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Acetabular cartilage defects cause altered hip and knee joint 
coordination variability during gait

Michael A. Samaana,*, Hsiang-Ling Tenga, Deepak Kumara,b, Sonia Leea, Thomas Linka, 
Sharmila Majumdara, and Richard B. Souzaa,c

a Musculoskeletal Quantitative Imaging Research Group Dept. of Radiology and Biomedical 
Imaging University of California - San Francisco 185 Berry Street, Suite 350 San Francisco, CA 
94107, USA

b Division of Physical Therapy College of Health Professions Medical University of South Carolina 
151B Rutledge Avenue, MSC 962 Room B309 Charleston, SC 29425, USA

c Department of Physical Therapy and Rehabilitation Science University of California - San 
Francisco 1500 Owens Street, Suite 400 San Francisco, CA 94158, USA

Abstract

Background—Patients with acetabular cartilage defects reported increased pain and disability 

compared to those without acetabular cartilage defects. The specific effects of acetabular cartilage 

defects on lower extremity coordination patterns are unclear. The purpose of this study was to 

determine hip and knee joint coordination variability during gait in those with and without 

acetabular cartilage defects.

Methods—A combined approach, consisting of a semi-quantitative MRI-based quantification 

method and vector coding, was used to assess hip and knee joint coordination variability during 

gait in those with and without acetabular cartilage lesions.

Findings—The coordination variability of the hip flexion-extension/knee rotation, hip abduction-

adduction/knee rotation and hip rotation/knee rotation joint couplings were reduced in the 

acetabular lesion group compared to the control group during loading response of the gait cycle. 

The lesion group demonstrated increased variability in the hip flexion-extension/knee rotation and 
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hip abduction-adduction/knee rotation joint couplings, compared to the control group, during the 

terminal stance/pre-swing phase of gait.

Interpretation—Reduced variability during loading response in the lesion group may suggest 

reduced movement strategies and a possible compensation mechanism for lower extremity 

instability during this phase of the gait cycle. During terminal stance/pre-swing, a larger variability 

in the lesion group may suggest increased movement strategies and represent a compensation or 

pain avoidance mechanism caused by the load applied to the hip joint.

Keywords

Acetabular Cartilage Lesions; Vector Coding; Joint Coordination; Gait; Lower Extremity; MRI

1. Introduction

Altered gait patterns have been observed in individuals with hip osteoarthritis (OA) (Eitzen 

et al., 2012; Foucher et al., 2012; Hurwitz et al., 1998; Hurwitz et al., 1997; Watelain et al., 

2001). Traditional methods of analyzing kinematics (i.e. Euler angles, inverse kinematics, 

etc.) are widely used in understanding the effects of hip joint OA on gait patterns (Eitzen et 

al., 2012; Foucher et al., 2012; Hurwitz et al., 1998; Hurwitz et al., 1997; Watelain et al., 

2001). Specifically, hip joint sagittal plane range of motion was reduced in those with hip 

OA when compared to healthy controls (Eitzen et al., 2012; Hurwitz et al., 1998; Hurwitz et 

al., 1997; Kumar et al., 2015; Zeni et al., 2014). Those with hip OA also demonstrated 

reduced hip extension in late stance (Eitzen et al., 2012; Watelain et al., 2001; Zeni et al., 

2014). The average standard deviation, used to quantify variability during the entire gait 

cycle, was reduced for hip and knee sagittal plane angles in those with severe hip OA (Kiss, 

2010) and may indicate less flexibility (mobility) in movement strategies between the hip 

and knee joints (Newel and Corcos, 1993). In addition, those with hip OA demonstrated 

significantly greater hip internal rotation and adduction compared to healthy controls during 

gait (Watelain et al., 2001).

