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Abstract

Objectives—Previous studies suggest that high systemic bone mineral density (BMD) is associated
with incident knee OA defined by osteophytes, but not with joint space narrowing (JSN), and are
inconsistent regarding BMD and progression of existing OA. We tested the association of BMD with
incident and progressive tibiofemoral OA in a large, prospective study of men and women ages 50—
79 with, or at risk for, knee OA.

Methods—Baseline and 30-month weight-bearing PA and lateral knee x-rays were scored for K—
L grade, JSN and osteophytes. Incident OA was defined as the development of K-L grade >2 at
follow-up. All knees were classified for increases in grade of JSN and osteophytes from baseline.
The association of gender-specific quartiles of baseline BMD with risk of incident and progressive
OA was analyzed using logistic regression, adjusting for covariates.

Results—The mean age of 1,754 subjects was 63.2 (SD, 7.8) and BMI 29.9 (SD, 5.4). In knees
without baseline OA, higher femoral neck and whole body BMD were associated with an increased
risk of incident OA and increases in grade of JSN and osteophytes (p < 0.01 for trends); adjusted
odds were 2.3 to 2.9-fold greater in the highest vs. the lowest BMD quartiles. In knees with existing
OA, progression was not significantly related to BMD.

Conclusions—In knees without OA, higher systemic BMD was associated with a greater risk of
the onset of JSN and K-L grade >2. The role of systemic BMD in early knee OA pathogenesis
warrants further investigation.
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INTRODUCTION

Osteoarthritis (OA) has long been known to be more common in persons with high bone mineral
density (BMD)(1). Recent longitudinal studies in Caucasians have found that higher axial
BMD is associated with an increased risk of incident radiographic OA (ROA) of the knee,
defined by osteophytes and Kellgren-Lawrence (K-L) grade(276), but have not found a
relationship with the onset of joint space narrowing (JSN)(3' 4+ 6). Findings on the relationship
of BMD to radiographic progression of existing knee OA are inconsistent, with some studies
suggesting paradoxically that higher BMD is protective(3' 4) and that the role of BMD in knee
OA differs by stage of disease(7: 8).

Previous longitudinal studies of BMD and knee ROA have several limitations. They have not
had sufficient numbers of both incident, and especially progressive, OA(3: 4+ 6) to adequately
assess the relationship of BMD to each endpoint. Prior studies used standing radiographs taken
with the knee fully extended, a protocol that is both insensitive and inaccurate for assessment
of JSN(9). No studies have taken into account knee malalignment, a strong determinant of OA
progression in the more loaded compartment(10) that may modify the effects of other risk
factors on progression(11: 12).

We used data from the Multicenter Osteoarthritis Study (MOST) to examine the relationship
of baseline hip and whole body BMD and history of fracture, a marker for osteoporosis, with
the incidence and progression of tibiofemoral knee ROA assessed using sensitive radiographic
methods(13715). MOST includes a large prospective study of both incidence and progression
and was designed, in part, to evaluate whether bone density and other risk factors affect OA
risk at different disease stages.

METHODS

Subjects

Subjects in MOST were ages 50 to 79 years at baseline with knee OA, or at high risk of
developing it. Persons at high risk included include those who were overweight (defined as
greater than the Framingham Study age- and gender-specific median weight(16)), had knee
pain, aching or stiffness on most of the last 30 days, had previous knee surgery or a history of
knee injury that made it difficult to walk for at least one week. Exclusions included screening
positive for rheumatoid arthritis(17), ankylosing spondylitis, psoriatic arthritis, Reiter’s
syndrome, conditions that made continued participation unlikely, bilateral knee replacement
surgery and unable to walk without help or awalker. Subjects were recruited from Birmingham,
Alabama and lowa City, lowa through mass mailing, supplemented by media and community
outreach. The study protocol was approved by the Human Subjects Review Boards at each of
the four institutions collaborating on MOST.

Baseline measurements

Right hip and whole body BMD were measured using Hologic QDR 4500A DXA scanners
(Hologic Inc., Bedford, MA). Subjects completed questionnaires about fractures since age 45,
frequent hip pain, physical activity (Physical Activity in the Elderly Scale(18)), smoking and
medication use. Participants were weighed (balance beam scale) and had height measured
(stadiometer) without shoes or heavy clothes (BMI computed as kg/m2) and had knee height
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(19) and hip pain on internal rotation of the hip assessed(20). Concentric knee extensor
(quadriceps) strength was measured with a Cybex 350 isokinetic dynamometer (Avocent,
Huntsville, AL).

