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ABSTRACT

Objective: Hip morphology plays a significant role in the incidence and progression of hip
osteoarthritis (OA). We hypothesized that hip shape would also associate with other key factors
and tested this in a longitudinal community-based cohort combining radiographic, MRI, DXA,

and clinical data.

Methods: Baseline dual-energy X-ray absorptiometry (DXA) images of the left hip of 831
subjects from the Tasmanian Older Adult Cohort (TASOAC) were analyzed using an 85-point
statistical shape model. Hip pain was assessed by WOMAC (Western Ontario and McMaster
Universities Osteoarthritis Index) and muscle strength was measured by a dynamometer. Hip
structural changes were assessed using MRI and Radiographic OA (ROA) using plain

radiographs.

Results: Six shape modes described 68% of shape variation. At baseline, modes 1, 2, 4 and 6
were associated with hip ROA, modes 1, 3, 4 and 6 correlated with hip cartilage volume and all
except mode 2 with muscle strength. Higher mode 1, and lower mode 3 and 6 scores at baseline
predicted hip pain at follow-up and higher mode 1 and mode 2 scores were associated with hip
effusion-synovitis. Greater scores for mode 2 (decreasing acetabular coverage) and lower mode 4
(non-spherical femoral head) at baseline predicted 10-year total hip replacement (THR); while
mode 4 alone correlated with bone marrow lesions (BMLs), effusion-synovitis, and increased

cartilage signal.

Conclusions: Hip shape is associated with ROA, THR, hip pain, effusion-synovitis, BMLs,
muscle strength and hip structural changes. These data suggest that different shape modes reflect

multiple facets of hip osteoarthritis.
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SIGNIFICANCE AND INNOVATIONS

Scores from statistical shape models from baseline DXA images of the hip in a
longitudinal population cohort are strongly associated with total hip replacement ten
years later.

Baseline measures of hip shape were strongly associated with hip pain, hip bone marrow
lesions (BMLs), hip cartilage volume, larger hip effusion-synovitis, increased cartilage
signal, hip ROA, over a five-year period.

Early pistol-grip-deformity correlates with hip BMLs, hip effusion-synovitis size, lower
cartilage volume and lower leg strength.

Hip morphological features are associated with key clinical, radiographic and structural
factors relevant for the incidence and progression of OA and provide a basis for
identifying and monitoring early hip OA. This will enable early modifications to diet and
exercise to benefit the patient, as well as assist clinicians and companies seeking to

reduce the time taken to test new therapeutics.

John Wiley & Sons, Inc.
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Osteoarthritis(OA) is a musculoskeletal disorder that affects the elderly population around the
globe and imposes a considerable economic burden on society (1). Although OA is a disease of
the whole joint, bone and cartilage still remain the focus of its clinical manifestation (2).
Structural changes such as bone marrow lesions (BMLs) and cartilage defects are linked with
progression of hip OA (3-6). In addition to these, the morphology of the hip can predict the
development of hip OA (7), but most current assessments are semi-quantitative and focus on
changes in the cartilage and the presence of bony outgrowths (8, 9). However, subtle
morphological changes are difficult to detect by predefined geometrical measures, which do not

capture the total morphology of the hip.

Statistical shape modelling (SSM) (10) is a sophisticated technique that yields a quantitative
measure of hip morphology from two-dimensional images of the joint, such as radiographs (7),
and can identify subtle shape variation within a population. An SSM generates a set of linearly
independent ‘modes of variation’, each of which describes a coordinated pattern of variation in
hip shape within a study group. Each mode has a mean of zero and unit standard deviation (SD).
Every image is then assigned a score for each mode describing how many standard deviations it
lies from the mean. For instance, in a longitudinal study using radiographs from the Rotterdam
study, subjects who had low scores for mode 6 (describing the upper femoral neck with a sharper
transition from the femoral head into the lower femoral neck) at baseline were at higher risk of
developing severe hip OA and total hip replacement (THR) (7). Subsequently, we have shown
that SSM can be used to model DXA (dual-energy x-ray absorptiometry) images (11, 12) and
that Kellgren-Lawrence grading can be applied to these images with as much precision as to

radiographs (13). In another longitudinal, nested, case-controlled study of elderly women, hip
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shape modes specifically reflecting sizes of the femoral head, femoral neck or greater trochanter
modestly predicted hip OA (14). Moreover, hip shape modes could also predict THR
independently of clinical, geometrical and radiological factors (15). However, shape modes
describing radiographic OA (ROA) may not necessarily associate with clinical descriptors such
as pain or crepitus (16, 17). Hence, different shape modes might be better at predicting either
clinical or radiological progression of hip OA and may differ between males and females as they

have different hip and pelvic shapes (18).

