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Abstract
Objective—As cartilage loss and bone marrow lesions (BMLs) are associated with knee joint
pain and structural worsening, this study assessed whether non-invasive estimates of articular
contact stress may longitudinally predict risk for worsening of knee cartilage morphology and
BMLs.

Design—This was a longitudinal cohort study of adults aged 50-79 years with risk factors for
knee osteoarthritis. Baseline and follow-up measures included WORMS classification of knee
cartilage morphology and BMLs. Tibiofemoral geometry was manually segmented on baseline
MRI, and 3D tibiofemoral point clouds were registered into subject-specific loaded apposition
using fixed-flexion knee radiographs. Discrete element analysis (DEA) was used to estimate mean
and peak contact stresses for the medial and lateral compartments. The association of baseline
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contact stress with worsening cartilage and BMLs in the same sub-region over 30 months was
assessed using conditional logistic regression.

Results—Subjects (N=38, 60.5% female) had a mean±SD age and BMI of 63.5±8.4 years and
30.5±3.7 kg/m2 respectively. Elevated mean articular contact stress at baseline was associated
with worsening cartilage morphology and worsening BMLs by 30-months, with OR (95%CI) of
4.0 (2.5, 6.4) and 6.6 (2.7, 16.5) respectively. Peak contact stress also was significantly associated
with worsening cartilage morphology and BMLs {1.9 (1.5, 2.3) and 2.3 (1.5, 3.6)}(all p<0.0001).

Conclusions—Detection of higher contact stress 30 months prior to structural worsening
suggests an etiological role for mechanical loading. Estimation of articular contact stress with
DEA is an efficient and accurate means of predicting sub-region-specific knee joint worsening and
may be useful in guiding prognosis and treatment.
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INTRODUCTION
The pathogenesis of knee osteoarthritis (OA) is complex and multifactorial, involving both
biomechanical and biochemical processes. Focal overloading of the joint surface likely plays
an important role in both initiation and progression of OA1. If the complex processes of
knee OA could be obviated, a substantial cause of disability could be avoided2, 3. Many
epidemiological studies have revealed population-based risk factors, but an inability to
assess subject-specific focal overloading and its contribution to OA risk has until recently
remained a critical barrier to assessing individual risk.

Magnetic resonance imaging (MRI) has enabled visualization of subchondral bone marrow
lesions (BMLs), a feature with prognostic significance for both knee joint anatomic
worsening,4-7 and symptomatic and functional decline8. BMLs are characterized by
subchondral areas of high signal intensity in the distal femur or proximal tibia on T2 or
proton density-weighted, fat suppressed fast spin echo or short tau inversion recovery
(STIR) images7, 9. These may represent areas of osteonecrosis10, edema and bony
remodeling11, ischemia and/or reperfusion injury to the overlying cartilage plate12, or
impaired venous drainage leading to bone marrow congestion13, 14. It is notable that BMLs
are associated with age, as well as mechanical factors such as obesity5, 8, 15, 16,
malalignment6, and joint trauma8, 15, 17-22, all of which are risk factors for knee OA. In
knees with symptomatic OA, more severe BMLs are predictive of progression of structural
worsening5, 23, 24.

Worsening of BMLs and development of new BMLs also are associated with more rapid
cartilage loss compared with when BMLs remain stable24, 25. The clinically meaningful
anatomic sequellae of BMLs can guide recommendations for physical activity, in that
asymptomatic older adults who participate in vigorous physical activity with BMLs have
been found to be at increased risk for worsening of medial tibiofemoral cartilage defects and
cartilage volume loss26. These findings suggest that BMLs have a pathogenic role in pre-
clinical knee OA and may be useful as a target for prevention. Importantly, BMLs not only
can increase in size, but also can resolve over time27, 28. Furthermore, correction of lower
limb alignment has been shown to result in regression of BMLs29.

The ability to predict development and worsening of BMLs could inform therapies to avoid
knee OA and disability later in life. In asymptomatic middle-aged adults, the development of
new BMLs is associated with progressive tibiofemoral cartilage loss, while resolution of
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BMLs is associated with reduced cartilage loss30. In addition, resolution of BMLs has been
associated with resolution of pain31. These results suggest that BMLs may be a modifiable
risk factor for knee pain and knee OA.

