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Abstract
Osteoarthritis (OA) occurs naturally in cynomolgus macaques. The purposes of the present study
were to: 1) develop histological measurement schemes to measure the cross-sectional area of axial
and abaxial osteophytes in the proximal tibia; 2) determine the effects of long-term estrogen
replacement therapy (ERT) on osteophyte prevalence and area; and 3) assess relationships between
osteophyte size and risk factors of OA (age and body weight) and concurrent bone and cartilage
lesions. Adult female cynomolgus macaques (n=180) were bilaterally ovariectomized (OVX) and
were treated for three years with ERT, soy phytoestrogens (SPE), or no hormones (OVX controls).
At necropsy, the prevalence and cross-sectional area of periarticular tibial osteophytes were evaluated
histologically. Treatment effects on osteophyte prevalence and area were evaluated using Chi-square
analyses and Kruskal-Wallis test, respectively; other comparisons were evaluated using regression
analyses. The prevalence of abaxial osteophytes in the medial tibial plateau was not significantly
affected by treatment group; however, the prevalence of abaxial osteophytes in the lateral tibial
plateau was significantly lower in ERT group than SPE group (p<0.01). The total number of
abaxial osteophytes (sum of lateral and medial) was significantly lower in ERT group compared to
OVX and SPE groups. Neither the prevalence of axial osteophytes nor the sum of lateral and medial
axial osteophytes was significantly affected by treatment in either tibial plateau. There were no
significant treatment effects on axial or abaxial osteophyte cross-sectional area in either tibial plateau.
There were significant positive correlations between abaxial osteophyte area and SCB thickness in
the medial tibial plateau (p=0.048); however, there were no significant correlations between
abaxial osteophyte area (medial or lateral) and age or body weight. In this model of naturally
occurring OA, long-term ERT does not consistently reduce the prevalence, and has no significant
effects on cross-sectional area, of periarticular tibial osteophytes.
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Introduction
Periarticular osteophytes are frequently associated with osteoarthritis (OA) and appear as
outgrowths of cartilage at the margins of joints which subsequently undergo endochondral
ossification [1,2]. Despite being one of the primary clinical/radiographic criteria in defining
OA, the role of periarticular osteophytes in the pathophysiology and progression of OA is
currently unknown. It remains unclear whether osteophytes are a concomitant event of OA
(epiphenomenon) or if they are part of a reactive process in an unstable joint.

The teleological purpose of osteophytes is unclear, although it is thought that periarticular
osteophytes may stabilize an osteoarthritic joint [2]. For example, joint movement, such as that
occurring with a ruptured anterior (cranial) cruciate ligament in humans and in natural and
experimental animal (canine and rodent) models of OA, tends to promote osteophyte formation
in the knee (stifle) joint[2-7]. It has been shown that these osteophytes limit the translocation
of the femur on the tibia and stabilize the joint in the sagittal plane [2]. Conversely, experimental
models of OA in dogs suggest that immobilization of the knee joint inhibits osteophyte
development [8].

The relationship between periarticular osteophytes and damage to or loss of articular cartilage
also is unclear. Some authors have suggested that osteophyte formation is part of the
remodeling process following loss of articular cartilage [5,9]. In a mouse model, van Osch et
al.[10] showed a good correlation between osteophyte size and cartilage damage; however,
others have suggested that osteophytes may develop without the loss of articular cartilage
[11].

Recent evidence suggests that osteophytes are strongly associated with malalignment to the
side of the osteophyte (ipsilateral side) and it is thought that this is related to an increase in
force over the given side of the joint [2]. For example, abaxial (marginal) osteophytes in the
medial compartment of the human knee (distal femur and proximal tibia) tended to be
associated with varus malalignment. The authors hypothesized that osteophytes may not have
a primary effect themselves, but rather that they serve as markers for two factors that strongly
affect the risk of progression, namely limb malalignment and pre-existing cartilage loss [2].