OA is a multifactorial disease and it is unknown to what extent morphological aspects of the hip
relate to.disease progression. Studies to date have shown that SSM is a powerful quantitative tool
and is sensitive to changes in bone shape (7, 14-16, 19, 20), but it has not been used to study hip
OA 1n a large community-based cohort and has not previously been tested for associations with
BMLs or effusion-synovitis. Thus, the aim of this study was to describe the association between
hip shape measured at baseline and clinical, demographical, structural and radiological features
of hip OA both at baseline and over time in an older adult Australian cohort using a combination

of radiographic, MRI, DXA and patient questionnaire data.

John Wiley & Sons, Inc.
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SUBJECTS AND METHODS

Subjects. The Tasmanian Older Adult Cohort (TASOAC) study is an ongoing prospective,
population-based study initiated in 2002. A total of 1,100 subjects were enrolled in the study
between March 2002 and September 2004 (phase 1). Follow-up data for three clinic visits (phase
2, 3.and 4) were collected for 875, 769 and 568 participants respectively. These visits were
conducted approximately 3 years, 5 years and 10 years from baseline.

A total of 1099 subjects attended a clinic for baseline measurements. Of these, 264 subjects did
not have a DXA image and images for 4 subjects were corrupted, leaving 831 subjects with
complete baseline data. The hip joint shape was measured from baseline DXA scans. All other
measures were collected from clinical visits or questionnaires between baseline and the 5 years
(phase 3) follow-up apart from THR which was recorded up to 10 years (phase 4)
(Supplementary Figure 1). Written informed consent was obtained from all participants and the
Southern Tasmanian Health and Medical Human Research Ethics Committee approved this

study.

Demographic characteristics, medical history, and lifestyle factors were assessed by self-
administered questionnaires. Height and weight were measured and body mass index (BMI)
calculated using standard protocols (21). At each follow-up assessment, participants were asked

if they had undergone total hip replacement surgery and in which hip.
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Hip pain. At baseline, the self-reported hip pain was recorded as yes/no using a standardized
questionnaire. The presence and severity of hip pain for all the subjects at the follow-up visits for
phases 2 and 3 were determined using a hip-specific Western Ontario and McMaster Universities

Osteoarthritis (WOMAC) index pain score (22).

Muscle strength. Muscle strength (leg strength) was measured at each visit to the nearest
kilogram-force in both legs simultaneously, using a dynamometer (TTM Muscular Metre, Tokyo,

Japan) as described previously (23).

Magnetic resonance imaging (MRI). The right hip was imaged in the sagittal plane during
visits at phases 2 and 3 using a 1.5 Tesla GE Signa whole-body magnetic resonance scanner with
a phased-array flex-coil using two sequences. Sagittal plane imaging was chosen to facilitate the
quantitative analysis described below.

Sagittal images were obtained at a partition thickness of 1.5 mm with an in-plane resolution of
0.39 x 0.39 mm (512 x 512 pixels) (24) using, a T1-weighted, fat-suppressed, 3-dimensional
gradient-recalled acquisition in the steady state. The parameters for this were: flip angle 55
degrees; repetition time 58 ms; echo time 12 ms; inversion time (IT) 130 ms; field of view 16 cm;

60 partitions; 512 x 512—pixel matrix; acquisition time 11 mins 56 s, and one acquisition.

The second set of sagittal images was obtained with a slice thickness of 3.5 mm and an inter-
slice gap of 1.5 mm (4) using a STIR (Short T1 Inversion Recovery)-weighted, fat saturation,
two-dimensional fast spin-echo sequence. This sequence used a repetition time 4340 ms, echo

time 28.4 ms; field of view 20 cm; 15 partitions (16 slices) and 512 x 512-pixel matrix.

