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Abstract
Objective—To examine whether MRI-based 3D bone shape predicts the onset of radiographic
knee osteoarthritis (OA).

Methods—We conducted a case-control study within the Osteoarthritis Initiative by identifying
knees that developed incident tibiofemoral radiographic knee OA (case knees) over follow-up, and
matching them to two random control knees. Using knee MRI's, we used active appearance
modeling of the femur, tibia and patella and linear discriminant analysis to identify vectors that
best classified knees having OA vs. not. Vectors were scaled such that -1 and +1 represented the
mean non-OA and mean OA shapes, respectively. We examined the relation of 3D bone shape to
incident OA (new onset Kellgren and Lawrence (KL) grade ≥2) occurring 12 months later using
conditional logistic regression.

Results—178 case knees (incident OA) were matched to 353 control knees. The whole joint (i.e.,
tibia, femur, and patella) 3D bone shape vector had the strongest magnitude of effect, with knees
in the highest tertile having 3.0 times higher likelihood of developing incident radiographic knee
OA 12 months later compared with those in the lowest tertile (95% CI 1.8-5.0, p<0.0001). The
associations were even stronger among knees that showed completely normal radiographs before
incidence (KL grade 0) (OR 12.5, 95% CI 4.0-39.3). Bone shape at baseline, often several years
before incidence, predicted later OA.

Conclusions—MRI-based 3D bone shape predicted the later onset of radiographic OA. Further
study is warranted to determine whether such methods can detect treatment effects in trials and
provide pathophysiologic insight into OA development.

Introduction
Knee osteoarthritis (OA) is a leading cause of disability among US older adults,1 with the
burden rising in part due to aging of the population and increasing obesity.2 There are
presently no therapies available to prevent OA or its progression. The current standard of
using knee x-rays to identify OA onset or joint-space width to monitor progression is likely
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not sensitive enough to accurately assess the effects of potentially promising treatments. As
examples, the risedronate3 and oral iNOS inhibitor4 trials did not meet their primary end-
points based upon radiographic joint-space narrowing despite supportive preliminary data,
raising concerns about insensitivity of radiography. Thus, there is a compelling need to
develop improved imaging biomarkers for OA to enable development and testing of
treatments. Such imaging biomarkers would also help identify persons at risk for developing
knee OA and/or rapid disease progression, permitting the study of pertinent risk factors and
targeted enrollment into trials.

Because knee OA is thought to be largely a mechanically-driven process,5 a promising
target for an OA imaging biomarker may be to exploit the ability of bone to adapt to
mechanical influences.6 In particular, bone can readily change its shape in response to
stresses acting upon it (Wolff's Law),6,7 suggesting that such alterations may be feasibly
assessed in a practical time-frame, making it attractive as a potential imaging end-point for
trials. Additionally, subtle differences in bone shape or geometry itself could lead to
abnormal joint loading and predispose to OA.

Lending support to the importance of bone shape to OA, abnormalities such as congenital
hip dysplasia and femoracetabular impingement as well as more subtle femoracetabular
shape differences identified through morphometric measurements or statistical modeling
have been associated with hip OA.8-11 Although the geometry of the knee may be more
complex than that of the hip, differences in knee joint shape between ethnic groups have
been identified.12 Tibiofemoral joint shape alterations on radiographs have been associated
with prevalent knee OA cross-sectionally.13 However, some of the changes identified may
have been related to position during image acquisition, and more generally, radiographs do
not permit visualization of three-dimensional (3D) bone shape changes.

While MRI studies have described increased tibial plateau size and alterations of the bony
surface contour (e.g., subchondral bone attrition), even at the pre-radiographic OA
stage,14-16 those findings do not fully capture the spectrum and complexity of the 3D bone
shape changes that occur in OA. More recently, a small cross-sectional study of 24 knees
used MR images to evaluate the variability in knee articular surface geometry using
statistical shape modeling to compare those with and without OA.17

With increased availability and use of MRI, 3D bone shape changes related to knee OA can
now be more readily characterized on a larger scale using more advanced statistical
modeling methods to detect subtle shape variations for improved sensitivity. We examined
the ability of 3D bone shape to predict the incidence of knee OA at least 12-months prior to
its onset using data from the Osteoarthritis Initiative (OAI).