Factors other than biomechanical forces also have been proposed in the development and
pathogenesis of periarticular osteophytes. For example, recent literature suggests that
macrophages (from periosteum or synovium) may play a crucial role in osteophyte
development through their production of growth factors such as TGF-ß [12-17]. Evidence that
TGF-ß plays a role in osteophyte development includes the finding that multiple intra-articular
injections of TGF-ß or adenoviral overexpression of TGF-ß1 in the knee joint resulted in the
formation of osteophytes in rats and mice [14,15]. In addition, data from experimental models
of OA in rats suggest that bone resorption may be involved in the local activation and release
of TGF-ß, promoting osteophyte formation [6,7,15,18-20]. Inhibition of endogenous TGF-ß
using soluble receptor (TGF-ß-RII) nearly completely prevented osteophyte formation in an
experimental model of OA in rats; however, this treatment also resulted in a reduction in the
thickness of articular cartilage [13]. Hormones such as parathyroid hormone-related protein
(PTHrP) and growth factors such as fibroblast growth factor receptor 3 (FGFR3) and insulin-
like growth factor I (IGF-I) have also been implicated in the development of osteophytes
[21]. To our knowledge, the effects of estrogen on periarticular osteophytes in naturally
occurring OA, as were examined in the present study, have not been previously evaluated.

Obesity is a major modifiable risk factor of OA, and it has been shown that excessive weight
increases one's risk of both incident OA and the progression of disease [22-28]. Interestingly,
in an experimental model of OA (surgical transection of the cranial cruciate ligament) as well
as in naturally occurring OA (spontaneous rupture of the cranial cruciate ligament) in dogs,
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the degree of osteophyte formation was more extensive in larger and more obese dogs [3,29].
These findings suggest that body weight alone or in combination with other factors contributes
to the pathogenesis of OA and the development of periarticular osteophytes. Age is another
important risk factor of OA;[26,30] however, age as a factor in the etiology of periarticular
osteophytes has rarely been specifically examined. Some authors consider osteophytes in the
knee to be primarily a phenomenon of aging;[11] however, to determine if this is true, the
effects of age on the development and size of periarticular osteophytes would need to be studied
independently of OA.

Several schemes and descriptive atlases have been published to evaluate osteophyte size using
imaging modalities of the knee (radiographs and MRI); however, very few publications include
detailed schemes for identifying and measuring periarticular osteophytes histologically.
Atlases that include drawings of periarticular osteophytes are designed for radiographic
interpretation, and the evaluation of osteophyte size typically involves a limited grading scale
(e.g., 0-3; absent to severe) [31-33]. Previous histological studies of osteophytes do not include
the details of the measurement schemes used to assess osteophyte size (area); specifically, the
criteria that were used to distinguish the margins of surrounding native bone from those of
osteophyte bone,[7,34] which are necessary to obtain reproducible data from the osteophyte
area measurements.

Naturally-occurring OA in cynomolgus monkeys has been utilized previously as a model of
the human disease to evaluate the effects of estrogen replacement therapy (ERT) on the severity
of articular cartilage lesions of OA [35]. Importantly, the prevalence and severity of OA in
these animals increases with increasing age [36]. Older adult monkeys with severe radiographic
OA have also been observed to have musculoskeletal clinical signs (e.g., limping, stiff gait)
[35].

In the present study, osteophyte prevalence and size (cross-sectional area) were evaluated in
the proximal tibia of surgically postmenopausal cynomolgus monkeys from a large, long-term
study that was designed to evaluate the effects of ERT on coronary artery disease. A previous
study focusing on OA lesions in these same tibiae demonstrated that articular cartilage lesions
of OA were significantly reduced by treatment with ERT [35]. That study also reported that
the prevalence of periarticular osteophytes was decreased in the ERT-treated animals; however,
osteophyte location (axial vs. abaxial) was not recorded, only data from the medial tibial
plateau were reported, and osteophyte cross-sectional area was not evaluated [35].

