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Abstract

Objective—Obesity is an important risk factor for osteoarthritis and is associated with changes in
both the biomechanical and inflammatory environments within the joint. However, the
relationship between obesity and cartilage deformation is not fully understood. The goal of this
study was to determine the effects of body mass index (BMI) on the magnitude of diurnal cartilage
strain in the knee.

Methods—Three-dimensional maps of knee cartilage thickness were developed from 3T
magnetic resonance images of asymptomatic age- and sex-matched subjects with normal (18.5—
24.9 kg/m?) or high (25-31 kg/m2) BMI. Site-specific magnitudes of diurnal cartilage strain were
determined using aligned images recorded at 8:00 AM and 4:00 PM on the same day.

Results—High BMI individuals had significantly thicker cartilage on the patella and femoral
groove than the normal BMI individuals. Diurnal cartilage strains were dependent on location as
well as BMI. Subjects with high BMI exhibited significantly higher compressive strain in tibial
cartilage than did those with normal BMI. Cartilage thickness decreased significantly on both
femoral condyles from the AM to PM time point; however, there was no significant effect of BMI
on diurnal cartilage strain in the femur.

Conclusions—Increased BMI is associated with increased diurnal strains in the articular
cartilage of both the medial and lateral compartments of the knee. The increased cartilage strains
measured in high BMI individuals may, in part, explain the elevated OA risk associated with
obesity or may reflect altered cartilage mechanical properties in subjects with high BMI.
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Introduction

Methods

Osteoarthritis (OA) is a debilitating disease that afflicts an estimated 27 million adults in the
U.S. (1). One of the most common and potentially preventable risk factors for OA is obesity,
which increases relative risk 2-10 times (2). Obesity is associated with OA in multiple
joints, particularly the knee (2-4). However, the precise mechanisms by which obesity
increases OA risk are not well understood. While a number of studies have attributed this
association primarily to altered joint loading (5, 6), recent evidence suggests that both
biomechanical and inflammatory factors play an important role in this relationship (2, 7, 8).

Despite focus in the literature on biomechanical factors (5, 9-11), the effects of obesity on
cartilage loading are not fully understood. Some studies indicate that static coronal plane
knee alignment plays a role in the progression of OA in obese subjects (5, 11). However,
static malalignment may not be a risk factor for OA, but rather a marker of disease severity
or progression (12, 13). Other investigators have emphasized the importance of dynamic
measurements of knee loading, such as the adduction moment, using in-ground force plates
and gait analysis techniques (10, 14-16). Although these static and dynamic measurements
may be predictive of elevated medial compartment loads (5, 10, 11, 15, 17), they may not
fully reflect alterations to the local mechanical environment of cartilage. In this regard,
measurements of cartilage strain at the tissue level provide direct information on the
biophysical environment of chondrocytes (18, 19). Alterations in this environment may
predispose the joint to osteoarthritic degeneration (20, 21). Thus, in vivo measurements of
cartilage strain may provide critical insights into the potential mechanisms by which obesity
elevates the risk for OA.

The mechanical environment of chondrocytes in cartilage is characterized by a complex
array of time-varying stresses, strains, fluid flow, and other biophysical factors arising from
the activities of daily living. Due to the viscoelastic nature of cartilage and its repeated
loading throughout the day, the resulting cartilage deformation may not completely recover,
resulting in diurnal changes in cartilage thickness (22, 23). These changes have been shown
to result in significant diurnal strains that vary with location in the joint (23). Increasing
evidence suggests that chondrocytes have the ability to perceive and respond to biophysical
phenomena that are directly associated with tissue strain, such as changes in interstitial
osmolarity (24, 25). Thus, the objective of this study was to quantify the magnitude of
diurnal strain induced in the articular cartilage of the knee of subjects with normal (BMI:
18.5-24.9 kg/m?) and high (BMI: 25-31 kg/m2) BMIs. Our hypothesis was that subjects
with high BMI would experience higher magnitudes of diurnal strain than normal BMI
subjects, and that these cartilage strains would vary with site in the joint.