Methods
Study Sample

We used publicly available data from the OAI, which is a longitudinal observational cohort
study aiming to study the natural history of and risk factors for knee OA. Subjects with or at
high risk of knee OA aged 45-79 were recruited from 4 clinical centers across the US.
Details of the cohort have been published elsewhere18 and can be found at the OAI website:
http://oai.epi-ucsf.org/datarelease/StudyOverview.asp

Imaging
Knee Radiography—Participants underwent bilateral posteroanterior fixed flexion
weight-bearing knee radiographs at baseline and annually.19 In this study, we used the
centrally-adjudicated radiographic reading data from baseline to the 48-month clinic visit,
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inclusively. Radiographs were read by an academically-based radiologist and two
rheumatologists in a panel of three, with disagreement resolved by adjudication.20 Incident
tibiofemoral radiographic knee OA was defined as new onset Kellgren and Lawrence (KL)
grade ≥2 identified in a follow-up study visit (i.e., 12, 24, 36, or 48-month study visits)
among knees that were KL<2 at baseline; as per the OAI central readings, new onset
osteophytes with no narrowing were not considered as incident OA.21 Incident knee OA
could include incident medial or lateral tibiofemoral OA.

Magnetic Resonance Imaging (MRI)—Participants underwent bilateral knee MRI
(3.0T, Siemens Trio) at baseline and annually. We used the sagittal 3D double echo steady
state with water excitation (DESS-we) sequence for determination of the 3D bone shape.

Statistical Modeling of 3D Bone Shape
Below we outline the two independent training sets used to develop the model employed in
our analyses of a third independent test set.

We used an independent training set of 96 knees to train models used for automatic
segmentation, using active appearance models (AAMs). AAMs are a form of statistical
shape modeling method that learns the variation in shape and gray-scale texture
(‘appearance’) of objects from a training set (such as the bones from an MRI), and encodes
shape and appearance as principal components.22,23 AAMs for the femur, tibia and patella
were built using custom software based on published AAM methodology22 (Imorphics,
Manchester, UK) from 96 examples chosen so as to contain approximately equal numbers of
knees from each KL grade. All models within this study were generated so as to account for
98% of variance in the shape data from the training set. During the model building process,
principal components are added until this figure is reached. This resulted in 69 principal
components for the femur shape, 66 for the tibia, and 59 for the patella. Once trained, AAMs
can automatically segment bones in MR images by matching principal components of shape
and appearance using the least squares sum of residuals. As a consequence of this process,
each time a new image is searched, the distance along each of the principal components for
the object is recorded. This has the effect of reducing shape dimensionality; in the case of
the femur, this reduces a triangulated mesh of over 100,000 points to 69 floating point
values, one for each principal component in the model. The accuracy of the segmentations
for the knee has been validated.24,25

For our particular models, accuracy of the automated segmentations was further assessed
using test-retest MRIs of 19 participants (38 images) with none-to-moderate degrees of
clinical OA, prepared as a pilot study for OAI, using the same MR sequence.26 The bone
surface was manually segmented as previously described.27 Mean point-to-surface distances
were calculated between the manual and automated segmentations. Mean point-to-surface
errors were as follows: femur, 0.49mm; tibia, 0.53mm; patella, 0.57mm; i.e., approximately
the size of one voxel.

We used a second independent training set to identify vectors within this shape space that
could discriminate between distinct groups (e.g., OA and non-OA) using linear discriminant
analysis (LDA), a form of supervised learning.28,29 LDA is used in pattern recognition and
machine learning to find features that differentiate objects into separate groups,30 such as
used in medical imaging (e.g., neuroimaging) and facial recognition.31,32 LDA identifies the
line in multi-dimensional space that best separates 2 groups. This further reduces the shape
dimensionality to a single scalar value, being the distance along the LDA vector for each
bone or combination of bones. We used a total of 607 knees (one knee/person) from OAI
(296 with KL=0 or 1; 311 with KL=2-4, median KL=3) (independent of the training set used
to develop the AAM) to train the LDA vectors. The 607 images were searched using these
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AAMs, and the values for the principal components recorded for each of the femur, tibia and
patella bones. The point sets of the femur and tibia were combined and a shape model built
for the combined femur and tibia shape. A combined model of femur, tibia and patella was
also constructed. LDA was performed with the principal components for each bone as
inputs, with each example labeled as OA or non-OA. The distribution of the femur shapes in
the training set is shown in Figure 1 using a Sammon plot, a non-linear dimension reduction
that displays the 607 results in 2 dimensions while preserving the distances between
examples as far as possible.33

New bone shapes (e.g., those generated by an AAM search of the case-control study sample
for this study) can be expressed as principal components, which in turn are projected onto
the LDA vector, and recording the distance along the vector. Distance along the vector was
normalized by treating the mean non-OA shape as -1 and the mean OA shape as +1.
Reproducibility of the method was tested in a separate set of 35 OA knees that were imaged
one week apart, using the same OAI image acquisition sequence at a single OAI site.27

Reproducibility of the method was good, with SDD (95% confidence limits on a Bland-
Altman plot) being 0.3 normalized units for the whole joint model.