The purposes of the present study were to: 1) develop histological measurement schemes to
measure the area of axial and abaxial osteophytes in lateral and medial proximal tibial
plateaus; 2) determine the effects of ERT on osteophyte prevalence and size (area); 3) assess
relationships between osteophyte size and risk factors of OA (age and body weight); and 4)
assess relationships between osteophyte size and concurrent bone and cartilage lesions present
in OA (e.g., articular cartilage fibrillation, chondrocyte clones, subchondral bone (SCB)
thickness, calcified cartilage thickness). To assist the readers, the anatomic locations lateral
and medial as well as SCB have been bolded and the terms axial and abaxial have been
underlined throughout the manuscript.

Materials and Methods
Animals

The animals used in this study were from an experiment that was designed to evaluate the
effects of estrogen deficiency, exogenous ERT, and soy phytoestrogen treatment (SPE) on
atherosclerosis of the coronary arteries [37]. The original study included 180 feral adult female
cynomolgus macaques and has previously been described in detail [35,37].
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Study design
The animals were bilaterally ovariectomized to simulate menopause and were randomly
divided into three age- and weight-matched treatment groups for a 36-month treatment period,
during which all animals were fed a moderately atherogenic diet (40% of calories from fat)
containing 120 kcal/kg of body weight/day (approximately equivalent to 1800 kcal/day for the
average woman in the United States) [37]. Group 1 (OVX control, n=60) received no treatment,
Group 2 (SPE, n=60) received soy phytoestrogens (at 129 mg/day human equivalent), and
Group 3 (ERT, n=60) received conjugated equine estrogens [Premarin; Wyeth-Ayerst
Laboratories, Philadelphia, PA] (at 0.625 mg/day human equivalent) in the diet. Plasma
hormone levels were measured during the 36-month treatment period to document effective
treatment levels [37]. All animals were administered intravenous calcein (10 mg/kg) 21 and 7
days prior to necropsy. At the termination of the study, the mean age of the animals was 12.0
years (range: 9.6-15.8 years; standard deviation: 1.1), as estimated by dentition,[38] and their
mean body weight was 3.3 kg (range: 2.1-6.2 kg; standard deviation: 0.7).

Necropsy and tissue preparation
At necropsy, the right knee joints were collected and disarticulated. After removal of soft
tissues, each proximal tibia was serially sectioned at 2-mm intervals using a diamond saw, and
a midcoronal section from each set of serial sections was identified for histological evaluations
and histomorphometry measurements. This tissue section/slab was decalcified, embedded in
paraffin, sectioned at 6 μm, and stained with toluidine blue. Two slides per animal were
evaluated, a toluidine blue-stained mid-coronal section and an H&E-stained serial section. All
sections were randomized and the evaluator (EO) was blinded to the treatment group
assignments.

Histological evaluation
Proximal tibial sections from 165 of the original 180 monkeys (54 untreated controls, OVX;
57 receiving SPE; and 54 receiving ERT) were available for evaluation of the prevalence and
size (cross-sectional area) of abaxial osteophytes in this study. For technical reasons (e.g.,
critical tissue missing from the block or plane of section issues), sections from a slightly lower
number of animals (158 total, including 52 untreated controls, OVX; 53 receiving SPE; and
53 receiving ERT) were available for evaluation of axial osteophytes.