A total of twenty subjects (n=10 with BMI of 18.5-24.9 kg/m? and n=10 with BMI of 25-31
kg/m2) participated in this IRB approved study. No subjects had a history of knee injury or
knee surgery. Subjects in each group were age- and sex- matched. Each subject was imaged
twice in one day (at 8:00 AM and 4:00 PM) using a 3T MRI scanner (Trio Tim, Siemens
Medical Solutions USA, Malvern, Pennsylvania) and an eight channel knee coil. Subjects
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were instructed to refrain from exercise or any strenuous activity prior to the morning scan.
Subjects were scanned while lying supine, with the knee in a relaxed, slightly flexed
position (26). A double-echo steady-state sequence (DESS, field of view: 15x15 cm, matrix:
512x512 pixels, slice thickness: 1 mm, flip angle: 25°, repetition time: 17 ms, echo time: 6
ms) was used to generate sagittal plane images of the knee (Figure 1) (23, 26). Total scan
time was approximately 9 min. Subjects were asked to perform their normal activities
throughout the day. Subjects returned to the same facility at 4:00PM and were imaged
immediately upon arrival using the same protocol. In addition, each participant wore a
pedometer to provide a measure of the number of steps taken between MR imaging sessions.

The MR images were used to generate 3D models of each subject’s knee, including models
of the femur, tibia, patella, and the corresponding articular surfaces (Figure 1) (23). In each
image, the outer margins of the cortices and articular surfaces of cartilage were segmented
using a solid modeling software (Rhinoceros, McNeel and Associates, Seattle, WA) (23,
27). These curves were then used to generate 3D surface mesh models of each surface
(Studio, Geomagic Inc., Research Triangle Park, NC) (Figure 1). AM and PM models of the
femur, tibia, and patella were aligned using an iterative closest point technique so that
thickness measurements and strain calculations could be made at the same locations in each
model (23). A grid sampling system was used to characterize cartilage thickness in different
regions of the joint (23). Specifically, cartilage thickness on the tibia was sampled over a
grid of nine evenly spaced points spanning both the medial and lateral tibial plateaus, for a
total of 18 points (Figure 1). Eleven points spanned the surface of the patella and six points
were sampled on the subpatellar region of the femur. A total of 36 points were measured
across the surfaces of the medial and lateral femoral condyles. Thickness was defined as the
minimum distance from the articular surface to bone at each mesh point on the model
(Figure 2). Thickness was averaged across each mesh point within a 2.5mm radius of the
sampling point. In this fashion, diurnal strain was calculated using the ratio of the change in
thickness (final thickness minus initial thickness) to the initial thickness at the same location
(23). This methodology has been previously validated for measuring cartilage thickness in
the tibiofemoral joint (28). A more recent study from our laboratory reported a coefficient of
repeatability of 0.03mm; thus, we estimate the resolution of strain measurements to be less
than 1% (23).

Statistical Analysis

Statistical analyses were performed using Statistica (StatSoft, Inc., Tulsa, Oklahoma).
Subject characteristics of normal and high BMI groups were compared with t-tests. The
effects of location and BMI on undeformed cartilage thickness were compared using
ANOVA. Diurnal and BMI effects on cartilage thickness were compared with ANOVA.
Strain within each compartment was assessed for difference from zero and between BMI
groups with t-tests. Bonferroni corrections were applied to p-values to account for multiple
comparisons where appropriate.
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Subjects in the normal and high BMI groups did not differ significantly in age (30£2 years
versus 31+2 years, mean+SEM), proportion of males to females (8 males and 2 females in
both groups), height (178+1cm in both groups), and the number of steps taken on the study
day (7616+821 steps versus 7933+1033 steps, respectively). The mean BMI of the control
group (22.4+0.5 kg/m?) was significantly lower than that of the high BMI group (28.6+0.6
kg/m?2). All subjects in the normal group fell within the normal weight BMI range (18.5-
24.9 kg/m?2). Most subjects within the high BMI group fell within the overweight range (25—
29.9 kg/m?), with three subjects just falling into the obese range (30 and above) (highest
BMI=31.4 kg/m?).

