of mass relative to the hip joint centre6,7,34; thus 204 

trunk and pelvis kinematics during walking have relevance for hip joint loading. Limited 205 

cross-sectional evidence of kinematic adaptations exhibited at polar stages of disease severity 206 

may provide insight. Specifically, individuals with early hip OA exhibit more contralateral 207 

pelvic drop17, whereby those with end-stage hip OA present with more ipsilateral trunk lean 208 

and less pelvic drop16,35 compared to controls. Altered frontal plane trunk control may 209 

moderate hip joint loads by reducing the demand on the hip abductor muscles. However, 210 

longitudinal studies of people with hip OA are required to substantiate predictors of hip OA 211 

disease progression.  212 

Prediction intervals were estimated to provide a predicted range for the true effect of hip OA 213 

in an individual study21. However, interpretation of these estimates warrants caution. Our 214 

plotted (Figure 2) prediction intervals demonstrate that although they are mostly below zero, 215 

indicating the difference will be significant in most settings, the intervals do overlap zero and 216 
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so in some settings the difference may be negligible. Nonetheless, prediction intervals may be 217 

overly wide when they are calculated from a limited number of studies and those at higher 218 

risk of bias21. Limitations of this study warrant consideration. First, our findings should be 219 

interpreted with caution due to the small number of studies available for meta-analysis. 220 

Second, as our aim was to include individuals prior to total hip replacement, our results are 221 

not generalizable to people following total hip joint replacement. Third, although the external 222 

hip flexion moment and external hip adduction moment infer hip joint contact force, we 223 

cannot conclusively determine that observations would be similar if in vivo hip joint contact 224 

forces were measured. Fourth, as described by others36, there is no consensus for the 225 

reference frame used to acquire or present 3-dimensional motion analysis data, or procedures 226 

to normalise joint moments which limits the validity of findings. Fifth, most studies included 227 

in this review did not use diagnostic imaging to confirm an absence of hip OA in the 228 

comparison group. Larger effect sizes may be apparent in subsequent studies where pain- and 229 

pathology-free hips are used for comparison. Lastly, no studies reported duration of 230 

symptoms and therefore this information could not be accounted for in our analysis.  231 

Collective consideration of all studies and findings from the meta-analyses suggest that 232 

people with hip OA have lower sagittal and frontal plane hip joint moments compared to 233 

healthy controls. However, analysis on a limited number of studies indicates that differences 234 

in hip joint moments may be dependent on stage of disease. People with end-stage hip OA 235 

exhibit lower hip joint moments compared to controls, while those with less severe disease 236 

appear to be comparable with controls.  237 

 238 

 239 

 240 

 241 
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FIGURE LEGENDS 357 

Figure 1. Flow chart of study selection process. 358 

Figure 2. (A) Forest plot of effect size for sagittal plane moments according to disease 359 

severity. Note that Foucher 2016 (a) and (b) represent females and males, respectively. (B) 360 

Forest plot of effect size for frontal plane moments according to disease severity. Note that 361 

Foucher 2016 (a) and (b) represent females and males, respectively. 362 



Table 1. Details of included studies*. 

Author, year OA cohort Radiographic 
status 

Clinical 
measures - pain 

Clinical measures - 
function OA description Comparator cohort 

Constantinou et al, 2017 

n = 27 

KL grade 2 or 3 
(median=3; IQR=1) 

modified HHS 
(overall): 69.59 

(12.99) 

modified HHS 
(overall):          

69.59 (12.99) 

 mild-to-moderate           
bilateral (n=11; 

41%) 

n = 26 

7 (70%) males 8 (31%) males 

Age = 63.2 (7.6) yrs  Age = 59.3 (7.6) yrs  

BMI = 28.0 (4.1) kg/m2 BMI = 24.8 (3.0) kg/m2 

Recruited from hospital orthopaedic waiting lists Control group 

Diagnosis based on: Exclusion criteria: 