Although valuable, these traditional kinematic analyses in isolation do not allow for an 

understanding of the joint coupling mechanisms that are involved in healthy or pathological 

gait. Vector coding is a simple method of assessing position data and quantifies the 

variability in the coordinative structures within or between joints or segments during 

performance of a dynamic task (Sparrow et al., 1987). Modified versions of the vector 

coding method have been used to study coordination patterns in walking (Chang et al., 

2008) and running (Heiderscheit et al., 2002). Vector coding was suggested to be a clinically 

useful tool that is able to analyze and draw conclusions on joint position data (Miller et al., 

2010). In addition, analysis of joint coordination patterns may be more sensitive to subtle 

changes in motion patterns, compared to traditional joint kinematic analyses (Armour Smith 

et al., 2014). Joint coordination variability has been studied in gait of healthy individuals 

(Armour Smith et al., 2014; Barrett et al., 2008; Chang et al., 2008) yet this type of analysis 

has not been used to understand the gait patterns of those with hip joint OA.

Assessment of hip joint OA using magnetic resonance imaging (MRI) provides significant 

additional information beyond that provided by standard radiographs, particularly in the 
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early phases of the disease. MRI allows for direct visualization of cartilage and other joint 

structures that are critical in understanding the OA disease process (Kumar et al., 2013; 

Morgenroth et al., 2014). Using a semi-quantitative MRI-based quantification method (Lee 

et al., 2014), it was shown that acetabular cartilage lesions in those with hip OA were 

associated with greater pain and disability, compared to those with other types of hip joint 

abnormalities (Kumar et al., 2013). This suggests that acetabular cartilage lesions hold 

greater clinical significance than other hip joint abnormalities such as femoral cartilage 

lesions, bone marrow edema and labral tears (Kumar et al., 2013). Despite a greater amount 

of pain and disability, measures of physical performance did not demonstrate any significant 

relationships with MRI-based findings and suggests that further analysis is needed to 

evaluate the relationships between hip MRI abnormalities and hip joint movement patterns 

(Kumar et al., 2013). Also, weak associations between acetabular cartilage lesions and gait 

parameters were observed and suggest that a study with a larger sample size is needed to 

confirm these findings (Kumar et al., 2015). Therefore, it may be possible that traditional 

planar kinematic analyses may not be sensitive enough to detect changes that may occur 

with pathologies such as acetabular cartilage lesions.

An analysis combining MRI based determination of acetabular cartilage lesions and 

coordination variability may help researchers and clinicians to better understand the 

pathophysiology of hip OA and potentially how this could be modified. Therefore, the 

purpose of this study was to use vector coding to examine lower extremity hip and knee 

joint coordination variability during gait between individuals with and without acetabular 

cartilage lesions. It was hypothesized that individuals with acetabular cartilage lesions 

would demonstrate decreased joint coordination variability during the stance phase of gait 

compared to those without acetabular cartilage lesions.

2. Methods

2.1 Participants

These are retrospective analyses from the baseline data of an ongoing longitudinal 

observational study on hip OA. Participants in this study were recruited from the community 

using flyers and advertisements. Weight bearing anterior-posterior radiographs of each 

participant were analyzed using the Kellgren-Lawrence (KL) score (Kellgren and Lawrence, 

1957) and a KL score was determined for each hip joint. The hip joint with the higher KL 

score was selected as the “index” hip and was used for testing in this study. Participants 

were classified as those with mild-moderate radiographic hip OA (KL grade 2 or 3) and 

without radiographic hip OA (KL grade 0 or 1). A total of 93 participants were recruited for 

this study. Since previous studies using vector coding to analyze the effects of radiographic 

hip OA have not been performed, previously published data on hip sagittal plane excursion 

in those with (KL grade 2 or 3) and without (KL grade 0 or 1) radiographic hip OA (Kumar 

et al., 2015) was used as inputs into a power analysis. The power analysis performed in the 

current study used an alpha and a power of 0.05 and 95%, respectively. The power analysis 

indicated a minimum of 38 participants per group were needed. Participants were excluded 

if they presented with any of the following: contraindication to MRI imaging, hip KL grade 

greater than 3, total joint replacement of any lower extremity joint, previous hip joint 
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trauma, pain at any other lower extremity joint, any spine or lower extremity conditions that 

would limit or affect their ability to perform the dynamic tasks of the data collection and any 

radiographic indications of knee or ankle joint OA. All participants provided informed 

consent prior to participation in the study. This study was approved by the university 

committee on human research.