John Wiley & Sons, Inc.
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Hip cartilage volume. Baseline femoral head cartilage volume was measured for each
individual from the T1-weighted images using the software program Osiris (Windows version
3.5; Geneva University Hospital, Geneva, Switzerland). The volume of the femoral head
cartilage was calculated by manually drawing contours around the cartilage boundaries on each
image section. These data were then resampled by bilinear and cubic interpolation for the final
3D rendering. Intra-observer reliability was assessed and the coefficient of variation (CV) was

2.5% (24).

Hip bone marrow lesions (BML). Quantitative assessment of subchondral hip BMLs in STIR
MRI images was done using OsiriX software (Mac version, University of Geneva, Geneva,
Switzerland). BMLs were identified as areas of increased signal intensity adjacent to the

subchondral bone on the femoral head and/or the acetabulum (3, 4).

High cartilage signal. High cartilage signal was identified as an increase in the signal intensity
of the articular cartilage due to increased water content that appears as a bright band in the
cartilage either adjacent to a hip BML or at any location on the STIR MRI slice if there was no

BML present (25, 26). High cartilage signal was graded as 0 for absent and 1 for present (3, 4).

Hip effusion-synovitis. Hip effusion-synovitis was identified and assessed in STIR images from
phase 2 and phase 3. The observer (HA) manually selected the MR slice with the largest
effusion-synovitis and determined the maximum cross-sectional area (CSA) of the bright region
by manually drawing contours around the outer edges. In a reliability study of 40 subjects with
re-measurements after four weeks, the intra-rater agreement (kappa) for presence of hip effusion-

synovitis was 0.84, and the ICC (3, 1) for hip effusion-synovitis CSA was 0.97.

John Wiley & Sons, Inc.
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Radiological assessment. Anteroposterior radiographs of the pelvis were obtained at the first
visit with the individual weight-bearing and with both feet internally rotated by 10 degrees.
Radiographs were read by two trained readers using the OARSI (Osteoarthritis Research Society
International) grading system. Radiographic features of joint space narrowing (JSN) (axial and
superior).and osteophytes (superior acetabular and femoral) of both hips were graded separately
on a 4-point scale, ranging from 0 to 3 where 0=no disease and 3=most severe disease. A non-
zero score of either JSN or osteophytes was regarded as evidence of hip ROA. Thus, after
combining JSN and osteophytes score, the presence of hip ROA was defined as a total score of 1

or greater in the left hip for comparison with the DXA images.

DXA imaging and statistical shape modelling (SSM). At phase 1, DXA images were taken of
the left hip using a Hologic Delphi scanner. Images were extracted from the Hologic data files
using custom-made Matlab software (Math Works Inc, Natick, United States) and saved as 8-bit
BMP files.

An 85-point SSM was built to assess the shape of the femoral head, acetabulum and femoral
neck using the Active Shape Modelling toolkit (University of Manchester, Manchester, UK).
This model included not only the femoral head but also osteophytes and the acetabulum and
extended down the upper femoral diaphysis to include cortical thickness. The SSM template is a
set of landmark points that define the shape to be identified. For comparison between images,
each point is always placed on the same anatomical feature on the outline of the bone
(Supplementary Figure 2).

The coordinates of the points were collected and transferred to custom-written SHAPE software
(University of Aberdeen, UK). Using SHAPE, the data underwent Procrustes transformation, to

remove size and orientation effects, and were subjected to principal components analysis to

John Wiley & Sons, Inc.
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generate an independent set of orthogonal mode scores for each image (16). The distribution of
each mode is normalized to zero mean and unit standard deviation so that the scores assigned to
each image are in units of standard deviations. Reference to a ‘lower’ score, therefore, implies a
position towards the more negative end of the distribution rather than smaller in absolute terms.

A scree plot was generated to visualize the variance described by each mode.

A set of 10 images were selected at random from the dataset and the points placed on the images
by two-independent observers (HA & FRS). Point-to-point variability (the distance between
equivalent points placed by each observer) was calculated. The distribution was not normal and

the median was 1.6 pixels.

