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Abstract  1 

Objective: To determine how patient factors: age, sex, body mass index (BMI), clinical scores 2 

and physical exam findings, are associated with gait recovery after total hip arthroplasty (THA).  3 

Method: 145 subjects, who were evaluated with standard gait analysis, the Harris Hip Score 4 

(HHS), and a physical exam including passive range of motion, hip abductor strength 5 

assessment, before and after primary unilateral THA, were identified from an IRB-approved 6 

repository. Sagittal plane dynamic range of motion (ROM) and 3D peak external moments were 7 

averaged from operated-side normal-speed trials at each visit. We used linear regression analysis 8 

to evaluate the association among preoperative clinical factors and postoperative gait, with and 9 

without controlling for the influence of preoperative gait variables.  10 

Results: Sagittal and transverse plane moments, and the peak abduction moment seen in early 11 

stance, significantly improved after THA (p<0.001, effect size d = 0.22-1.04). The peak 12 

adduction moment did not change significantly (p=0.646), although the change ranged from -2.7 13 

to + 4.0 %Body weight x height (-80% to +315%). Preoperative gait, clinical factors and patient 14 

characteristics predicted up to 33% of the variability in postoperative gait. Notably, greater 15 

preoperative abductor strength was associated with higher postoperative adduction and external 16 

rotation moments (R=0.197-0.266, p<0.05) after adjusting for age, sex, BMI and preoperative 17 

gait.  18 

Conclusion: Preoperative clinical factors predicted several specific aspects of objectively-19 

characterized postoperative gait function. Physical exam findings can augment the predictive 20 

ability of clinical outcome measures, and potentially help guide rehabilitation plans. 21 

 22 

Keywords: total hip arthroplasty; functional recovery; gait; biomechanics; outcome measures 23 

 24 



3 
 

Introduction  25 

Across patient populations, countries, and evaluation methods, between 14 and 46% of 26 

patients report functional limitations or insufficient functional improvement after total hip 27 

arthroplasty (THA).1-4 For example, 22% of 5707 THA patients from the Mayo Clinic Total Joint 28 

Registry surveyed 2 years after surgery reported “moderate” walking limitations and 6% reported 29 

“severe” walking limitations (with options including none, mild, moderate, and severe).4  These 30 

statistics are particularly disappointing because of the high value that patients place on functional 31 

recovery.5, 6 Identifying new strategies to improve postoperative function is an important clinical 32 

and research priority. 33 

Walking is the aspect of function in which THA candidates most desire or expect 34 

improvement.6, 7  Moreover, normal gait may promote an implant loading environment that 35 

reduces the likelihood of implant wear or dislocation. Quantitative gait analysis can precisely and 36 

objectively characterize specific aspects of walking. 8-12 Joint motions and external moments can 37 

be calculated from the positions of reflective markers on body segments and ground reaction 38 

forces recorded during walking. External moments must be balanced by internal moments 39 

produced by the muscles and other joint structures. So, for example, when we measure an 40 

external hip adduction moment, we can infer net activity of the hip abductors. Many studies have 41 

described postoperative THA gait. 13-17 These studies, however, have generalizability concerns 42 

that limit how they can be used and interpreted to inform rehabilitation practices. First, we know 43 

from the clinical literature that preoperative function is an important determinant of 44 

postoperative function;3, 18 unfortunately, a recent meta-analysis points out that most gait analysis 45 

studies have not included a preoperative evaluation.16, 17 Second, many gait analysis studies have 46 

had relatively small sample sizes – in the same meta-analysis, all but one study had fewer than 47 
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30 subjects. Finally, most studies are limited to a single or a small number of implant designs, 48 

surgeons, and surgical approaches. Results from gait analysis studies could help inform the 49 

direction of rehabilitation and our understanding of THA function, but a fuller understanding of 50 

the influence of preoperative factors on changes in gait after THA, in a heterogeneous population 51 

is needed.  52 

The goal of this study was to test the association between preoperative clinical findings 53 

and gait improvement in a relatively large, heterogeneous group of subjects who participated in 54 

longitudinal gait analysis studies before and after primary unilateral THA. Subjects were 55 

heterogeneous with respect to surgeon and surgical approach, implant type, and other aspects of 56 

clinical management, but had participated in gait analysis studies that had similar inclusion 57 

criteria and study designs. The objective of this investigation was to determine whether any self-58 

reported clinical outcome measures (e.g. pain) or exam findings (e.g. passive range of motion) 59 

were associated with postoperative gait after THA, taking preoperative gait into account. The 60 

broader rationale for this study was that preoperative clinical findings associated with larger 61 

increases in the selected gait variables – with the assumption that higher, i.e. closer to normal 62 

values are preferable – could potentially be used to identify specific aspects of function that 63 

should be targeted in postoperative rehabilitation or to help screen subjects for investigations of 64 

new rehabilitation interventions.  65 

 66 

Methods 67 

Subjects 68 

Subjects were identified using an IRB-approved repository, containing gait analysis data, 69 

demographic data, and clinical scores for subjects tested before and after primary unilateral 70 
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THA. All subjects gave written informed consent for the studies in which they were enrolled and 71 

for their data to be included in the repository. Use of the repository for the present analysis was 72 

also IRB-approved. The procedures followed were in accordance with the ethical standards of 73 

the responsible committee on human experimentation (institutional and national) and with the 74 

Helsinki Declaration of 1975, as revised in 2000. All subjects had been recruited for 75 

observational studies of gait mechanics or implant loading before and/or after THA. Subjects 76 

meeting inclusion criteria were sequentially enrolled from the surgeons’ practices, in two large 77 

high-volume urban medical centers. The primary inclusion criterion for the original studies was 78 

candidacy for primary unilateral THA. Most studies specifically required a diagnosis of 79 

osteoarthritis; all excluded patients with inflammatory arthritis and trauma. Other exclusion 80 

criteria included self-reported pain, past or anticipated surgical procedures, or any previous 81 

diagnoses involving lower extremity joints other than the affected hip. None of the original 82 

studies restricted subject age, clinical or radiographic disease severity. One of the original studies 83 

specifically involved minimally invasive surgical approaches. Otherwise, patient selection, 84 

surgical approach, and perioperative management were per surgeons’ (and rehabilitation 85 

providers) usual protocols, and were not dictated by the design of the original studies. Some 86 

original study results have been previously published.10, 13, 15  87 

We sought subjects with a preoperative evaluation and a postoperative evaluation that 88 

was conducted at least 6 months after surgery. Subjects were not considered if no preoperative 89 

evaluation was available in the repository. If a subject had been evaluated more than once after 90 

surgery, the visit closest to the one year postoperative time point was selected. (No subjects were 91 

evaluated more than once before surgery.) The one-year time point was selected because it was 92 

the most commonly tested time-point in the subject group considered, because our previous work 93 
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has suggested that gait stabilizes by this time after surgery,15 and because this is a commonly 94 

used time-point in the literature.16 95 

 96 

Preoperative Clinical Assessment 97 

Preoperative clinical status was summarized using the Harris Hip Score (HHS)19 and an 98 