Visualization of changes in population shape
Extreme examples of OA and non-OA shape were created by finding the points at -3SD of
the OA and +3SD of the non-OA groups, on a line passing through the means of the OA and
non-OA groups (Figure 1) and were examined using a 3D viewer (Imorphics, Manchester,
UK).

Statistical Analyses
We conducted a matched case-control study. Each knee that was identified as having
developed incident tibiofemoral radiographic knee OA (case) was matched to two randomly
selected control knees that remained free of tibiofemoral OA at that same clinic visit (index
visit) as when the case knee developed incident OA, matched by baseline KL grade. We
shall label this incident knee OA even though the absence of radiographic image assessment
of the patellofemoral joint prohibits our evaluation of incidence there. We included in our
study sample all knees that developed incident knee OA at any time during follow-up as
well as their matched control knees. For individuals in whom both knees could be selected
for this study, we randomly selected a single knee from such individuals (n=25).

We evaluated five 3D bone shape vectors as predictors of incidence: each bone separately
(femur, tibia, patella), femur and tibia together (tibiofemoral), and whole joint (femur, tibia,
patella) combined. We first examined the relation of these 3D whole bone shape vectors 12
months prior to the index visit to the risk of incident radiographic knee OA (i.e., occurring
12 months later) using conditional logistic regression. That is, we used 3D bone shape data
from the clinic visit 12-months prior to the occurrence of incident radiographic knee OA (or
the index visit for the control knees). We repeated these analyses limited to those case and
control knees that were KL=0 at baseline to reduce the likelihood that changes of early OA
(at KL=1) were reflected in the 3D bone shape. We also examined the relation of the OAI's
baseline study visit 3D bone shape (i.e., irrespective of time of later incident disease) to the
occurrence of incident radiographic knee OA at any time during OAI's follow-up visits. We
finally evaluated the relationship of 3D bone shape to incident radiographic knee OA
occurring concurrently (i.e., 3D bone shape vector from the same visit that incident
radiographic knee OA occurred) to confirm our prior findings that bone shape was related to
concurrent OA.
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The 3D bone shape vectors were assessed as continuous variables as well as categorized into
tertiles, with the highest tertile containing values closer to the mean OA shape, while the
lowest tertile contains values closer to the mean non-OA shape. Analyses were adjusted for
age, sex, BMI.

Results
Among knees that were free of radiographic OA at baseline in OAI, 178 knees developed
incident radiographic knee OA during the follow-up; these were matched to 353 knees. As
can be seen in Table 1, the average age of the cases and controls was 61 years; the majority
were female and White; and, as expected, the BMI was slightly higher in cases than
controls.

The mean 3D bone shape vectors increased (i.e., became more “OA”-like) from baseline to
the 12-month visit prior to incident radiographic knee OA and to the visit at which incident
radiographic knee OA was identified among case knees, while the 3D bone shape vectors
remained stable for the control knees over these three time-points (Table 1). For example,
for the whole joint 3D bone shape vector, which incorporated the femur, tibia, and patella,
the mean values for the case knees were -0.32 at baseline, -0.23 at the 12-month visit prior
to incident radiographic knee OA, and -0.01 at the incident radiographic knee OA visit,
whereas the corresponding values were -0.52, -0.51, -0.44 for the control knees.

Each of the five 3D bone shape vectors 12 months prior to the index visit was significantly
associated with incident radiographic knee OA (Table 2). The 3D bone shape vector that
included the whole joint (i.e., all 3 bones) had the strongest magnitude of effect, with those
knees in the highest tertile having 3 times higher likelihood of developing incident
radiographic knee OA 12 months later compared with those in the lowest tertile (95% CI
1.8-5.0, p<0.0001). There was also a dose-response relationship between the whole joint 3D
bone shape vector and risk of incident radiographic knee OA (p<0.0001) when assessed as
tertiles as well as a continuous vector. Each standard deviation unit change (towards the
mean OA shape) was associated with 68% higher risk of incident radiographic knee OA
(95% CI 1.4-2.1, p<0.0001) (Table 2). The 3D bone shape vector of the femur alone had the
largest effect among each of the individual bone vectors, with those in the highest tertile
having 2.7 times higher chance than those in the lowest tertile of developing incident
radiographic knee OA 12 months later (95% CI 1.7-4.5, p<0.0001). Of note, adjustment for
the important potential confounders did not appreciably alter the effect estimates from the
crude estimates, suggesting the associations noted are not substantially influenced by age,
sex, or BMI (see Table 2).