10
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Statistical analyses. Characteristics of the population were summarized as means and standard
deviations or as percentages and frequencies. At baseline, the associations of hip shape mode
scores with the presence of hip pain and radiographic features were assessed using log-binominal
regression analyses. Pairwise Pearson’s correlations were used to calculate the correlations of hip
shape mode scores with age, body mass index (BMI), hip cartilage volume and leg strength
while a generalised linear model was applied to calculate the link between hip shape mode scores
and sex. Follow-up data from all phases were combined for analysis to identify any OA-related
changes at any subsequent stage following recruitment and longitudinal associations of baseline
hip-shape with the presence of hip pain, MRI-based structural findings and THR were explored
using log- binomial regression. Linear regression analyses were used to investigate the
longitudinal associations of baseline mode scores with hip pain severity. Pairwise correlation
coefficients were calculated between hip shape, hip BMLs, and effusion-synovitis size. All
models were adjusted for age, sex, and body mass index (BMI). Correlations between repeated
measurements on individuals were taken into account by adjusting standard errors using the
sandwich (robust) estimator of variance (27-29). All statistical analyses were performed using

Intercooled STATA 12 (Stata Corp, College station, Texas, USA).

RESULTS

Characteristics of the sample population are presented in Table 1. From the shape of the scree
plot, the first six shape modes were selected. The shape variations described by each mode of the
six modes of variation are shown Supplementary Table 1 and variations in the modes with most
frequent associations modes 1, 2, 4 and 6 are shown in Figure 1. These six modes explained 68%
of the total variation in the population and all were greater than 3.5%. Mode scores for males and

females separately are shown in Supplementary Table 2 and mode 2 was the only mode not

11
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associated with sex. Prevalence ratios for males to females were for mode 1, PR = 0.84
(P<0.001), men had, on average, higher mode 1 scores than females, while higher scores for

modes 3-6 were more common among females (range of PR:1.16-1.35, P<0.001).

Self=reported hip pain at baseline was not associated with hip shape (Table 2) but modes 2 and 6
were associated with the presence of hip ROA. Further analysis of the components of hip ROA
showed that lower scores of modes 1 and 2 were weakly associated with the presence of JSN and
lower mode 4 scores were associated with increased prevalence of osteophytes. Mode 6 was
positively associated with the major features of ROA with each standard deviation increase in
score corresponding to a 23%, 15% and 13% greater prevalence of JSN, osteophytes, and hip

ROA, respectively.

Correlations of hip shape modes with age, BMI, leg strength and baseline MRI-based structural
findings are presented in Table 3. Age at baseline was significantly associated with lower mode 2
scores, describing a wider neck, loss of joint space and greater femoral head coverage. Lower
scores for modes 1-4 were modestly correlated with greater BMI. Greater mode 1 scores, along
with lower scores for modes 3-6, were associated with greater leg strength and greater hip

cartilage volume.

Although not associated with the presence of hip pain at baseline, hip shape was associated with
the presence and severity of hip pain at follow-up (Table 4). Higher mode 1 scores and lower
scores for modes 3 and 6 predicted an increase in prevalence of hip pain at follow-up. Mode 3

score was also negatively associated with the severity of hip pain.

Shape modes 2 and 4 at baseline also correlated with MRI-based hip structural changes at
follow-up and with subsequent THR (Table 5). Mode 2 was strongly and positively associated
12
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with increased prevalence of THR; a 1 SD increase in score indicating a 60% increase in
prevalence. Mode 4 was strongly and negatively associated with the presence of both BMLs and
high cartilage signal, and a reduction of 1 SD in mode 4 score indicated a 40% increase in both
the prevalence of THR and the presence of BMLs. A diagrammatic summary of the significant

associations between mode scores and prevalence may be found in Supplementary Figure 3.

DISCUSSION

This study: links the predictive power of SSM, for quantifying the shape of the hip, with ROA,
THR, BMLs, effusion-synovitis, pain and anthropometric data. A particular strength is the
application of SSM to a population-based cohort to compare a quantitative description of joint
shape at baseline with comprehensive participant data from MRI, radiographs, and DXA images
as well-as questionnaire data at baseline and over the following 10-years. In this way we have
identified features of hip shape that are associated with both the incidence and the progression of

hip OA.

In this cohort, whose average age was 63 at enrollment, nearly 40% already reported hip pain. At
follow-up, the proportion with hip pain increased slightly and over the ten years, 29 subjects
underwent THR. Morphological variation was found between males and females with higher
scores for mode 1 and lower scores for modes 3-6 being more common in males. Mode 1
represents the largest variation in shape and higher scores are associated with increasing head
size and femoral neck length and width (Supplementary Table 1). During follow-up, MRI
showed that about one-fifth of the cohort had a hip BML whereas about three-quarters had a high
cartilage signal and most showed signs of hip effusion-synovitis.