in-house assessment form administered at the time of the gait evaluation. Although the HHS was 99 

not originally developed for modern THA, it is still widely used in orthopedic surgery and has 100 

good validity and reliability in evaluation of THA patients.20 It includes domains of pain, gait 101 

function, activities of daily living (ADLs), absence of “deformity,” and an assessment of passive 102 

range of motion. . Scores range from 0 to 100 (best). In this study, the total preoperative HHS as 103 

well as the HHS pain, gait, and ADL subscores were analyzed. Passive range of motion in 104 

flexion, adduction, abduction, internal rotation, and external rotation were assessed. Hip abductor 105 

strength was assessed by manual muscle testing on a 5 point scale,21 where 0 represents the 106 

inability to abduct the hip, and 5 represents the ability to resist both gravity and manual 107 

resistance. Finally, subjects were questioned about other problematic joints with an open-ended 108 

list of questions beginning “Do you have any problems with your ….” and ending with 109 

contralateral hip, ipsilateral knee, contralateral knee, low back, upper extremities, and other (e.g. 110 

cervical spine). We tallied the number of affirmative responses, and used this number as an 111 

additional preoperative clinical measure for the analysis. 112 

 113 

Gait Analysis 114 

All subjects underwent gait analysis using the same standard methods that have been 115 

previously described in the literature.22, 23 Briefly, retro-reflective markers were placed on lower 116 



7 
 

extremity bony landmarks. Joint centers were located based on the position of these markers, and 117 

anthropometric measurements. An optoelectronic camera system (Qualisys North America, 118 

Deerfield, IL) and multicomponent force plate (Bertec, Columbus, OH) recorded marker 119 

positions and ground reaction forces as subjects walked at a range of self-selected speeds (slow, 120 

normal, fast). The sagittal plane dynamic range of motion of the hips, knees, and ankles were 121 

calculated from marker positions. Inverse dynamics were used to compute external moments 122 

about each joint in the sagittal, frontal, and transverse planes. Moments were normalized to 123 

subject body weight and height (%BWxHt). This normalization technique reduces the 124 

differences between men and women that are solely attributable to body size.24 The gait variables 125 

of interest here were the sagittal plane dynamic range of motion and peak external moments in 126 

the sagittal, frontal, and transverse planes, for the operated hip (Figure 1),  averaged from trials 127 

collected at each subject’s self-selected normal walking speed.  128 

 129 

Statistical Analysis 130 

To understand the association between preoperative gait and clinical variables and 131 

postoperative gait, we used t-tests, Pearson correlations, and linear regression analysis. First, 132 

paired Student’s t-tests were used to assess pre- to postoperative change in gait variables without 133 

considering the potential influence of the other variables. Next, Pearson correlations were used to 134 

to assess the unadjusted association between each preoperative clinical variable and the pre-to-135 

postoperative change in each gait variable. Next, second order correlations were calculated to 136 

evaluate these associations accounting for potential influence of the preoperative value of each 137 

gait variable, and finally, to evaluate these associations statistically accounting for potential 138 

influence of preoperative gait variables, as well as age, sex, and BMI. Finally, we used 139 
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regression analysis to identify a set of preoperative variables associated with each postoperative 140 

gait variable. To avoid introducing bias due to the relationships among the potential covariates, 141 

variable selection was conducted using the directed acyclic graphic approach.25 The preoperative 142 

candidate variables considered in the subsequent regression procedures were the HHS, the HHS 143 

pain, gait function, and ADL function subscales, degree of flexion contracture, and the respective 144 

preoperative gait variable. Data were missing for some of the potential preoperative variables.  145 

Forward and backward selection procedures were applied first on the subset with no missing data 146 

and again with the largest available sample for the subset of selected variables. We reported the 147 

coefficients with 95% confidence intervals, and adjusted R2 values for the best models for each 148 

gait variable. 149 

 150 

Results  151 

Subjects  152 

145 subjects were identified from the data repository (Figure 2). Surgeries were 153 

conducted at two large urban medical centers by 8 different surgeons. Subjects were initially 154 

enrolled under 4 related study protocols. Physical and clinical characteristics were gathered for 155 

all subjects (Table 1) and compared for the subjects grouped either by original study enrollment 156 

or surgeon. There were no statistically significant differences in age, sex, or BMI among subjects 157 

when grouped by original study enrollment (p = 0.187 to 0.475) or surgeon (p = 0.052 to 0.475).  158 

 159 

Gait improvement – unadjusted  160 

Based on paired t-tests, there were statistically significant improvements in all gait 161 

variables (p < 0.001) except the peak hip adduction moment (Table 2). Effect sizes for 162 
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improvements in sagittal and transverse plane gait variables were medium to large.26, 27 Effect 163 

sizes were small for frontal plane improvements. 164 

 165 

Association between self-reported clinical variables and postoperative gait changes 166 

 The Harris Hip Score and its subscales predicted changes in several gait variables (Table 167 

3). Subjects with higher HHS values before surgery had lower postoperative values of the peak 168 

hip adduction and external rotation moments, after adjusting for age, sex, BMI, and the 169 

preoperative values of the respective gait variables. Identical relationships were seen with the 170 

HHS ADL function subscale. Preoperative pain was inversely correlated with the postoperative 171 

peak abduction moment, after adjusting age, sex, BMI, and preoperative abduction moments. 172 

Number of other troubling joints was not associated with changes in gait variables (p = 0.060 to 173 

p = 0.970).  174 

 175 

Association between physical exam derived clinical variables and postoperative gait changes 176 

Passive range of motion (Table 4) and manually tested hip abductor strength (Table 5) 177 

also predicted changes in several gait variables. After adjusting for age, sex, and preoperative 178 

gait variables, passive flexion range of motion was inversely correlated with the peak hip flexion 179 

moment. Passive hip external rotation range of motion was positively correlated with the peak 180 

extension moment and inversely correlated with the peak external rotation moment. Higher 181 

preoperative abductor strength was independently associated with greater postoperative hip 182 

adduction and external rotation moments, and lower abduction moments. 183 

 184 

Regression models 185 
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Combinations of preoperative variables predicted 15-33% of the variation in 186 

postoperative gait (Table 6). As expected, higher values of preoperative gait variables were 187 

associated with higher values of the same variables after surgery. In fact, the preoperative values 188 

of the hip range of motion, and peak moments in the sagittal and transverse planes were the only 189 

statistically significant explanatory variables that remained in the respective regression models. 190 

In the frontal plane, the postoperative peak adduction moment was associated with its respective 191 

preoperative value, as well as the preoperative HHS ADL subscale. Based on the magnitude of 192 

the standardized regression coefficients, however the preoperative adduction moment was 193 

approximately twice as influential as the HHS ADL subscale in determining the postoperative 194 

adduction moment. Along with the preoperative peak abduction moment, HHS, HHS pain and 195 

HHS gait function subscales were associated with postoperative abduction moments.  196 

 197 

 198 

Discussion  199 

This study was motivated by the need for better ways to predict overall functional 200 

improvement after THA. We used quantitative gait analysis to characterize function, rather than 201 