- radiographs  - age < 45 yrs 

- hip pain in last 3 months - HHS ≤ 95 

- HHS ≤ 95 - KL grade >1; JSW ≤ 3mm 

Eitzen et al, 2012 

n = 48 

Danielsson's criteria 
WOMAC 

(subscale): 25.3 
(18.1)  

WOMAC 
(subscale):         
22.4 (16.4)  

 mild-to-
moderate;          

bilateral included 

n = 22 

19 (40%) males 9 (41%) males 

Age = 59.1 (9.5) yrs  Age = 58.5 (8.8) yrs  

BMI = 24.6(3.3) kg/m2 BMI = 23.8 (3.45) kg/m2 

Recruited from hospital orthopaedic waiting lists Control group 

Diagnosis based on: Exclusion criteria: 

- radiographs  - age < 40, > 80 yrs 

- HHS 60-95 - HHS ≤ 96 

Foucher 2017 

n = 150 

female (KL grade 
1=6; KL grade 2=9; 
KL grade 3=24; KL 

grade 4=47);  
male (KL grade 

1=0; KL grade 2=3; 
KL grade 3=7; KL 

grade 4=54) 

NR NR    OA 

n = 159 

64 (43%) males 55 (35%) males 

Age = females: 63.5 (9.1) yrs; males: 60.6 (10.8) yrs  Age = females: 55.6 (8.6) yrs; males: 55.8 (8.0) yrs  

BMI = 27.8 (5.5) kg/m2 (F); 28.9 (4.6) kg/m2 (M) BMI = 26.6 (5.9) kg/m2 (F); 26.8 (3.7) kg/m2 (M) 

Recruited from existing patient data repository Control group 

Diagnosis based on: Exclusion criteria: 

- radiographs  - NR 

- symptoms (measure NR)   

Foucher 2016 

n = 124 

NR NR NR   unilateral OA 

n = 95 

60 (48%) males 31 (33%) males 

Age = females: 62.2 (9.9) yrs; males: 58.2 (10.7) yrs  Age = females: 60.4 (7.1) yrs; males: 55.9 (8.1) yrs  

BMI = 27.7 (5.8) kg/m2 (F); 29.2 (4.7) kg/m2 (M) BMI = 26.4 (5.2) kg/m2 (F); 28.8 (3.1) kg/m2 (M) 

Recruited from existing patient data repository 
Control group (age, gender, BMI matched to hip OA 
group) 

Diagnosis based on: Exclusion criteria: 

- candidacy for primary unilateral total hip replacement - NR 

       



       

Foucher et al, 2007 

n = 28 

NR 
modified HHS 
(overall): 53 

(range: 33-85) 

modified HHS 
(overall): 53 (range: 

33-85) 
unilateral OA 

n = 25 

18 (64%) males 14 (56%) males 

Age = 63.6 (7.1) yrs  Age = 57.6 (7.7) yrs  

Weight (N) = 850 (155); Height (m) = 1.72 (0.11) Weight (N) = 777 (175); Height (m) = 1.73 (0.09) 

Recruited from patients scheduled for surgery 
Control group (weight, height, gender, age matched to 
hip OA group) 

Diagnosis based on: Exclusion criteria: 

- candidacy for primary unilateral total hip replacement - evidence of OA on X-ray 

  - HHS < 100 

Hurwitz et al, 1997 

n = 19 

NR 
HHS (overall): 

78.2 (8.2) 
HHS (overall):  

78.2 (8.2) 
 unilateral OA 

n = 19 

12 (63%) males 12 (63%) males 

Age = 60 (8) yrs  Age = 61 (8) yrs  

Weight (N) = 777 (110); Height (m) = 1.70 (0.1) Weight (N) = 710 (151); Height (m) = 1.73 (0.1) 

Recruited from hospital orthopaedic waiting lists Control group and asymptomatic contralateral leg 

Diagnosis based on: Exclusion criteria: 

- scheduled for hip replacement in near future (1-25 days) - any significant musculoskeletal involvement 

- HHS   

Kumar et al, 2015 

n = 36 

KL grade 1=15; KL 
grade 2=11; KL 

grade 3=10 

HOOS 
(subscale): 87.9 

(18.2) 