Given the strong association between BMLs and cartilage damage and pain, in the context
that most BMLs are potentially reversible9, identification of the cause as well as the
mechanism by which BMLs lead to structural damage could significantly impact clinical
practice to reduce disease and disability through informing the design of therapies to
minimize worsening. While the exact etiology of BMLs is not known, it is likely that
adverse loading plays a role32. Lower limb malalignment has been associated with a higher
prevalence of tibiofemoral BMLs, in a compartment-specific fashion6. These associations, in
combination with the clinical finding that BMLs occur in an injury-specific pattern
following joint trauma, support the notion that increased articular contact stress may
contribute to the formation of BMLs.

Measures of limb alignment33 and frontal plane moments during gait34 have provided
insights into the role of altered joint loading in the development and progression of OA, but
they do not directly address the issue of altered contact stress at the articular surface.
Estimation of articular contact stress, using discrete element analysis (DEA), has been useful
in predicting risk for incident symptomatic knee OA35. However, this technique has not
been used to predict risk for structural worsening. As cartilage damage and BMLs have been
cross-sectionally associated with higher compartmental loading, our purpose was to assess
whether estimates of articular contact stress at baseline longitudinally predict risk for
worsening of cartilage morphology and BMLs by 30-month follow-up in a community-
acquired cohort. Successful prediction, using this technique could serve as a base upon
which preventive and therapeutic interventions could be developed to improve public health
for the growing population of adults at risk for disabling knee joint damage.

METHODS
Subjects

This study was conducted within the Multicenter Osteoarthritis (MOST) Study cohort of
3,026 adults with or at high risk for knee OA36. The MOST Study recruited 3026
community-dwelling men and women, age 50–79 years, drawn from the general population,
but selected so as to be likely either to have preexisting OA or be at elevated risk based on
frequent knee symptoms, history of knee injury or surgery or being overweight or obese.
Exclusion criteria included bilateral knee replacement, cancer or rheumatologic disease.

For this ancillary study, a random sample of knees from the MOST cohort (1 knee per
participant) were selected for this study. Eligible knees had no missing values for baseline
and 30-month MRI readings of cartilage morphology or BMLs in the four central
tibiofemoral subregions, and either the presence of case and control subregions for BML
change (eligible for matched case-control study on BML change) or the presence of both
case and control subregions for cartilage morphology change (eligible for matched case-
control study on cartilage morphology change). The study protocol was approved by the
institutional review boards of the participating centers.

Subject Measurements
Height in centimeters (stadiometer, Holtain, Wales, UK) and mass in kilograms (balance
beam scale) were measured by trained and certified staff and body mass index (kg/m2) was
calculated. Frequent knee pain was considered present if the answer to question “during the
past 30 days, have you had any pain, aching, or stiffness in your left (right) knee” was “yes”
on both the telephone interview and the clinic visit.35-37
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Tibiofemoral Contact Stress Estimates
Tibiofemoral geometry was manually segmented from baseline knee MRIs, obtained using a
coronal short T1 inversion recovery pulse sequence (ONI Medical Systems, Inc,
Wilmington, MA). The segmentations were completed using an interactive pen display and
the OsiriX software (The OsiriX Foundation, Geneva, Switzerland)35. The reproducibility of
mean contact stress estimates obtained from multiple independent segmentations of ten
knees were assessed. Bone surfaces were segmented by three raters, with two of the raters
repeating the segmentations on non-consecutive days. Shrout-Fleiss Intraclass Correlation
Coefficients (ICC 2,1) for the computed mean contact stresses were 0.91–0.97 for inter-rater
reliability and 0.84–0.97 for dayto-day reliability.

The resulting point clouds from the tibia and femur bone segmentations were wrapped as
triangulated surfaces consisting of 10,000-15,000 triangles each, using Geomagic Studio
software (Geomagic, Inc., Research Triangle Park, NC). Each bone surface model was
smoothed, and then registered to a PA fixed-flexion radiograph of the knee using automated
MATLAB algorithms (The Mathworks, Natick, MA) (Figure 1).

