
UCSF
UC San Francisco Previously Published Works

Title
Study of the interactions between proximal femur 3d bone shape, cartilage health, and 
biomechanics in patients with hip Osteoarthritis

Permalink
https://escholarship.org/uc/item/72s226f9

Journal
Journal of Orthopaedic Research®, 36(1)

ISSN
0736-0266

Authors
Pedoia, Valentina
Samaan, Michael A
Inamdar, Gaurav
et al.

Publication Date
2018

DOI
10.1002/jor.23649
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/72s226f9
https://escholarship.org/uc/item/72s226f9#author
https://escholarship.org
http://www.cdlib.org/


Study of the Interactions Between Proximal Femur 3D Bone 
Shape, Cartilage Health and Biomechanics in Patients with Hip 
Osteoarthritis

Valentina Pedoia, PhD1,*, Michael A. Samaan, PhD1, Gaurav Inamdar1, Matthew C. Gallo, 
B.A1, Richard B. Souza, PT, PhD1,2, and Sharmila Majumdar, PhD1

1Department of Radiology and Biomedical Imaging, University of California San Francisco, CA

2Department of Physical Therapy and Rehabilitation Science, University of California San 
Francisco, CA

Abstract

In this study quantitative MRI and gait analysis were used to investigate the relationships between 

proximal femur 3D bone shape, cartilage morphology, cartilage biochemical composition, and 

joint biomechanics in subject with hip Osteoarthritis (OA). Eighty subjects underwent unilateral 

hip MR-imaging: T1ρ and T2 relaxation times were extracted through voxel based relaxometry 

and bone shape was assessed with 3D MRI-based statistical shape modeling. In addition, 3D gait 

analysis was performed in seventy-six of the studied subjects. Associations between shape, 

cartilage lesion presence, severity and cartilage T1ρ and T2 were analyzed with linear regression 

and statistical parametric mapping. An ad-hoc analysis was performed to investigate biomechanics 

and shape associations. Our results showed that subjects with a higher neck shaft angle in the 

coronal plane (higher mode 1, coxa valga), thicker femoral neck and a less spherical femoral head 

(higher mode 5, pistol grip) exhibited more severe acetabular and femoral cartilage abnormalities, 

showing different interactions with demographics factors. Subjects with coxa valga also 

demonstrated a prolongation of T1ρ and T2. Subjects with pistol grip deformity exhibited reduced 

hip internal rotation angles and subjects with coxa valga exhibited higher peak hip adduction 

moment and moment impulse. The results of this study establish a clear relationship between 3D 

proximal femur shape variations and markers of hip joint degeneration – morphological, 

compositional, well as insight on the possible interactions with demographics and biomechanics, 
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suggesting that 3D MRI-based bone shape maybe a promising biomarker of early hip joint 

degeneration.

Graphical Abstract
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INTRODUCTION

Hip osteoarthritis (OA) is a debilitating and degenerative joint disease and is highly 

prevalent in the United States due to an aging population as well as a growing number of 

obese individuals [1, 2]. Hip OA is characterized by a multifactorial pathogenesis and 

involves a huge social and economic impact, in addition to a significant negative effect on 

the individual’s quality of life [3, 4].

It is well known that early stages of OA involves cartilage changes including proteoglycan 

loss, thinning and disruption of collagen, and changes in hydration; while late stages include 

dehydration and loss of cartilage accompanied by bone deformation [5]. T1ρ and T2 

relaxation times provide a measure of proteoglycan content and collagen orientation [6–8], 

respectively, and prolongation in both these relaxation parameters were observed in hip OA 

subjects [9]. In addition, cartilage sub-regions characterized by elevated T1ρ and T2 values 

at baseline demonstrated longitudinal progression of morphological cartilage degeneration, 

indicating that T1ρ and T2 may be biomarkers for early OA [10]. The spatial variation of 

cartilage relaxation times in the hip joint, and the need for a regional analysis to extract a 

realistic imaging biomarker from relaxation parametric maps has also been recognized [11, 

12]. In an attempt to address this challenge, voxel based relaxometry (VBR) [13] has been 
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recently proposed for the hip joint and was adopted to study the local association between 

T1ρ and T2 relaxation times and longitudinal changes in patient-reported outcomes [14].