In addition, each participant's self-reported measure of pain and activities of daily living 

(ADL) were assessed using the Hip disability and Osteoarthritis Outcome Score (HOOS) 

(Nilsdotter et al., 2003). The HOOS was demonstrated to be a reliable and valid measure of 

overall hip joint function in people with OA (Nilsdotter et al., 2003). These scores were 

based on a scale of 0 to 100, with 0 representing worse hip pain or function and 100 

representing no hip pain or function issues.

2.2 MRI Acquisition and Analysis

MRI acquisition was performed using a 3 Tesla MRI scanner (GE MR750, GE Healthcare, 

Waukesha, WI, USA) and an eight channel cardiac coil (GE Healthcare, Waukesha, WI, 

USA). Participants were positioned supine and immobilized using straps in order to ensure a 

consistent and comfortable position (Supplementary Figure 1). The participants’ feet were 

stabilized in order to prevent any type of movement during the scan. The imaging 

parameters and protocol used in this study to obtain MR images of the hip joint have been 

previously described (Kumar et al., 2013; Lee et al., 2014) and are explained here briefly. 

Sagittal, oblique coronal and oblique axial orientated images using an intermediate-

weighted, fat-suppressed, fast spin-echo (FSE) sequence were obtained with a repetition 

time (TR) of 2400-3700ms, echo time (TE) of 60ms, field of view of 14 – 20cm, matrix size 

of 288×224 and slice thickness of 3 – 4mm.

Using the semi-quantitative MRI-based SHOMRI quantification method (Lee et al., 2014), 

the acetabular cartilage layer was divided into 4 sub-regions and scored using a 3-point scale 

where a score of 0, 1 and 2 indicate no loss, partial thickness loss and full thickness loss, 

respectively. The four sub-regions of the acetabulum included the anterior, posterior, 

superomedial and superolateral portions of the acetabulum cartilage layer (supplementary 

figure 2). The anterior and posterior regions of the acetabulum were defined as the anterior 

and posterior 1cm of the femoral head using the sagittal plane images. The mid-portion of 

the acetabular region was defined using the sagittal plane image and divided into a 

superolateral and superomedial region, moving from the lateral to medial direction, using 

the coronal plane images. The anterior and posterior acetabulum regions were scored on the 

sagittal plane images while the superolateral and superomedial regions were scored using 

the coronal plane images. Participants with an acetabular cartilage score of greater than 0 in 

any of the 4 acetabular sub-regions was considered to have an acetabular cartilage lesion and 

were included into the acetabular lesion group (LG) while participants with no acetabular 

cartilage lesions were included into the non-acetabular lesion group (NG).

2.3 Gait Data Acquisition and Processing

Three dimensional position data were collected at 250Hz using a 10-camera motion capture 

system (VICON, Oxford, UK) and kinetic data were collected synchronously at 1000Hz 
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using force platforms (AMTI, Watertown, MA, USA). A marker set consisting of 41 retro-

reflective markers was used to collect three dimensional position data (Kumar et al., 2014; 

Kumar et al., 2015). Specifically, fifteen retro-reflective markers placed at anatomical 

landmarks on both lower extremities were used to define joint centers. Ten of the fifteen 

markers were used for identification of joint centers and were placed at the greater 

trochanters, medial and lateral femoral epicondyles, medial and lateral malleoli, the first and 

fifth metatarsal heads. The remaining five markers were used to track pelvis motion and 

were placed at the anterior superior iliac spines, iliac crests and at the L5/S1 joint. 

Additional segment tracking was performed using marker clusters, each consisting of four 

retro-reflective markers, placed on the lateral thighs and shanks. A cluster of three retro-

reflective markers placed on the heel show counters and a marker on the fifth metatarsal 

head were used for tracking of the foot. After a standing calibration trial was performed, the 

calibration markers were removed from the participant.