The alignment algorithm utilized an optimization approach to minimize the difference
between the silhouette of a segmented bone model obtained using a ray-casting technique
and bone edges identified on PA and lateral fixed-flexion radiographs. First the radiographic
scene was recreated to match the MOST clinical acquisition protocol38, and the fixed flexion
radiographic image was placed into the scene to coincide with the film/detector plane. The
segmented bone model was then loaded into the scene in a nominal initial position. Rays
were cast from the x-ray source to the silhouette edges of the model and intersected with the
film plane, creating a set of points that defined edge vertices projected onto the film. These
projections were then connected using a line drawing algorithm to create a continuous
contour representing the bone edge. This contour was compared to a semi-automated
segmentation of bone edges from the fixed flexion radiograph. Comparison between the ray-
casted contour and the segmented radiographic edge provided a basis for a cost function to
align the bone model. A Monte Carlo simulation algorithm was then used to adjust the
translations and rotations of the bone model to minimize the difference between the
radiograph edge and the model contour. As the simulation proceeded, the algorithm was
constrained to a smaller and smaller search space, until convergence to an optimal solution
was achieved.

Following alignment, articular contact stresses were calculated using a validated discrete
element analysis (DEA) algorithm written in MATLAB39. The stress analysis performed
assumed rigid subchondral bone, with a 6 mm linear elastic cartilage layer. Nearest
neighbors between facets of the apposed surfaces were computed expeditiously using a
space partitioning algorithm. Each nearest neighbor pair was queried to identify and create
springs between pairs, which had undergone apparent penetration. Contact stresses were
then calculated using a spring model40 that relates deformation of the spring to engendered
contact stress39. The overall contact force was computed from the vectorial summation of
normal forces acting on each individual triangle (contact stress × triangle area). Based upon
the computed contact force, the tibiofemoral apposition was adjusted in an iterative manner
to obtain the translations required to achieve static equilibrium. The simulation was run in
load control, utilizing a vertical loading of one-half subject body weight. The peak
(maximum) and mean spatial contact stresses acting on each compartment of each knee were
calculated from the DEA-computed contact stress distributions.
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Measurement of BML and Cartilage Morphology
Knee MRI were performed using a 1.0 T dedicated knee system (ONI Medical Systems,
OrthOne™). The protocol included axial and sagittal proton-density weighted fat-suppressed
(PDFS) fast spin echo sequences (TR 4800 ms, TE 35 ms, 3.0 mm slice thickness, 0.0 mm
interslice gap, FOV 14.0 cm2, matrix 288 × 192, echo train length (ETL) 8) and a STIR
sequence in the coronal plane (TR 6650 ms, TE 15 ms, TI 100 ms, 3.0 mm slice thickness,
0.0 mm interslice gap, 256 × 192 matrix, FOV 14.0 cm2, ETL 8). At baseline and follow-up,
two musculoskeletal radiologists assessed each tibiofemoral compartment for cartilage
morphology and bone marrow lesions (BML) using the Whole-Organ Magnetic Resonance
Imaging Score (WORMS) for the central medial and lateral femur, and central medial and
lateral tibia. Radiologists were not blinded to order of image acquisition, but were unaware
of the predictor (contact stress) measurements. The inter-reader reliability (weighted kappa)
for the reading of BMLs was 0.62 and for the reading of cartilage morphology was 0.7841.
Semi-quantitative assessment of BML and cartilage morphology with the WORMS scoring
system can be performed accurately with the 1.0T dedicated knee scanners used for the
MOST study42, and WORMS is currently believed to be the optimal method for scoring
BML longitudinally43.

Statistical Analyses
A matched case-control study within subject (or knee) has been shown to provide less biased
results than an unmatched study. Despite multiple adjustments, an unmatched study can still
be affected by between-person differences and provide estimates of association averaged
across the sample population studied44. In contrast, an M:N matched case–control study
design, in which M case subregions are matched to N control subregions from the same
knee, eliminates between-subject confounding and between-knee confounding (threats to
internal validity in an observational study) by controlling for subject- and knee-level factors
when comparing sub-regions within the same knee.

Therefore, we conducted analyses within knees, using an M:N matched case-control study
design, to eliminate between-person confounding44. For cartilage worsening, each of the
four central tibiofemoral sub-regions (central medial femur, central medial tibia, central
lateral femur, central lateral tibia) with a baseline cartilage score less than six (ceiling),
which had score increase by 30-month follow-up, was considered to have cartilage
worsening. For BML worsening, sub-regions with a baseline BML score less than three
(ceiling), which had a score increase by 30-month follow-up were considered to have BML
worsening. Worsening included within grade worsening.45 Sub-regions not meeting these
respective criteria were considered to be control regions. Only knees having at least one case
and at least one control sub-region by 30-month follow-up were eligible. We used
conditional logistic regression with baseline contact stress as the continuous predictor
variable, and worsening of (a) cartilage morphology and (b) BMLs at 30-month follow-up as
the dichotomous outcome variable. SAS 9.2 was used for statistical analyses, and an alpha
level of .05 was set for statistical significance.

