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Abnormal Joint Loading During Gait in Persons With Hip
Osteoarthritis Is Associated With Symptoms and Cartilage
Lesions
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Abstract

BACKGROUND: Hip joint loading in persons with hip osteoarthritis (OA) is not well studied,
and its associations with symptoms and lesions are unknown.

OBJECTIVES: To determine whether hip joint loading differs between people with and without
radiographic hip OA, and to identify its associations with patients’ symptoms and cartilage
morphology.

METHODS: Forty-eight patients (28 male; mean + SD age, 56.0 + 12.2 years) with hip OA and
95 controls (40 male; age, 43.2 + 13.6 years) participated in this cross-sectional analysis. Pelvic
radiographs, questionnaires, magnetic resonance imaging (MRI), and gait analysis were
conducted. The Hip disability and Osteoarthritis Outcome Score (HOOS) was used to assess
symptoms. Cartilage morphology was graded on MRI scans using the Scoring Hip Osteoarthritis
with Magnetic Resonance Imaging (SHOMRI) system. Biomechanical variables included peak
external hip joint moment (Newton meters per kilogram) and moment impulses (Newton meters
times milliseconds per kilogram) in all planes. Generalized estimating equations were used to
compare the biomechanical characteristics between groups. In the patients with OA, associations
of moment impulses with HOOS and SHOMRI scores were assessed with partial correlations.

RESULTS: The OA group exhibited higher peak external hip flexion and adduction moments
(P<.001) and higher hip flexion, adduction, and external rotation moment impulses (P
=.001-.039). Increased hip flexion moment impulses were correlated with worse HOOS subscale
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scores (r=-0.361 to —0.424, £<.05) and worse femoral SHOMRI grades (o = 0.256-0.315,
FP<.05). Increased hip external rotation moment impulses were correlated with worse femoral
SHOMRI grades (o = 0.283-0.372, /<.05).

CONCLUSION: Persons with hip OA exhibited abnormally high hip joint loads during walking,
and high loads were associated with worse self-reported symptoms and cartilage morphology.

Keywords
HOOS; increased hip moment; moment impulse; SHOMRI

Hip osteoarthritis (OA) is the leading cause of disability in middle-aged and elderly people,
with a 4.2% prevalence of symptomatic hip OA and a 19.6% prevalence of radiographic hip
OA in persons 50 years of age and older.18 Moreover, the estimate of total hip replacements
performed each year in the United States corresponds to 2.5 million individuals, with most

of them for treatment of hip OA.30

While gait is one of the most common functional activities of daily living, gait assessments
in the hip OA population, specifically related to joint kinetics, have not provided consistent
results across studies. Most studies have reported reduced hip joint moments during walking
in persons with hip OA,>6:9.2540 and other studies have reported greater external hip flexion
and hip adduction moments.>19 Because joint moments are largely dependent on walking
speed, variation in controlling walking speed may have accounted for the differences in hip
joint moments across studies. Assessment of 3-D hip joint kinetics under a controlled speed
is crucial to provide a clear understanding of the effects of hip OA on lower extremity
mechanics and to better understand the biomechanical factors associated with morphological
hip pathologies. Furthermore, biomechanical parameters such as hip joint kinetics are
potentially modifiable, offering researchers and clinicians an opportunity to develop disease-
modifying treatment strategies.

Due to the weight-bearing nature of the hip joint, it is commonly hypothesized that
mechanical overloading of the hip joint is related to the pathogenesis of hip pain and
degeneration. A recent studyl® that examined the association of gait mechanics with hip OA
using sagittal plane kinematics and magnetic resonance imaging (MRI) assessment of
structural abnormalities found that greater peak hip flexion angle was associated with greater
severity of femoral cartilage lesions.1® However, clinical symptoms (eg, pain and function)
are often not associated with imaging findings (eg, radiographic signs of OA and cartilage
lesions shown on MRI scans).1212.39 |t is unknown whether mechanical overloading of the
hip joint is associated with patients’ symptoms, and whether such an association exists in all
3 kinematic planes. Therefore, a combination of gait analysis, evaluation of patient
symptoms, and MRI assessment may provide a better clinical understanding of the
interactions between joint mechanical loading and degeneration.