In addition to early biochemical cartilage changes in hip OA, it has been suggested that 

changes also occur in the subchondral and trabecular bone. Articular cartilage and 

subchondral bone act in tandem with regards to the mechanical loading of the joint. The 

subchondral mineralized zone plays an important role in reducing the impact forces typically 

encountered during dynamic joint loading and adapts to the mechanical demands during 

normal and abnormal joint loading [15–17]. Both early-stage increased bone remodeling and 

bone loss, as well as, the late-stage reduced bone remodeling and subchondral densification 

are important components of the pathological process that leads to OA.

Previous work has used MRI and biomechanical analyses to assess the effects of hip joint 

abnormalities [18–20] and femoroacetabular impingement (FAI) [21–23] on hip joint 

mechanics during various activities of daily living (ADL). More specifically, FAI patients 

demonstrated increased hip joint loading during gait and these increased loading patterns 

within FAI patients were associated with increased severity of acetabular cartilage 

abnormalities. Also, the morphological abnormality present at the femoral-head neck 

junction (cam-type FAI) produces increased stress in the acetabular cartilage and labrum, 

which may lead to hip joint degeneration. These biomechanical studies demonstrate that 

altered hip joint morphology as well as the presence of cartilage degeneration alters hip joint 

mechanics during ADL yet a more comprehensive understanding of hip joint morphology 

and its association with hip joint mechanics and cartilage degeneration is needed.

There has been a growing interest in the analysis of bone shape as an early knee and hip OA 

imaging biomarker, with the majority of the applications being based on radiographic 2D 

analysis [24–27]. While 3D bone shape analysis using MRI has the potential to extract more 

detailed shape features, challenges such as segmenting the bone and other tissues becomes 

time intensive if done manually, or even semi-automatically [28–31]. Despite this constraint 

Three-dimensional Statistical Shape Modeling (SSM) has been increasingly employed in 

studies involving knee and hip OA [28–32].

Although shape features as possible early OA imaging biomarkers have been studied, there 

have been limited studies that aim to explore the relationships between proximal femur 3D 

bone shape and morphological and biochemical changes in articular cartilage in OA. Clearly, 

a better understanding of the role of bone shape in the cartilage degeneration process, which 

modulate the forces at work within the joint, is essential in order to gain insight into the 

mechanical causes of osteoarthritis of the hip.

In an attempt to fill this gap, the present study used quantitative imaging and gait analysis to: 

(i) evaluate the relationships between proximal femur bone shape and the presence of 

cartilage abnormalities detected with morphological MRI; (ii) to analyze the local patterns 

of T1ρ and T2 relaxation time elevations in association with specific bone shape variations 

using voxel-based relaxometry and (iii) study the associations between bone shape features 

related to cartilage health and gait biomechanics, with the aim to improve the interpretation 

of the results in (i) and (ii).
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We hypothesized that specific bone shape features are associated with the presence of 

femoral and acetabular cartilage abnormalities and prolongation in T1ρ and T2 relaxation 

times, indicating changes in cartilage biochemistry shown to be consistent with the onset of 

OA. We also hypothesized that these shape variations are associated with hip joint 

mechanics.

METHODS

This is an analytic study (Level of Evidence: III). All subjects provided written informed 

consent, and the study was carried out in accordance with the regulations of the Committee 

for Human Research at our institution.

Subjects

Subjects in the current study were part of a longitudinal study on hip OA. Participants were 

excluded if they were below the age of 18, had a history of previous hip trauma, 

inflammatory arthritis, hemochromatosis, sickle cell disease, or hemoglobinopathy, hip joint 

Kellgren and Lawrence (KL) score > 3, contraindications to MRI, radiographic evidence of 

femoroacetabular impingement or any spine or lower extremity conditions that would 

negatively affect their ability to perform the dynamic tasks during the data collection.

Weight bearing anterior-posterior radiographs of each participant were obtained and used by 

an experienced musculoskeletal radiologist to assign bilateral KL scores and to measure 

neck shaft angle and alpha angle The hip with the higher KL score was used as the study hip 

and underwent an MRI. If both hips had the same KL, the side imaged using MR was 

selected randomly.