Radiographic methods

Analysis

At baseline and a 30 month follow-up visit, subjects underwent weight-bearing PA fixed
flexion knee radiographs(14- 21) using a plexiglass positioning frame (SynaFlexer, TM) and
lateral weight bearing films of each knee using the Framingham OA Study protocol(15). A
musculoskeletal radiologist and a rheumatologist experienced in reading study films, assessed
PA films for K-L grades and individual radiographic feature scores including medial and lateral
JSN and osteophyte (0-3)(22). Lateral films were scored for medial and lateral tibiofemoral
JSN (0-3) (15). Weighted kappas for agreement between the two readers were as follows: K-
L grade = 0.79; medial compartment JSN = 0.81; lateral compartment JSN = 0.86; and
osteophytes = 0.65. In previous studies(10) we found that knees often showed a worsening of
JSN longitudinally but did not show enough additional narrowing to move one full OARSI
grade (e.g. 1 to 2). When this occurred in knees with JSN at baseline, readers were instructed
to use ¥2 grades(13). Paired films were read by both readers working independently, with time
sequence known and blinded to clinical data. If readers disagreed on the presence of incident
OA or worsening of JSN, using the definitions below, an adjudication panel of three readers
decided whether incidence or progression had occurred.

For knees without tibiofemoral ROA (K-L grade = 0 or 1) at baseline, we defined incident
ROA as new onset K-L grade > 2 at 30 month follow-up. In knees with, and without, ROA at
baseline we defined progression of JSN as an increase in medial or lateral JSN by > % grade
based on either the PA or lateral view(13' 15). Knees with a K-L grade of 4 or a JSN grade of
3 both medially and laterally were not eligible for progression. We used data on osteophytes
(scored 0-3 at each of 4 sites on the PA view) from the radiologist as this feature was not
adjudicated. Progression of osteophytes was defined as an increase of >1 grade in any location.

We measured the hip-knee-ankle (HKA) mechanical axis from baseline bilateral full limb
radiographs(23) acquired using the method of Sharma et al.(24). In a reliability study of full-
limb films (60 limbs) assessed by two different readers, the interobserver ICC for HKA angle
was 0.95. Neutral alignment was defined as an angle of 179° to 181° and severe malalignment
was defined as an angle <173° or >187°.

Given the higher BMD of nonwhites(25), it was necessary to examine this group separately
but the number of nonwhites was too small to evaluate race differences in the association of
BMD with knee OA, so nonwhites were excluded. We included subjects with radiographic
endpoint data available as of August, 2007. These subjects were more likely to be female and
had a lower BMI and BMD than those without radiographic data (p<.05), while other
characteristics were similar. We excluded 194 individuals who reported hip pain by both
questionnaire and examination in the same hip as the DXA measurement since higher BMD
in hips with prevalent OA (20: 26) could bias results.

We analyzed the association of gender-specific quartiles of femoral neck and whole body BMD
and history of fracture with incident and progressive knee ROA. All of our results were
essentially the same using BMD from other DXA scan regions (e.g. total hip, leg). Analyses
were knee-based, so a subject could contribute knees to either one, or both, of the incidence
and progression analyses, with some subjects having only one knee and other subjects both
knees in the analysis. The association of BMD and fracture with knee ROA outcomes was
analyzed using logistic regression, using GEE methods to account for the correlation between
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two knees in a person. Odds ratios (ORs) were calculated for each BMD quartile compared to
the lowest BMD group as referent category. We performed tests for trend using continuous
BMD measures in logistic regression models, added quadratic terms to models to examine
potential nonlinear relationships and used spline regression models to evaluate threshold
effects. We analyzed men and women combined after determining that the relationships were
similar based on gender by BMD interaction terms in logistic models. Analyses were adjusted
for BMI, age, gender (in the combined analyses), smoking, physical activity, knee injury, knee
height (a stable indicator of skeletal size(27) to account for the latter’s effect on apparent areal
BMD(28)), and current estrogen and bisphosphonate use. Separate models adjusted
additionally for quadriceps strength(29), but this did not change any of our results.

We performed several sensitivity analyses. Because prevalent knee OA may result in faster
bone loss in the hip(30), we repeated incidence analyses excluding subjects with ROA in one
knee at baseline. We examined the effect of malalignment on results for JSN progression first
by excluding severely malaligned knees and then analyzing only neutrally aligned knees.
Analyses of JSN progression in knees with OA at baseline were repeated using alternative
outcome definitions: 1) using JSN data from the PA film only; and 2) requiring an increase in
JSN of a full grade or greater. Finally, we repeated main analyses excluding users of hormone
replacement therapy and bisphonsphonates, with no change in results.