The purpose of this study was (1) to determine whether 3-D external hip joint moments and
moment impulses during walking differ between people with and without radiographic hip
OA, and (2) to identify possible associations between hip joint loading and patients’ self-
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reported clinical symptoms and MRI-based semi-quantitative measures of acetabular and
femoral cartilage lesion abnormalities.

The reporting of this study adheres to the Strengthening the Reporting of Observational
Studies in Epidemiology guidelines.3”

Participants were recruited from 2 longitudinal natural history cohort studies of people with
hip OA,; the data included in this study comprise the baseline cross-sectional assessment.
The first study evaluated a single limb in persons with hip OA,20 while the second study
included both limbs (unpublished data). Participants in both studies were recruited from the
community using flyers and advertisements. A screening X-ray was performed to determine
the eligibility of the participants, as individuals with severe hip OA were excluded from the
studies. Participants were excluded if any of the following criteria were present: (1)
contraindications to MR, (2) a Kellgren-Lawrence (KL) grade equal to 4, (3) previous hip
trauma, (4) joint replacement of any lower extremity joint, (5) pain or existing OA at any
other lower extremity joint, (6) self-reported inflammatory arthritis, and (7) any conditions
that limit the ability to walk. Both cohort studies were conducted at the University of
California San Francisco, but at different times (between 2011 and 2017). There were some
additional differences in the functional testing performed that do not affect the current study.
Given these numerous similarities, we combined the 2 cohorts for the current investigation.

One hundred ninety-nine people were eligible for the study, with 13 people declining to
participate. As lower extremity joint loading was the primary outcome in this study, those
who did not undergo gait analysis were removed from the overall cohort for this particular
study, which resulted in further excluding 43 potential participants, due to either their
inability to perform the biomechanical task or technical problems during data analysis. In
total, 48 patients (28 male; average = SD age, 56.0 + 12.2 years; body mass index [BMI],
24.3 + 3.5 kg/m?) with definite radiographic hip OA (27 patients with KL grade 2, 21
patients with KL grade 3) and 95 random controls without or with doubtful radiographic OA
(40 male; average + SD age, 43.2 + 13.6 years; BMI, 24.0 + 3.1 kg/m?; 40 participants with
KL grade 0, 55 participants with KL grade 1) were included in the final analysis, resulting in
71 hips in the OA group and 143 hips in the control group. Prior to testing, the study
protocol was approved by the Institutional Review Board at the University of California San
Francisco and all participants provided written informed consent.

¢ Imaging

To determine radiographic signs of hip OA, an anteroposterior weight-bearing pelvic
radiograph was obtained. All radiographs were assessed using the KL grading system16 by
an experienced musculoskeletal radiologist. Study participants with mild to moderate hip
OA were defined as those with KL grades of 2 or 3, while control participants without or
with doubtful OA were defined as those with KL grades of 0 or 1.

J Orthop Sports Phys Ther. Author manuscript; available in PMC 2021 March 05.
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Patient-Reported Symptoms

All participants completed the Hip disability and Osteoarthritis Outcome Score (HOQS).
The HOOS questionnaire consists of 5 subscales: pain, other symptoms, function in daily
living, function in sport and recreation, and hip-related quality of life. A normalized score
(100 indicating no symptoms and O indicating severe symptoms) was calculated for each
subscale. For the purpose of this study, the dimensions of pain and function in daily living
were used to determine patients’ self-reported symptoms. Patients who were enrolled
bilaterally were asked to complete the HOOS questionnaire for both hips.

MRI Assessment

All imaging was performed using a 3.0-T MR750w scanner (General Electric, Boston, MA)
with an 8-channel cardiac coil (General Electric). T2-based MRI scans were used to assess
morphological abnormalities in the articular cartilage of the hip joint, using an
arthroscopically validated, semi-quantitative scoring system (Scoring Hip Osteoarthritis with
Magnetic Resonance Imaging [SHOMRI])?127 evaluated by an experienced, board-certified
radiologist. High intra-reader and interreader agreement were previously reported in our
group (intra-reader intraclass correlation coefficient [ICC] = 0.93-0.98; interreader ICC =
0.91-0.94).21 The MRI protocol included intermediate-weighted, fat-suppressed, fast spin-
echo sequences in the sagittal, oblique coronal, and oblique axial planes, with a repetition
time of 2400 to 3700 milliseconds, an echo time of 60 milliseconds, a field of view of 14 to
20 cm, a matrix size of 288 x 224 pixels, and a slice thickness of 3 to 4 mm.