The prevalence of periarticular osteophytes (within 500 μm of the articular surface) in the
abaxial (peripheral/marginal) and axial (central; referred to as the relative prominence of
central tibial spines in the human literature) aspects of the medial and lateral tibial plateaus
was recorded. Abaxial osteophytes were defined as outgrowths of bone and cartilage at the
joint margins of the proximal tibia. Both the overall shape and profile of the joint margin and
the presence of areas of woven bone were used to evaluate the sections. Some abaxial
osteophyte margins were histologically obvious due to well-demarcated shape changes of the
joint that were comprised entirely of woven bone; however, other abaxial osteophytes were
less obvious histologically due to smaller size and/or some degree of bone remodeling. There
were similar numbers of histologically subtle abaxial osteophytes among the three treatment
groups in both the medial and lateral tibial plateau. These osteophytes were identified based
on comparisons to control tibiae (without periarticular osteophytes) and by estimating the
overall change in shape of the joint profile. Because the normal shape of the axial aspect of the
tibial plateau is not definitively known in this species (e.g., variable height of tibial spines),
two separate evaluation schemes were used to evaluate the prevalence of the axial osteophytes:
1) only histologically obvious axial osteophytes (i.e. those with sharply demarcated margins
that also had a vertical height (amplitude) greater than the total osteophyte width) and 2) any
vertical deviation (in the y-axis/plane) from a flat tibial plateau. In locations in which an
osteophyte was present, the total osteophyte cross-sectional area (including bone, marrow, and
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void spaces, mm2) was measured using a 2X objective with the Spot® Advanced morphometry
software (Diagnostic Instruments, Sterling Heights, MI) and the following measurement
schemes: 1) Abaxial osteophytes (away from the central axis of the tibia; marginal): The outer
margin (i.e., most peripheral margin of calcified cartilage) of each abaxial osteophyte was
hand-traced with a computer mouse starting at the transition from articular (hyaline) cartilage
to fibrocartilage and ending at disto-lateral margin of the osteophyte. A straight line was then
drawn from this point back to the tracing start point and the total enclosed area was calculated
by the morphometry software (Figs. 1,2), and 2) Axial osteophytes (adjacent to the central axis
of the tibia): A vertical line was drawn through the midline of the proximal tibia, starting at
the calcified cartilage-bone interface (base of calcified cartilage) and ending at the upper
margin of the calcified cartilage. Next, the outer margin of the osteophyte was hand-traced
following the upper margin of the calcified cartilage. Because the axial osteophytes were
usually more poorly defined (i.e., less obvious), two separate measurement methods were used
to determine the landmarks for the lower margin/measurement (i.e., the base) of the
osteophytes: Method A) a more conservative method which only included histologically
obvious axial osteophytes, and Method B) a more liberal measurement that included any
deviation from a flat articular surface.

Axial Method A—This measurement scheme took into account any histologically obvious
axial osteophyte. In tracing along the deep margin (interface with SCB) of the osteophyte, the
measurement line was drawn straight across at points where bony trabeculae were narrower
than their overall height (Figs. 3,4).

Axial Method B—Using the more liberal method (Method B), the termination of the
measurement was taken at the level directly across (lateral or medial) from the starting point
at the calcified cartilage-bone junction. A line was then drawn connecting the termination
measurement with the starting point, following the inner/distal subchondral bone outline (Figs.
5,6). Figure 5 represents an osteophyte in which the termination of the measurement was
relatively obvious; however, other axial osteophytes were much more subtle, and the points of
termination were not as obvious.

The total number (0 or 1 per plateau) of abaxial osteophytes present in each tibial plateau
(medial and lateral) was summed to derive the total number of abaxial (0-2) and axial (0-2)
osteophytes in each section of proximal tibia. In addition, the individual abaxial and axial
osteophyte areas from each tibial plateau were added together to derive the total abaxial and
axial osteophyte areas for each section of proximal tibia.

Finally, the SCB thickness in the lateral tibial plateau was evaluated using Osteomeasure
histomorphometry software (Osteometrics, Atlanta, GA) with a 2X objective as described
previously [35]. Briefly, the margins were hand-traced with a computer mouse in a 3.5 × 3.5
mm field in the center of the tibial plateau (included approximately 80% of the SCB of the
tibial plateau).

Statistical analyses
The Chi-square test was used to compare treatment effects on the prevalence of axial and
abaxial osteophytes, either individually (within the lateral or medial plateau) or as a sum of
the lateral and medial tibial plateaus. Area and thickness measurements, along with other
quantitative variables were evaluated for treatment effects using analysis of variance
(ANOVA) and regression techniques. If any of the measurements had a non-normal
distribution (highly skewed to high or low values), a data transformation, such as the
logarithmic transformation, was performed. If an appropriate transformation was not found,
non-parametric methods such as the Kruskal-Wallis one-way ANOVA and the Spearman
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correlation were applied. Adjustments were made for post-hoc testing using either the
Bonferroni or the Tukey's studentized range procedures for multiple comparisons, which
maintain the overall level of significance at 0.05. All statistical analyses were performed using
SAS version 9.1 (SAS Institute Inc., Cary, NC).

