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MR Study of Longitudinal Variations in Proximal Femur 3D
Morphological Shape and Associations With Cartilage Health in
Hip Osteoarthritis
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Fourth Street, Suite 203, QB3 Building, San Francisco 94107, California

2Department of Physical Therapy and Rehabilitation Science, University of California-San
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Abstract

The goal of this study was to use quantitative MRI analysis to longitudinally observe the
relationship between 3D proximal femur shape and hip joint degenerative changes. Forty-six
subjects underwent unilateral hip MR imaging at three time points (baseline, 18 and 36 months).
3D shape analysis, hip cartilage T;,/T, relaxation time quantification, and SHOMRI MRI grading
were performed at each time point. Subjects were grouped based on KL, SHOMRI, and HOOS
pain scores. Associations between these score groupings, time, and longitudinal variation in shape,
were analyzed using a generalized estimating equation. One-way ANCOVA was conducted to
evaluate change in shape as a predictor of the worsening of degenerative changes at 36 months.
Our results demonstrated that subjects displayed an increase in the volume of the femoral head and
neck (Mode 3) over time. This shape mode was significantly more prevalent in patients that
reported pain. Longitudinal changes in this shape mode also served as borderline predictors of
elevated Ty, values (p = 0.055) and of cartilage lesions (p= 0.068). Subjects showed a change in
the Femoral Neck Anteversion angle (FNA) over time (Mode 6). This shape mode showed a
significant interaction with the presence of cartilage lesions. The results of this study suggest that
specific variations in bone shape quantified through 3D-MRI based Statistical Shape modeling
show an observable relationship with hip joint compositional and morphological changes. The
shapes observed lead to early degenerative changes, which may lead into OA, thus confirming the
important role of bone shape changes in the pathogenesis of OA.

Keywords
osteoarthritis; bone shape; statistical shape modeling (SSM); hip; MRI

Correspondence to. Gaurav Inamdar (T: 925-895-9214; F: 415-353-9423; gaurav.inamdar1995@gmail.com).

AUTHORS’ CONTRIBUTIONS

Conception and design: Valentina Pedoia and Sharmila Majumdar. Collection and processing of data: Gaurav Inamdar, Valentina
Pedoia, Jasmine Rossi-Devries. MRI grading: Thomas M. Link. Analysis and interpretation of the data: Gaurav Inamdar, Valentina
Pedoia, Sharmila Majumdar, Michael A. Samaan, Richard B. Souza. Drafting of the article: Gaurav Inamdar. Obtaining funding:
Sharmila Majumdar and Richard B. Souza. Final approval of the article: All the authors.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Inamdar et al.

Page 2

Osteoarthritis (OA) is a debilitating disease adversely affecting millions of people around the
world.1 OA of the hip and the knee in particular have been seen to cause a large loss in the
quality of life of patients, and has a large and far reaching economic and social impact.?

Previous studies have established that the early stages of OA are characterized by
proteoglycan loss, thinning and disruption of collagen, and changes in hydration; while late
stages include dehydration and loss of cartilage accompanied by bone deformation.3

Several measurements extracted from imaging have been used in previous studies to
characterize the existence and progression of OA.# One frequently used measure is the
radiographic grading system known as the Kellgren—-Lawrence (KL) scale.> The KL score
takes into account osteophyte formation and joint space narrowing to determine the presence
of OA. However, radiographic measurements often reflect late stage OA and other
measurements are required to measure earlier stages of OA.® Previous studies have
established the effectiveness of MRI to assess morphological abnormalities in the hip joint
using scoring systems such as the Scoring Hip Osteoarthritis with MRI (SHOMRI) scoring
system.” Quantitative compositional MRI tools such as T1, and T relaxation times provide
information on proteoglycan and collagen content as well as cartilage collagen orientation
and are found to be elevated in people with OA.8-11 Previous studies have shown a
longitudinal relationship between elevation in Ty, and T and the development of cartilage
lesions, indicating that Ty, and T, may be good biomarkers of the progression of OA.12