To assess cartilage morphology, the hip joint was divided into 10 anatomical subregions.
Four subregions for acetabular cartilage (superolateral, superomedial, anterior, and posterior)
and 6 subregions for femoral cartilage (lateral, superolateral, superomedial, inferomedial,
anterior, and posterior) were utilized (FIGURE 1). The 10 subregions were graded
separately for cartilage lesions on a 3-point scale, with O representing no lesion, 1 partial-
thickness cartilage loss, and 2 full-thickness cartilage loss. The total cartilage SHOMRI
grade was calculated for the femur and acetabulum separately, by adding the grades in the
corresponding 6 and 4 subregions, respectively.

Gait Analysis

All biomechanical testing was performed in the Human Performance Center at the
University of California San Francisco. Three-dimensional lower extremity position data
were collected at 250 Hz using a 10-camera motion-analysis system (Vicon; Oxford Metrics,
Yarnton, UK), while ground reaction force (GRF) data were collected with 2 in-ground force
plates (Advanced Mechanical Technology, Inc, Watertown, MA) simultaneously at a rate of
1000 Hz.

Nineteen reflective markers were placed on the following bony landmarks: first and fifth
metatarsal heads, medial and lateral malleoli, medial and lateral femoral epicondyles, greater
trochanters, iliac crests, anterior superior iliac spines, and the L5-S1 junction. In addition,
segment tracking was performed using marker clusters mounted on semi-rigid plastic plates
placed on the lateral surfaces of the participants’ thighs, shanks, and heel counters of the
shoes. The participants wore nonrestrictive clothing and standardized athletic shoes (New

J Orthop Sports Phys Ther. Author manuscript; available in PMC 2021 March 05.
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Balance 880; New Balance, Boston, MA) to minimize the impact of shoe types on gait
biomechanics. Following a 1-second standing calibration trial, participants were asked to
perform over-ground walking at a fixed speed of 1.35 m/s, as this is the mean of the average
smooth-surface walking speeds of men and women.2? Practice trials were permitted to allow
participants to become familiar with the procedures. Five successful walking trials were
obtained. A successful trial was defined as the foot of the tested limb falling within the
borders of the force plate and the speed falling within +5% of the fixed speed. Two timing
gates were used to confirm the speed of each trial.

Marker position and GRF data were low-pass filtered with fourth-order, zero-lag
Butterworth filters at cutoff frequencies of 6 Hz and 50 Hz, respectively, using Visual3D (C-
Motion, Inc, Germantown, MD). A 7-segment musculoskeletal model consisting of the
pelvis, bilateral thighs, shanks, and feet was created with Visual3D for each participant,
using the respective standing calibration trial. The pelvic segment was modeled as cylinders,
and the lower extremity segments were modeled as frusta of cones. The local orthogonal
coordinate systems of the pelvis, thigh, shank, and foot segments were derived from the
standing calibration trial. An unweighted least-squares method was used to estimate segment
position and orientation.3* Joint kinematics were calculated using a Cardan rotation
sequence in an order of flexion/extension, abduction/adduction, and internal/external
rotation, representing sagittal, frontal, and transverse plane rotations, respectively. Joint
moments, expressed as external moments, were derived from standard inverse dynamics
equations and normalized by body mass (Newton meters per kilogram). Joint moment
impulses (Newton meters times milliseconds per kilogram) were calculated as the time
integral of the joint moment. All gait kinetics were quantified during the stance phase of
gait. The stance phase of gait was defined as from when the foot hit the ground and the
vertical GRF was greater than 20 N (initial contact) to when the vertical GRF was less than
20 N (toe-off). Variables of interest included peak external hip moments and moment
impulses in the sagittal, frontal, and transverse planes.