The OA histological grading and measurement data that were previously described by Ham et
al. were re-analyzed in the subset of sections containing an abaxial osteophyte in the medial
tibial plateau using principal components (factor) analysis [35]. The medial tibial plateau was
chosen because, as in previous studies, the OA lesions were more severe in this site than in the
lateral tibial plateau [35]. Abaxial osteophytes were chosen for evaluation because the
abaxial osteophytes in these sections were much more well-defined than the axial osteophytes.
This resulted in a reduction in the number of specimens available for evaluation (compared
with the study by Ham et al.),[35] since only 108 of the original 166 sections contained medial
abaxial osteophytes. The variables that were included in the factor analysis included the
following: OA severity (including articular cartilage structure score; loss of toluidine blue
staining; number of chondrocyte clones; maximum number of tidemarks; number of blood
vessels crossing the tidemark; number of chondrified blood vessels); SCB area, thickness, and
a subjective evaluation of SCB thickness (SCB score); calcified cartilage area and thickness;
and articular cartilage area and thickness. Using an orthogonal rotation method (varimax), these
initial linear combinations of the variables were rotated to create independent factors. The
subset of variables that had a factor loading greater than the absolute value of 0.3 was used to
represent each factor. Regression analysis was done to evaluate the potential relationships
between medial  abaxial osteophyte area and the factors.

Results
Osteophyte prevalence

The sections examined contained 108 medial  abaxial osteophytes and 133 lateral  abaxial
osteophytes (Table 1). The prevalence of abaxial osteophytes in the medial tibial plateau was
not significantly affected by treatment group; however, the prevalence of abaxial osteophytes
in the lateral tibial plateau was significantly lower in the ERT group than in the SPE group
(p<0.01) (Table 1). Although not statistically significant, there was a trend toward a lower
prevalence of lateral  abaxial osteophytes in the ERT group than in the OVX control group.
The total number of abaxial osteophytes (sum of lateral and medial  abaxial osteophytes) also
was significantly affected by treatment, being lower in the ERT group than both the OVX
control and SPE treatment groups (p<0.01 for both; data not shown). The prevalence of lateral
axial osteophytes using the conservative (axial method A) and liberal (axial method B) methods
were exactly the same (no additional axial osteophytes identified with the liberal method);
however, there was a marked difference between the prevalence of medial  axial osteophytes
identified using the two measurement schemes, with 32, 30, and 38 additional medial  axial
osteophytes identified in each of the three treatment groups (OVX, SPE, ERT, respectively)
using the more liberal measurement scheme (axial method B) compared to the conservative
scheme (axial method A). The prevalence of axial osteophytes was not significantly affected
by treatment in the medial or lateral tibial plateau using either the conservative (axial method
A) or liberal (axial method B) measurement schemes (Table 1) nor were there significant
treatment differences in the total number of axial osteophytes (sum of lateral and medial
axial osteophytes) using either measurement scheme.

Osteophyte area
Lateral  abaxial osteophytes were noticeably larger than the medial  abaxial osteophytes
(Table 1). Among the 133 specimens with abaxial osteophytes (out of the total 165 specimens
examined), lateral  abaxial osteophyte area ranged from 0.06 to 3.51 mm2 (mean = 0.77
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mm2). Among the 108 specimens with medial  abaxial osteophytes (out of the total 165
specimens examined), medial  abaxial osteophyte area ranged from 0.02 to 1.65 mm2 (mean
= 0.43 mm2). There were no significant treatment effects on abaxial osteophyte area in any
location (lateral or medial; Table 1) nor were there significant treatment effects on the total
abaxial osteophyte area (sum of lateral and medial plateaus; data not shown). In contrast to
the abaxial osteophytes, lateral  axial osteophytes were considerably smaller (approximately
one-half the size) than the medial  axial osteophytes using either measurement scheme. Among
the 158 specimens examined, lateral  axial osteophyte area (using the conservative axial
method A) ranged from 0.10 to 1.94 mm2 (mean = 0.59 mm2) and the area of the medial
axial osteophytes ranged from 0.22 mm2 to 2.16 mm2 (mean = 1.10 mm2). Lateral  axial
osteophyte area (using the liberal axial method B) ranged from 0.10 to 1.94 mm2 (mean = 0.59
mm2) and medial  axial osteophyte area (also using the liberal axial method B) ranged from
0.22 mm2 to 3.21 mm2 (mean = 1.15 mm2). There were no significant treatment effects on
axial osteophyte area (lateral and medial) using either of the axial measurement schemes
(Table 1) nor were there significant treatment effects on total axial osteophyte area (sum of
lateral and medial tibial plateaus; data not shown) using either of the measurement schemes
(methods A and B).