RESULTS
Subjects

The random sample of subjects (N=38) had a mean±SD age and BMI of 63.5±8.4 years and
30.5±3.7 kg/m2 respectively, 60.5% were female and 84.2% were Caucasian. The complete
MOST cohort (N=3,026) had a mean±SD age and BMI of 62.5±8.1 years and 30.7±6.0 kg/
m2 respectively, 60.2% were female and 83.3% were Caucasian. At baseline, 5.3% of
subjects reported frequent knee pain35-37 in the knee being studied. Table 1 summarizes the
baseline WORMS scores for the studies of worsening cartilage morphology and BMLs.
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Contact Stresses
With medial and lateral central tibial and femoral surfaces in 38 knees, there were a total of
152 articular surfaces. The peak contact stress values averaged 5.82±1.61 MPa over the 38
knees, with a range from 2.83 to 10.45 MPa. The mean contact stress values averaged
2.47±0.54 MPa, with a range from 1.26 to 3.76 MPa.

For cartilage morphology worsening control regions, the average mean and peak contact
stresses at baseline were 0.86±1.57 MPa and 2.02±3.77 MPa respectively and for case
regions the average mean and peak contact stresses at baseline were 3.27±1.39 MPa and
8.02±3.68 MPa respectively. For BML worsening control regions, mean and peak contact
stresses were 1.13±1.70 MPa and 2.78±4.31 MPa respectively and for case regions mean
and peak contact stresses were 3.59±1.09 MPa and 8.64±2.91 MPa respectively.

Cartilage Morphology Worsening
Both higher mean articular contact stress and peak contact stress at baseline were
significantly longitudinally associated with worsening cartilage morphology by 30-month
follow-up (Table 2).

Bone Marrow Lesion Worsening
Both higher mean articular contact stress and peak contact stress at baseline were
significantly longitudinally associated with worsening BMLs score by 30-month follow-up
(Table 2). An illustrative case is depicted in Figure 2.

DISCUSSION
The results of this study indicate that higher tibiofemoral contact stress increases risk for
both worsening of cartilage morphology and worsening of BMLs. These findings are
consistent with the hypothesis that excessive loading within tibiofemoral joint compartments
longitudinally contributes to pathology of articular cartilage and subchondral bone.
Considering that BMLs predict knee symptoms7, 46, 47 and progression of structural changes
including joint space narrowing6, cartilage loss5, 23, 24, 48, cartilage defects24, 49, and joint
replacement50, 51, contact stress estimates derived from this implementation of DEA appear
to validly predict risk for worsening of knee OA.

Prior studies have established general consensus on the range of contact stress in normal
knees, with published values of peak contact stress ranging from 3 to 8 MPa, and spatial
mean contact stress values ranging from 1 to 3 MPa52. The loads in these studies have
varied considerably, but the results have been surprisingly consistent. The contact stress
values measured in the present study were consistent with prior results, with a few knees
being at the higher range of reported values. Given that the present contact stress values
were obtained for a representative loading in bipedal stance, one would expect higher
contact stresses for these knees during functional activities. Extrapolation to functional
activities is beyond the capabilities of the current study, given expected inter-subject
variability in activity frequency, intensity and type.

Use of this method of estimating contact stress has previously been shown to be an efficient
and accurate means of predicting risk for development of incident symptomatic knee OA36.
The results of the current study suggest that this technique may also prove useful for
predicting anatomic worsening. Together, these results support utility for this technique in
informing risk for both who may develop early signs of knee joint pathology and in which
location in the joint.
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In addition to predicting pathology, this discovery may have prognostic value for prediction
of impairments and functional limitations as well. In a separate study, the MOST
investigative group has found that change in BML score is strongly associated with change
in knee pain53 and others have reported that resolution of BMLs is associated with
resolution of pain54. The strong association between knee pain and disablement suggests
that contact stress estimates may be useful for prediction of disablement as well, although
further research is needed to assess this possibility.