In addition to biochemical and morphological cartilage alterations, bone shape changes of
the hip and knee joints have shown to be present in OA.13 Abnormal bone remodeling and
abnormal repair of bone tissue have long been known to be factors in OA as abnormalities
such as osteophytes and bone marrow lesions are highly prevalent in patients suffering from
OA.13 Abnormal densification and growth in the subchondral bone in particular has been
shown in previous studies to be related to the progression of OA.13 These abnormalities can
lead to changes in biomechanics and changes in the loading of force on the joint.14
Therefore, understanding the remodeling process over time and how this process changes
bone shape is critical to fully understanding the progression of OA. To better understand and
observe bone shape of the hip and the knee in relation to OA and joint degeneration,
previous studies have used radiographic measurement to observe changes in specific bone
shape landmarks.1> Another method that has been used more frequently is Statistical Shape
Modeling (also known as Active Shape Modeling), which allows for complex shapes to be
represented without making A priori assumptions.16 Previous studies have established the
viability of using SSM techniques to model bone.17 Statistical shape modeling (SSM) has
been used in a 2D setting to provide a larger picture of whole bone shapel®-20 of the hip and
knee and has traditionally been conducted using radiographs. Recently there has been
interest in using 3D statistical shape modeling (SSM) methods?1~25 on MRI and CT images.
3D SSM methods provide a more comprehensive understanding of shape features than
traditional 2D methods, which can be affected by joint positioning during scanning. 3D-MRI
based SSM techniques have been recently used to determine if bone shape features can serve
as a biomarker of OA by comparing bone shape to cartilage morphology and biochemical
properties.2
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Despite the large amount of work done in the past few years to better understand the
cartilage and bone interactions and their role in OA pathogenesis, most of these studies have
been of a cross sectional design and little research has been done to observe the longitudinal
change in bone shape and its association with the progression of OA. This study aims to
study longitudinal changes in bone shape of the proximal femur using 3D shape modeling
applied to MR images to quantify if bone shape changes are related to changes in measures
of cartilage health and osteoarthritis of the hip joint.

We hypothesize that we will be able to observe bone shape modes that will change over time
and show an association with measures of radiographic OA (SHOMRI), symptomatic OA
(HOQS), morphological and compositional joint abnormalities as measured with the
SHOMRI scoring system, and with Typ and T2 relaxation times. We also hypothesize that
the change of bone shape over a period of 36 months will show an association with the
progression of OA, and the worsening of symptomatic OA at 36 months as measured by
worsening of SHOMRI scores, elevation of Ty, values, and worsening of HOOS scores.

MATERIALS AND METHODS

Subjects

MR Imaging

This is an analytic study (level of evidence: I1). All subjects involved in the study provided
written informed consent. All study protocols were conducted in accordance with the
regulations set forth by the committee for human research at the University of California,
San Francisco.

Subjects were selected from a longitudinal study on hip OA including a baseline visit and
two follow-ups after 18 and 36 months. Participants were excluded based on the following
criteria: Below the age of 18, previous hip trauma, inflammatory arthritis, sickle cell disease,
hemochromatosis, hemoglobinopathy, hip joint KL score >3, contraindications to MRI,
radiographic evidence of femoroacetabular impingement, and any disability which would
preclude the subject from performing dynamic tasks used to assess joint function.

KL scores were assigned by an experienced musculoskeletal radiologist on weight bearing
anterior-posterior radiographs. The hip with the higher KL score underwent an MRI. If the
KL scores for both hips were the same, the more symptomatic side was chosen to undergo
an MRI.