PROs, because of the direct link between gait analysis findings and the actions of specific muscle 202 

groups. Most previous studies using PROs find that THA patients who have higher preoperative 203 

pain or function scores on PROs have higher postoperative scores but less relative 204 

improvement.1, 3, 4, 28, 29 However it is not clear how much of this phenomenon is attributable to the 205 

fact that patients with a high preoperative PRO scores have less room for improvement in these 206 

same scores. In this study, by using gait analysis to characterize function, we could assess the 207 

association of preoperative clinical status and postoperative function independent of PRO 208 
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measurement properties. We also assessed whether or not any physical exam measures were 209 

associated with gait changes after THA. We found several meaningful associations between 210 

preoperative clinical findings and specific aspects of postoperative gait that could potentially be 211 

used to inform new rehabilitation strategies.  212 

Higher preoperative HHS, as well as higher scores on the HHS ADL function subscale, 213 

were associated with lower postoperative hip adduction and external rotation moments. The hip 214 

adduction moment reflects net activity of the hip abductor muscles, which include the gluteus 215 

medius, gluteus minimus, and tensor fascia latae. In addition to maintaining pelvic stability in the 216 

frontal plane during single limb stance, these muscles perform internal hip rotation and provide 217 

stability in the transverse plane during walking.30-33 Accordingly, we interpret both the peak 218 

adduction and external rotation moments as a reflection of net activity of the hip abductors 219 

during walking. Thus, patients with better clinical scores before surgery actually had less 220 

improvement in abductor function. We note that there was no correlation between the 221 

preoperative hip adduction moment and either the total HHS or the HHS ADL subscore (R = 222 

0.055, p = 0.488 and R = 0.038, p = 0.619). Thus, this finding does not indicate that subjects with 223 

better preoperative HHS simply had better preoperative abductor function. One possibility is that 224 

patients with higher pre- or postoperative HHS might have received less intensive focus on the 225 

hip abductors during their postoperative physical therapy because their deficits were less 226 

apparent or were not perceived as being problematic.  227 

Many studies have found that the peak hip adduction moment or external rotation 228 

moments in postoperative THA patients is lower than in control subjects.16, 17 Lateral and anterior 229 

surgical approaches are often associated with poorer abductor function compared to posterior 230 

approaches in many,34-36 but not all studies.37-39 A recent study by Queen et al., failed to identify 231 
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superior gait outcomes in subjects who underwent THA with posterior approaches compared to 232 

lateral approaches by one year after surgery.39 They noted, however, that preoperative HHS were 233 

higher in the posterior group than in the other groups. Based on our finding that preoperative 234 

HHS are associated with some lower postoperative gait moments, we can speculate that Queen’s 235 

study would have found superior gait outcomes in the posterior group had their preoperative 236 

scores been comparable to the other groups. As with our study, it is possible that their subjects 237 

who were perceived as more highly functioning received less intensive rehabilitation. In any 238 

case, our study indicates that preoperative clinical status should be taken into account when 239 

evaluating different surgical approaches or other types of interventions, and emphasizes the need 240 

for perioperative screening for rehabilitation planning.40 241 

Subjects with more abductor strength before surgery had higher postoperative peak 242 

adduction and external rotation moments after surgery. Preoperative abductor strength was 243 

associated with the preoperative values of these moments (respectively R = 0.203, p = 0.026 and 244 

R = 0.260, p = 0.004). This suggests that hip abductor weakness assessed before surgery may 245 

indicate a need for special focus on dynamic abductor function after surgery, especially in those 246 

patients with incongruously high self-reported functional scores. Although causality cannot be 247 

inferred from this study design, this study also supports the concept that preoperative abductor 248 

strengthening could improve postoperative gait function. So far, most preoperative exercise 249 

interventions do not specifically target this muscle group,41-43 and so far, while they are effective 250 

in the preoperative and early postoperative period, none appear to have lasting benefits. We can 251 

speculate from this work, that earlier (i.e. preoperative), more specific, or more sustained, 252 

emphasis on the hip abductors in particular could lead to further benefit. It is also important to 253 

note that the hip adduction moment is not a direct reflection of abductor strength, and that 254 
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stronger hip abductors would not necessarily result in more normal hip adduction moments. 255 

Trunk position, mechanical alignment of the limb, and reconstructed joint geometry, among 256 

other factors, all help determine frontal plane hip loading during gait.  257 

The associations between passive range of motion and gait changes were somewhat 258 

surprising because the peak gait variables do not necessarily occur at the extremes of hip motion. 259 

Subjects with more range of motion in external rotation before surgery had higher peak extension 260 

moments after surgery. The peak extension moment reflects net activity of (or demand on) hip 261 

flexors. Several studies have found that this moment is reduced compared to control subjects 262 

after surgery.13, 14, 16  The peak extension moment occurs toward the end of stance when the hip 263 

is slightly extended. Others have found that hip extension in late stance is typically reduced 264 

compared to healthy controls.14, 16 Thus it is possible that being able to achieve sufficient hip 265 

extension, and moreover to achieve some external rotation of the hip with this hip extension 266 

would give the hip flexors a more mechanically advantageous position, or allow muscles that can 267 

have hip flexion as a secondary role to participate in this action (e.g. the anterior fibers of the 268 

gluteus medius). Expanding the hip range of motion in external rotation may not be emphasized 269 

after surgery, so preoperative motion restrictions would likely persist. Unfortunately no 270 

transverse plane kinematics were collected and electromyography was not conducted so these 271 

speculations cannot be evaluated with the information available. Preoperative range of motion in 272 

flexion was inversely correlated with the postoperative peak external rotation moment. A related 273 

variable, the degree of hip flexion contracture was included in the regression model, however the 274 

coefficient was not statistically significant at the p<0.05 level. This casts doubt on the 275 

importance of this variable. We do know from recent work,44 that better hip range of motion is 276 

associated with better clinical scores. In some older adult populations, reduced hip range of 277 
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motion may be associated with increased fall risk as well.45 Thus, improving hip range of motion 278 

is potentially important for THA patients for other reasons. 279 

Even though other significant joint disease was an exclusion criterion for enrollment into 280 

the original studies, only 52 of the 167 subjects who answered this question reported having no 281 

other troubling joints. Number of other troubling joints was not associated with any 282 

postoperative gait variable. This is in contrast to findings of several recent studies, that having a 283 

higher number of other troublesome joints was associated with poorer functional outcomes in hip 284 

and knee arthroplasty patients.3, 18, 46  It is possible that limitations arising from joints other than 285 

the affected hip do not affect objectively-measured hip function, but do affect the patient’s 286 

perception of function.  287 

Lower BMI was associated with higher postoperative values of range of motion, 288 

adduction moments, and external rotation moments. This is in line with findings that lower BMI 289 

is associated with better self-reported functional scores in THA patients.2, 47 However, these 290 

studies also show that patients with higher BMIs achieve more relative improvement in function 291 

and emphasize that even people with very high BMIs achieve considerable benefit from THA. 292 