Imaging Protocol

Hip MR images were obtained using a 3T scanner (GE MR750; GE Healthcare, Waukesha, 

WI) using an 8-channel receive-only cardiac coil (GE Healthcare, Waukesha, WI). Subjects 

were positioned supine and hip joint position was standardized: feet were slightly internally 

rotated and taped together to prevent movement during the scan [11]. The MRI protocol 

adopted for this study is descried in Table 1. Semi-quantitative clinical grading of acetabular 

and femoral cartilage abnormalities was performed using the Scoring Hip Osteoarthritis with 

MRI (SHOMRI) scoring system [33, 34].

Image Processing: 3D Shape Analysis

All image processing was performed using an in-house program developed in Matlab (The 

Mathworks, Natick, MA). The proximal femurs of all the subjects were segmented 

automatically on the T1ρ-weighted image with TSL = 0 using a single atlas-based method 

[13] refined by active contours. All the segmentations underwent a strict protocol of quality 

control and a single user (GI) manually adjusted the bone segmentation in case of failure of 

the automatic procedure. 3D-SSM was performed as previously described and evaluated [35, 

36].
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Image Processing: T1ρ and T2 Voxel-Based Relaxometry

T1ρ and T2 relaxation times were automatically analyzed with a previously proposed and 

evaluated technique [14]. Briefly, all the T1ρ-weighted and T2-weighted images were non-

rigidly registered on a single reference identified through an iterative process aimed to 

minimize global image deformation. T1ρ and T2 maps were then obtained by fitting the 

morphed images obtained with different TSL and TE. The alignment of all subjects onto a 

single template allowed for voxel-based statistical analysis (Statistical Parametric Mapping).

Gait Analysis

Three-dimensional lower extremity joint kinematics and kinetics were obtained for 76 of the 

80 subjects while walking at a self-selected speed. A 10-camera motion capture system 

(VICON, Oxford Metrics, Oxford, UK) was used to obtain 3D position data at a sampling 

rate of 250 Hz, while ground reaction forces were obtained simultaneously using two 

embedded force platforms (AMTI, Watertown, MA, USA) at a sampling rate of 1000 Hz. 

Fourteen-millimeter spherical reflective markers were used to determine segment lengths 

and joint centers and placed at L5/S1 and bilaterally at the iliac crests, anterior superior iliac 

spines, greater trochanters, medial and lateral femoral condyles, medial and lateral malleoli, 

first and fifth metatarsal heads. In addition, rigid marker clusters were placed bilaterally on 

the thighs, shanks and heel shoe counters to track segment position. A one second standing 

calibration trial was obtained for each subject.

Each subject was asked to perform three successful walking trials at a self-selected speed. A 

trial was considered successful if the subject’s foot made a clean strike on a force plate and 

the subject’s speed was maintained within 5% of their first successful trial. All raw marker 

position and ground reaction force data were processed using a 4th order Butterworth filter at 

6Hz and 50Hz, respectively. A seven segment kinematic model (i.e. pelvis, thighs, shanks 

and feet) was created from the standing calibration trial using Visual3D (C-Motion, 

Germantown, MD). Inverse dynamics was used to compute external net joint moments and 

were normalized by body mass (Nm/kg) [37]. Hip joint angles and moments were assessed 

during the stance phase of gait and the hip joint moment impulse (Nm*ms/kg) was 

computed as the integral of a particular portion of the hip joint moment curve with respect to 

time (ms). Active range of motion tests were performed at the same time as gait analysis in 

order to assess: hip flexion angle and hip internal rotation.

Statistical Analysis

Stepwise linear regression was used to study the associations between the first five bone 

shape modes and the SHOMRI cartilage scores in acetabular and femoral cartilage, joint 

biomechanics and active range of motion tests. The model was performed with and without 

demographics (age, gender and BMI) as possible predictors, with the aim of studying the 

additional information derived by the inclusion of shape features over the demographics and 

the exploration of potential interactions between shape and demographic factors. Ad-hoc 

analysis was performed with the aim of testing if the complex 3D MRI-based features could 

complement, or overcome the easier extractable 2D radiograph-based feature. Stepwise 

regression models including both 2D and 3D measurements were tested in association with 

presence of cartilage lesions.
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Voxel-based Pearson partial correlation adjusted for age, gender and BMI was performed to 

study the local association between bone shape features and T1ρ and T2 relaxation time. A 

p-value of 0.05 was considered as significant threshold.