Statistical Analysis

Chi-square and independent ¢tests were used to compare demographics, HOOS subscale
scores, and SHOMRI grades between the OA and control groups. Generalized estimating
equations (GEEs) were used to evaluate differences in hip joint kinetics between groups. The
GEE method is able to account for the correlation between the left and right hips in the same
person.22 The GEE analysis was performed with covariates of age, sex, and BMI, as these
demographics are known to influence gait kinetics.3

In participants with hip OA, associations of hip moment impulses with HOOS scores and
SHOMRI grades were assessed using partial Pearson (/) and Spearman (rho) correlation
coefficients, respectively, adjusting for age, sex, and BMI. External hip moment impulses
were analyzed but peak moments were not, because these variables showed strong
correlations (r=0.62-0.92) among one another and moment impulse was a more sensitive
measure, based on our primary analysis. In addition, reducing the variables for correlational-
based analyses helped to avoid potential type | error. Participants with missing data were
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excluded from the analysis. All analyses were performed using SPSS Version 23 (IBM
Corporation, Armonk, NY), and the alpha value was set at .05.

RESULTS

Participant characteristics are presented in TABLE 1. Significant group differences were
found for age (A<.001), HOOS function in daily living score (P=.012), and SHOMRI
cartilage grades, as participants with hip OA were older, had worse HOOS function in daily
living subscale scores, as well as greater severity of cartilage lesions in all subregions of the
acetabulum and most subregions of the femur, except for the superomedial and inferomedial
subregions (A<.001-.050). Representative images exhibiting cartilage morphology of a
control participant and a patient with OA are presented in FIGURE 2.

When comparing hip joint kinetics between groups, the OA group exhibited significantly
higher peak external hip flexion (OA, 0.97 + 0.18 Nm/kg; control, 0.84 + 0.30 Nm/kg; 8=
-0.135, /A<.001) and adduction (OA, 0.97 + 0.16 Nm/kg; control, 0.86 + 0.27 Nm/kg; 8=
-0.108, A<.001) moments, as well as higher external hip flexion (OA, 121.42 + 43.77 Nm -
ms/kg; control, 99.76 + 48.73 Nm - ms/kg; 8= —21.658, P=.009), adduction (OA, 356.95 +
69.01 Nm - ms/kg; control, 312.40 + 107.58 Nm - ms/kg; 8= 44.552, P=.001), and external
rotation (OA, 22.94 = 20.18 Nm - ms/kg; control, 15.85 + 16.62 Nm - ms/kg; g=—-7.093, P
=.039) moment impulses (TABLE 2, FIGURE 3).

In the OA group, partial correlations revealed that among all the variables tested, only
external hip flexion and external rotation moment impulses were associated with HOOS
scores and SHOMRI grades; therefore, results were only presented for those 2 variables in
TABLE 3. There were missing data from 2 participants for the outcomes of the HOOS and
SHOMRI; those participants were excluded from further correlation analysis. When adjusted
for age, sex, and BMI, increased external hip flexion moment impulses were correlated with
worse scores on the HOOS pain (r=—0.361, £=.003) and function in daily living (r=
-0.424, P<.001) subscales. For SHOMRI grading, increased external hip flexion moment
impulses were correlated with greater severity of femoral cartilage lesions in the lateral (o =
0.315, £=.009) and superomedial (o = 0.256, P =.035) subregions, as well as total femoral
cartilage grades (o = 0.275, P=.023), whereas increased hip external rotation moment
impulses were correlated with greater severity of acetabular cartilage lesion in the posterior
subregion (o = 0.283, P=.019), femoral cartilage lesions in the anterior (o = 0.372, P
=.002) and posterior (o = 0.313, £=.009) subregions, and total femoral cartilage grades (o
=0.334, P=.005).

DISCUSSION

The primary purpose of this study was to evaluate whether participants with radiographic hip
OA exhibited altered hip joint moments and moment impulses during walking compared to
those without radiographic OA. In addition, we sought to assess the potential associations
between hip joint Kinetics, symptoms, and cartilage morphology. Our results revealed that
peak external hip flexion and adduction moments were 11% to 13% higher in the hip OA
group compared to the control group. In addition, hip flexion, adduction, and external
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rotation moment impulses were 12% to 30% higher in the hip OA group. Increased hip joint
loading in participants with hip OA was found to be associated with self-reported hip joint
pain and function, as well as with increased severity of hip joint cartilage lesions. These
results support our hypotheses that patients with hip OA exhibit abnormal hip joint kinetics
during walking and that these abnormal hip joint mechanics are associated with hip joint
symptoms and cartilage morphology.