HOOS (subscale): 
91.8 (15.3) 

OA 

n = 30 

24 (67%) males 14 (47%) males 

Age = 54.5 (9.2) yrs  Age = 48.2 (11.9) yrs  

BMI = 24.5 (3.1) kg/m2 BMI = 23.3 (3.5) kg/m2 

Recruited from community Control group 

Diagnosis based on: Exclusion criteria: 

- radiographs  - age ≤ 35, > 80 yrs 

- OARSI hip outcome score - KL grade ≤ 1 

Myer et al, 2018 

n = 20 

Tonnis grade 1=2; 
Tonnis grade 2=3; 
Tonnis grade 3=15 

NR NR unilateral OA 

n = 17 

15 (75%) males (9) 53% males 

Age = 49.7 (9.5) yrs  Age = 52.7 (4.9) yrs  

BMI = 25.5 (3.2) kg/m2 BMI = 24.1 (2.7) kg/m2 

Recruited via referring surgeons Control group 

Diagnosis based on: Exclusion criteria: 

- radiographs  - previous injury or joint replacement 

- scheduled for total hip replacement     - hip pain 

       

       

       

       

       



       

Schmidt et al, 2017 

n = 18 

KL grade ≥ 3                   
(mean=3.4; SD=0.5) 

HHS (overall) 
49.6 (11.9); 

HHS (overall)    
49.6 (11.9); 

unilateral OA 

n = 18 

(11) 61% males (11) 61% males 

Age = 64.6 (7.4) yrs  Age = 60.4 (8.9) yrs  

BMI = 27.5 (3.4) kg/m2 BMI = 23.7 (3.0) kg/m2 

Recruited from university hospital Control group 

Diagnosis based on: Exclusion criteria: 

- radiographs  - orthopaedic surgeries 

- HHS ≤ 70 - chronic/neuromuscular diseases 

Schmitt et al, 2015 

n = 30 

NR NR NR   unilateral OA 

n = 15 

(15) 50% males (8) 53% males 

Age = 54.8 (6.7) yrs  Age = 49.2 (7.1) yrs  

Body mass = 83.2 (20.6) kg; Height = 1.72 (0.10) m Body mass = 67.4 (11.6) kg; Height = 1.66 (0.18) m 

Recruited from NR Control group 

Diagnosis based on: Exclusion criteria: 

- symptoms - hip or other joint pain/surgery 

- scheduled for total hip replacement within 4-weeks - unable to ambulate without assistive device 

Watelain et al, 2001 

n = 17 

KL grade ≤ 3 
LISOH 

(overall): 7.65 
(2.22) 

LISOH (overall): 
7.65 (2.22) 

unilateral early-
stage OA 

n = 17 

(8) 47% males (8) 47% males 

Age = 58.9 (7.1) yrs  Age = 63.6 (5.2) yrs  

Body mass = 76.6 (14.7) kg; Height = 1.67 (0.12) m Body mass = 71.1 (14.0) kg; Height = 1.69 (0.06) m 

Recruited from NR Control group 

Diagnosis based on: Exclusion criteria: 

- radiographs   - NR 

- clinical examination (LISOH)   

Wesseling et al, 2018 

n = 14 

NR NR NR unilateral OA 

n = 18 

(9) 64% males (9) 50% males 

Age = 47.3 (11.8) yrs  Age = 53.0 (5.0) yrs  

BMI = 25.2 (3.7) kg/m2 BMI = 23.7 (3.1) kg/m2 

Recruited from NR Control group 

Diagnosis based on: Exclusion criteria: 

 - hip pain  - hip pain or hip OA 

- scheduled for total hip replacement 
 - any orthopaedic co-morbidities that could affect 
gait 

       

       

       

       

       



       

Zeni et al, 2015 

n = 56 

NR 

HHS (overall) 
57.5; HOS 

(overall) 55.5; 
GRS (overall) 