13
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Baseline

Leg strength and radiographic features.

Interestingly, these modes had similar associations with greater hip cartilage volume and leg
strength, even after correction for sex. Associations with hip ROA were largely negative and no
association was found with hip pain. Lower mode 1 scores, for instance, indicating a shorter,
narrower femoral neck, were associated with greater joint space narrowing. Surprisingly,
although osteophytes could be included in the SSM, none of these first six modes showed any
variation in the location of the points marking the positions of osteophytes although modes 4 and

6 were both associated with the presence of osteophytes as seen in the radiographic scoring.

Decreasing scores for mode 2 identified characteristics such as increasing acetabular coverage, a
smoother transition of the upper femoral head into the femoral neck and an increasingly non-
spherical femoral head which may indicate a pistol-grip-like deformity and femoro-acetabular
impingement (8). At baseline, a lower score for this mode associated with greater prevalence of
both JSN and ROA. Lower scores of mode 4, with prominent features of pistol-grip deformity,
along with higher mode 6 scores, which represented those with a flatter femoral head, shorter
femoral neck and sharp transition of the femoral head into the neck were associated with a
greater prevalence of osteophytes. Associations of shape modes with hip ROA have been
previously published and variations in the shape of the femoral head, its transition into the
superior aspect of the neck and the length of the femoral neck have been reported to be

associated with risk of hip ROA (7, 14-18).

14
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Follow-up

Hip pain and shape modes. Higher baseline scores of mode 1 and lower scores of mode 6 were
associated with incident hip pain at follow-up. Lower mode 3 scores were associated with greater
prevalence and severity of hip pain. Lower scores of mode 3 indicate a shorter femoral neck and
sharp transition of the lower femoral head into femoral neck. Previous studies have shown that
morphological variations in the femoral neck are predictive of hip pain (16, 30). Modes 1 and 6
were associated not only with radiographic features (at baseline), but mode 1 also correlated with
hip effusion-synovitis CSA at follow-up. These factors might explain the associations of these
modes with hip pain. Overall, our results are consistent with previous studies that have

demonstrated associations between shape modes and hip pain (16, 18)

Structural changes and hip shape. Modes 2 and 4 appear to associate strongly with structural
changes in the subchondral bone of the hip which are risk factors for progression of OA (3, 4).
For instance, at baseline, lower scores of these modes associated with greater JSN and
prevalence of osteophytes respectively. Similarly, at follow-up, a low score for mode 4 predicted
OA-related features such as higher probability of the presence of BMLs, high cartilage signal
and correlated with larger BML and hip effusion-synovitis size. In contrast, greater values for
mode 2 were found to be associated with effusion-synovitis. Features highlighted by both these
modes correspond to cam deformity and pistol-grip deformity, which are well-known risk factors
for the development of hip OA (8, 31). As this is the first study to identify the link between hip
shape and structural changes such as BMLs, there are no previous data exploring the association;
these morphological features could encourage structural changes in the subchondral bone and

cartilage (7, 14, 15, 18).

15
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Higher scores of both modes 1 and 2 modestly correlated with larger effusion-synovitis CSA and
a+1 SD higher mode 2 score predicted a 22% greater prevalence of the presence of hip effusion-
synovitis. In further analyses, longitudinal associations were found between baseline shape and
change in hip effusion-synovitis (from phase 2 to phase 3). Over this period, a one SD lower
baseline mode 1 score was associated with greater hip effusion-synovitis CSA (fBeta: -0.20;
95%ClI: -0.30, -0.06), whereas no association was found with mode 2. Mode 1 thus appears to be
predictive not only of hip pain but also hip effusion-synovitis and future studies will explore

whether this is an early indicator of later ROA as suggested by other studies (32).