Nevertheless, this study supports the idea that reducing BMI may be an important part of an 293 

overall preoperative strategy to optimize surgical outcomes.  294 

This study had several strengths including a large sample size (relative to other gait 295 

analysis studies), the inclusion of preoperative gait data, and the inclusion of both self-reported 296 

measures and information taken from physical exam. There were of course, several unavoidable 297 

limitations that, while unlikely to change the conclusions, may influence generalizability and 298 

future research directions. First, the pooling of data from several studies means that numerous 299 

examiners were involved in evaluating these subjects. Although training and methods are 300 
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standardized, inter-rater variability is a potential issue. The number of testers may also have 301 

impacted the amount of available data, as a few testers may not have fully completed the HHS 302 

form. Next, several factors not considered in this study can have a large influence on gait 303 

biomechanics after THA. Postoperative joint geometry reconstruction can be an important 304 

contributor to hip joint loading during gait,48 hip abductor strength,49, 50 and has recently been 305 

linked to clinical outcomes.29 The influence of femoral head size on gait has also been 306 

investigated.51 Unfortunately radiographs were not available for all subjects, so we could not 307 

evaluate the influence of these factors on gait in this study. Next, individual surgeons may have 308 

different thresholds for how low clinical scores should be before THA is considered. In these 309 

subjects, however, preoperative HHS did not differ when subjects were grouped by surgeon 310 

(independent-samples Kruskal-Wallis p = 0.070), when subjects from the most active surgeon (n 311 

= 83) were compared to those from all other surgeons together (Mann-Whitney p = 0.067) or 312 

when the subjects from the two most active surgeons were compared (Mann-Whitney p = 0.950). 313 

Thus, individual trends in patient selection among surgeons are unlikely to have substantially 314 

influenced these results. Finally, surgical approach,15, 35, 39, 52 and variability in rehabilitation 315 

programs 53-56 could potentially have an influence on gait outcomes. So far, most studies show 316 

that few differences are present, particularly with longer follow-up times.15, 35, 39, 52, 57, 58 however, a 317 

recent meta-analysis found a statistically significant advantage of posterior approaches over 318 

lateral approaches regarding the Trendelenburg sign or gait, which indicate poor abductor 319 

strength.34 Although the lack of information on surgical approach in particular is a major 320 

limitation of this study, the heterogeneity in this sample may be viewed as strength because it 321 

means the study findings are more likely to be generalizable.  322 
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In conclusion, preoperative clinical status, as assessed through the HHS and physical 323 

exam, can predict several aspects of postoperative gait changes. Notably, this study was to our 324 

knowledge the first to demonstrate a link between preoperative hip abductor strength and 325 

postoperative dynamic abductor function. This work has implications for the ongoing efforts to 326 

improve functional outcomes for THA patients. First, while Westby and colleagues reported 327 

expert consensus recommendations for preoperative screening for clinical rehabilitation planning 328 

using PROs,40 this study suggests that physical exam measures such as manual muscle strength 329 

could enhance preoperative planning. Where available, preoperative gait analysis could play a 330 

role as well. A greater understanding of preoperative factors related to postoperative gait 331 

mechanics could help surgeons and patients refine their expectations for postoperative function. 332 

This is important because patient expectations are an important independent determinant of 333 

outcomes.7, 59  Also, patients who may be risk for poor postoperative abductor function, based on 334 

preoperative factors identified here, might be advised to undergo THA with surgical approaches 335 

associated with better abductor outcomes. Finally, although prospective studies are needed to 336 

establish causality, this study suggests that improving preoperative abductor strength and range 337 

of motion could be a useful strategy to increase the likelihood of good gait function after surgery. 338 

Interventions that improve gait function via trunk position modification, feedback to improve 339 

gait symmetry,60 or other gait retraining modifications,61 may help improve THA outcomes.  340 
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Acknowledgments  342 

This study was funded by a grant from the Rush Research Mentoring Program Young 343 

Investigator Research Fund. Data acquisition assistance from the repository was provided by 344 

Gary Farkas and Robert Trombley. This study was performed at the Rush University Medical 345 



17 
 

Center, Joan and Paul Rubschlager Motion Analysis Laboratory.  346 

 347 

Contributions  348 

Dr. Foucher was responsible for study design and conception, data analysis and interpretation, 349 

drafting the article, and preparing the manuscript for submission. Dr. Freels provided statistical 350 

expertise, participated in data analysis and interpretation, and critical revision of the article for 351 

important intellectual content. Dr. Foucher (kfouch1@uic.edu) takes responsible for the integrity 352 

of the work as a whole. 353 

 354 

Role of the funding source 355 

The study sponsors had no role in the study design, data collection, analysis, or interpretation, or 356 

manuscript preparation. 357 

 358 

Competing interest statement 359 

The authors deny any financial or personal relationships that could inappropriately influence the 360 

work. 361 

 362 

  363 

mailto:kfouch1@uic.edu


18 
 

References 364 

1. Nilsdotter AK, Petersson IF, Roos EM, Lohmander LS. Predictors of patient relevant outcome 365 

after total hip replacement for osteoarthritis: a prospective study. Ann Rheum Dis 2003;62:923-366 

30.  367 

2. Judge A, Cooper C, Williams S, Dreinhoefer K, Dieppe P. Patient-reported outcomes one year 368 

after primary hip replacement in a European Collaborative Cohort. Arthritis Care Res (Hoboken) 369 

2010;62:480-8.  370 

3. Hawker GA, Badley EM, Borkhoff CM, Croxford R, Davis AM, Dunn S, et al. Which patients 371 

are most likely to benefit from total joint arthroplasty? Arthritis Rheum 2013;65:1243-52.  372 

4. Singh JA and Lewallen DG. Patient-level clinically meaningful improvements in activities of 373 

daily living and pain after total hip arthroplasty: data from a large US institutional registry. 374 

Rheumatology (Oxford) 2013;52:1108-18.  375 

5. Hobbs N, Dixon D, Rasmussen S, Judge A, Dreinhofer KE, Gunther KP, et al. Patient 376 

preoperative expectations of total hip replacement in European orthopedic centers. Arthritis Care 377 

Res (Hoboken) 2011;63:1521-7.  378 

6. Heiberg KE, Ekeland A, Mengshoel AM. Functional improvements desired by patients before 379 

and in the first year after total hip arthroplasty. BMC Musculoskelet Disord 2013;14:243,2474-380 

14-243.  381 

7. Mancuso CA, Jout J, Salvati EA, Sculco TP. Fulfillment of patients' expectations for total hip 382 

arthroplasty. J.Bone Joint Surg Am 2009;91:2073-8.  383 



19 
 

8. Lindemann U, Becker C, Unnewehr I, Muche R, Aminin K, Dejnabadi H, et al. Gait analysis 384 

and WOMAC are complementary in assessing functional outcome in total hip replacement. Clin 385 

Rehabil 2006;20:413-20.  386 

9. van den Akker-Scheek I, Zijlstra W, Groothoff JW, Bulstra SK, Stevens M. Physical 387 

functioning before and after total hip arthroplasty: perception and performance. Phys Ther 388 