56.6; pain (0-10 
scale) 5.8 (2.28) 

HHS (overall) 57.5; 
HOS (overall) 55.5; 
GRS (overall) 56.6 

end-stage OA 

n = 56 

28 (50%) males 28 (50%) males 

Age = 65 (7.8) yrs  Age = 65 (7.8) yrs  

BMI NR BMI NR 

Recruited via referring surgeons Asymptomatic contralateral leg 

Diagnosis based on: Exclusion criteria: 

- scheduled for hip replacement in near future (1-25 days) - pain in contralateral hip >5/10 
*Values are mean (standard deviation) unless otherwise indicated; NR - not reported. GRS - Global Rating Scale; HHS - Harris Hip Score; HOOS - Hip disability and Osteoarthritis Outcome 
Score; HOS - Hip Outcome Score; JSW - joint space width; KL - Kellgren Lawrence grade; LISOH - Lequesne Index of Severity for Osteoarthritis of the Hip; OA - osteoarthritis; OARSI - 
Osteoarthritis Research Society International; SD - standard deviation; WOMAC - Western Ontario and McMaster Universities Osteoarthritis Index. 



Table 2. Major findings of studies comparing sagittal and frontal plane moments during gait in individuals with hip osteoarthritis and a comparison group. 
 

Author, year Measurement 
method 

Selected hip kinetic variables measured (stance phase of 
gait cycle) Hip OA group (mean (SD))  

Comparator group (mean (SD))  
Analysis adjusted for 

walking speed 
Control group Contralateral leg 

Constantinou et al, 
2017 

3-dimensional 
motion analysis 
during gait 

Peak hip internal extension moment (Nm) 55.3 (24.1) 59.7 (19.7)   Significant differences 
noted (no data reported) 
when adjusted for 
walking speed and BMI. 

Peak hip internal abduction moment (Nm) 68.4 (17.8) 67.5 (13.2)   

Walking speed (m/s) 1.21 (0.22)* 1.39 (0.15)   

Eitzen et al, 2012 
3-dimensional 
motion analysis 
during gait 

Peak hip external flexion moment (Nm/BW)Ω 0.56 (0.1538) 0.44 (0.2017)   Significant differences 
noted when adjusted for 
walking speed. Walking speed (m/s) 1.53 (0.15)* 1.65 (0.15)   

Foucher 2017 
3-dimensional 
motion analysis 
during gait 

Peak hip external flexion moment (%BW.ht)⍺  F: 4.39 (1.63)** ; M: 4.48 (1.55)**  F: 6.59 (1.96); M: 7.05 (2.05)    Primary analysis was 
adjusted for age, BMI, 
and walking speed. 

Peak hip external adduction moment (%BW.ht)⍺  F: 1.50 (0.81)** ; M: 1.77 (0.87)**  F: 1.74 (0.87); M: 2.16 (0.94)   

Walking speed (m/s) F: 1.0 (0.2)** ; M: 1.1 (0.2)**  F: 1.3 (0.2); M: 1.4 (0.2)   

Foucher 2016 
3-dimensional 
motion analysis 
during gait 

Peak hip external flexion moment (%BW.ht)⍺† F: 4.1 (1.6); M: 4.2 (1.6)   F: 6.6 (2.0); M: 7.0 (2.1)     Data not adjusted but 
walking speed used as a 
dependent variable in 
regression model. 

Peak hip external adduction moment (%BW.ht)⍺† F: 3.3 (1.1); M: 2.4 (0.9)   F: 5.1 (1.2); M: 4.5 (1.0)     

Walking speed (m/s) NR NR   

Foucher et al, 2007 
3-dimensional 
motion analysis 
during gait 

Peak hip external flexion moment (%BW.ht) 3.4 (1.4)* 5.4 (1.4)   Data not adjusted but 
walking speed closest to 
1.0m/s used for 
comparison. 