As described previously,[39] there was a significant weight gain among the monkeys during
the three-year study; however, there were no significant differences in initial or terminal body
weights among the three treatment groups (data not shown). There was no significant
correlation between either lateral or medial  abaxial osteophyte area and body weight or age
at the termination of the study. As previously reported, the SCB thickness in the medial tibial
plateau of the original data set (n=166) was lowest in the OVX control group and highest in
the ERT group,[35] and this also was true in the lateral tibial plateau, but the differences were
not significant. In addition, there were no statistically significant treatment group differences
in either lateral or medial SCB thickness in the subset of sections with either lateral (n=133)
or medial (n=108) abaxial osteophytes. The mean thickness of the SCB was nearly 50% greater
in the medial tibial plateau compared to that of the lateral tibial plateau in all three treatment
groups (207.7 μm in the lateral tibial plateau and 376.2 μm in the medial tibial plateau across
all three treatment groups). In the subset of sections with medial  abaxial osteophytes (n=108),
there was a significant positive correlation between the medial SCB thickness and medial
abaxial osteophyte area (p=0.048). In the subset of sections with lateral  abaxial osteophytes
(n=133); however, there was no significant correlation between the SCB thickness of the
lateral tibial plateau and lateral  abaxial osteophyte area.

Description of factors
Principal components analysis using the data from sections of medial tibial plateaus containing
abaxial osteophytes (n=108) identified four factors that explained 74.6% of the variability in
the data (Table 2). Factor 1 was weighted by the SCB parameters (SCB area, SCB thickness,
SCB score) and this factor accounted for 21.3% of the variance in the data (Table 2). Factor 2
was weighted primarily by articular cartilage thickness and area, and accounted for 19.4% of
the variance in the data. The differences in OA severity (weighted primarily by scores for
articular cartilage structure, number of chondrocyte clones, and loss of toluidine blue staining)
were explained by factor 3 (17.4% of variance). Factor 4 was weighted by calcified cartilage
thickness and area and explained 16.5% of the variance in the data.

There was a significant positive correlation (p<0.05) between medial  abaxial osteophyte area
and factor 2 (weighted by articular cartilage thickness and area) and also between medial
abaxial osteophyte area and factor 3 (weighted by OA severity scores). There were no
significant correlations between medial  abaxial osteophyte area and factor 1 (weighted by
SCB thickness and area) or factor 4 (weighted by calcified cartilage thickness and area).
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Treatment group was not significantly associated (p>0.1) with medial  abaxial osteophyte area
after controlling for each of the four factors in separate regression models.

Discussion
This study utilized well-defined, objective and reproducible measurement schemes to identify
periarticular osteophytes and to evaluate their cross-sectional area in both the axial and
abaxial aspects of the proximal tibial plateau. Abaxial osteophytes in the proximal tibial plateau
were relatively common in these monkey tibiae, being present in approximately 80% of the
sections in the lateral tibial plateau and in approximately 65% of the medial tibial plateau
sections. With one exception (significantly fewer lateral  abaxial osteophytes in ERT group
compared with SPE group), the prevalence of abaxial osteophytes in either the medial or
lateral tibial plateau was not affected by treatment group. Only when the total number of
abaxial osteophytes in each tibia (sum of abaxial osteophytes in lateral and medial tibial
plateau) was evaluated was there a significant reduction in the ERT group compared with both
the OVX and SPE groups. The lack of consistency in these results suggests that estrogen
deficiency does not strongly influence the prevalence of abaxial osteophytes in either the
medial or lateral tibial plateaus. In support of this argument, the prevalence of axial
osteophytes was not significantly affected by treatment, regardless of location (medial or
lateral) or measurement scheme (methods A and B). The reason that there were differences
in the prevalence of axial osteophytes using the two measurement schemes (100 additional
axial osteophytes were identified using the more liberal method B) may be related to the overall
shape of the axial osteophytes in the lateral versus the medial tibial plateau in monkeys. The
more liberal method B included any deviation from a flat, horizontal line as an axial osteophyte
and it is possible that the lateral tibial plateau tends to be less flat than the medial tibial plateau
in this species.