2008;88:712-9.  389 

10. Foucher KC, Thorp LE, Orozco DA, Hildebrand M, Wimmer MA. Differences in preferred 390 

walking speeds in a gait laboratory compared with the real world after total hip replacement. 391 

Arch Phys Med Rehabil 2010;91:1390-5.  392 

11. Stratford PW, Kennedy DM, Maly MR, MacIntyre NJ. Quantifying self-report measures' 393 

overestimation of mobility scores postarthroplasty. Phys Ther 2010;90:1288-96.  394 

12. Unnanuntana A, Mait JE, Shaffer AD, Lane JM, Mancuso CA. Performance-Based Tests and 395 

Self-Reported Questionnaires Provide Distinct Information for the Preoperative Evaluation of 396 

Total Hip Arthroplasty Patients. J.Arthroplasty 2012;27:770-5.e1.  397 

13. Foucher KC, Hurwitz DE, Wimmer MA. Preoperative gait adaptations persist one year after 398 

surgery in clinically well-functioning total hip replacement patients. J.Biomech. 2007;40:3432-7.  399 

14. Beaulieu ML, Lamontagne M, Beaule PE. Lower limb biomechanics during gait do not 400 

return to normal following total hip arthroplasty. Gait Posture 2010;32:269-73.  401 

15. Foucher KC, Wimmer MA, Moisio KC, Hildebrand M, Berli MC, Walker MR, et al. Time 402 

course and extent of functional recovery during the first postoperative year after minimally 403 



20 
 

invasive total hip arthroplasty with two different surgical approaches--a randomized controlled 404 

trial. J.Biomech. 2011;44:372-8.  405 

16. Ewen AM, Stewart S, St Clair Gibson A, Kashyap SN, Caplan N. Post-operative gait 406 

analysis in total hip replacement patients-a review of current literature and meta-analysis. Gait 407 

Posture 2012;36:1-6.  408 

17. Kolk S, Minten MJM, Van Bon GEA, Rijnen WH, Geurts ACH, Verdonschot N, et al. Gait 409 

and gait-related activities of daily living after total hip arthroplasty: A systematic review. 410 

Clin.Biomech. 2014;29:705-18.  411 

18. Judge A, Javaid MK, Arden N, Cushnaghan J, Reading I, Croft P, et al. A clinical tool to 412 

identify patients who are most likely to receive long term improvement in physical function after 413 

total hip arthroplasty. Arthritis Care Res (Hoboken). 2012;64:881-9.  414 

19. Harris WH. Traumatic arthritis of the hip after dislocation and acetabular fractures: treatment 415 

by mold arthroplasty. An end-result study using a new method of result evaluation. J.Bone Joint 416 

Surg.Am. 1969;51:737-55.  417 

20. Soderman P and Malchau H. Is the Harris hip score system useful to study the outcome of 418 

total hip replacement? Clin.Orthop.Relat.Res. 2001;(384):189-97.  419 

21. Ball JW, Dains JE, Flynn JA, Solomon BS, Stewart RW. Musculoskeletal System. In: 420 

Seidel's Guide to Physical Examination. St. Louis, MO: Mosby, 2015, pp: 501-43.  421 



21 
 

22. Hurwitz DE, Foucher KC, Sumner DR, Andriacchi TP, Rosenberg AG, Galante JO. Hip 422 

motion and moments during gait relate directly to proximal femoral bone mineral density in 423 

patients with hip osteoarthritis. J.Biomech. 1998;31:919-25.  424 

23. Andriacchi TP, Natarajan RN, Hurwitz DE. Musculo-skeletal dynamic locomotion and 425 

clinical applications. In: Basic Orthopaedic Biomechanics and Mechano-Biology. V. C. Mow 426 

and R. Huiskes, Eds. Philadelphia: Lippincott, 2005, pp: 91-121.  427 

24. Moisio KC, Sumner DR, Shott S, Hurwitz DE. Normalization of joint moments during gait: a 428 

comparison of two techniques. J.Biomech. 2003;36:599-603.  429 

25. Shrier I and Platt RW. Reducing bias through directed acyclic graphs. BMC 430 

Med.Res.Methodol. 2008;8:70,2288-8-70.  431 

26. Cohen J. A power primer. Psychol.Bull. 1992;112:155-9.  432 

27. Chen PY and Popovich PM. Correlation. Thousand Oaks, CA: SAGE Publications, Inc. 433 

2002.  434 

28. Holtzman J, Saleh K, Kane R. Effect of baseline functional status and pain on outcomes of 435 

total hip arthroplasty. J Bone Joint Surg Am. 2002;84-A:1942-8.  436 

29. Judge A, Arden NK, Batra RN, Thomas G, Beard D, Javaid MK, et al. The association of 437 

patient characteristics and surgical variables on symptoms of pain and function over 5 years 438 

following primary hip-replacement surgery: a prospective cohort study. BMJ Open 439 

2013;3:10.1136/bmjopen,2012-002453.  440 



22 
 

30. Gottschalk F, Kourosh S, Leveau B. The functional anatomy of tensor fasciae latae and 441 

gluteus medius and minimus. J Anat. 1989;166:179-89.  442 

31. Delp SL, Hess WE, Hungerford DS, Jones LC. Variation of rotation moment arms with hip 443 

flexion. J.Biomech. 1999;32:493-501.  444 

32. Flack NA, Nicholson HD, Woodley SJ. A review of the anatomy of the hip abductor 445 

muscles, gluteus medius, gluteus minimus, and tensor fascia lata. Clin Anat. 2012;25:697-708.  446 

33. Flack NA, Nicholson HD, Woodley SJ. The anatomy of the hip abductor muscles. Clin Anat. 447 

2014;27:241-53.  448 

34. Berstock J, Blom A, Beswick A. A systematic review and meta-analysis of complications 449 

following the posterior and lateral surgical approaches to total hip arthroplasty. Ann R Coll Surg 450 

Engl. 2015;97:11-6.  451 

35. Madsen MS, Ritter MA, Morris HH, Meding JB, Berend ME, Faris PM, et al. The effect of 452 

total hip arthroplasty surgical approach on gait. J Orthop Res. 2004;22:44-50.  453 

36. Whatling GM, Dabke HV, Holt CA, Jones L, Madete J, Alderman PM, et al. Objective 454 

functional assessment of total hip arthroplasty following two common surgical approaches: the 455 

posterior and direct lateral approaches. Proc Inst Mech Eng.[H] 2008;222:897-905.  456 

37. Baker AS and Bitounis VC. Abductor function after total hip replacement. An 457 

electromyographic and clinical review. J Bone Joint Surg Br. 1989;71:47-50.  458 



23 
 

38. Downing ND, Clark DI, Hutchinson JW, Colclough K, Howard PW. Hip abductor strength 459 

following total hip arthroplasty: a prospective comparison of the posterior and lateral approach in 460 

100 patients. Acta Orthop Scand. 2001;72:215-20.  461 

39. Queen RM, Appleton JS, Butler RJ, Newman ET, Kelley SS, Attarian DE, et al. Total hip 462 

arthroplasty surgical approach does not alter postoperative gait mechanics one year after surgery. 463 