RESULTS

Eighty subjects (37 female, 43 male) were considered for this study (age 47.0 ± 13.4 years, 

BMI 23.8 ± 3.1 kg/m2). Of these 80 subjects, 42 (52.5%) had a KL score greater than 1 

indicating radiographic hip OA. Fifty-two (65%) subjects showed the presence of femoral or 

acetabular cartilage abnormalities as determined by the SHOMRI score. Table 2 reports the 

overall baseline MRI characteristics of this dataset evaluated by SHOMRI.

The first five shape modes (Figure 1) described 66.7% of the overall variation within the 

dataset and were considered for further analysis. Mode 1 alone described 31.2% of the total 

variability within the analyzed dataset. Higher values of mode 1 corresponded to a larger 

neck shaft angle in the coronal plane and have been shown in previous studies to relate a 

condition known as coxa valga [38]. On the contrary, lower values of mode 1 correspond to 

a condition known as coxa vara [38]. Mode 2 (11.8 %) was related to the ratio between the 

femoral head radius and the shaft thickness while variations of mode 3 (9.86%) changed the 

medial–lateral length of the femoral neck. Higher values of mode 4 (7.05%) were related to 

larger neck shaft angle in the axial plane. Higher values of mode 5 (6.72%) corresponded to 

a thicker femoral neck and less spherical femoral head and is related to a condition known as 

pistol grip deformity [38]. In addition, higher values in mode 5 were observed in men and in 

subjects with higher BMI. While visual examination of the 3D modeling may make it 

possible to determine the dominant feature that each mode represents, the subtle features, 

secondary characteristics that may affect the modes are not often visually discernable; 3D 

SSM is a methodology that makes it easy to describe 3D complex deformations that are not 

easily represented by simple geometric measurements.

Mode 1 and mode 5 were observed to be significant predictors of the presence and severity 

of cartilage abnormalities in the acetabular (P-value = 0.0016) and femoral cartilage (P-value 

= 0.0032, Table 3A), when demographics are not considered in the model. Subjects with 

coxa valga and pistol grip deformities exhibited higher average SHOMRI cartilage 

abnormality scores. When age, gender and BMI were considered as independent variables in 

the model (Table 3B), mode 1 (P-value = 0.01), remained a significant predictor of femoral 

cartilage abnormalities but mode 5 was not significant for femoral or acetabular 

abnormalities. In addition, we observed a significant (P-value = 0.02) interaction between 

age and shape mode 1 in the prediction of femoral cartilage abnormalities. The loss of 

significant in mode 5 is related to the association between this shape feature and both gender 

and BMI. Male subjects and subjects with higher BMI demonstrate higher values in mode 5 

(thicker femoral neck).

When mode 1 and radiographic measures of neck shaft angle were simultaneously 

considered in the stepwise regression model (Table 3C), mode 1 shown to be a better 

predictor of acetabular cartilage lesion SHOMRI grades than the 2D neck shaft angle, which 

was not included in the model; however both the 2D geometrical features (P-value = 0.01) 
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and 3D SSM feature (P-value = 0.04) contributed to the prediction of femoral cartilage 

lesion SHOMRI grades (model P-value = 0.0037). Similarly the addition of mode 5 in 

addition to the radiographic measure of alpha angle, and the interaction between those 2 

variables improved the prediction of acetabular cartilage lesion grades. While the 3D bone 

shape was not included in the femoral cartilage lesion model when alpha angle was 

considered.

Although both mode 1 and mode 5 were positively associated with SHOMRI scores, a 

different interaction with demographics was observed and a clear dichotomy was seen 

between values of the two modes. Mode 1 values were more distinguished at lower 

SHOMRI scores (Figure 2A–2C), while mode 5 values were more distinguished at higher 

SHOMRI scores (Figure 2B–2D).