Initial (AM) cartilage thickness varied significantly with both BMI and location (2-way
ANOVA, BMI x location p=0.004). The AM cartilage was significantly thicker on the
patella and significantly thinner on the femoral condyles than other locations (Figure 3).
High BMI individuals had significantly thicker cartilage on the patella and femoral groove
than the normal BMI individuals. The high BMI group also trended towards having thinner
cartilage on the medial tibia (p=0.1) than the normal BMI group.

Patellar cartilage thickness did not change significantly between the AM and PM
measurements; however, the cartilage of the high BMI group was significantly thicker than
that of the normal BMI group (Figure 4a, 2-way ANOVA, diurnal p=0.2, BMI p=0.05,
diurnal x BMI p=0.3). Patellar cartilage did not undergo significant diurnal strain (Figure 4b,
t-test, normal p=0.1, high p=0.7). There was no effect of BMI on the magnitude of patellar
strain (t-test, p=0.8).

In both the medial and lateral tibia cartilage, thickness decreased significantly from the AM
to PM time points (Figure 5a, 2-way ANOVA, medial BMI p=0.04, diurnal p<0.00001,
diurnal x BMI p=0.4; Lateral BMI p=0.9, diurnal p=0.02, diurnal x BMI p=0.08). The
cartilage was also significantly thinner in the high BMI group than in the normal group for
the medial tibia, but not the lateral tibia. Both medial and lateral tibial cartilage experienced
significant compressive strains in the high BMI group, whereas only the medial side
experienced significant strains in the normal BMI group (t-test, normal: lateral p=0.9, medial
p=0.0001, high: lateral p=0.003, medial p<0.00001). BMI had a significant effect on tibial
cartilage strain with high BMI individuals having significantly more compressive strain than
in the normal BMI. Location also had a significant effect with compressive strain being
greater on the medial than the lateral side (Figure 5b, 2-way ANOVA, location p=0.00002,
BMI p=0.008, location x BMI p=0.9).

Cartilage thickness on the femoral condyles did not vary significantly with BMI, whereas
cartilage in the femoral groove was significantly thicker in subjects in the high BMI group
than in the normal BMI group. Cartilage thickness decreased significantly on both the
medial and lateral femoral condyles from the AM to PM time point (Figure 6a, 2-way
ANOVA, medial diurnal p<0.00001, BMI p=0.9, diurnal x BMI p=0.9; lateral diurnal
p<0.00001, BMI p=1, diurnal x BMI p=1). Cartilage thickness in the femoral groove,
however, did not (2-way ANOVA, diurnal p=0.9, BMI p=0.02, diurnal x BMI p=1.0).
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Cartilage in the femoral groove was significantly thicker in subjects in the high BMI group
than in the normal BMI group. Cartilage thickness on the femoral condyles did not vary
significantly with BMI. The femoral groove did not undergo significant diurnal strain,
whereas both the medial and later condyles did (Figure 6b, t-test, normal BMI: groove
p=0.5, medial p=0.0001, lateral p=0.0008; high BMI: groove p=0.8, medial p=0.00004,
lateral p=0.0007). There was, however, no significant effect of BMI on diurnal cartilage
strain in any of the femoral locations (2-way ANOVA, location p=0.004, BMI p=0.9,
location x BMI p=1). There was a significant effect of location on strain, with both condyles
having greater compressive strain than the femoral groove.

Discussion

While there is a strong association between obesity and knee OA development and
progression (2, 5), the precise mechanisms by which obesity increases OA risk remains
unclear. Recent studies have suggested that both mechanical and inflammatory factors play a
role in this relationship (2, 29). Despite numerous studies focusing on biomechanical factors
(5, 30, 31), there remains a paucity of data characterizing the effects of obesity on cartilage
strains at the knee joint. Our results indicate that tibial cartilage of subjects with high BMI
experienced greater diurnal compressive strains than that of subjects with normal BMI.
Furthermore, high BMI subjects experienced significant strains in both the medial and
lateral tibia, whereas normal BMI subjects only experienced significant diurnal strains in the
medial compartment.