Peak hip external adduction moment (%BW.ht) 3.6 (1.1)* 4.9 (0.7)   

Walking speed (m/s) NR NR   

Hurwitz et al, 1997 
3-dimensional 
motion analysis 
during gait 

Peak hip external flexion moment (%BW.ht) 4.4 (0.9)a 4.5 (1.4) 5.9 ± 0.7b 

  Peak hip external adduction moment (%BW.ht) 4.0 (1.1)**a 5.1 (1.0) 4.9 ± 0.9 

Walking speed (m/s) 1.04 (0.09) 1.04 (0.13) 1.03 (0.11) 

Kumar et al, 2015 
3-dimensional 
motion analysis 
during gait 

Peak hip external flexion moment (%BW.ht) 5.1 (1.4) 4.2 (1.7)    Data not adjusted but 
walking speed matched 
during data collection. Walking speed (m/s) 1.35 1.35   

Myer et al, 2018 
3-dimensional 
motion analysis 
during gait 

Peak hip internal extension moment (Nm/kg)† 0.39 (0.21) 0.55 (0.20)   

  Peak hip internal abduction moment (Nm/kg)† 0.72 (0.24) 0.90 (0.15)   

Walking speed (m/s) 1.05 (0.11)* 1.32 (0.06)   

Schmidt et al, 2017 
3-dimensional 
motion analysis 
during gait 

Peak hip external adduction moment (Nm/kg.m)
#
 1.34 (0.22) 1.40 (0.22) 1.61 (0.23) Data not adjusted but 

walking speed matched 
during data collection. Walking speed (m/s) 1.01 (0.12) 0.97 (0.08)   

Schmitt et al, 2015 
3-dimensional 
motion analysis 
during gait 

Peak hip internal extension moment (Nm/kg)Ω 0.61 (0.28)**  1.00 (0.56)   
  

Walking speed (m/s) 1.07 (0.23)**  1.38 (0.22)   

Watelain et al, 2001 
3-dimensional 
motion analysis 
during gait 

Peak hip internal abduction moment (units: NR) 0.73 (0.42) 0.75 (0.21)   

  Walking speed (m/s) 1.05 (0.12)* 1.18 (0.12)   

Wesseling et al, 
2018 

3-dimensional 
motion analysis 
during gait 

Peak hip internal extension moment (Nm/kg) 0.40 (0.22) 0.53 (0.28)     

Peak hip internal abduction moment (Nm/kg) 0.61 (0.15) 0.79 (0.24)     

Walking speed (m/s) 1.03 (0.28)**  1.34 (0.20)     

       



       

Zeni et al, 2015 
3-dimensional 
motion analysis 
during gait 

Peak hip internal extension moment (Nm/kg.m)† 0.30 (0.09) 
 

0.38 (0.12)   
Peak hip internal abduction moment (Nm/kg.m) 0.43 (0.11)* 

 
0.46 (0.09)   

Walking speed (m/s) NR   NR   
*Significant difference between hip OA group and comparator group (p < 0.05); ** significant difference between hip OA group and comparator group (p < 0.025); ¶significant difference for 
gender/adduction moment interaction; asignificant difference between hip OA group and contralateral leg (p < 0.025); bsignificant difference between contralateral leg and control group (p < 
0.025); Ωpeak values extracted from plots; †data provided by authors; #calculated from median and interquartile range; ⍺comparisons made between female OA and female control, and male 
OA and male control. BW - body weight; ht - height; F - female; M - male; NR -  not reported. 



 

Table 3. Meta-regression of putative factors related to 
heterogeneitya. 

 

 

 

 

 

 

 Peak external hip flexion moment Peak external hip adduction moment  

 
Regression coefficient 
(95% CI) 

p-value 
Regression Coefficient 
(95% CI) 

p-value 

Mean age of study sample -0.06 (-0.16, 0.04) 0.198 0.01 (-0.07 to 0.09) 0.714 

Proportion of study sample that was male -0.01 (-0.07, 0.04) 0.534 -0.03 (-0.06 to -0.01) 0.021 

Mean body mass index of study sampleb -0.32 (-0.65, 0.02) 0.058 0.05 (-0.41 to 0.50) 0.771 

Mean walking speed of study samplec  2.84 (-0.92 to 6.60) 0.117 2.21 (-2.42 to 6.85) 0.287 

Study sample size -0.01 (-0.02 to 0.00) 0.254 0.00 (-0.01 to 0.01) 0.984 
aEach variable was entered into a separate meta-regression model against the standardised mean difference; 
bstudies10,11,13,16,17 were excluded because body mass index was not reported; cstudies10,16 were excluded 
because walking speed was not reported. CI – confidence interval.  