Patients also provided self-reported Hip Disability and Osteoarthritis Outcome Scores
(HOQS) at baseline, 18 months, and 36 months. The HOOS scores were used to assess the
pain and function of the hip joint and allowed a better understanding into the progression
and effects of symptomatic OA.26

Protocol and Morphological Grading

Imaging was conducted at each visit on a 3T MRI scanner (GE MR750; GE Healthcare,
Waukesha, WI) using an eight-channel receive-only coil (GE Healthcare). Subjects were
positioned supine and hip joint position was standardized: Feet were slightly internally
rotated and taped together to prevent movement during the scan.2> One MR-sequence
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obtained was a combined Ty, and T sequence which was acquired in a sagittal orientation
with a field of view of 14 cm, matrix size of 256 x 128 pixels, slice thickness of 4 mm,
recovery time of 1.2 s, bandwidth of 62.5 kHz, no gap, in-plane resolution of 0.5 mm and
acquisition time of 13:47; time of spin lock (TSL) = 0/15/30/45 ms, and spin-lock TE =
0/10.4/20.8/41.7.12 The another MR-sequence that was obtained was the 2D Fast-Spin echo
(FSE) which was acquired with a repetition time of 2400-3700 ms, echo time of 60 ms, field
of view of 14-20 cm, matrix size of 288 x 224 pixels, slice thickness of 3-4 mm.” Semi-
quantitative clinical grading of acetabular and femoral cartilage abnormalities was
performed using the Scoring Hip Osteoarthritis with MR (SHOMRI) scoring system.”

Image Processing: 3D Shape Analysis

All Image processing was performed in Matlab (The Mathworks, Natick, MA) using in-
house programs. MR imaging studies were segmented using a single atlas based method as
described in Pedoia et al.2” Segmentation was conducted on proximal femurs of all the
subjects for every time point using a T1,-weighted image. A single user (GI) conducted
quality control on all the segmentations and manually corrected any errors present in the
atlas based method. Using the segmented image datasets, 3D-SSM was conducted as
previously described and evaluated.28.29

Image Processing: T1,/T, Quantification

T1, and To-weighted images were rigidly registered to the first T, -weighted image (TSL =
0) using the VTK CISG Registration Toolkit (Kitware Inc, Clifton Park, NY) as previously
described.1? Semi-automatic segmentation of the cartilage was conducted as previously
described? and slices that had severe effects of partial volume were excluded from
segmentation. The hip joint was divided into eight subcompartments and in each
subcompartment the Ty, and T relaxation times were computed by averaging all the voxels
in the sub-compartment.3% Any subregion with fewer than 50 pixels over all segmented
slices was excluded.12

Subjects Grouping

The first aim of this study was to investigate whether there are any bone shape modes that
change over time and to find out if the shape changes showed any observable relationship to
any of the measures of OA and joint degeneration used in this study. To accomplish this,
patients were stratified based on radiographic evidence of OA with patients having a KL
score of 0 and 1 classified as having no OA, subjects with a KL of two classified as having
mild OA and subjects with a KL of three classified as having moderate OA. Patients of KL 0
and 1 were grouped together and labeled as having no OA as by the KL scoring system these
patients do not show definite joint space narrowing or osteophyte formation and do not meet
the criteria of definite radiographic OA. Subjects with a SHOMRI cartilage subscore greater
than 1 in any subcompartment at any time point, were defined as having cartilage lesions.
Subjects with HOOS pain subscores below 90 at any time point were classified as having
pain. Patients with Ty, values more than 2SD of the average of any sub compartment at the
baseline time point were classified as having elevated Ty, values.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Inamdar et al. Page 5

The second aim of this study was to observe if any change in shape modes exist which can
be used as predictors of OA progression. To accomplish this subjects who showed an
increase of one or more in the total SHOMRI cartilage score between baseline and 36
months were classified as SHOMRI progressors. SHOMRI scores were calculated in both
the acetabular and femoral cartilage subcompartments. Ty, progression was by comparing
each subject against a control group, which comprised of individuals who showed a KL of
either 0 or 1 with no increase in the total SHOMRI score between baseline and 36 months.
The average Ty, values were computed for each sub compartment of the control group. Any
subject that resided outside of 2SD in any sub-compartment at the 18 month or 36 month
time point were class was classified as a Ty, progressors.