Accurate prediction of risk for and location of BMLs may also guide therapeutic
recommendations. Asymptomatic older adults with BMLs26 as well as those at risk for knee
OA55 who participate in vigorous physical activity have been found to be at increased risk
for worsening of medial tibiofemoral cartilage defects and cartilage volume loss. Therefore,
it may be advisable to counsel those with elevated contact stress towards participation in
physical activities less likely to result in structural worsening, or to assess the efficacy of
interventions to attenuate risk for worsening.

Estimation of contact stress may also guide development of compartment-specific therapies
to positively alter the course of knee OA. Importantly, BMLs may not only increase in size,
but also may resolve over time27, 28. Correction of lower limb alignment has been shown to
result in regression of BMLs29. The modeling approach used to generate estimates of
compartment-specific contact stress could therefore be used to (1) guide decisions regarding
which patients may benefit most from surgery, (2) guide surgical and non-surgical
therapeutic planning to optimize reduction of contact stress, and (3) evaluate the efficacy of
therapies for reducing damaging contact stress. Benefits could include both reduction of risk
for structural worsening and disablement in later life as well as the ability to direct clinical
resources to those patients at greatest risk.

Strengths of this study included the subject sampling, the availability of longitudinal highly
systematic MRI readings, and the use of commonly available MRI sequences, generalizable
to clinical practice. Community-dwelling adults with risk factors for knee OA, based on a
history of knee injury or surgery or being overweight or obese, and in an age range in which
knee OA commonly develops (50 to 79 years) were recruited. This sample was
representative of those who would be most likely to benefit from development of a clinical
measure to guide prevention of knee OA, making this an ideal cohort in which to test our
hypotheses. The use of highly reliable longitudinal readings of MRI (WORMS) with a strict
quality assurance protocol enhanced the ability of this study to assess relationships between
contact stress and clinically important outcomes. Furthermore, the use of widely available
MRI pulse sequences to generate a knee-specific predictive model of who will develop early
OA will more easily enable translation of our findings to clinical practices regardless of
magnet strength.

Implicit in the biomechanical model selection are several potential limitations, which may
have affected the study findings. Neither ligaments nor menisci were included in the
computational stress analysis. The rationale for this decision was based on the following.
Ligaments constrain the knee primarily at extremes of motion, with notably less important
contributions at the 15–20° flexion pose that was modeled. In addition, although the
meniscus plays a key role in determining total area over which dynamic contact stress is
distributed, our prior work supports the premise that inclusion of the meniscus is not as
important when modeling a static weight-bearing pose39. In that work, in comparison with
models of the same knees in which the meniscus was not included, there were only minor
changes in the computed maximum contact stress values when a meniscus was included, and
these changes occurred centrally on the joint surfaces.
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Despite these possible limitations, contact stress estimates have been predictive of the
development of incident symptomatic knee OA in prior work35, and anatomic worsening in
the form of worsening cartilage morphology and BMLs in the current work. These data
support utility for this approach in predicting clinically meaningful outcomes based on
commonly available imaging. Further development of this approach may enable translation
these initial findings to preventive strategies aimed at attenuating risk for knee OA.

Conclusion
The presence of higher estimated contact stress up to 30 months prior to development of
cartilage and BML worsening suggests a role for mechanical loading in the etiology of knee
joint structural worsening. Estimation of articular contact stress with discrete element
analysis is an efficient and accurate means of predicting sub-region-specific knee joint
worsening.
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Figure 1.
Registration of 3-D surfaces to weight bearing configurations using radiographs.

Segal et al. Page 12

Osteoarthritis Cartilage. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Example of elevated medial contact stress at baseline and development of region-specific
medial tibial and femoral BMLs on MRI by 30-month follow-up.
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Table 2

Odds ratios for the association of baseline mean and peak contact stress with (a) cartilage worsening and (b)
BML worsening by 30-month follow-up. (N= 38 knees)

Cartilage Worsening BML Worsening

OR (95% CI) p-value OR (95% CI) p-value

Mean contact stress 4.0 (2.5, 6.4) <.0001 6.6 (2.7, 16.5) <.0001

Peak contact stress 1.9 (1.5, 2.3) <.0001 2.3 (1.5, 3.6) <.0001
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