PM R. 2014;6:221,6.  464 

40. Westby MD, Brittain A, Backman CL. Expert consensus on best practices for post-acute 465 

rehabilitation after total hip and knee arthroplasty: a Canada and United States Delphi study. 466 

Arthritis Care.Res.(Hoboken) 2014;66:411-23.  467 

41. Rooks DS, Huang J, Bierbaum BE, Bolus SA, Rubano J, Connolly CE, et al. Effect of 468 

preoperative exercise on measures of functional status in men and women undergoing total hip 469 

and knee arthroplasty. Arthritis Rheum. 2006;55:700-8.  470 

42. Gill SD and McBurney H. Does exercise reduce pain and improve physical function before 471 

hip or knee replacement surgery? A systematic review and meta-analysis of randomized 472 

controlled trials. Arch.Phys.Med.Rehabil. 2013;94:164-76.  473 

43. Villadsen A, Overgaard S, Holsgaard-Larsen A, Christensen R, Roos EM. Postoperative 474 

effects of neuromuscular exercise prior to hip or knee arthroplasty: a randomised controlled trial. 475 

Ann Rheum Dis. 2014;73:1130-7.  476 

44. Behery OA and Foucher KC. Are Harris hip scores and gait mechanics related before and 477 

after THA? Clin Orthop Relat Res. 2014;472:3452-61.  478 



24 
 

45. Kerrigan DC, Lee LW, Collins JJ, Riley PO, Lipsitz LA. Reduced hip extension during 479 

walking: healthy elderly and fallers versus young adults. Arch Phys Med Rehabil. 2001;82:26-480 

30.  481 

46. Singh JA and Lewallen DG. Ipsilateral lower extremity joint involvement increases the risk 482 

of poor pain and function outcomes after hip or knee arthroplasty. BMC Med. 483 

2013;11:144,7015-11-144.  484 

47. Judge A, Batra RN, Thomas GE, Beard D, Javaid MK, Murray DW, et al. Body mass index 485 

is not a clinically meaningful predictor of patient reported outcomes of primary hip replacement 486 

surgery: prospective cohort study. Osteoarthritis and Cartilage 2014;22:431-9.  487 

48. Foucher KC, Hurwitz DE, Wimmer MA. Relative importance of gait vs. joint positioning on 488 

hip contact forces after total hip replacement. J Orthop Res. 2009;27:1576-82.  489 

49. Asayama I, Chamnongkich S, Simpson KJ, Kinsey TL, Mahoney OM. Reconstructed hip 490 

joint position and abductor muscle strength after total hip arthroplasty. J Arthroplasty 491 

2005;20:414-20.  492 

50. Yamaguchi T, Naito M, Asayama I, Ishiko T. Total hip arthroplasty: the relationship between 493 

posterolateral reconstruction, abductor muscle strength, and femoral offset. J.Orthop.Surg.(Hong 494 

Kong) 2004;12:164-7.  495 

51. Zagra L, Anasetti F, Bianchi L, Licari V, Giacometti Ceroni R. No difference in gait 496 

recovery after THA with different head diameters: a prospective randomized study. Clin Orthop 497 

Relat Res. 2013;471:3830-7.  498 



25 
 

52. Jolles BM and Bogoch ER. Posterior versus lateral surgical approach for total hip 499 

arthroplasty in adults with osteoarthritis. Cochrane Database Syst Rev. 2006;3:CD003828.  500 

53. Minns Lowe CJ, Barker KL, Dewey ME, Sackley CM. Effectiveness of physiotherapy 501 

exercise following hip arthroplasty for osteoarthritis: a systematic review of clinical trials. BMC 502 

Musculoskelet Disord. 2009;10:98.  503 

54. Di Monaco M, Vallero F, Tappero R, Cavanna A. Rehabilitation after total hip arthroplasty: a 504 

systematic review of controlled trials on physical exercise programs. Eur J Phys Rehabil Med. 505 

2009;45:303-17.  506 

55. Coulter CL, Scarvell JM, Neeman TM, Smith PN. Physiotherapist-directed rehabilitation 507 

exercises in the outpatient or home setting improve strength, gait speed and cadence after 508 

elective total hip replacement: a systematic review. J.Physiother. 2013;59:219-26.  509 

56. Di Monaco M and Castiglioni C. Which type of exercise therapy is effective after hip 510 

arthroplasty? A systematic review of randomized controlled trials. Eur J Phys Rehabil Med. 511 

2013;49:893,907.  512 

57. Krych AJ, Pagnano MW, Coleman Wood K, Meneghini RM, Kaufman K. No strength or 513 

gait benefit of two-incision THA: a brief followup at 1 year. Clin Orthop Relat Res. 514 

2011;469:1110-8.  515 

58. Varin D, Lamontagne M, Beaule PE. Does the anterior approach for THA provide closer-to-516 

normal lower-limb motion? J.Arthroplasty 2013;28:1401-7.  517 



26 
 

59. Palazzo C, Jourdan C, Descamps S, Nizard R, Hamadouche M, Anract P, et al. Determinants 518 

of satisfaction 1 year after total hip arthroplasty: the role of expectations fulfilment. BMC 519 

Musculoskelet.Disord. 2014;15:53,2474-15-53.  520 

60. White SC and Lifeso RM. Altering asymmetric limb loading after hip arthroplasty using real-521 

time dynamic feedback when walking. Arch.Phys.Med.Rehabil. 2005;86:1958-63.  522 

61. Heiberg KE, Bruun‐Olsen V, Ekeland A, Mengshoel AM. Effect of a walking skill training 523 

program in patients who have undergone total hip arthroplasty: Followup one year after surgery. 524 

2012;64:415-23.  525 

 526 

  527 



27 
 

Table 1. Physical and clinical characteristics of the study subjects (66 men, 65 women). 528 

 Mean (SD) Median Min Max 

Age (years) 61 (10) 62 27 85 

Height (m) 1.7 (0.1) 1.7 1.5 1.9 

Weight (kg) 84 (18) 81 51 144 

BMI (kg/m2) 28 (5) 28 19 48 

Time between preoperative 

evaluation and surgery 

(weeks) 

2.7 (2.6) 2 0 15 

Follow-up time (months) 14 (4) 13 6 37 

Preoperative HHS 57 (14) 52 32 89 

Postoperative HHS* 92 (11) 96 46 100 

Change in HHS  35 (16)† 37 -10 65 

Preoperative Diagnosis 

Osteoarthritis or Degenerative Joint Disease (n = 123) 
Avascular Necrosis (n = 4) 
Ankylosing Spondylitis (n = 1) 
Not listed (n = 17) 

 

*Postoperative HHS were available for 126 subjects. As a group these subjects had excellent 
clinical outcomes.  
†Change represents statistically significant improvement (p < 0.001). 