Statistical Analysis

The first 10 bone shape modes describing 85.6% of the overall variation were observed and
were fit to a generalized estimating equation (GEE model) to determine any relationship
between change in bone shape modes and time. Group interactions between change over
time of the shape modes and SHOMRI scores, KL scores, HOOS scores, and Ty, values
were also considered. In addition, change in the first 36 months of shape modes which
showed a significant relationship with time were observed to possibly have an association
with changes in measures of OA through one-way ANCOVA analysis. Demographic
parameters such as age at baseline, gender, and BMI were considered as adjusting factors in
all the analyses. To confirm the observation done with the ANCOVA, Pearson’s correlation
was run between the change in total SHOMRI cartilage sub score and Ty, global femoral
averages between the baseline and 36 month time points. A p-value of 0.05 was considered
significant.

RESULTS

Forty-six subjects (25 male, 21 Female) were included in this study (age 47.6 13.4, BMI
27.2 2.57 kg/m?). The patient cohort was stratified based on the rules mentioned above and
is shown in Table 1.

Patients were also grouped according to KL scores to determine severity of OA (Table 2).

The first 10 Modes were seen to account for a majority of the variability seen among the
patient cohort and were compared to time through a GEE model (Table 3). Modes 3, 4, 6,
and 10 initially showed a significant relationship with time. However, after adjusting for
demographic factors, solely Mode 6 demonstrated a significant relationship with time (Table
4). Mode 3 in particular no longer appeared significant due to a strong correlation between
Mode 3 and Gender. Modes 4 and 10 were removed to better focus our study on bone shape
changes due to joint degeneration and possible OA. This is because modes 4 and 10 did not
show any interaction with measures of OA. The changes in Mode 4 and Mode 10 may be
due to gender, BMI, and age differences and it is also possible that Mode 4 and Mode 10 are
shape changes that occur simply due to the aging process. A larger data set is required to
appropriately study aging effects and other demographic effects and is outside the scope of
this study. Although Mode 3 was correlated to gender, it was still included as Mode 3
showed a relationship with parameters of joint degeneration as seen in Table 5.
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GEE results on the groupings interactions outlined in Table 1 showed a significant
relationship between Mode 3 HOQS pain *time (o-value = 0.023), Table 5. The MR metrics
(T, values) did not show a significant change over time with all modes including Modes 3
and 6.

Modes 3 and 6 were visualized at +3 SD from the average mode values to better understand
the changes seen in the mode (Fig. 1). Figure 1 shows screenshots best illustrating the shape
changes seen in the 3D visualization of the modes generated in Matlab. The image shown is
a synthetic image generated to visualize the changes in shape associated with the change in
values of the shape modes. At baseline the visualization is generated to be —3 SD from the
average shape of all the hip joints at baseline. Similarly the 3D visualizations at 36 months
are +3 SD from the average shape values of the hip joints at 36 months. Viewing the baseline
image at the lower bounds of =3 SD and the 36-month image at the upper bounds of +3 SD
allows Figure 1 to capture the full range of change that is seen among the hips in the data set
between the two time points. The shape changes observed in reality are smaller and more
varied from hip to hip. Viewing the visualization at +3 SD ensures that the variability within
the data set is represented on the visualization and is presented to the reader in an easy to
understand format. The figure is meant to serve as a visual guide to help the reader better
understand the bone shape features associated with the mode values for Modes 3 and 6 at
both the baseline and 36 month time point. As seen in Figure 1, Mode 3 was seen to relate to
the volume of both the femoral head and the femoral neck. Lower mode values corresponded
to a more voluminous femoral head and neck (Fig. 1a). Mode 6 was seen to relate to the
Neck Anteversion angle. Smaller mode values showed a femoral neck, which was angled
more posterior to the shaft when compared to higher mode values, which were more, angled
toward the anterior when compared to the shaft (Fig. 1b).

The average mode values for Modes 3 and 6 were observed at all three time points (Fig. 2).
Both modes show a decrease in the average mode value demonstrating that an overall trend
toward the shape seen with smaller mode values for Mode 3: Increase in the volume of
femoral head and neck; and Mode 6: change in the axial shaft angle towards the posterior
direction.