When the first 5 modes were evaluated in association with T1ρ and T2 relaxation times, we 

observed significant positive associations between mode 1 and T1ρ in 29.05% of the 

acetabular voxels with an average R-value = 0.36 and in 34.46% of the femoral voxels with 

an average R-value = 0.38, (Table 4). Subjects with coxa valga deformity exhibited a 

prolongation in relaxation times. Upon observing the R-value and P-value statistical 

parametric maps (Figure 3A), there was a notable concentration of strongly correlated voxels 

in the more medial aspect of the hip cartilage and were mainly focused in the anterior 

superior and posterior superior regions of the hip joint. A similar pattern was observed for 

T2, however the clusters of significant voxels were smaller in both the acetabular (PSV 

=17.63%) and femoral cartilage (PSV=14.97%). A small cluster of significant negative 

voxels were also observed in the more lateral aspect in both T1ρ (acetabular PSV=6.22%, 

femoral PSV=3.68%) and T2 (acetabular PSV=6.76%, femoral PSV=15.07%) suggesting a 

relationship with the loading distribution and this specific bone variation. None of the other 

shape modes showed relevant associations with T1ρ or T2 relaxation times.

For a more comprehensive understanding of these results the associations between mode 1 

and mode 5 with hip joint angles, moments and moment impulses during gait and hip 

internal rotation and hip flexion active range of motion tests were evaluated. Table 5A and 

5B show the results of these analyses. Subjects with higher mode 5 (pistol grip deformity) 

exhibited a smaller hip internal rotation angle when evaluated in both gait analysis (Table 

5A) and clinical testing (Table 5B), while both gender and mode 1 were significant 

predictors of the peak external hip adduction moment and moment impulse none of the 

evaluated shape showed a significant association with hip flexion angle.

DISCUSSION

In this study we demonstrated the ability of 3D Statistical Shape Modeling to quantify hip 

bone shape features from MRI. We observed that bone shapes were associated with 

morphological and biochemical degeneration of the articular cartilage and may be early 

signs of hip OA. We also observed associations between bone shapes with hip joint 

mechanics during gait.
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Previous studies have used radiographs to establish a clear link between certain proximal 

femur bone shapes and OA [39, 40]. Our results confirmed these previous studies, showing 

further evidence of the critical role of the bone shape in the development of OA and of the 

ability of MRI and 3D shape modeling to quantify those features.

Specifically we observed that higher values in the bone shape feature mode 1, related to the 

condition of coxa valga, predicted the presence and severity of cartilage abnormalities and 

demonstrated interaction with gender in this association. In addition, subjects that exhibited 

this bony deformity showed a prolongation in T1ρ and T2 relaxation times and higher hip 

adduction moment and moment impulse. This coupled with the ability of mode 1 in 

distinguishing lower values of SHOMRI cartilage scores suggests that this shape feature 

might be a good indicator of early OA progression or a possible morphological risk factor of 

OA. The higher neck shaft angle of the coxa valga shape has been associated with reduced 

gluteus medius moments arms [41] and therefore may be related to altered frontal plane hip 

joint loads during weight bearing activities [42] These changes in gait mechanics and 

loading, along with the altered bony morphology of the proximal femur, may contribute to 

cartilage degeneration.

The femoral neck-shaft angle (NSA) is widely studied and discussed in OA research yet 

these results are contradictory and currently, there is no consensus on the relationship 

between hip joint shape variation and OA. A study conducted by Javaid et. al used 

radiographic images to measure certain geometric features and their relationship to OA [43] 

and did not observe a relationship between hip OA and the neck shaft angle. Another study 

measured geometric parameters on radiographs and observed that a higher NSA was related 

to incidence of OA [44]. While our results may suggest coxa valga as a possible early 

manifestation of OA or even a geometrical risk factor, a study conducted by Doherty et al. 

[21] performed on radiographs exhibited the opposite results as the current study. This study 

demonstrated that the coxa vara shape is a possible predictor of hip OA while the coxa valga 

shape occurs as a result of OA [24]. However, a study conducted by Benlidayi et al. 

exhibited differing results, as it was observed that patients with higher NSA exhibited sever 

knee OA and that people with a NSA of above 134.4° have eightfold increased risk of 

developing knee OA [45]. Despite the contradictory results of previous studies, the results of 

the current study suggest that a higher NSA is related to hip joint cartilage degeneration and 

may be an indicator of the early signs of hip OA yet should be further evaluated using a 

longitudinal study, in order to better understand the relationship between proximal hip joint 

shape and cartilage degeneration.