 

 529 

 530 

  531 
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Table 2.  Sagittal plane dynamic hip range of motion (in degrees) and peak external moments (in 532 
%Body Weight x Height) during level walking at preferred speeds, for subjects (n = 145) before 533 
and ~1 year after primary unilateral total hip arthroplasty. Paired t-tests indicate substantial 534 
improvement in most gait variables, without adjusting for sex and preoperative clinical status. 535 
With the exception of frontal plane moments, improvements had medium to large effect sizes. 536 

 
Preoperative 

Value 
Mean ± SD 

Postoperative 
Value 

Mean ± SD 

Mean 
difference ± 

SD 
(95% CI) 

 

p value Effect Size 

Sagittal Plane 
Dynamic Hip 

Range of 
Motion 

16.3 ± 6.0 25.5 ± 6.0 9.2 ± 5.8 
(8.2, 10.2) 

< 0.001 1.6 

Peak Flexion 
Moment 

4.2 ± 1.5 5.9 ± 1.9 1.7 ±1.7 
(1.4, 2.0) 

 

< 0.001 1.0 

Peak Extension 
Moment 

1.8 ± 0.8 2.8 ± 1.1 0.9 ± 1.1 
(0.8, 1.1) 

 

< 0.001 0.81 

Peak Adduction 
Moment 

3.4 ± 1.1 3.4 ± 1.0 0.04 ± 1.1 
(0.15, 0.24) 

0.646 0.04 

Peak Abduction 
Moment 

1.6 ± 0.8 1.8 ± 0.9 0.3 ± 0.8 
(0.12, 0.39) 

< 0.001 0.38 

Peak External 
Rotation 
Moment 

0.3 ± 0.2 0.4 ± 0.2 0.1 ± 0.2 
(0.1, 0.13) 

< 0.001 0.50 

Peak Internal 
Rotation 
Moment 

0.4 ± 0.2 0.5 ± 0.2 0.1 ± 0.2 
(0.11, 0.17) 

< 0.001 0.50 

 537 

 538 

 539 
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Table 3.  Associations between postoperative gait variables and the Harris Hip Score (HHS), self-reported HHS subscales. Shaded 540 
boxes highlight p < 0.05. 541 

 542 
 543 

Unadjusted Adjusted 1 Adjusted 2 Unadjusted Adjusted 1 Adjusted 2 Unadjusted Adjusted 1 Adjusted 2 Unadjusted Adjusted 1 Adjusted 2

R = 0.160 R = -0.014 R = 0.066 R = 0.001 R = -0.061 R = 0.038 R = 0.121 R = -0.044 R = -0.001 R = 0.173 R = 0.071 R = 0.069
p = 0.066 p = 0.872 p = 0.458 p = 0.986 p = 0.470 p = 0.653 p = 0.148 p = 0.600 p = 0.993 p = 0.038 p = 0.396 p = 0.413
R = 0.152 R = 0.027 R = 0.476 R = 0.030 R = -0.035 R = -0.066 R = 0.168 R = 0.002 R = -0.022 R = 0.007 R = -0.023 R = -0.043
p = 0.081 p = 0.756 p = 0.978 p = 0.720 p = 0.681 p = 0.435 p = 0.043 p = 0.983 p = 0.792 p = 0.931 p = 0.789 p = 0.609

R = 0.111 R = 0.005 R = 0.007 R = 0.092 R = 0.044 R = 0.074 R = 0.129 R = -0.019 R = -0.027 R = 0.055 R = -0.041 R = -0.061
p = 0.202 p = 0.956 p = 0.935 p = 0.271 p = 0.602 p = 0.386 p = 0.121 p = 0.821 p = 0.752 p = 0.514 p = 0.629 p = 0.475
R = -0.128 R = -0.159 R = -0.195 R = -0.126 R = -0.102 R = -0.111 R = 0.031 R = -0.018 R = -0.041 R = -0.160 R = -0.186 R = -0.235
p = 0.141 p = 0.069 p = 0.027 p = 0.132 p = 0.222 p = 0.191 p = 0.709 p = 0.829 p = 0.626 p = 0.055 p = 0.026 p = 0.005

R = 0.114 R = -0.030 R = -0.042 R = -0.066 R = -0.159 R = -0.191 R = 0.142 R = -0.045 R = -0.039 R = 0.062 R = -0.056 R = -0.059
p = 0.191 p = 0.734 p = 0.634 p = 0.429 p = 0.057 p = 0.023 p = 0.089 p = 0.592 p = 0.643 p = 0.455 p = 0.504 p = 0.485

R = 0.142 R = 0.077 R = 0.042 R = 0.0001 R = -0.033 R = -0.012 R = 0.279 R = 0.132 R = 0.101 R = 0.113 R = -0.038 R = -0.088
p = 0.104 p = 0.382 p = 0.633 p = 0.999 p = 0.976 p = 0.885 p = 0.001 p = 0.115 p = 0.235 p = 0.175 p = 0.654 p = 0.298
R = -0.009 R = -0.159 R = -0.206 R = 0.010 R = -0.018 R = -0.057 R = 0.023 R = -0.073 R = -0.109 R = -0.113 R = -0.175 R = -0.222
p = 0.914 p = 0.068 p = 0.019 p = 0.903 p = 0.826 p = 0.501 p = 0.784 p = 0.385 p = 0.198 p = 0.176 p = 0.035 p = 0.008

1 Adjusted for baseline gait variables.
2 Adjusted for baseline gait variables, age, sex, and BMI.

HHS ADL function

Sagittal Plane Hip 
Range of Motion

Peak Flexion 
Moment

Peak Extension 
Moment

Peak Adduction 
Moment

Peak Internal 
Rotation Moment

Peak External 
Rotation Moment

Harris Hip Score (HHS) HHS pain HHS gait function

Peak Abduction 
Moment
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Table 4.  Associations between postoperative gait variables and preoperative passive range of motion (ROM). Shaded boxes highlight 544 
p < 0.05. 545 

 546 
 547 
 548 

Unadjusted Adjusted 1 Adjusted 2 Unadjusted Adjusted 1 Adjusted 2 Unadjusted Adjusted 1 Adjusted 2 Unadjusted Adjusted 1 Adjusted 2 Unadjusted Adjusted 1 Adjusted 2

R = 0.212 R = 0.048 R = 0.023 R = -0.006 R = -0.112 R = -0.115 R = 0.125 R = -0.017 R = 0.048 R = 0.060 R = -0.084 R = -0.061 R = 0.030 R = -0.027 R = 0.008

p = 0.014 p = 0.579 p = 0.796 p = 0.945 p = 0.197 p = 0.190 p = 0.150 p = 0.844 p = 0.584 p = 0.506 p = 0.347 p = 0.503 p = 0.737 p = 0.760 p = 0.930

R = -0.055 R = -0.221 R = -0.215 R = 0.002 R = -0.090 R = 0.100 R = 0.056 R = 0.004 R = -0.009 R = -0.026 R = -0154. R = -0.160 R = 0.005 R = 0.034 R = 0.042

p = 0.524 p = 0.010 p = 0.014 p = 0.983 p = 0.301 p = 0.256 p = 0.520 p = 0.963 p = 0.916 p = 0.773 p = 0.085 p = 0.077 p = 0.955 p = 0.709 p = 0.647