The average percent change between baseline and 36 months was observed for each
grouping for Mode 3 and Mode 6 as well. For Mode 3 it was seen that a larger average
percent change was seen in the group classified as having no pain (-28.36 + 31% change)
when compared to the group that was classified as having pain (—8.59 + 27.36% change)

(Fig. 3).

Mode 6 was observed to have a significant relationship between SHOMRI scores *time (p-
value = 0.025) and the average percent change between of the group classified with high
SHOMRI scores (—37.36% + 37.04% change) was much larger than the percent change in
the low SHOMRI scores group (—4.52% + 31.00% change). In addition, a higher percent
difference was seen in the high KL group (-20.83% + 38.81% change) and the elevated Ty,
group (—14.38% + 42.36%) (Fig. 4). These relationships, however, were not seen to be
significant by the GEE model (Table 3).
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To fulfill our second aim of the study, we observed if any of the mode values were
associated with worsening in radiographic and symptomatic OA. Worsening of OA was
determined by worsening of SHOMRI, HOQS, and Ty, values as described above. The
patient cohort was divided into progressors and non progressors (V= 44). Two subjects were
excluded, as they did not possess the necessary demographic information and mode values.
The final groupings for progressors and non progressors is shown in Table 6. Two subjects
were excluded as they did not posses all the necessary demographic information for
categorization. Among the SHOMRI progressors seven patients progressed only in the
acetabular compartment, seven in only the femoral compartment, and eight in both
compartments. However the patients that only progressed in the acetabular side were still
included as changes in the proximal femur could potentially lead to cartilage degeneration at
any place in the hip joint through loading forces. By including both femoral and acetabular
cartilage progressors we can observe the overall cartilage health of the joint when Modes 3
and 6 are present. No formal statistical analysis was conducted between the groups of
progressors due to the small sample size of each group. However, it was seen that there was
no significant difference between Modes 3 and 6 values among any of the three groups of
progressors.

On the progressor and non-progressor groups, a one-way ANCOVA analysis for the
progressor/non-progressor groups was run using age at baseline, gender, and BMI as
adjustments. The results are shown in Table 7. SHOMRI scores (p = 0.068) as well as Ty,
progressors (o = 0.055) showed a borderline significant relationship with Mode 3. For
confirmation, a Pearson’s correlation was run between Mode 3, change in total cartilage
SHOMRI scores, and Ty, values. For SHOMRI scores and Ty, values, a modest correlation
of £=0.32, R=0.21 respectively was observed. Mode 6 was not found to be a significant
predictor of the progression of OA as no relationship with any measure was seen.

DISCUSSION

Our study employs and further confirms the viability of 3D statistical shape modeling
techniques to observe and quantify bone shape changes from MRI images and adds to the
body of studies, which have successfully used 3D SSM techniques to study OA.23-25
Various previous studies using both radiographs and MR images have shown a link between
bone shape and OA.31-33 Our study builds on these results and demonstrates an observable
relationship between bone shape changes and measures of OA and joint degeneration. Our
study clearly demonstrates that even over a short period of 3 years, changes in bone shape
are visible and measurable. In this study we observed that an increase in the volume of the
femoral head and neck, as well as the a change in the neck anteversion angle is related to
degeneration of the hip joint and is related to measures of OA and degenerative changes of
the joint.