Had the animals been older at the time the study was initiated, pre-existing osteophytes would
have been quite likely and an effect of hormonal treatment on osteophyte prevalence, in the
absence of baseline data, would have been more difficult to assess. However, given the
relatively young age of the monkeys (the mean age at study initiation was 9.0 years which is
equivalent to approximately 27 human years), it is unlikely that many of these animals had
pre-existing osteophytes [11]. The 3-year duration of the study also increased the chances of
observing a treatment effect on osteophyte prevalence. Since no consistent treatment effect
was detected, it appears that estrogen deficiency does not have a strong influence on the
development of periarticular osteophytes.

The fact that there were no significant treatment effects on abaxial or axial osteophyte area in
either the medial or lateral tibial plateau suggests that, even though ERT leads to decreased
severity of articular cartilage lesions of OA in cynomolgus monkeys, factors other than ERT
are more important in the growth (cross-sectional area) of periarticular osteophytes in
ovariectomized cynomolgus macaques. In humans, limb alignment and biomechanical forces
have been implicated in determining the area of periarticular osteophytes in the knee. Although
there was a trend for larger medial  abaxial osteophytes to be present in monkeys with
increasing terminal body weight, the results were not statistically significant. In addition, there
was no significant correlation between lateral  abaxial osteophyte area and body weight. In
addition, age did not correlate with either medial or lateral  abaxial osteophyte size/area. It is
important to note, however, that the monkeys in the present study had relatively narrow ranges
for both age and body weight. None of the monkeys were obese, and nearly all of the monkeys
were middle-aged, making this data set less than ideal for evaluating these associations.

As was reported for the medial tibial plateau previously,[35] the lateral SCB was thinnest in
the OVX group and thickest in the ERT group. There also was a significant positive correlation
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between medial  abaxial osteophyte area and medial SCB thickness (p<0.05); however, there
was no significant correlation between lateral  abaxial osteophyte area and lateral SCB
thickness. This discrepancy may be explained by the fact that OA lesions, in both monkeys
and humans, occur first and tend to be more severe in the medial tibial plateau.

There was a significant positive correlation between factor 3 (OA severity) and medial
abaxial osteophyte area, i.e., larger medial  abaxial osteophytes were associated with sites
having more severe lesions of OA. This is consistent with the fact that the most severe OA
lesions occur in the medial tibial plateau. The correlation between factor 3 (OA severity) and
medial  abaxial osteophyte cross-sectional area may also suggest that biomechanical factors
influence both articular cartilage lesions and osteophyte size.

The positive correlation between factor 2 (articular cartilage thickness) and medial  abaxial
osteophyte area is not as easily explained. Inspection of the data did not reveal a clear
association between articular cartilage thickness and osteophyte size. Although these findings
appear to be contradictory, a possible explanation is that the articular cartilage lesions of OA
were mild in the majority of these cases and the relatively thick articular cartilage likely
represents swelling. The correlation analysis also includes all of the variables that comprise
each factor and in fact, when examined using correlation analysis, medial  abaxial osteophyte
area was not significantly correlated with either articular cartilage width (p=0.227) or articular
cartilage area (p=0.056) when these parameters were evaluated individually.