Among 1,754 white subjects (63% women) (Table 1), both genders were, on average, obese

and had relatively high BMD. Based on femoral neck BMD, the proportion of men and women
who were osteopenic or osteoporotic was much lower(25 31), while the proportion with a BMI
of 30.0 or greater was higher(32), than in the same age U.S. population. The median follow-

up time was 31.1 (range 27.1 to 41.3) months.

BMD and Incident ROA

In knees without ROA at baseline, incident ROA occurred in 126 (5.5%; 4.1% in men, 6.5%
in women). The risk of incident ROA increased with higher BMD in both men and women
(Table 2) with no difference by gender (p> 0.55 for interactions of BMD with gender). In men
and women combined, those with BMD in the three highest quartiles at the femoral neck or in
the highest quartile for whole body had a 2-fold increase in the adjusted odds of incident ROA
compared to the lowest quartile of BMD.

In knees without ROA at baseline, an increase in JSN grade occurred in 184 (8.1%; 5.9% in
men and 9.5% in women) at follow-up. Higher femoral neck (Table 3) and whole body (data
not shown) BMD were associated with increased risks of JSN in men and women, with no
difference by gender (p> 0.24 for gender by BMD interactions). Among men and women
combined, those in the highest femoral neck BMD quartile had a 2.7-fold increase in the odds
of JSN compared to the lowest BMD quartile. The corresponding odds ratio for whole body
BMD was 2.9 (95% CI: 1.7, 4.8; p-value for trend <0.001). In knees without ROA at baseline,
higher femoral neck (table 3) and whole body (data not shown) BMD were also associated
with an increase in osteophytes, with no differences by gender (p> 0.43). Higher BMD was
strongly associated with increase in JSN grade both in knees with a baseline K-L grade of 0
and in those with a K-L grade of 1 (Figure 1).

In sensitivity analyses, excluding subjects who had ROA in one knee at baseline did not change
any of our results. In men, we found no significant nonlinear relationships of BMD with
incident OA or JSN, and smoothed curves from spline regression models suggested that risk
continued to increase with higher values of BMD.
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BMD and Progression

Progression of JSN occurred in 491 (52.7%; 51.8% in men and 53.2% in women) knees with
ROA at baseline. Neither progression of JSN nor progression of osteophytes were associated
with BMD in either gender (data by gender are not shown). In genders combined, adjusted
odds ratios for JSN progression ranged from 0.7 to 1.0 by femoral neck BMD quartile and from
1.0to 1.3 by whole body BMD quartiles (Figure 2). There was a nonsignificant trend for greater
osteophyte progression with higher femoral neck BMD.

In sensitivity analyses excluding 140 knees with severe baseline malalignment or restricted to
216 knees with neutral alignment, femoral neck BMD was not associated with JSN progression
(p-values for trend = 0.43 and 0.72). Results were similar for whole body BMD. Also in
sensitivity analyses, BMD was not associated with JSN progression based on the reading of
the PA film alone. Similarly, JSN increases of a full grade or more were not related to femoral
neck BMD (p for trend = 0.48), but there was a trend (p=0.07) for an association with whole
body BMD

Fracture history and use of antiresorptive drugs

A history of any fracture since age 45 was not associated with incident ROA (OR in combined
genders: 1.2; 95% ClI: 0.7, 2.1), nor with an increase in JSN in normal knees (1.2; 0.7, 2.0))
nor with progressive JSN in knees with ROA at baseline. In sensitivity analyses excluding
users of ERT and bisphosphonates, our results for both incidence and progression outcomes
were unchanged.

DISCUSSION

In this large prospective study of persons with, and at high risk for, knee osteoarthritis we
confirmed that higher systemic BMD is associated with an increased risk of incident ROA of
the knee(3' 4+ 6) and report for the first time that high BMD is strongly associated with an
increased risk of developing JSN in knees without ROA, including those with a baseline K-L
grade of 0. In contrast to some previous studies(3: 4), higher BMD was not associated with a
reduced risk of structural progression of existing disease.

There are several possible explanations for the association of high BMD with the risk of
developing knee ROA and JSN. First, they may share common causes that are not accounted
for in our analyses, including genetic factors linked to high bone mass that also have a role in
OA pathogenesis(26). For example, the Wnt/B-catenin signaling pathway is involved in
regulating the development and functioning of both osteoblasts(33) and chondrocytes(34), and
polymorphisms of genes encoding Wnt antogonists have been associated with OA of the hip
(35’ 36) and knee(37) as well as with a high bone density phenotype(38: 39). Excess lower
extremity loading from physical activities not well-captured by our survey instrument could
also confound the association of hip BMD with the risk of knee OA.