In addition to the cross-sectional association with the presence of cartilage abnormalities, 

mode 1 was observed to be correlated with T1ρ and T2 values in the anterior superior and 

posterior superior regions of the hip joint cartilage and suggests that subjects with the coxa 

valga deformity exhibit a prolongation in relaxation times. T1ρ and T2 values in these 

specific cartilage regions were previously observed to be significant predictors of the 

longitudinal progression of cartilage lesions [10], suggesting, as a possible future direction, 

the combined use of shape analysis and compositional MRI to improve the predictive ability 

of longitudinal cartilage degeneration.
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In our study we also observed a prevalence of higher values of mode 5 in subjects with more 

severe cartilage abnormalities. Higher values in mode 5 has been shown to be correlated to a 

thicker femoral neck and is related to a condition known as pistol grip deformity [24]. It is 

also worth noting that while subjects with higher mode 5 showed a 3D shape deformation, 

from MRI analysis, similar to FAI, the subjects were excluded in this study and do not meet 

the criteria as FAI based on radiographic inspection (alpha angle); this may partially explain 

the lack of differences observed. However, our results indicate that mode 5 is not a proper 

indicator of the early signs of cartilage degeneration (i.e. no relationship with T1ρ or T2 

relaxation times) but mode 5 can distinguish severity in cartilage abnormalities in the later 

OA stages.

The results of the current study demonstrated that mode 5 was related to gender and BMI 

and help to confirm the results of the Doherty et. al study, in which the pistol grip shape was 

found to be more common among men [24]. Also, a previous study conducted by Agricola 

et.al used SSM confirmed that a thicker femoral neck is related to incidence of OA [46]. 

However, further studies are still required to observe the interactions between this shape 

variation and gender/BMI in the prediction of cartilage lesions.

We also observed a significant association between mode 1 and gender with the peak 

external hip adduction moment and moment impulse as well as an association of mode 5 

with the peak hip internal rotation angle during gait. Previous work has demonstrated that an 

increased peak external hip adduction moment during gait was a protective mechanism of 

medial knee joint OA progression [47]. The subjects in the current study demonstrated 

similar hip joint loading patterns as those observed in the Chang et al. study [47] and may be 

reducing the medial knee joint load. The coxa vara deformity may be causing the subjects in 

the current study to apply increased hip joint contact forces, due to the increased hip 

abductor moment arm and, thereby leading to the observed cartilage degeneration in the 

medial aspects of the hip joint. Also, the increased external hip adduction moment impulse 

may be detrimental to the hip joint cartilage, as the subjects with coxa valga continuously 

apply larger hip joint loads over multiple strides of the gait cycle. Females possess larger 

quadriceps (Q-angles) compared to males and this difference in frontal plane alignment may 

affect the moment arms of the hip joint abductors and help to explain the association 

between mode 1 and gender with hip frontal plane loading.

Previous studies that aimed to understand the contribution of shape to OA mainly used 

radiographs to quantify bone shape and to define OA. Using plain radiographs to study the 

association between bone shape and OA has two main disadvantages: (i) assessing shape 

features on a 2D projection may be affected by the joint positioning during the acquisition 

and the simplification of a 3D object on a 2D plane cannot capture the real shape 

complexity; (ii) radiographic changes of OA, such as joint space narrowing and presence of 

osteophytes, are late manifestation of the disease; and are not optimal biomarkers to study 

early degeneration and pathogenesis.

The coupling between quantitative MRI (i.e. cartilage morphology and composition) and 3D 

statistical shape modeling, as proposed in the current study, has the potential to complement 
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the previous results obtained with 2D approaches and to shed light on the role of bone shape 

in understanding the pathogenesis of hip OA.

Despite the promising results, there are several limitations in the current study that need to 

be considered. The cross-sectional design of this study does not allow for establishing the 

temporal order of events, but allows for the observation of the associations between different 

aspects involved in hip OA such as bone shape, cartilage morphology and cartilage 

composition. The analysis of the bone shape is performed on an image with low resolution 

acquired with a large slice thickness (4mm). The acquisition and reconstruction of these 

images on smaller, isotropic voxels could allow for the analysis of more localized shape 

features ranked in later modes that are not reliably detectable at the current resolution and 

were not considered as part of this study. Joint loading is not only affected by the shape of 

the proximal femur, but also the shape of the acetabulum; images acquired with higher 

resolution could allow for a reliable assessment of both the bones shapes. While the usage of 

voxel based relaxometry revealed local patterns of T1ρ and T2 prolongation, the technique 

was not adopted for the analysis of local heterogeneity. Standard deviation and texture 

analyses, in addition to a more focused analysis of regional differences, would be of interest 

to extract subtler relaxometry changes. Future studies with longitudinal follow-up larger 

sample sizes are required to gain a better understanding of the biomechanical changes 

related with shape features and how these biomechanical patterns can affect cartilage health 

and whether or not bone shape features can be used to predict hip OA progression. 