Our results are similar to previous studies that reported an average of 17% increased hip
flexion19 and adduction® moments in participants with hip OA. It is also not surprising to
find higher hip moment impulses in all planes, as moment impulse is the time-based integral
of the joint moment. By considering both the magnitude and duration of the joint moment,
the moment impulse provides a cumulative measure of loading during each stride. This is
clinically relevant because mechanical overloading has been known to lead to joint pain and
degeneration,14:28 which is further supported by our secondary analysis that higher moment
impulses were associated with patients” symptoms and cartilage morphology.

Previous studies that examined gait biomechanics in persons with hip OA have not been
consistent about instructing their participants to maintain a specific speed during gait
assessment, leading to great discrepancies in study results. It should be noted that patients
with hip OA tend to (but not always) walk slower (average, 1.10 m/s) when compared to
healthy controls (average, 1.35 m/s)>2%40: nevertheless, the speed we chose was not a fast
gait speed but a very comfortable, purposeful speed. Controlling for gait speed allowed us to
make direct kinematic and kinetic comparisons, as it is known that gait speed will affect
these dramatically.3 It is beyond the scope of the present study to determine whether persons
with hip OA, when instructed to walk at a preferred speed, would overload their hip joint or
whether reduced walking speed may be a compensatory strategy to minimize loading and
pain, as previously suggested.432 Regardless, speed constraint might have limited the
generalizability of our results, but also suggested that persons with hip OA, when instructed
to walk at the same speed as healthy individuals, exhibit hip overloading.

The secondary purpose of the study was to determine the association of hip moment
impulses with self-reported symptoms and MRI evidence of acetabular and femoral cartilage
lesions. Similar to previous work, the hip OA group exhibited worse HOOS function in daily
living scores and worse SHOMRI grades in acetabular and femoral cartilage.1® Total
SHOMRI grades revealed greater lesions within the entire acetabular and femoral cartilage
areas in patients with OA. Nevertheless, subregional analysis provides insight into the
localization of the lesions in these persons. The patients with hip OA exhibited greater
severities of cartilage lesions in all subregions of the acetabulum, as well as most subregions
of the femur, except for the superomedial and inferomedial subregions.

Similar to other hip pathology studies, our study found that in participants with hip OA,
greater external hip flexion moment impulse was moderately associated with worse HOOS
pain and HOOS function in daily living subscale scores.3 The hip flexion moment impulse
occurs during the first half of the stance phase, whereby the hip extensors are required to act
eccentrically in order to absorb the external forces applied. Muscle strength deficits have
been observed in persons with hip OA,15:23 which may help to explain the greater external
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hip flexion moment impulse observed in the hip OA group in the current study. Because this
was a cross-sectional study, we are unable to determine the causal relationship between
mechanical overloading and presence of radiographic hip OA. Nevertheless, moderate
correlations between mechanical overloading and self-reported symptoms correspond to
earlier studies that hypothesized that overloading would lead to joint pain and even joint
degeneration.14.28

In this cohort of patients with hip OA, severity of femoral cartilage lesions was weakly to
moderately associated with external hip flexion and external rotation moment impulses.
During gait, the primary weight-bearing portions of the hip joint are located at the anterior,
posterior, and superior regions.11:33:36 With the advantage of using subregional analysis,10:24
the current study revealed that higher flexion moment impulses were associated with
increased severity of femoral cartilage lesions in the lateral and superomedial regions,
corresponding to the sites where high loading patterns are commonly observed within the
hip joint. On the other hand, higher external rotation moment impulses were associated with
increased severity of femoral cartilage lesions within the anterior and posterior regions of the
hip joint, and with acetabular cartilage lesions in the posterior region. From an
arthrokinematics standpoint, a joint moment applied in the transverse plane results in an
anterior-to-posterior glide of the femoral head on the acetabulum.28 More specifically, the
higher external rotation moment impulse may be applying abnormal loading patterns to the
anterior and posterior regions of the femoral head, which may result in increased severity of
cartilage lesions within these specific regions in the hip OA group. Our findings suggest that
abnormally higher hip joint loads may be risk factors for the development of hip OA, but
longitudinal assessment is needed to further elucidate this relationship.