Each participant was asked to perform 4 successful gait trials at a controlled speed of 1.35 

m·s−1. This speed was chosen as it is the mean of the average walking speeds of female and 

male adults on a smooth surface (Perry and Burnfield, 2010). A trial was considered 

successful if the participant's entire foot made a clean strike on one of the two force plates 

and the participant maintained the prescribed speed within 5% (0.7 m·s−1) of the controlled 

speed. All raw marker position and ground reaction force data were filtered using a 4th 

order, Butterworth filter at 6Hz and 50Hz, respectively. The standing calibration trial was 

used to create a seven segment (i.e. pelvis, bilateral thighs, shanks and feet) kinematic model 

in Visual3D (v5.00.16, C-Motion, Germantown, MD, USA). Local joint coordinate systems 

were created and an unweighted least squares method (Spoor and Veldpaus, 1980) was used 

to describe position and orientation of each segment. Joint rotations were solved using a 

Cardan sequence of X-Y’-Z”, representing the medial-lateral, anterior-posterior and 

superior-inferior directions, respectively. Joint angles were normalized to the standing 

calibration trial. Initial contact was defined when the foot struck the force plate and the 

vertical ground reaction force exceeded a 20N threshold. The stance phase of gait was 

defined as initial contact to toe-off.

2.4 Vector Coding Analysis

A vector coding technique (Chang et al., 2008; Hamill et al., 2000; Heiderscheit et al., 2002; 

Sparrow et al., 1987), was used to analyze hip and knee joint coordination variability as an 

effect of acetabular cartilage lesions. A custom written MATLAB (The Mathworks, Natick, 

MA, USA) program was used to perform the vector coding calculations. The vector coding 

algorithm provided a coupling angle, which is a quantitative description of the coordinative 

patterns between two joints (i.e. hip and knee). The coupling angle, reported in degrees (0 - 

360°), is calculated as the angle from the horizontal axis of a vector connecting two 

successive time points of the stance phase and is repeated for each trial being analyzed (Eq. 

1). The coupling angles calculated for each trial are directional in nature and therefore, 

circular statistics (Batschelet, 1981) were used to calculate the mean coupling angle. Nine 

pairs of joint couplings were chosen for the analysis in this study and include: hip flexion-

extension/knee flexion-extension, hip flexion-extension/knee abduction-adduction, hip 

flexion-extension/knee rotation, hip abduction-adduction/knee flexion-extension, hip 
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abduction-adduction/knee abduction-adduction, hip abduction-adduction/knee rotation, hip 

rotation/knee flexion-extension, hip rotation/knee abduction-adduction and hip rotation/knee 

rotation. These couplings were chosen as many studies have demonstrated hip and knee 

sagittal plane differences as an effect of hip OA (Eitzen et al., 2012; Hurwitz et al., 1998; 

Hurwitz et al., 1997; Kiss, 2010; Watelain et al., 2001; Zeni et al., 2014) yet only a few of 

these studies analyzed frontal and transverse plane rotations of the hip (Watelain et al., 

2001; Zeni et al., 2014).

(1)

Therefore, analysis of coordination variability was performed during pre-determined phases 

of the entire stance phase of gait as has been done in previous work (Heiderscheit et al., 

2002). The vertical ground reaction force (GRF) profile was used to divide the stance phase 

of gait into four phases (Fig. 1). The four phases were defined using three discrete time 

points of the vertical GRF profile. These time points were the first peak vertical GRF (P1), 

the minimum vertical GRF (M1) after P1 and the second peak vertical GRF (P2). Phases 1 – 

4 consisted of the time points between initial contact and P1, P1 and M1, M1 and P2, P2 and 

toe-off, respectively. For this study, the loading response (phase 1) and terminal stance/pre-

swing (phase 4) phases of the gait cycle were analyzed as previous research has 

demonstrated differences in hip joint kinematics due to hip OA during these phases of the 

gait cycle (Eitzen et al., 2012; Hurwitz et al., 1997; Watelain et al., 2001; Zeni et al., 2014). 