Table 4. Quality assessment of included studies, using the Downs and Black Quality Assessment Checklist (22). 

Cross-sectional and cohort studies 

Author, year Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19 Q20 Q21 Q22 Q23 Q24 Q25 Q26 Q27 Total Percentage 

Cross-sectional studies                          
  

Constantinou 
et al, 2017 

1 1 1 n/a 1 1 1 n/a n/a 1 1 0 n/a n/a n/a n/a n/a 1 n/a 1 0 1 n/a n/a 1 n/a 1 13 87 

Eitzen et al, 
2012 

1 1 1 n/a 1 1 1 n/a n/a 1 1 0 n/a n/a n/a n/a n/a 1 n/a 1 0 0 n/a n/a 1 n/a 0 11 73 

Foucher 2017 1 1 1 n/a 1 1 1 n/a n/a 1 0 0 n/a n/a n/a n/a n/a 1 n/a 1 1 0 n/a n/a 1 n/a 0 11 73 

Foucher 2016 1 1 1 n/a 0 1 1 n/a n/a 1 0 0 n/a n/a n/a n/a n/a 1 n/a 1 1 0 n/a n/a 1 n/a 0 10 67 

Foucher et al, 
2007 

1 1 1 n/a 1 1 1 n/a n/a 0 0 0 n/a n/a n/a n/a n/a 1 n/a 1 0 0 n/a n/a 0 n/a 0 8 53 

Hurwitz et al, 
1997 

1 0 1 n/a 0 1 1 n/a n/a 1 0 0 n/a n/a n/a n/a n/a 1 n/a 1 0 0 n/a n/a 1 n/a 0 8 53 

Kumar et al, 
2015 

1 1 1 n/a 1 1 1 n/a n/a 1 1 0 n/a n/a n/a n/a n/a 1 n/a 1 0 0 n/a n/a 1 n/a 0 11 73 

Myer et al, 
2015 

1 1 1 n/a 1 1 1 n/a n/a n/a 0 0 n/a n/a n/a n/a n/a 1 n/a 1 1 0 n/a n/a n/a n/a 0 9 69 

Schmidt et al, 
2017 

1 1 1 n/a 0 1 1 n/a n/a 1 1 0 n/a n/a n/a n/a n/a 1 n/a 1 0 0 n/a n/a 1 n/a 0 8 62 

Schmitt et al, 
2015 

1 1 1 n/a 1 0 1 n/a n/a 1 0 0 n/a n/a n/a n/a n/a 1 n/a 1 0 0 n/a n/a 1 n/a 0 9 60 

Watelain et al, 
2001 

1 1 1 n/a 1 1 1 n/a n/a 0 0 0 n/a n/a n/a n/a n/a 0 n/a 1 0 0 n/a n/a 0 n/a 0 7 47 

Cohort studies 
                             

Myer et al, 
2018 

1 1 1 n/a 1 1 1 n/a n/a 1 1 0 n/a n/a n/a n/a n/a 1 n/a 0 0 0 n/a n/a 1 n/a 0 10 67 

Wesseling et 
al, 2018 

1 1 1 n/a 1 1 1 n/a n/a 1 1 0 n/a n/a n/a n/a n/a 1 n/a 1 0 0 n/a n/a 1 n/a 0 11 73 

Zeni et al, 
2015 

1 1 1 n/a n/a 1 1 n/a n/a 1 1 1 n/a n/a n/a n/a n/a 1 n/a 1 n/a n/a n/a n/a 1 n/a 0 11 92 
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