Factor 1 (weighted primarily by SCB thickness) was not significantly correlated with medial
abaxial osteophyte area; however, medial SCB thickness alone was significantly positively
correlated with medial  abaxial osteophyte area, although the correlation was relatively weak
(r=0.19). It is likely that the other variables in factor 1 somewhat ‘diluted’ the correlation with
medial  abaxial osteophyte area due to the complex interactions of each variable. Therefore,
the two comparisons are different in that one evaluates the correlation with a composite variable
and the other examines a very specific bivariate relationship. These results suggest that SCB
thickness is not strongly associated with osteophyte size and that factors influencing SCB
thickness likely are different from those determining osteophyte size.

Measurement of osteophyte area in histological sections allows for a high degree of accuracy
in two dimensions, but does not allow evaluation of osteophyte volume. Evaluation of multiple
sections over a larger area of the proximal tibia would have provided a more accurate evaluation
of osteophyte size in three dimensions and may be considered in future studies. In order to
standardize the assessments that were done in the present study, however, two serial sections
of one midcoronal slab from each site were evaluated. Another limitation of the study was that
baseline data on the osteophytes were not available. This type of analysis would require high-
detail imaging modalities that were not readily available at the time the study was initiated.
Finally, the methods used to measure osteophyte area evaluated the contribution of bone,
marrow space, and void space together without distinguishing these individual anatomic
components.

In spite of these limitations, these data represent a unique sample of tibial sections from a
relatively large-scale, long-term controlled study using weight-, age-, and diet-matched non-
human primates. Detailed methods (including identification criteria and measurement
schemes), which could easily be modified for evaluation of osteophytes in other anatomic sites,
were devised to evaluate and measure periarticular tibial osteophytes.

The overall findings of this experiment suggest that neither long-term ERT nor estrogen
deficiency strongly influence the prevalence or area of periarticular proximal tibial
osteophytes. Combined with these results, the lack of a consistent effect of age or weight on
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osteophyte size suggests that biomechanical instability may be an important determinant of
osteophyte size, as has been hypothesized previously in humans.
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Figures 1-6. Cynomolgus monkey, proximal tibiae, toluidine blue stain, 2X objective
Fig. 1. Lateral abaxial compartment. Black tracing outlines margin of well-defined, lateral
abaxial osteophyte. Toluidine blue. Bar = 1000 μm. Fig. 2. Medial abaxial compartment. Note
absence of obvious abaxial osteophyte; hyaline cartilage extends to abaxial margin of
specimen. Toluidine blue. Bar = 1000 μm. Fig. 3. Medial axial compartment. Black tracing
outlines well-defined medial axial osteophyte using measurement method A. Toluidine blue.
Bar = 1000 μm. Fig. 4. Medial axial compartment. Note absence of well-defined medial axial
osteophyte; the surface is relatively flat. Toluidine blue. Bar = 1000 μm. Fig. 5. Medial axial
compartment. Black tracing outlines a more subtle medial axial osteophyte using measurement
method B. Toluidine blue. Bar = 1000 μm. Fig. 6. Medial axial compartment. Note absence of
well-defined medial axial osteophyte; the surface is relatively flat. Toluidine blue. Bar = 1000
μm.
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Table 2
Results of the factor analysis for individual histomorphometry parameters; monkey knees (medial tibial plateau).

Factor % of variance
explained

Factor composition Factor loading†

Factor 1 (SCB
thickness)

21.3 SCB area, mm2 0.96

SCB width/thickness, μm 0.95
SCB score 0.89

Factor 2 (AC thickness) 19.4 AC area, mm2 0.88
AC width/thickness, μm 0.83

chondrified blood vessels, no. 0.69
blood vessels crossing tidemark, no. 0.61

Factor 3 (OA severity) 17.4 AC structure, score 0.80
loss of toluidine blue staining, score 0.75

chondrocyte clones, no. 0.75
blood vessels crossing tidemark, no. 0.41

AC width/thickness, μm −0.37
chondrified blood vessels 0.31

Factor 4 (CC thickness) 16.5 CC width/thickness, μm 0.96
CC area, mm2 0.96
tidemarks, no. 0.39

AC = articular cartilage; CC = calcified cartilage; OA = osteoarthritis; SCB = subchondral bone.

†
Only the factor loadings greater than the absolute value of 0.30 are shown.
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