In addition, phases 1 and 4 represent subdivisions of the stance phase that reflect joint 

loading patterns during walking (Chang et al., 2008). All four gait trials from each 

participant were used in the vector coding analysis. A minimum of 3 trials was suggested to 

provide valid data in various biomechanical analyses (Mullineaux et al., 2001) and therefore, 

4 trials should provide sufficiently accurate data for use in this study. Hip and knee joint 

kinematic data, within the loading response and terminal stance phases, were time 

normalized to 101 points and used as inputs into the vector coding algorithm. The average 

standard deviation of each joint coupling angle was determined and used as a measure of the 

between trial, within participant variability (Heiderscheit et al., 2002). This process was 

repeated for each participant during both phases 1 and 4.

2.5 Statistical Analysis

Independent t-tests were performed in order to determine group differences of age, height, 

mass, BMI and HOOS scores, where significance was set a priori at the 0.05 level. Mean 

variability (degrees) for all of the hip and knee joint couplings in the loading response and 

terminal stance/pre-swing phases were analyzed using an analysis of covariance 

(ANCOVA) with a covariate of age. Significance level of the ANCOVA was set a priori at 

the 0.05 level. All statistical analyses were performed using SPSS statistics (v21, IBM 

Corporation, Armonk, NY, USA).

In addition, the minimum, maximum and range of motion of each degree of freedom during 

phases 1 and 4 were assessed using an ANCOVA with a covariate of age. This analysis was 
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performed in order to determine whether or not traditional kinematic analysis would provide 

information on the effects of acetabular cartilage lesions on walking during phases 1 and 4.

3. Results

Participants with acetabular lesions were significantly older (p < 0.001) than the participants 

in the control group (Table 1). In addition, participants with acetabular lesions demonstrated 

significantly worse self-reported pain and increased limitations in the ADL.

Significant differences were observed for hip and knee joint couplings in phases 1 and 4 

between participants with and without acetabular cartilage lesions (Table 2). During phase 1, 

the LG demonstrated a decrease of 3.5° (F1,91 = 4.09, p = 0.04), 11.5° (F1,91 = 4.75, p = 

0.03) and 11.5° (F1,91 = 6.92, p = 0.01) in variability, compared to the NG (Fig. 2), in the 

hip flexion-extension/knee rotation, hip abduction-adduction/knee rotation and hip rotation/

knee rotation joint couplings, respectively. During phase 4, variability in the LG increased, 

compared to the NG (Fig. 3), by 9.9° (F1,91 = 7.41, p < 0.01) and 1.75° (F1,91 = 4.14, p = 

0.04) in the hip flexion-extension/knee rotation and hip abduction-adduction/knee rotation 

joint couplings, respectively. The angle-angle plots of the hip flexion-extension/knee 

rotation, hip abduction-adduction/knee rotation, and hip rotation/knee rotation joint 

couplings can be found in figure 4.

The minimum, maximum and range of motion of each degree of freedom during phases 1 

and 4 are displayed in table 3. During phase 1, significant differences in minimum knee 

rotation (F1,91 = 5.41, p = 0.02), range of motion in the knee sagittal (F1,91 = 5.40, p = 0.02) 

and transverse planes (F1,91 = 4.85, p = 0.03) exist between the NG and LG. No differences 

exist in lower extremity joint kinematics during phase 4.

4. Discussion

In this study, participants with acetabular cartilage defects, determined using a semi-

quantitative MRI-based quantification method (Lee et al., 2014), were found to exhibit 

altered hip and knee joint coordination patterns during the loading response and terminal 

stance/pre-swing phases of the gait cycle. During loading response (phase 1), those with 

acetabular lesions demonstrated decreased joint coordination variability, compared to those 

without acetabular lesions and may suggest that those with acetabular lesions are limited in 

their movement strategies during this phase of the gait cycle. In terminal stance/pre-swing 

(phase 4), those with acetabular lesions demonstrated increased joint coordination variability 

compared to those without acetabular lesions, which may suggest increased movement 

strategies in order to compensate for the increased disability that those with acetabular 

lesions possess.