In this study, of the 10 shape modes observed, Modes 3 and 6 were analyzed in detail. The
shape of Mode 3 (Fig. 1) showed a significant relationship with time and represented an
increase in the volume of the femoral head and neck as time progressed. Previous studies
have failed to reach a consensus on the relationship between an increase in the volume of the
femoral neck and OA.34-35 Our results demonstrated a relationship between the
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development of Mode 3 and symptomatic pain (Fig. 4). In addition Mode 3 acted as a
borderline predictor of worsening cartilage lesions (p = 0.068) and an elevation of T1p
values (p = 0.055; Fig. 4). It is possible that the altered shape of Mode 3 impacts the loading
of the joint and thus is able to reduce subjective pain scores. Further study of the
biomechanics of patients with high Mode 3 values is required to understand the mechanism
that leads to the development of the shape seen in Mode 3. One possible explanation for the
increase in bone volume seen is due to possible growth of subchondral bone around the
femoral neck and femoral head. Previous studies have established that a large increase in
bone volume is often seen in areas where bone and cartilage meet.3® In this area of the joint,
the cartilage is susceptible to degeneration. The femoral head is an area that is constantly in
contact with cartilage and an increase in volume in this area may be responsible for Mode 3
being a borderline predictor of cartilage lesions. In addition previous studies have
demonstrated excess joint loading leading to changes in the density of subchondral bone
tissue and an increase in bone remodeling.3® It is possible that given the relationship
observed between pain and Mode 3 that excess joint loading is leading to increased
subchondral bone growth in patients in Mode 3. However this is a future direction of the
study as presently no measurements of subchondral bone growth and content were taken.
Several studies also propose the role of increased endochondral ossification in patients with
OA, which would lead to cartilage being vascularized and mineralized into bone.32 This
would indicate that an increase in the volume of the femoral head would be causing the
cartilage degeneration seen. Increased endochondral ossification is a key component of the
development of osteophytes, which are used as a radiographic measure of OA.33 These are
two areas of future research for this study as no measurements of subchondral bone growth,
or endochondral ossification growth was measured. This study establishes a relationship
between Mode 3 and measures of OA and joint degeneration. However the mechanisms for
the changes are not known at this time and are an area of further study. Further study of bone
mineral content, subchondral and trabecular bone density, and composition is required to
observe if either of the proposed theories describe the mechanism for the increase in the
volume of the femoral head and neck as seen in Mode 3.

Higher Mode 6 values were seen to be related to the position of the femoral head in relation
to the femoral shaft in the coronal plane. This angle is known as the Femoral Neck
Anteversion angle (FNA) and is changed in higher Mode 6 values. Mode 6 showed a
significant relationship with cartilage lesion scores, indicating that the changed angle of the
femoral head is related to degeneration in the cartilage. In addition, a larger percent change
in Mode 6 values were seen in patients showing various measures of joint degeneration such
as KL scores, SHOMRI scores, and elevated Ty, values indicating that the development of
Mode 6 may be related to joint degeneration seen in OA (Fig. 4). However, Mode 6 did not
act as a predictor of any of the measures of OA progression seen indicating that any changes
to the FNA may occur alongside joint degeneration rather than as the cause of joint
degeneration. Previous studies have shown that changes in FNA can lead to an alteration of
biomechanics.3” However, there is no general consensus on the relationship between the
FNA and OA with studies both claiming an increased FNA is related and not related to OA.
37-38 previous studies have been conducted on 2D radiographic and the 3D-SSM method
used in this study may provide a clearer picture of the role of the FNA angle in OA.
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However we cannot reliably comment on the mechanism of the changes seen as that is
outside of the scope of this study. More studies, however, are required to see the effect on
biomechanics and joint loading that occur when Mode 6 values are decreased.

This study is one of the few to look longitudinally at bone shape in relation to OA. In
addition, the use of 3D-SSM techniques and several established measures of OA provides a
more concrete and comprehensive picture of the health of the hip joint. By showing the
feasibility of applying shape modeling on 3D MRI and the sensitivity of the technique to
detecting changes even in short follow ups we bring to the OA imaging community a
possible new imaging biomarker that potentially can track OA progression and identify
subjects with accelerated joint degeneration. This could be of great interest to study
population such as patients with FAI, who are at risk of Hip OA onset.