Because KL=1 knees may have early changes of OA that could be reflected in the 3D bone
shape, we repeated the above analyses limited to those knees that were KL=0 at baseline
(n=46).These knees were matched to 92 randomly selected control knees that were also
KL=0 at baseline. In these analyses, despite smaller numbers limiting precision, strong
relationships were noted (Table 3, first results column). For example, knees in the highest
tertile of the whole joint vector 12 months prior to the index visit were 12.5 times more
likely to develop incident radiographic knee OA than knees in the lowest tertile (95% CI
4.0-39.3, p<0.0001). Again, the femur 3D bone shape vector performed the best out of the
three individual bone vectors (OR 6.5 for highest versus lowest tertile, 95% CI 2.3-18.3,
p=0.0004). All 3D bone shape vectors were significantly associated with incident
radiographic knee OA among these knees with KL=0 at baseline.

Because knee OA onset can occur at any time after a baseline study visit, we assessed the
ability of 3D bone shape from the baseline visit to predict the later occurrence of incident
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knee OA, irrespective of timing of OA onset. In these analyses, the median time from the
OAI baseline visit to the study visit at which incident OA was identified was 24 months. As
can be seen in Table 4 (first results column), the magnitudes of effect were similar to those
obtained with 3D bone shape 12 months prior to the onset of radiographic knee OA (in
Table 2), suggesting that the vector can robustly discriminate between knees that will
develop OA in the future (i.e., 12, 24, 36, or 48 months later) from those that will not. That
is, once a certain shape is present (i.e., at baseline), there is a high likelihood of developing
OA at some point in the future, even years later. When we further excluded the case knees
that developed incident OA at 12-months (N=82) (and their matched controls) to ensure that
this group did not unduly influence these results, the magnitudes of effect remained similar.
For example, for the knees in the highest tertile of the whole joint vector, the OR was 3.0
(95% CI 1.5-6.0, p=0.002) when knees with incident OA at 12-months were excluded,
compared with an OR of 2.5 (95% CI 1.5-4.1, p=0.0004) for the whole sample (Table 4,
second results column compared with first results column). Larger effect estimates were also
noted for knees that were KL=0 at baseline in terms of predicting OA onset at any one of the
later time-points as well as when knees with incident OA at 12-months were excluded (e.g.,
whole joint vector OR=6.2, p=0.001 and OR=6.6, p=0.005 for highest vs. lowest tertile,
respectively) (Table 4, third and fourth results column). This indicates that 3D bone shape
from the baseline visit could discriminate which groups of knees were highly likely to
develop OA 24-48 months later, even among KL=0 knees (Table 4, second and fourth
results column).

When we examined bone shape at the same study visit as that of OA incidence, the relation
of bone shape and OA was strong, confirming prior findings (Table 3, second results
column). Similar to the findings above, the whole joint 3D bone shape vector had the
strongest relationship to incident radiographic knee OA, and the femur had the strongest
relationship among each of the individual bones.

Figure 2 depicts examples of the OA and non-OA shapes for the population within the LDA
training set representing “A” and “B” in Figure 1. Differences in femur shape between OA
and non-OA shapes include a general widening and flattening of the condyles on the medial
side, and an increased ridge of ‘osteophytic’ growth around all of the cartilage plate, along
with a narrowing of the notch. Differences in tibial shape include a corresponding widening
and flattening of the condyles, and an increased ridge of ‘osteophytic’ growth around all of
cartilage plates, with the tibial spines moving closer together. The patella also has an
increased size of cartilage plate, accompanied by an osteophytic ridge.

Discussion
This is the first large-scale study of 3D shape vectors to identify an imaging-based
biomarker in knees free of radiographic tibiofemoral OA at baseline. This also represents the
first effort to examine whole joint bone shape (comprising 3D bone shapes of the femur,
tibia, and patella) as a predictor of subsequent disease development. Importantly, this study
is the first to report not just the properties of a statistical shape model containing OA
examples, but confirms that the measures are useful with an independent test set. We have
demonstrated that 3D vectors, trained on OA and non-OA shapes, can identify knees without
OA that are at risk of developing OA 12 months later and beyond, and that position along
this vector is associated with OA incidence.

That bone can change dynamically to such an extent that it is measurable during the course
of disease is not surprising. Subchondral bone in OA has increased thickness and volume,
leading to alterations in apparent and material bone density.34-38 Alterations in trabecular
bone structure in knee OA have also been identified.39-42 In the high bone turnover state of
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OA, which can be detected by scintigraphy,43 mineral deposition may be attenuated, leading
to relative hypomineralization and weaker bone that is more easily deformed.37,44 Other
well-known changes in bone shape in knee OA include osteophyte formation and growth,
hallmarks of OA, increased tibial plateau size, and alterations of the bony surface contour
(subchondral bone attrition).14-16 Changes in the intercondylar notch has also been
previously noted,45,46 but the whole 3D shape has not been described before, nor the relative
scale of the change. Our work confirms and extends these previous observations.