We observed that during early stance phase walking (phase 1), participants with acetabular 

cartilage lesions had decreased variability in the hip flexion-extension/knee rotation, hip 

abduction-adduction/knee rotation and hip rotation/knee rotation joint couplings. Previous 

studies have shown that participants with hip OA demonstrated altered kinematic patterns in 

the hip sagittal (Eitzen et al., 2012; Hurwitz et al., 1998; Hurwitz et al., 1997; Watelain et 

al., 2001; Zeni et al., 2014), frontal and transverse planes (Eitzen et al., 2012; Watelain et 
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al., 2001). The loads experienced by the lower extremities are greatest during heel strike 

when the lower limb is near full extension (Schipplein and Andriacchi, 1991) and may cause 

those with acetabular cartilage lesions to modify their hip and knee joint coordination 

patterns during this phase of gait, in an attempt to provide increased shock absorption. Those 

with hip OA demonstrated altered gait patterns compared to a healthy population and these 

altered gait patterns were found to be related to pain (Hurwitz et al., 1997). The LG 

experience increased pain compared to the NG and the increased levels of pain may be 

associated with the altered hip and knee joint coordination patterns during phase 1, similar to 

those with hip osteoarthritis (Hurwitz et al., 1997). In addition, there may be a rotational 

misalignment of the knee joint near heel strike indicating a change in the normal load 

bearing contact region of the knee joint (Andriacchi and Mündermann, 2006). This 

rotational misalignment at the knee may cause altered movement patterns in the hip frontal 

and transverse planes. The differences in knee rotation kinematics between the NG and LG 

groups, during this phase, may support the notion that there is a rotational misalignment of 

the knee joint present during phase 1. Whether or not this misalignment in the knee joint is a 

result of the acetabular cartilage lesions, increased levels of pain or a diminished ability to 

properly react to the high loads at heel strike should be further evaluated. The differences in 

knee transverse plane kinematics between the NG and LG, may help explain the differences 

in the joint coordination patterns present during early stance phase of walking.

Similar to a previous study (Kumar et al., 2013), participants with acetabular lesions in the 

current study demonstrated worse pain and disability compared to those participants without 

acetabular cartilage lesions. The reduced coordination variability in the acetabular lesion 

group during the loading response phase may indicate a pain avoidance mechanism. Hence, 

it may be possible that the participants with acetabular cartilage lesions exhibit reduced 

coordination variability during phase 1, which may indicate less flexibility of the lower 

extremity (Newel and Corcos, 1993), as well as a decreased ability to compensate for the 

load placed on the hip joint and therefore, cause repetitive stress exposure to the hip joint 

and may lead to an increased risk of further injury and pain. In addition, reduced 

coordination variability in the hip abduction-adduction/knee rotation and hip rotation/knee 

rotation couplings may also be related to altered joint excursions (Eitzen et al., 2012; 

Hurwitz et al., 1998; Hurwitz et al., 1997; Zeni et al., 2014). The LG demonstrated an 

increased range of motion in the knee transverse plane which may be related to a possible 

rotational misalignment of the knee joint. The reduced coordination variability in 

participants with acetabular lesions may suggest reduced movement strategies during the 

loading response phase yet this should be systematically investigated (i.e. electromyography, 

etc.).

In late stance (phase 4), the LG demonstrated increased variability in the hip flexion-

extension/knee rotation and hip abduction-adduction/knee rotation joint couplings, 

compared to the NG. During this phase, the hip joint undergoes flexion in order to prepare 

for the swing phase of gait. Earlier studies demonstrated that during the last 50% of the 

stance phase, hip and knee excursions were significantly reduced in people with hip OA 

(Eitzen et al., 2012) and those with hip OA demonstrated larger amounts of hip flexion 

compared to healthy controls at toe-off (Watelain et al., 2001). In addition, those with hip 