Nevertheless, the relationships presented in this study provide new information regarding 

associations between 3D bone shape and cartilage degeneration and suggest the usage of 3D 

MRI-based bone shape as a promising early imaging biomarker for the study of hip OA.
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Figure 1. 
Description of the first five 3D bone shape modes extracted from a dataset of 80 MRI exams. 

Each principal component (mode) is visualized at mean +- 3standard deviation. PC1 (Mode 
1): neck-shaft angle in coronal plane (coxa valga/coxa vara); PC2 (Mode 2): ratio between 

the femoral head radius and the shaft thickness; PC3 (Mode 3): medial–lateral length of the 

femoral neck; PC4 (Mode 4): neck shaft angle in the axial plane. PC5 (Mode 5): thickness 

of femoral neck and sphericity of the femoral head (pistol grip deformity)
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Figure 2. 
Comparison of the values in mode 1 and mode 5 in subject with SHOMRI <2, SHOMRI =2, 

SHOMRI > 2 in acetabular (A–B) and femoral (B–C) cartilage * p-value<0.05, p value < 

0.005. The y-axis in this bar graph represents the value of the shape modes 1 and 5. These 

are a-dimensional numbers representing the projection of each bone shape (described as a 

point in a multidimensional space where each dimension is one of the coordinate of each 

mesh’s vertex) on the corresponding principal component basis.
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Figure 3. 
R-value and P-value Statistical Parametric Maps (SPMs) representing the local correlation 

between bone shape feature mode 1 and the voxel based T1ρ (A) and T2 (B). Positive 

correlation is observed in the anterior superior and posterior superior regions demonstrating 

that subjects with coxa valga deformity exhibit a prolongation in relaxation times.
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Table 1

Cartilage sensitive MRI hip Protocol

MRI Sequence Sequence Parameters

3D SPGR (MERGE)
TR = 30.4 ms, 5 echo times (effective TE = 12.4 ms), flip angle = 15°, matrix = 512 × 512, 28 slices, slice 
thickness = 4 mm, field of view (FOV) = 14 cm, bandwidth (BW) = 62.5 kHz, NEX = 1, acquisition time 
11:46 minutes

Combined T1ρ and T2 (MAPPS)

FOV = 14 cm, matrix size = 256 × 128, VPS = 64, BW = 62.5 kHz, time of recovery = 1.2 sec, slice 
thickness = 4 mm, no gap, in-plane resolution = 0.5 mm, and acquisition time = 13:47 minutes

For T1ρ: TSL = 0/15/35/45 ms, FSL 300 Hz

For T2: TE = 0/10.4/20.8/41.7 ms
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Table 2

MRI baseline characterizes evaluated with SHOMRI grading system

MR baseline Characteristics (SHOMRI)a

Cartilage Lesions Total Score (N=80)

 Acetabular Cartilage  Femoral Cartilage

 Normal 47 (58.8%)  Normal 31 (38.8%)

 Grade 1 9 (11.3%)  Grade 1 19 (23.8%)

 Grade 2 12 (15.0%)  Grade 2 8 (10%)

 Grade 3 5 (6.3%)  Grade 3 2 (2.5%)

 Grade > 3 7 (8.8%)  Grade > 3 20 (25%)

Labral Total Score (N=80) Bone Marrow Edema Total Score (N=80)

 Normal 6 (7.5%)  Normal 68 (85%)

 Grade 1 1 (1.3%)  Grade 1 6 (7.5%)

 Grade 2 3 (3.8%)  Grade 2 0 (0.0%)

 Grade 3 8 (10%)  Grade 3 2 (2.5%)

 Grade > 3 62 (77.5%)  Grade > 3 4 (5%)

Subchondral Cyst Total Score (N=80)

 Normal 67 (83.8%)

 Grade 1 5 (6.3%)

 Grade 2 1 (1.3%)

 Grade 3 4 (5%)

 Grade > 3 3 (3.8%)

a
Data expressed as Count (Percentage %).
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