Importantly, the normal functioning of diarthrodial joints depends on stability and
appropriate distribution of load across the joint surfaces, which in turn is dependent upon the
geometry and material properties of the articulating joint tissues. Thus, the relation of bone
shape to OA development should be expected given that alterations in joint geometry affect
joint congruity and can lead to maldistribution of load.47 Some bone shape changes may
have adverse consequences for overlying cartilage. It has been hypothesized that cartilage
loss is a mechanically-mediated process that is more likely to occur in regions subjected to
high stress; such areas of high stress are likely to be influenced by bone shape.25

While we demonstrated in this study that bone shape changes precede the onset of
radiographic OA by at least a year and longer, that latter event may be late in disease
development. It is not clear how long some evidence of disease is present before it is
apparent on the radiograph. However, two findings from our study may suggest that bone
shape changes very early in the disease process, or perhaps may even be an inherent trait: 1)
That knees with grade 0 radiographs and abnormal bone shapes were highly likely to
develop OA; and 2) That bone shape even two to four years before radiographic OA
incidence denoted an increased risk of disease (i.e., baseline bone shape irrespective of
timing of later OA incidence). It is also possible that bone shape is an inherited factor that
influences disease development and then changes further with the disease process. The
ultimate relation of bone shape to disease awaits other longitudinal studies.

Much of the 3D bone shape identified within this study is unlikely to be accurately or well-
visualized on standard planar radiographs, particularly due to issues with projection, rotation
and resolution. A good example of this is that the growth of a distinctive ridge around the
femoral plate appears in a radiograph as a small bony spur, and seems almost
inconsequential. Changes in the bone such as flattening, widening and ridge formation are
difficult to quantify in radiograph studies, and are therefore not typically studied.

In addition to having analytic advantages as an imaging biomarker, many of these bone
changes have implications for understanding the OA pathophysiology and where the
biomechanical stresses may be acting. For example, the widening and flattening of the bone
structures is certain to change the distribution of mechanical load on the joint, presumably
creating further change in bone. It also becomes apparent that alignment as well as the
“joint-space”, which is thought to comprise cartilage and meniscus, are also influenced by
bone shape; as OA progresses, some articular areas have bone laid down, while others
appear to have bone “taken away”. Osteophytes which are generally described as discrete
lesions on radiographs and morphologic assessments of MRI can be seen to actually be a
ridge-like laying down of bone circumferentially around the entire articular surface. This
ridge may cause mechanical damage to other structures such as the meniscus and overlying
cartilage.

Previous studies that have examined the relationship of 2D shape to OA8,9,13 faced
limitations of using manual markup from anteroposterior radiographs, including inability to
discern projection effects or rotation from true shape differences, and inability to capture
most of the 3D shape changes (e.g., the patellofemoral joint and the osteophytic ridge).
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These are particularly difficult challenges for knee radiographs. An advantage to using MRI
over radiographs to examine bone shape is obviously the 3D nature of the data. MRI's also
avoid difficulties in interpreting findings that may be related to positioning during image
acquisition and projection effects.

One prior small cross-sectional study has used MRI to assess differences in the principal
components of the tibia and femur geometry assessed by MRI between the Control and
disease groups selected from the OAI using statistical shape modeling.17 However, in this
study and other prior approaches, an independent test set was not used to validate the
findings, which is necessary as it is highly likely when training a shape model that some
principal components will spuriously correlate with any labeling of the examples in the
model (e.g., OA vs. non-OA). In our study, we used independent training sets at each stage,
thereby reducing the possibility of false positive associations.

Another difference is our approach to analyzing the principal components derived from
statistical modeling. Prior applications based on radiographs have analyzed individual
principal components (or modes) to identify which one is the most discriminant,8,9,13,17

meaning that the data from the remaining principal components are not used. Our approach
using LDA to identify a single vector takes into account information from all of the principal
components that account for 98% of the variation, providing greater insight into correlated
shape changes.