Identifying the biomechanical factors associated with persons with hip OA offers some
direction for load modification in the presence of specific patterns of cartilage lesion
development.”:8:13.17.35 These biomechanical factors are potentially modifiable, offering
researchers an opportunity to develop disease-modifying treatment strategies. For instance, a
previous study reported that participants with radiographic hip OA exhibited higher peak hip
flexion and lower peak hip extension during walking.12:20 With higher peak hip flexion
during early stance, it is likely that an increased moment arm at the hip joint results in this
higher external hip flexion moment. Interventions that modify hip kinematics and joint
loading may be beneficial for the hip OA population.

There are several limitations that need to be considered when interpreting the findings of the
current study. Due to the cross-sectional design of the study, we are not able to elucidate
whether 11% to 30% increased hip joint loading leads to hip cartilage degeneration and
eventually OA, or whether the magnitudes exceeded clinically relevant differences.
Longitudinal studies are needed to determine whether these biomechanical markers are risk
factors for structural and symptomatic progression of hip OA. A fixed walking speed was
used in this study, and it should be noted that patients with hip OA, when asked to walk at a
self-selected speed, ambulated at a slower speed compared to healthy controls.>2540 Also,
patients with hip OA were older than the controls, which could have influenced
biomechanical differences. Similarly, this holds true for the slight difference in sex
distribution between groups. To minimize the confounding effects, age and sex were
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considered as covariates in all statistical analyses. Nevertheless, caution should be observed
when considering these study results.38 In addition, future work should assess the
mechanical compensations that occur during gait at the knee and ankle joints, as the lower
extremity is a linked system and these altered loading patterns at the hip joint may be
associated with abnormal knee and ankle joint mechanics in patients with hip OA.

CONCLUSION

Patients with radiographic hip OA were older and exhibited higher peak external hip flexion
and adduction moments, as well as higher hip flexion, adduction, and external rotation
moment impulses, during walking when compared to healthy controls. In the OA group,
joint overloading was moderately correlated with patients’ self-reported clinical symptoms
and cartilage lesions. The results of this study aid in identifying potential biomechanical
factors that are associated with signs of hip joint cartilage degeneration and symptom
progression. These biomechanical factors are potentially modifiable, offering researchers an
opportunity to develop disease-modifying treatment strategies. Future work should focus on
identifying gait-modification strategies to optimize hip joint loading, reduce onset/
progression of cartilage degeneration, and aid in reducing associated symptoms of hip OA.
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KEY POINTS
FINDINGS:

Hip joint loads were compared between persons with hip osteoarthritis (OA) and
controls. Patients with OA exhibited abnormally high hip joint loads during gait, and
higher loads were associated with worse self-reported symptoms and cartilage
morphology.

IMPLICATIONS:

Higher hip joint loads may be risk factors for the development of hip OA, but
longitudinal assessment is needed to further elucidate this relationship.

CAUTION:

It should be noted that limitations existed within this cross-sectional analysis and
unmatched study design. In addition, fixed walking speed was assessed during gait
analysis, and joint kinetics in persons with hip OA might differ at self-selected speeds.
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FIGURE 1.
Hip joint subregions for the grading of Scoring Hip Osteoarthritis with Magnetic Resonance

Imaging. (A) Acetabular joint subregions seen from the lateral aspect. Femur joint
subregions seen from (B) the medial aspect, (C) the anterior aspect, and (D) the posterior
aspect. Reproduced with permission from Kumar et al.1°
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FIGURE 2.
Examples of coronal clinical images acquired on the right hip of (A) a control participant

with no cartilage lesions and (B) a participant with osteoarthritis and acetabular and femoral
cartilage thinning (arrow), with a femoral-head bone marrow edema pattern, osteophytes,
and labral tearing.
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Hip external joint moments during the stance phase of walking in the (A) sagittal, (B)
frontal, and (C) transverse planes for the OA group and control group. (A) Positive values

indicate flexion and negative values indicate extension. (B) Positive values indicate

adduction and negative values indicate abduction. (C) Positive values indicate internal
rotation and negative values indicate external rotation. *Significant difference between
groups. Abbreviation: OA, osteoarthritis.
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