Second, factors related to a high BMD, such as elevated levels of skeletal growth factors, even
if they do not affect the risk of OA, per se, could stimulate the development of osteophytes in
early OA(40) and these are detected on radiographs as incident disease. Although consistent
with previous findings that high BMD was related to the initial development of osteophytes
but not JSN(3' 4+ 6), this explanation it is at odds with our finding that high BMD was related
to development of JSN in knees without OA.

Third, larger bones have greater apparent areal BMD(28) and our findings may reflect, in part,
larger skeletal dimensions in persons more likely to develop knee OA(41: 42). Although we
adjusted for a measure of lower limb bone size that is related to the risk of knee OA(41) and
BMI, there may be residual effects of bone size on areal BMD. Studies using MRI and CT may
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further elucidate the relationship of skeletal geometry and true volumetric BMD to the risk of
knee OA(43).

On the other hand, high bone mass or its determinants may be directly involved in the
pathogenesis of knee OA, for example by influencing the subchondral calcified tissue response
to joint loading in a positive feedback loop that further increases stress on joint tissues(44~
48). Human joints with OA evidence a broad spectrum of subchondral calcified tissue changes
(40' 49756). Some of these changes may precede the initiation of OA while others are part of
the joint’s response to abnormal loading conditions resulting from OA. In several animal
models, subchondral bone changes occur contemporaneously with early cartilage loss(49~
53), but there are few such data on early knee OA in humans(54).

In knees with prevalent ROA, BMD was not associated with progression of JSN. Our findings
contrast with those of two prior studies that suggested that higher hip BMD protects from JSN
progression(3' 4) and with a third that found greater progression in persons with high spine
BMD(6). Our results do suggest that the relationship of BMD to OA may change once a knee
has developed disease equivalent to K-L grade 2 or higher. What could account for this? Many
knees that develop OA become malaligned and this is known to modify the relationship of
some risk factors with JSN progression(11+ 12). However, our results were unchanged when
excluding malaligned knees. The relationship of BMD with progression may be modified by
more rapid bone loss related to the presence of knee OA(30). Studies similar to ours with data
on bone loss are needed to evaluate this. Our findings for BMD and progression are consistent
with the fact that few risk factors for incident knee ROA have been found to also predict more
rapid progression(8: 57). Persons with existing knee OA who do not have high BMD are likely
to have other risk factors for knee OA, which increase the rate of progression in these subjects
with knee ROA and low BMD. Finally, our study assessed the risk of a dichotomous
progression outcome which may be less sensitive for detecting risk factors than if a measure
of the rate of progression is the outcome.

A history of any fracture after age 45 was not associated with the risk of either incident or
progressive knee ROA. However, these findings do not rule out a possible association of
skeletal fragility with knee ROA since the occurrence of fractures at all sites combined is only
moderately associated with low BMD(58) and is a marker for falls in addition to skeletal
fragility. Also, we did not assess radiographic vertebral fractures, which have been linked to
a reduced risk of incident knee OA(4' 6), and few or our subjects had osteoporosis. Use of
antiresorptive drugs by persons with osteoporosis or prior fractures may modify the relationship
of skeletal status to knee OA. However, our results were unchanged in analyses excluding those
using antiresorptive agents.

Our study has several strengths. We had larger number of subjects with disease at baseline and
used radiography methods more sensitive to JSN(14+ 15) compared to previous studies that
used the fully extended knee view(9). We had much larger numbers of knees with progressive
JSN (more than 100 in each quartile of BMD) compared to these prior studies (e.g. one had
only 25 progressor knees in the entire cohort(6)), permitting us to evaluate more robustly the
relation of BMD with progression and, by extension, to compare the relation of BMD to disease
incidence and progression. Sensitivity analyses using alternative definitions of JSN progression
did not change our results, confirming the robustness of our primary measure of progression.
We studied both men and women, while some previous large cohort studies of this issue have
focused on women. In agreement with one other study we found that the relationship of BMD
to the risk of knee ROA was similar by gender(6). No previous study has analyzed BMD and
JSN progression within strata of knee mechanical alignment, the extremes of which may
obscure the effect of other risk factors on progression(12).
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Our study also has several limitations. We studied only whites and our findings may not apply
to other racial groups. We did not assess spine BMD. However, bone hypertrophy in OA of
the spine increases apparent areal spine BMD(59), which may bias its association with knee
OA. Prevalent hip OA may have a similar effect on areal hip BMD, but we excluded subjects
with hip pain consistent with OA. We could not control for the possible effects of ROA in other
joints on whole body BMD. We may have had too few subjects with osteoporosis to observe
a possible association of very low BMD with progression; however, since obesity is such a
strong risk factor for knee OA persons with knee OA tend to have high BMD. Several
associations in subgroups (men and K-L grade 1 knees) suggested nonlinearity, but these may
be chance findings.