While our findings certainly point to the promise of such imaging and statistical methods for
prediction of knee OA onset and changes, certain limitations should be acknowledged. First,
our methods required the assumption that shape change is linear. The model demonstrates
that at least part of the change in OA is linear and systematic, although there may be other
important effects which are non-linear, or which occur only in subsets of individuals. Non-
linear approaches may be even more discriminating. Second, we modeled the shape change
of whole bones, but local regional changes may be more sensitive and insightful; this will be
incorporated in future work. Third, a number of factors are likely to contribute to bone shape
changes, including gender, race, BMI, alignment, and mechanical damage to the ligaments.
Nonetheless, OA-related shape changes could be identified despite other contributors to
change in shape. Fourth, early changes may not be the same as late changes, and therefore
study of the full spectrum of OA development and progression is necessary.

In summary, we have demonstrated MRI-based 3D bone shape to be associated with
development of incident radiographic knee OA, including that occurring one year later and
beyond. The patterns of change provide opportunities to gain further insight into
biomechanical and other pathophysiologic influences in OA pathogenesis. Use of AAM to
comprehensively quantify MRI-based 3D bone shape of the knee joint has potential as an
imaging biomarker and warrants further study as an imaging endpoint in clinical trials.
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Figure 1.
Sammon plots illustrating the shape distributions of the 607 femurs used in the training set.
LDA was used to determine the best single vector that discriminated the two groups (e.g.,
non-OA (“A”) vs. OA (“B”)). Each individual femur's results is encoded as 70 principal
components, creating a 70-dimensional value. The Sammon plot reduces these 70
dimensions into 2 dimensions while preserving the distances between shapes as far as
possible. Labels “A” and “B” represent shapes at the 95% confidence boundary of a line
drawn between the two mean shapes, which are represented as an open box (OA) and open
circle (non-OA: control).
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Figure 2.
Three-dimensional visualization of OA and control shapes (Labeled as “B” and “A”,
respectively, in Figure 1). Top row depicts control shape for femur, tibia, and patella;
bottom row depicts OA shape for those same bones. With OA, the femur shape changes
include a widening and flattening of the condyles (1), increased ridge of osteophytic growth
around the cartilage plate (2), and narrowing of the notch (3). Tibia shape changes include a
widening and flattening of the condyles (4), increased ridge of osteophytic growth around
the cartilage plate (5), and tibial spines moving closer together (6). The patella has similar
patterns of increased size of the cartilage plate (7) and osteophytic ridge (8).
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Table 1

Participant Characteristics

Cases (N=178) Controls (N=353) P-value
*

Mean age (SD) 61.3 (8.5) 61.2 (9.1) 0.8

Mean BMI (SD) 29.4 (4.5) 28.2 (4.5) 0.004

N (%) women 110 (61.8) 223 (63.2) 0.8

N (%) White 150 (84.3) 312 (88.3) 0.2

N (%) KL=0 46 (25.8) 92 (26.1)
1.0

        KL=1 132 (74.2) 261 (73.9)

Mean (SD) 3D bone shape vectors:

    Whole joint (femur, tibia, patella)

        Baseline -0.32 (0.50) -0.52 (0.53) <0.0001

        12-mo prior to incident OA -0.23 (0.52) -0.51 (0.54) <0.0001

        At incident OA -0.01 (0.53) -0.44 (0.57) <0.0001

    Tibiofemoral joint (femur, tibia)

        Baseline -0.36 (0.55) -0.54 (0.54) 0.0002

        12-mo prior to incident OA -0.27 (0.56) -0.52 (0.57) <0.0001

        At incident OA -0.04 (0.55) -0.46 (0.59) <0.0001

    Femur only

        Baseline -0.42 (0.62) -0.63 (0.65) 0.0001

        12-mo prior to incident OA -0.33 (0.62) -0.63 (0.67) <0.0001

        At incident OA -0.10 (0.61) -0.56 (0.70) <0.0001

    Tibia only

        Baseline -0.40 (0.74) -0.50 (0.69) 0.1

        12-mo prior to incident OA -0.28 (0.78) -0.47 (0.72) 0.005

        At incident OA -0.04 (0.76) -0.40 (0.74) <0.0001

    Patella only

        Baseline -0.25 (0.96) -0.51 (0.97) 0.003

        12-mo prior to incident OA -0.10 (1.00) -0.46 (0.96) <0.0001

        At incident OA +0.15 (1.06) -0.37 (1.05) <0.0001

*
P-value for differences in means or proportions between cases and controls
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Table 2

Relation of five 3D bone shape vectors 12 months prior to the index visit to risk of incident radiographic knee
OA

3D bone shape vector
* %Case Knees with Incident Radiographic Knee OA Crude OR Adjusted

†
 OR (95% CI)

Whole joint (femur, tibia, patella)

    Highest tertile 47 3.3 3.0 (1.8-5.0)

    Middle tertile 31 1.6 1.5 (0.9-2.5)