R = 0.149 R = 0.099 R = 0.083 R = -0.072 R = -0.048 R = -0.066 R = -0.121 R = -0.093 R = -0.103 R = 0.219 R = 0.229 R = 0.217 R = -0.054 R = -0.048 R = -0.039

p = 0.084 p = 0.253 p = 0.394 p = 0.403 p = 0.584 p = 0.453 p = 0.162 p = 0.284 p = 0.243 p = 0.013 p = 0.010 p = 0.016 p = 0.545 p = 0.598 p = 0.672

R = 0.029 R = -0.011 R = -0.050 R = 0.018 R = 0.054 R = 0.044 R = -0.119 R = -0.101 R = -0.108 R = 0.013 R = -0.049 R = -0.041 R = -0.168 R = -0.144 R = -0.136

p = 0.737 p = 0.902 p = 0.569 p = 0.737 p = 0.532 p = 0.614 p = 0.168 p = 0.244 p = 0.218 p = 0.884 p = 0.586 p = 0.656 p = 0.060 p = 0.110 p = 0.134

R = 0.077 R = -0.034 R = -0.039 R = 0.055 R = 0.046 R = 0.056 R = 0.204 R = 0.161 R = 0.170 R = -0.062 R = -0.145 R = -0.118 R = 0.058 R = 0.094 R = 0.094

p = 0.377 p = 0.696 p = 0.656 p = 0.528 p = 0.596 p = 0.524 p = 0.018 p = 0.063 p = 0.052 p = 0.485 p = 0.105 p = 0.194 p = 0.516 p = 0.297 p = 0.301

R = 0.174 R = 0.109 R = 0.075 R = 0.167 R = 0.058 R = 0.043 R = 0.093 R = -0.025 R = -0.035 R = 0.196 R = 0.161 R = 0.170 R = -0.140 R = -0.138 R = -0.126

p = 0.043 p = 0.211 p = 0.396 p = 0.053 p = 0.505 p = 0.623 p = 0.282 p = 0.773 p = 0.691 p = 0.027 p = 0.072 p = 0.060 p = 0.119 p = 0.126 p = 0.168

R = -0.066 R = -0.138 R = -0.154 R = 0.052 R = 0.031 R = 0.020 R = 0.073 R = 0.092 R = 0.078 R = -0.135 R = -0.185 R = -0.183 R = 0.044 R = 0.047 R = 0.064

p = 0.447 p = 0.112 p = 0.078 p = 0.552 p = 0.718 p = 0.817 p = 0.401 p = 0.289 p = 0.374 p = 0.130 p = 0.038 p = 0.043 p = 0.625 p = 0.600 p = 0.482
1 Adjusted for baseline gait variables.
2 Adjusted for baseline gait variables, age, sex, and BMI.

Peak Flexion 
Moment

Peak Extension 
Moment

Sagittal Plane Hip 
Range of Motion

Flexion Range of Motion (ROM) Abduction ROM Adduction ROM External Rotation ROM

Peak Adduction 
Moment

Peak Abduction 
Moment

Peak Internal 
Rotation Moment

Peak External 
Rotation Moment

Internal Rotation ROM
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Table 5. Associations between postoperative gait variables and preoperative hip abductor 549 
strength. Shaded boxes highlight p < 0.05. 550 
 551 

 Abductor Strength 
 Unadjusted Adjusted1  Adjusted2 

Sagittal 
Plane Hip 
Range of 
Motion 

R = -0.110 R = -0.240 R = -0.100 
p = 0.268 p = 0.015 p = 0.326 

Peak 
Flexion 
Moment 

R =- 0.045 R = -0.085 R = -0.146 
p = 0.955 p = 0.397 p = 0.149 

Peak 
Extension 
Moment 

R = 0126. R = 0.064 R = 0.097 
p = 0.206 p = 0.522 p = 0.341 

Peak 
Adduction 
Moment 

R = 0.266 R = 0.211 R = 0.266 
p = 0.007 p = 0.034 p = 0.008 

Peak 
Abduction 
Moment 

R =- 0.135 R = -0.201 R = 0.216 
p = 0.173 p = 0.043 p = 0.032 

Peak 
Internal 
Rotation 
Moment 

R = 0.080 R = 0.003 R = 0.012 
p = 0.422 p = 0.979 p = 0.904 

Peak 
External 
Rotation 
Moment 

R = 0.304 R = 0.204 R = 0.197 
p = 0.022 p = 0.040 p = 0.050 

1 Adjusted for baseline gait variables. 

2 
Adjusted for baseline gait variables, age, 
sex, and BMI. 

    
 552 

 553 

  554 
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 555 

Table 6. Results of stepwise multiple regression analysis predicting postoperative gait variables. 556 

 Adjusted 
R2 

Predictor Standardized 
Regression 
Coefficient 

Regression Coefficient  
(95% Confidence Interval) 

p value 

Sagittal Plane 
Dynamic Hip 
Range of 
Motion 

0.292 Preoperative Sagittal 
Plane Dynamic Hip 

Range of Motion 

0.567 0.563 (0.416, 0.709) <0.001 

N=143  HHS ADL Function -0.067 -0.064 (-0.205, 0.077)3.8 
(2.2, 5.3) 

0.370 

      
Peak Flexion 
Moment 
N=145 

0.254 Preoperative Flexion 
Moment 

0.509 0.660 (0.476, 0.844) <0.001 

      
Peak 
Extension 
Moment 
N=145 

0.161 Preoperative 
Extension Moment 

0.408 0.578 (0.365, 0.792) <0.001 

      
Peak 
Adduction 
Moment 

0.154 Preoperative Peak 
Adduction Moment 

0.373 0.334 (0.197, 0.471) <0.001 

N=143  HHS ADL Function -0.179 -0.076 (-0.141, -0.011) 0.022 

      
Peak 
Abduction 
Moment 
N=131 

0.331 HHS 0.838 0.051 (0.010, 0.092) 0.016 

  HHS Pain -0.643 -0.063 (-0.109, -0.017) 0.007 

  Preoperative Peak 
Abduction Moment 

0.550 0.566 (0.412, 0.719) <0.001 

  HHS Gait Function -0.407 -0.057 (-0.111, -0.004) 0.037 
      
Peak Internal 
Rotation 
Moment 
N=145 

0.383 Preoperative Peak 
Internal Rotation 

Moment 

0.622 0.667 (0.529, 0.806) <0.001 

      
Peak External 
Rotation 
Moment 
N=116 

0.312 Preoperative Peak 
External Rotation 

Moment 

0.565 0.638 (0.463, 0.812) <0.001 

  HHS Pain -0.131 -0.003 (-0.007, 0.001) 0.105 

  Flexion Contracture  -0.103 -0.045 (-0.114, 0.024) 0.198 
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Figure Captions 557 

Figure 1. Hip motion and external moments for a representative subject identified as having 558 

values for most gait variables near the group mean. In this study, we analyzed the dynamic range 559 

of motion (from peak flexion to peak extension) and peak moments in each plane. Note that the 560 

external adduction moment often has two relative maxima; the higher value of the two was 561 

selected for analysis. 562 

 563 

  564 



34 
 

Figure 2. Flow diagram illustrating subject selection from the data repository.  565 

 566 

 567 