In conclusion, high systemic BMD in white men and women is associated with an increased
risk of early radiographic changes of knee OA, including the onset of JSN in knees without
osteophytes at baseline, but is not associated with progression of JSN in later stages of disease.
These differences by stage of disease warrant further consideration. Because high BMD
increases the risk of developing knee OA independently of obesity, a potent risk factor for
disease, our findings have potential importance for identifying those most at risk for knee OA.
These results should spur investigation of common genetic links between high bone mass and
the risk of knee OA as well as the relationship between skeletal phenotype and the
pathophysiology of early disease.
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C.Increase in JSN grade by Whole Body BMD in
Baseline K-L grade 0 knees

L 2
Qrt 1 -ref Qrt 2 Qrt 3 Qrt 4 - high
P for trend < 0.001
D. Increase in JSN grade by Whole Body BMD in
Baseline K-L grade 1 knees
*
Qrt 1 -ref Qrt 2 Qrt 3 Qrt 4 - high

P for trend = 0.008

Increase in grade of T-F joint space narrowing (JSN) in knees without T-F OA (K-L grade 0
or 1) at baseline. The figure shows odds ratios (95% CI) for increase in grade of joint space
narrowing in knees with a baseline K-L grade of 0 (n=1,670) and knees with a baseline K-L
grade of 1 (n= 605), by gender specific quartile of femoral neck BMD and whole body BMD
(men and women combined). Odds ratios and p-values for trend are adjusted for age, BMI,
knee height, smoking, PASE activity score, knee injury, bisphosphonate use, estrogen use in
women and gender. For BMD quartile cutpoints, see table 2.
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A. JSN Progression in knees with OA C. JSN Progression in knees with OA
by femoral neck BMD quartiles by whole body BMD quartiles
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P for trend =0.092 P for trend =0.539

Figure 2.

Progression of joint space narrowing (JSN) and osteophytes in knees with ROA at baseline
(K-L grade > 2) for men and women combined. The figures shows odds ratios (95% CI) for
increases in grade of JSN and osteophytes, by gender specific quartile of femoral neck BMD
and whole body BMD. Odds ratios and p-values for trend adjusted for age, BMI, knee height,
smoking, PASE activity score, knee injury, bisphosphonate use, estrogen use in women and
gender. For BMD quartile cutpoints, see table 2.
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Baseline characteristics of participants

Table 1

Age, mean (SD)
BMI, mean (SD)
BMI >30.0 n (%)

Current smoker, n (%)

Men (n=667)

Women (n=1,087)

62.9 (8.1)
30.1(4.7)
296 (44.4%)
31 (4.6%)

Femoral neck BMD g/cm?, mean (SD)  0.84 (0.13)

Whole body BMD g/cm?,

mean (SD) 1.11 (0.11)

Femoral neck BMD classification™

Osteopenia

Osteoporosis

235 (35.2%)
15 (2.2%)

History of fracture after age 45, n (%) 103 (15.4 %)

Current bisphosphonate user, n (%) 3(0.4%)

Current estrogen use in women, n (%) --

Radiographic knee OA

K-L grade <2 both knees 366 (54.9%)
K-L grade >=2 in one knee 163 (24.4%)
K-L grade >=2 in both knees 138 (20.7%)

63.1(7.7)
29.9 (5.9)
481 (44.3%)
52 (4.8%)
0.77 (0.12)
0.94 (0.09)

472 (43.4%)
24 (2.3%)
264 (24.4%)
128 (11.8%)
223 (20.5%)

594 (54.7%)
237 (21.8%)
256 (23.6%)

Page 13

Based on femoral neck BMD distribution in U.S. for nonhispanic whites ages 20-29 (31). Osteopenia (BMD 1 to 2.5 SDs below mean reference of

group) men, 0.59-0.79 g/cmz; women 0.56-0.74 g/cm2. Osteoporosis (BMD more than 2.5 SDs below mean of reference group) men, <0.59 g/

cm2; women <0.56 g/cmz.
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