    Lowest tertile (ref) 22 1.0 1.0

P for linear trend: p<0.0001

Per SD unit change towards OA - 1.7 1.7 (1.4-2.1) p<0.0001

Tibiofemoral joint (femur, tibia)

    Highest tertile 43 2.8 2.5 (1.5-4.2)

    Middle tertile 35 2.0 1.9 (1.1-3.1)

    Lowest tertile (ref) 22 1.0 1.0

P for linear trend: p=0.0004

Per SD unit change towards OA - 1.6 1.5 (1.2-1.9) p<0.0001

Femur only

    Highest tertile 44 3.0 2.7 (1.7-4.5)

    Middle tertile 36 2.1 2.0 (1.2-3.3)

    Lowest tertile (ref) 21 1.0 1.0

P for linear trend: p<0.0001

Per SD unit change towards OA - 1.6 1.5 (1.3-1.9) p<0.0001

Tibia only

    Highest tertile 39 1.6 1.5 (0.9-2.4)

    Middle tertile 32 1.1 1.1 (0.7-1.8)

    Lowest tertile (ref) 29 1.0 1.0

P for linear trend: p=0.08

Per SD unit change towards OA - 1.3 1.3 (1.1-1.5) p=0.01

Patella only

    Highest tertile 47 2.4 2.2 (1.3-3.4)

    Middle tertile 27 1.0 0.9 (0.6-1.4)

    Lowest tertile (ref) 27 1.0 1.0

P for linear trend: p=0.0009

Per SD unit change towards OA - 1.5 1.4 (1.2-1.7) p=0.0005

*
the vector range is -1 (mean non-OA shape) to +1 (mean OA shape); therefore lowest tertile is the referent group

†
adjusted for age, sex, BMI
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Table 3

Relation of five 3D bone shape vectors to risk of incident radiographic knee OA among knees that were KL=0
at baseline and in the whole sample concurrently at the time of incident OA

Adjusted
†
 OR (95% CI)

3D bone shape vector
* Relation of 3D bone shape 12 months prior to

incident radiographic knee OA among knees that
were KL=0 at baseline

Relation of 3D bone shape concurrently with
incident radiographic knee OA

Whole joint (femur, tibia, patella)

    Highest tertile 12.5 (4.0-39.3) 9.6 (5.3-17.5)

    Middle tertile 1.7 (0.6-5.2) 4.2 (2.4-7.6)

    Lowest tertile 1.0 (ref) 1.0 (ref)

P for linear trend p<0.0001 p<0.0001

Per SD unit towards OA 2.9 (1.7-4.7) p<0.0001 2.3 (1.8-2.9) p<0.0001

Tibiofemoral joint (femur, tibia)

    Highest tertile 7.1 (2.5-20.1) 6.4 (3.7-11.2)

    Middle tertile 3.6 (1.3-9.6) 3.0 (1.7-5.3)

    Lowest tertile 1.0 (ref) 1.0 (ref)

P for linear trend p=0.0002 p<0.0001

Per SD unit towards OA 2.2 (1.4-3.5) p=0.0007 2.1 (1.7-2.7) p<0.0001

Femur only

    Highest tertile 6.5 (2.3-18.3) 6.5 (3.7-11.3)

    Middle tertile 4.1 (1.5-11.1) 3.8 (2.2-6.5)

    Lowest tertile 1.0 (ref) 1.0 (ref)

P for linear trend p=0.0003 P<0.0001

Per SD unit towards OA 2.2 (1.4-3.5) p=0.0008 2.1 (1.7-2.6) p<0.0001

Tibia only

    Highest tertile 3.7 (1.4-9.7) 2.9 (1.8-4.7)

    Middle tertile 3.5 (1.3-8.9) 1.7 (1.1-2.8)

    Lowest tertile 1.0 (ref) 1.0 (ref)

P for linear trend p=0.007 p<0.0001

Per SD unit towards OA 1.7 (1.1-2.6) p=0.01 1.6 (1.5-2.0) p<0.0001

Patella only

    Highest tertile 2.7 (1.0-7.1) 3.3 (2.0-5.4)

    Middle tertile 1.0 (0.4-2.7) 1.8 (1.1-3.0)

    Lowest tertile 1.0 (ref) 1.0 (ref)

P for linear trend p=0.05 p<0.0001

Per SD unit towards OA 1.8 (1.1-2.7) p=0.01 1.6 (1.3-2.0) p<0.0001

*
the vector range is -1 (mean non-OA shape) to +1 (mean OA shape); therefore lowest tertile is the referent group

†
adjusted for age, sex, BMI
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Table 4