OA demonstrated reduced variability in hip sagittal plane angles throughout the entire stance 
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phase of gait (Kiss, 2010) and may suggest that hip sagittal plane angles in the LG, 

compared to the NG, may also be altered during phase 4. Previous reports have suggested 

that hip extension range of motion is significantly associated with self-reported disability in 

those with hip OA (Steultjens et al., 2000). In the current study, the LG participants reported 

significantly increased disability compared to the NG yet no differences in kinematics exist 

during phase 4. Unlike those with hip OA, who demonstrated differences in hip abduction at 

toe-off compared to a control group (Watelain et al., 2001), a difference in hip frontal plane 

kinematics between the LG and NG group does not exist during phase 4, yet the LG group 

demonstrated significantly higher variability in the hip abduction-adduction/knee rotation 

joint coupling. The lack of planar kinematic differences in phase 4 may suggest that the 

altered hip and knee joint couplings may be indicative of the increased disability and pain in 

those with acetabular cartilage lesions compared to those without acetabular cartilage 

lesions. Increased coordination variability in the hip and knee joint couplings in participants 

with acetabular lesions compared to those without acetabular cartilage lesions may be 

evidence of dynamic instability or ineffective motor control strategies during this phase. 

Those with acetabular cartilage lesions may be using a larger amount of movement 

strategies during phase 4, in order to overcome their self-reported disability, yet the 

controlling mechanisms (i.e. muscle activations) that may cause these increased movement 

strategies were not quantified in the current study. The lack of kinematic differences 

between the NG and LG, during phase 4, may help support the notion that vector coding is a 

more sensitive measure to detect altered motion patterns compared to planar kinematic 

analyses (Armour Smith et al., 2014).

Limitations of this study exist in the methods used to classify the control and symptomatic 

groups. In this study, patients with acetabular cartilage lesions were compared to those 

without acetabular cartilage lesions. We did not account for other types of hip pathology 

such as femoral cartilage lesions, labrum tears, etc. Therefore, it is possible that the non-

acetabular lesion group includes participants with other hip pathologies and the effects of 

these pathologies on joint coordination variability should be explored in the future. In 

addition, future studies should use participants with a KL grade of less than two in order to 

create a control group and to assess the effects of acetabular lesions on joint coordination 

variability, compared to this control group. Although many of the participants in this study 

presented with largely unilateral hip OA, some of the participants possess bilateral hip OA 

(~11% in the NG and 35% in the LG) and therefore, caution should be taken when 

interpreting the results of this study. The effects of bilateral hip OA were not explored in this 

study yet it is an important factor when analyzing gait, as bilateral hip OA can affect gait 

patterns. In this study, approximately 36% of the acetabular lesion group demonstrated 

bilateral hip OA yet the effects of bilateral hip OA on joint coordination variability during 

gait are unknown. Future studies should explore the effects of bilateral hip OA on joint 

coordination variability during gait. Another limitation exists in the experimental methods 

used to perform the gait task required of this study. In this study, all participants walked at a 

fixed pace yet those with hip OA, when asked to walk at a self-selected pace, demonstrated 

significant differences in speed when compared to healthy controls (Eitzen et al., 2012; 

Foucher et al., 2012; Watelain et al., 2001). Also, walking speed had an effect on various 

gait parameters in those with hip OA when compared to healthy controls (Kiss, 2010). The 
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use of a fixed walking speed reduces the concern of differences in speed between groups yet 

may contribute to the altered joint coordination patterns presented in this study.

In conclusion, an MRI-based semi-quantitative scoring method (Lee et al., 2014) was used 

to distinguish those with and without acetabular cartilage lesions, in order to understand the 

effects of this pathology on hip and knee joint coordination variability during gait. 