However, several limitations exist in the current study. Segmentation and analysis of bone
shape was conducted using low-resolution images with a large slice thickness (4 mm). This
led to 3D image reconstruction consisting of larger voxels. It is possible that the large voxel
size of the study led to some more nuanced changes not being detected. Changes could have
been missed in the medial and lateral margins of the proximal femur as these areas were out
of plane to the image acquisition. Further studies using smaller isotropic voxels are
necessary to determine if any shape changes in the medial and lateral margins were missed.
In addition the low voxel size forced the study to focus only on the proximal femur and not
the acetabular surface as well. Despite these limitations we are confident of the shape
changes seen in Modes 3 and 6 as the changes observed are in the anterior posterior
direction and are in plane to image acquisition. Another limitation of this study is the small
sample size of 46 subjects. Follow-up studies on a larger patient cohort are necessary to
confirm the results of this study. In particular a larger number of patients is required to
understand the relationship between Modes 4 and 10 and various demographic parameters
such as age, gender, and BMI. In addition we were unable to establish either mode as a
predictor of worsening cartilage lesion scores, or of elevated T1p values. Change in Mode 3
acted only as a borderline predictor for both these measures due to inter variable associations
among the variables considered for the ANCOVA analysis. Mode 3 showed a weak
relationship with age which in the ANCOVA served to dilute the significance of Mode 3 and
lead to it being only a borderline predictor. Further study is required to understand the
relationship between Mode 3 and age that is seen.

In conclusion, this study establishes that the femoral neck anteversion angle and the volume
of the femoral head and neck show an observable relationship to joint degeneration and
show early stage changes in bone shape, which may develop into OA. This study further
confirms that certain changes in joint shape are integral in the pathogenesis of joint
degeneration and eventually the development of OA. Furthermore, this study demonstrates
the validity and utility of 3D-SSM to quantify and track changes of bone shape in patients of
OA.
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Figure 1.
Shape Mode 3 and Shape Mode 6 visualized at +3 Standard Deviations (a) Shape change

corresponding to change in Mode 3 values between the baseline and 36 months time point.
At baseline the visualization of the change in Mode 3 is generated at —3 SD from the
average while at 36 months the visualization is generated +3 SD from the mean mode values
of the hips at that time point. At each time point the same image is shown in two different
views. Dashed lines on the figures are added to draw the readers attention to changes in size
of the femoral head, femoral neck, and femoral shaft between baseline and 36 months.
Changes in Mode 3 values were seen to relate to the volume of the femoral neck and the
femoral head. Lower mode values were associated with a more volumous femoral neck and
a more volumonus femoral head. (b) Shape change corresponding to change in Mode 6
values between the baseline and 36 months time point. At baseline the visualization of the
change in Mode 6 is generated at —3 SD from the average while at 36 months the
visualization is generated +3 SD from the mean mode values of the hips at that time point.
At each time point the same image is shown in two different views. Dashed lines are
included to draw the readers attention to changes in the angle of the femoral head and neck
between baseline and 36 months. Mode 6 values were seen to relate to the angle of the
femoral head in relationt to the femoral neck. Lower Mode 6 values corresponeded to a
shape with the femoral head angled more posterior to the femoral neck while high mode
values showed a femoral head that was angled more anteriorly to the femoral head.
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Figure 2.
Average Modes 3 and 6 values viewed at baseline,18 months, and 36 months.
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Figure 3.
Percent change between Mode 3 values at baseline and 36 months. The patients were split

into groups based on various measures of osteoarthritis and joint health. These measures
were KL scores (no OA vs. OA), HOOS pain scores (no pain vs. pain), SHOMRI scores (no
cartilage lesions vs. cartilage lesions), and Ty, values (low Ty, vs. high Ty,). indicates
significance.
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Figure 4.
Percent change between Mode 6 values at baseline and 36 months. The patients were split

into groups based on various measures of osteoarthritis and joint health. These measures
were KL scores (no OA vs. OA), HOOS pain scores (no pain vs. pain), SHOMRI scores
(NO cartilage lesions vs. cartilage lesions), and Ty, values (low Ty, vs. high Ty,). indicates
significance.
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Table 2.

Division of Patients Based KL Score and Grouping Based on Severity of OA

KL Score Group Patients
No OAKL =0 12
NoOAKL=1 17
Mild OA KL =2 9
Moderate OA KL =3 7

Patients with a KL score of 0 and 1 were group together and labeled as having no OA. Patients with KL of 2 were classified as having moderate OA
and patients with KL of 3 were classified as having moderate OA.
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