Relation of five baseline 3D bone shape vectors to risk of incident radiographic knee OA in the whole sample
and among knees that were KL=0 at baseline

3D bone shape

vector tertiles
*

Adjusted
†
 OR (95% CI)

Relation of baseline 3D bone shape to incident
radiographic OA In the whole sample

Relation of baseline 3D bone shape to incident
radiographic OA Among knees that were KL=0 at

baseline

Incident radiographic
knee OA, irrespective of

time of OA onset

Incident radiographic
knee OA, occurring 24-48

months later

Incident radiographic
knee OA, irrespective of

time of OA onset

Incident radiographic
knee OA, occurring
24-48 months later

Whole joint (femur,
tibia, patella)

    Highest 2.5 (1.5-4.1) 3.0 (1.5-6.0) 6.2 (2.1-18.4) 6.6 (1.8-24.9)

    Middle 1.8 (1.1-2.9) 2.6 (1.3-5.1) 2.0 (0.8-5.4) 2.2 (0.7-7.0)

    Lowest 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)

P for linear trend p=0.0005 p=0.003 p=0.001 p=0.005

Per SD unit towards
OA

1.5 (1.2-1.8) p=0.0003 1.6 (1.2-2.1) p=0.001 2.0 (1.3-3.1) p=0.0009 2.5 (1.4-4.6) p=0.002

Tibiofemoral joint
(femur, tibia)

    Highest 1.8 (1.1-2.9) 2.4 (1.2-4.7) 4.2 (1.4-12.3) 6.0 (1.6-22.3)

    Middle 1.6 (1.0-2.6) 2.3 (1.2-4.5) 2.8 (1.0-7.3) 3.1 (1.0-9.6)

    Lowest 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)

P for linear trend p=0.03 p=0.01 p=0.008 p=0.006

Per SD unit towards
OA

1.3 (1.1-1.6) p=0.003 1.5 (1.2-2.0) p=0.002 1.7 (1.2-2.5) p=0.004 2.4 (1.4-4.1) p=0.002

Femur only

    Highest 2.0 (1.2-3.3) 3.5 (1.7-6.9) 3.9 (1.4-10.5) 4.8 (1.5-15.6)

    Middle 1.8 (1.1-2.9) 2.8 (1.4-5.5) 1.8 (0.7-4.7) 1.5 (0.5-4.8)

    Lowest 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0

P for linear trend p=0.006 p=0.0004 p=0.009 p=0.006

Per SD unit towards
OA

1.4 (1.1-1.7) p=0.002 1.7 (1.3-2.3) p=0.0002 1.6 (1.1-2.3) p=0.007 2.2 (1.3-5.5) p=0.002

Tibia only

    Highest 1.2 (0.8-1.9) 1.4 (0.7-2.6) 2.6 (1.0-7.0) 2.3 (0.7-7.2)

    Middle 1.0 (0.6-1.6) 1.3 (0.7-2.4) 1.0 (0.8-4.7) 1.9 (0.7-5.3)

    Lowest 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)

P for linear trend p=0.4 p=0.3 p=0.04 p=0.1

Per SD unit towards
OA

1.1 (0.9-1.4) p=0.2 1.2 (0.9-1.5) p=0.2 1.5 (1.0-2.3) p=0.06 1.5 (0.9-2.4) p=0.1

Patella only

    Highest 1.9 (1.1-3.0) 1.6 (0.8-3.2) 3.0 (1.1-8.3) 3.7 (1.0-14.0)

    Middle 1.4 (0.9-2.3) 1.5 (0.8-2.8) 1.7 (0.7-4.2) 1.3 (0.4-4.0)

    Lowest 1.0 (ref) 1.0 (ref) 1.0 (ref) p=0.06

P for linear trend p=0.01 p=0.2 p=0.04
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3D bone shape

vector tertiles
*

Adjusted
†
 OR (95% CI)

Relation of baseline 3D bone shape to incident
radiographic OA In the whole sample

Relation of baseline 3D bone shape to incident
radiographic OA Among knees that were KL=0 at

baseline

Incident radiographic
knee OA, irrespective of

time of OA onset

Incident radiographic
knee OA, occurring 24-48

months later

Incident radiographic
knee OA, irrespective of

time of OA onset

Incident radiographic
knee OA, occurring
24-48 months later

Per SD unit towards
OA

1.3 (1.1-1.6) p=0.01 1.2 (0.9-1.6) p=0.1 1.5 (1.0-2.2) p=0.07 1.5 (0.9-2.7) p=0.1

*
the vector range is -1 (mean non-OA shape) to +1 (mean OA shape); therefore lowest tertile is the referent group

†
adjusted for age, sex, BMI
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