Participants with acetabular cartilage defects, exhibited altered hip and knee joint 

coordination patterns during the loading response and terminal stance/pre-swing phases of 

the gait cycle. Those with acetabular lesions demonstrated reduced joint coordination 

variability during the loading response phase of gait and may indicate a pain avoidance 

mechanism or an inability to properly react to high loads during this phase of gait. On the 

other hand, during terminal stance/pre-swing (phase 4), the increased joint coordination 

variability may be indicative of increased movement strategies used to compensate for 

increased disability in those with acetabular lesions. In addition, these differences in 

movement variability may indicate underlying deficits in motor control patterns that could 

be related to future progression of hip cartilage degeneration. The analysis performed in the 

current study provided knowledge on the effects of acetabular cartilage lesions on knee joint 

kinematics, as knee rotation was a component in all of the significant joint couplings within 

early and late stance phase. Hence, vector coding analyses could be a useful technique to 

investigate gait mechanics at both the hip and knee joints in people with hip joint pathology. 

The information provided from vector coding may help clinicians develop better treatments 

and rehabilitation protocols for those with hip joint pathology. In addition, future 

longitudinal studies should be performed to assess if these differences in coordination 

variability are associated with progression of hip OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• This study reports on joint coordination in those with acetabular cartilage 

lesions

• Vector coding was used to analyze hip and knee joint coordination variability

• People with acetabular cartilage lesions exhibit altered joint coordination 

variability

• Vector coding may be a useful method in analyzing hip joint pathologies during 

gait
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Fig. 1. 
A representative example of a participant's vertical ground reaction force (GRF) profile 

during gait. The vertical lines (left to right) indicate the location of the first vertical GRF 

peak (P1), the minimum vertical GRF (M1) and the second vertical GRF peak (P2), which 

were used to divide the entire stance phase into four discrete regions. Phases 1 – 4 were 

defined as the time points between initial contact to P1, P1 to M1, M1 to P2 and P2 to toe-

off, respectively.
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Fig. 2. 
Coupling angles (degrees) of the hip flexion-extension/knee rotation (top left), hip 

abduction-adduction/knee rotation (middle left) and hip rotation/knee rotation (bottom left) 

and the variability (degrees) of the hip flexion-extension/knee rotation (top right), hip 

abduction-adduction/knee rotation (middle right) and hip rotation/knee rotation (bottom 

right) joint couplings during phase 1, where the solid and dashed lines represent the non-

acetabular lesion group (NG) and the acetabular lesion group (LG), respectively.
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Fig. 3. 
Coupling angles (degrees) of the hip flexion-extension/knee rotation (top left) and hip 

abduction-adduction/knee rotation (bottom left) and the variability (degrees) of the hip 

flexion-extension/knee rotation (top right) and hip abduction-adduction/knee rotation 

(bottom right) joint couplings during phase 4, where the solid and dashed lines represent the 

non-acetabular lesion group (NG) and the acetabular lesion group (LG), respectively.
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Fig. 4. 
Angle-angle plots (degrees) of the hip flexion-extension/knee rotation (top left), hip 

abduction-adduction/knee rotation (top right) and hip rotation/knee rotation (bottom) joint 

couplings during the entire stance phase, where the solid and dashed lines represent the non-

acetabular lesion group (NG) and the acetabular lesion group (LG), respectively. Initial 

contact and toe-off are indicated with a + and a #, respectively.
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Table 1

The mean and standard deviation of the demographics, pain and activities of daily living (ADL) scores of the 

non-acetabulum (NG) and acetabulum cartilage lesions (LG) groups, where an * indicates statistically 

significant differences (p<0.05). In addition, the percentage of participants with a particular Kellgren-

Lawrence (KL) score of the tested limb are listed.

NG (n=54) LG (n=39) p-value

Age (years)* 40.7(13.1) 50.8(11.4) <0.001

Mass (kg) 67.1(12.4) 71.7(14.1) 0.10

Height (m) 1.69(0.10) 1.71(0.12) 0.514

BMI (kg/m2) 23.4(3.09) 24.5(3.05) 0.09

HOOS (Pain)* 93.7(12.3) 84.8(20.8) 0.01

HOOS (ADL)* 96.3(9.71) 88.6(18.8) 0.02

KL < 2 82% 46%

KL ≥ 2 18% 54%
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