Total hip replacement and shape modes. The same two modes that associated most strongly with
MRI structural features, modes 2 and 4, also showed the strongest associations with hip
replacement. Increasing mode 2 and decreasing mode 4 scores strongly associated with THR.
Every 1.SD increase in mode 2 score increased the risk of THR by about 60% and a -1 SD
change in mode 4 increased the risk of THR by about 40%. Both these modes identified shape
patterns related to OA such as the transition of the femoral head into the femoral neck, the size of
the greater trochanter a flattening of the femoral head itself and mode 2 captured coverage of the
femoral head by the acetabulum (16). Overall, excessive coverage of femoral head by the
acetabulum, also known as femoral-acetabular impingement (FAI), along with features related to

pistol-grip deformity are known to associate with greater risk of hip OA (8, 31, 33).

A number of limitations need to be noted. This study uses DXA images of the left hip while
MRI-detected anomalies were measured in the right hip, so the joint appearances may not be
directly comparable. Nevertheless, it has been demonstrated that OA in the ipsilateral joint
strongly predicts and associates with OA in the contralateral joint and studies using SSM have

reported similar results (34). The effect of the internal / external rotation of the femur, arising

16
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from wvariations in patient positioning, cannot be ruled out and even when using standardized
protocols in which the position of the feet is carefully controlled, this might influence the DXA
images. Nevertheless, SSM has the potential to pick up the effects of rotation from the variation
in shape during the development of the model (7, 16, 20). Point placement on identifiable
landmarks is important to define the model and is a potential source of error. After initial manual
placement on a small number of images, the SSM is a semi-automated program which uses
points at defined locations to measure the global shape of the hip joint. Each image is checked by
the user and points adjusted if visually incorrect. The small point-to-point error is an indicator of

placement of points by different observers to within a few pixels.

In summary, in this population-based study, two-dimensional hip shape measured on entry to the
study is shown to be associated with ROA and muscle strength at baseline. More interestingly,
shape is also strongly predictive of THR, as well as indicators of OA such as hip pain, BMLs,
effusion-synovitis and hip structural changes occurring up to 10 years later. These data suggest
that different morphological features identified by shape modes have relevance for multiple
facets of hip osteoarthritis, both radiographic and clinical. It adds further evidence for the use of
SSM as an imaging biomarker for the incidence and progression of OA. Where standardized
radiographs or DXA images are available we believe that in due course it may be possible to
include a measure of shape into clinical imaging practice for the early detection and staging of

OA.

17
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Table 1. Characteristics of the TASOAC cohort at baseline and follow-up. Data from all follow-

up visits were combined to identify features of OA at any stage subsequent to recruitment.

Mean (S.D)

Characteristics
(n=831)

Baseline
Age (yrs.) 63.2 (7.45)
Sex (Males) 49%
Body Mass Index (BMI) 27.7 (4.63)
Hip cartilage volume (mm”) 5340 (1100)
Presence of hip pain (Y/N) 42%
Radiological hip OA (ROA) (Y/N) 41%
Follow-up
Presence of hip pain (WOMAC) (Y/N) 47%
Hip pain score (WOMAC) 2.60 (5.24)
Leg strength (kg) 93.1 (48.5)
Presence of hip bone marrow lesions (BMLs) (Y/N) 18%
Hip BML area (cm?) 0.20 (0.52)
Presence of hip cartilage defects (Y/N) 72%
Presence of high cartilage signal (Y/N) 74%
Presence of hip effusion-synovitis (Y/N) 95%
Hip effusion-synovitis area (cm?) 1.96 (1.60)
Total hip replacement (Y/N) " 2.64%

Data presented as means and standard deviations or percentages and frequencies
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* Includes all hip replacements (left or right) from all follow-up assessments
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Table 2. The associations of hip shape with hip pain, JSN and radiographic hip OA at baseline.
Prevalence ratios and 95% confidence intervals adjusted for age, sex and body mass index at

baseline. Bold text represents P<0.05.

Mode Hip pain JSN Osteophytes Hip ROA

PR (95%CI)

PR (95%CI)

PR (95%CI)

PR (95%CI)

1.03 (0.92, 1.14)

0.99 (0.90, 1.11)

0.97 (0.90, 1.08)

0.97 (0.90, 1.08)

1.04 (0.93, 1.17)

0.96 (0.90, 1.07)

0.88 (0.78, 0.99)

0.76 (0.70,0.85)

0.96 (0.85, 1.09)

1.03 (0.91, 1.17)

0.93 (0.83, 106)

1.23 (1.09, 1.40)

0.94 (0.82, 1.09)

1.05 (0.91, 1.22)

1.09 (0.94, 1.26)