Although there is limited data in the literature regarding the effects of BMI on cartilage
loading, our findings of regions of decreasing cartilage thickness during activities of daily
living are consistent with previous studies. For example, Eckstein and colleagues measured
significant changes in knee cartilage volumes in response to various in vivo activities,
including deep knee bends and jump landings (32). Waterton et al. reported decreases in
femoral cartilage thickness of up to 0.6mm between morning and evening MR scans (22).
Furthermore, a previous study from our laboratory reported similar levels of diurnal strains
in cartilage of subjects with normal BMI (23). Additionally, our findings of higher strains in
the medial compartment and lower strains in the lateral compartment are consistent with
previous studies measuring acute cartilage contact strains during quasi-static lunges (33) and
gait (34).

Currently, it is unclear what effects obesity has on cartilage loading in the knee. A number
of studies have reported that joint loads are increased with elevated body weight (9, 10, 14,
30). However, other studies have suggested that obese subjects have altered movement
strategies that potentially decrease joint loading (35-37). For example, obese subjects may
walk at lower self-selected speeds compared to subjects with normal BMI, which could
reduce joint loading (35-37). In the current study, while taking a similar number of steps as
subjects with normal BMI, subjects in the high BMI group experienced elevated strains in
the tibial cartilage. These results suggest that, in response to normal activities of daily living,
subjects with high BMI experience increased medial and lateral compartment cartilage
strains. Because this study sought to investigate cartilage loading during the subjects’
normal routines, the timing, intensity, and types of activities performed during the day were
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not controlled. These factors may have an important effect on cartilage strains, since
variables such as gait speed potentially alter the magnitude and frequency of joint loading
(35, 36). Thus, future studies might also investigate relationships between BMI and cartilage
strains during more controlled activities, such as treadmill gait at a fixed speed. This would
allow for comparisons of cartilage strains between high and normal BMI subjects in
response to similar loading conditions.

An important consideration in the interpretation of these data is that the increased cartilage
strains observed in subjects with high BMI could reflect alterations in the mechanical
properties of the cartilage that are associated with obesity or a high BMI. While there is little
information available on the effects of obesity on cartilage mechanical properties, recent
studies have shown that the obesity-related cytokines (i.e., “adipokines” such as leptin,
adiponectin, or visfatin) can significantly increase the catabolic activities of chondrocytes
(38-40). Thus, it is possible that overweight or obese subjects may exhibit changes in
cartilage composition and functional properties that precede symptomatic OA, i.e., “pre-
OA” (41). In this regard, quantitative MR imaging (42) could provide important insights into
potential changes in mechanical properties by providing measures of cartilage composition
across subjects with different BMI (43). Interestingly, however, delayed gadolinium-
enhanced MRI of cartilage (lGEMRIC), which reflects cartilage glycosaminoglycan
distribution and, to a certain extent, cartilage stiffness (44), shows no correlation with BMI
in asymptomatic knees, but a negative correlation in OA knees (45).

Previous studies have indicated that measures of static alignment are predictive of OA
progression in obese subjects. In particular, studies have focused on measurements of the
orientation of the femur and tibia in the coronal plane on radiographic images obtained
while standing (5, 13). These measurements potentially reflect the relative distribution of
medial and lateral compartment loads, with a varus knee alignment increasing medial
compartment load (11, 13). Thus, varus knee orientation is believed to be an important
factor related to medial compartment OA progression in obese subjects (5). Other studies
have used motion analysis techniques to predict load distributions between the medial and
lateral compartments dynamically during gait (10, 14, 15). Specifically, the adduction
moment at the knee, obtained from in-ground force plate measurements and inverse dynamic
calculations (15), is thought to be a risk factor for the development and progression of OA
(15, 31, 46). Furthermore, some studies have demonstrated that subjects with higher BMI
experience increased adduction moments during gait (9, 10, 16). Although these studies
provide important information regarding changes at the joint that have been correlated with
OA progression, it may be difficult to infer changes in the local tissue strains from these
measurements. For example, the results of the current study suggest that subjects with high
BMI experienced elevated strains in both the medial and lateral compartments, as opposed
to increases in just medial compartment. Thus, measurements of localized cartilage strains,
as described in this study, potentially provide additional information regarding the altered
loading environment within the tissue.

Increases in cartilage strain with obesity may not only affect joint biomechanics, but also the
biophysical environment of the chondrocytes. Chondrocytes may respond directly to
increased mechanical deformation or to the many secondary biophysical effects of cartilage
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tissue loading (47, 48). As cartilage is compressed, water is exuded, but the highly charged
proteoglycans and associated ions remain in the tissue, increasing tissue osmolarity.
Chondrocytes respond to osmotic changes both with short-term changes in signaling and
also with longer term changes in gene and protein expression (19, 49, 50). Thus, increased
strain in individuals with higher BMIs could affect the osmotic environment of the
chondrocyte, potentially altering the normal cartilage homeostatic response to joint loading
and thus contributing to the elevated OA risk associated with obesity.

In conclusion, there is limited data describing the direct effects of increased BMI on
cartilage loading within the knee. Our findings show increased diurnal strains in the articular
cartilage of both the medial and lateral compartments of the knee in subjects with high BMI
compared to subjects with normal BMI. The increased cartilage strains measured in high
BMI individuals may, in part, explain the elevated OA risk associated with obesity. Higher
strains may not only result in greater wear or fatigue on the cartilage matrix, but also alter
the biological response of chondrocytes to joint loading. The elevated cartilage strains
observed in the high BMI group could potentially reflect alterations in the mechanical
properties of the cartilage that are associated with obesity or may be the result of increased
loading due to elevated body mass.
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Figure 1.
A. MR images were used to create 3D models of the knee, including the femur, tibia, patella,

and the corresponding articular surfaces. B. A grid sampling system was used to characterize
cartilage thickness and strain in different regions of the femur, tibia, and patella.
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Figure2.
Representative cartilage thickness maps of the tibia from normal and high BMI individuals

in the morning (AM) and evening (PM). Significant changes in cartilage thickness were
observed in the cartilage of the tibial plateau between the AM and PM time points.
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Figure 3.

AM cartilage thickness of knee compartments varied significantly with location and BMI.
Bars with different letters are significantly different from each other. All bars are mean
+sem.
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Measurements of cartilage thickness and strain in the patella. A. Cartilage thickness varied
significantly with BMI, but did not vary from AM to PM. B. Cartilage strain was not
significantly different from zero and did not vary with BMI. All bars are meansem.
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Measurements of cartilage thickness and strain in the tibia. A. Medial tibia cartilage
thickness decreased significantly from AM to PM and from normal to high BMI groups.
Lateral tibial cartilage thickness decreased significantly from AM to PM. B. Medial tibial
cartilage undergoes significant diurnal strain and compressive strain is significantly higher
in the high BMI group. Lateral tibia cartilage from the high BMI group exhibited significant
diurnal strain, and compressive strain was significantly higher in the high BMI group than in
the normal BMI group. All bars are meantsem. *Strain is significantly different from zero.
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Figure®6.
Measurements of cartilage thickness and strain on the femur. A. Cartilage thickness varied

with BMI in the femoral groove and differed between AM and PM in the medial and lateral
femoral condyles. B. The femoral groove did not undergo significant diurnal strain, whereas
both the medial and lateral condyles did. No significant effect of BMI on diurnal cartilage
strain was observed in any of the femoral locations. There was a significant effect of
location on strain, with both condyles having greater compressive strain than the femoral
groove. All bars are meantsem. *Strain is significantly different from zero.
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