0.79 (0.70,0.92)

0.94 (0.81, 1.09)

1.15 (1.00, 1.33)

0.94 (0.84, 1.05

0.85 (0.76, 0.95)

0.98 (0.90, 1.11)

1.07 (0.95, 1.20)

0.93 (0.82, 1.04)

1.13 (1.01, 1.27)
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Table 3. Correlations of hip shape mode scores with age, BMI, leg strength and hip cartilage
volume at baseline. Correlations with leg strength and hip cartilage volume were adjusted for age,

sex and body mass index. Significant values are presented as bold text. P<0.05, ~ P<0.01 and

Hip cartilage

Mode Age (yrs.) BMI (kg/m?) Leg strength (kg)
Volume (cm’)
1 -0.04 -0.12"" 020" 040"
2 -0.13"" -0.07" 0.00 —0.03
3 -0.03 -0.11" -0.15"" -0.20°
4 -0.04 -0.10"" -0.13"" -0.25""
5 -0.04 —0.04 -0.22"" —0.13
6 -0.04 -0.02 -0.13"™" -0.21"
™ P<0.001
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Table 4. Associations of hip shape modes at baseline with presence and severity of hip pain at

follow up: Prevalence ratio PR (95%CI) and feta co-efficient (95% CI) all adjusted for age, sex

and body mass index with clustering of observation on subjects at phases 2 and 3 taken into

Mode Presence of hip pain Severity of hip pain
PR (95% CI)~ Peta (95% CP ™

1 1.09 (1.00,1.20) 0.17 (-0.20, 0.55)

2 0.99 (0.91, 1.09) -0.13 (-0.50, 0.21)

3 0.91 (0.82, 0.99) -0.43 (-0.84, -0.02)

4 0.99 (0.90, 1.09) -0.12 (-0.55, 0.30)

5 1.03 (0.94, 1.14) 0.10 (-0.24, 0.45)

6 0.91 (0.84, 0.99) -0.05 (-0.40, 0.30)

John Wiley & Sons, Inc.
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Bold

denotes

P <0.05.
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Table 5. Associations of hip shape modes at baseline with MRI based structural findings and

total hip replacement (THR) at follow up. Prevalence ratio PR (95%CI) and correlation

coefficients (r) (95% CI) all adjusted for age, sex and body mass index with clustering of

observation on subjects at phases 2 and 3 taken into account. Bold denotes statistically

significant results. "P<0.05, " P<0.01 and "~ P<0.001.

Presence of hip

BML  Effusion-

Presence of any  Presence of high effusion- area synovitis
Mode THR
hip BMLs cartilage signal synovitis >2 (cm?) area
sites (cm?)
PR (95%CI) PR (95%CI) PR (95%CI) PR (95%CI) r r
1 1.30(0.92,1.81) 1.03(0.92,1.20) 1.12(0.91,1.40) 0.84(0.63,1.12)  0.06 020"
2 1.22 (0.89, 1.70) 1.06 (0.96, 1.20) 1.22 (1.00, 1.50) 1.60 (1.20,2.15)  0.08 0217
3 1.12 (0.82, 1.52) 1.04(0.93,1.15) 0.95(0.77,1.20) 0.75(0.60, 1.00) —0.00 —-0.10
4 0.60 (0.42, 0.82) 0.89 (0.80, 0.99) 1.13(0.92,1.41) 0.63 (0.50,0.84) —0.13° —0.11
5 0.82 (0.60, 1.14) 1.02 (091, 1.15) 0.88(0.72,1.08) 1.34(0.99,1.80) —0.09 0.07
6 0.90 (0.62, 1.30) 0.97 (0.87,1.08) 0.91(0.71, 1.20) 0.96 (0.72,1.30) —0.07 0.00
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Figure Legends

Figure 1. Showing the variation in shape for +2 (solid red) and -2 (dashed blue) standard
deviations in mode score from the mean of zero for modes 1, 2, 4 and 6. Descriptions of the key

features identified by each mode are given Supplementary Table 1.
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' Mode 6

-------- -2 SD ——— +2SD

Figure 1. Showing the variation in shape for +2 (solid red) and -2 (dashed blue) standard deviations in
mode score from the mean of zero for modes 1, 2, 4 and 6. Descriptions of the key features identified by
each mode are given Supplementary Table 1.
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