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Abstract
Objectives—To determine the extent to which thigh intermuscular fat (IMF) and quadriceps
muscle (QM) volumes explained variance in knee extensor strength and physical performance in
women with (ROA) and without (NROA) radiographic knee osteoarthritis.

Methods—Baseline data from 125 women in the Osteoarthritis Initiative, ≥50 years, with or at
risk for ROA were included. Knee extensor strength was measured using a fixed force transducer,
normalized to body mass (N/kg). Physical performance was the time required for five repeated
chair stands (s). The IMF and QM volumes, normalized to height (cm3/m), were yielded from
analyses of T1-weighted axial magnetic resonance images of the mid-thigh. Mean IMF and QM
volumes, extensor strength and physical performance were compared between ROA and NROA,
controlling for age. Hierarchical multiple regressions determined whether IMF and QM volumes
were related to strength and performance after controlling for age, radiographic OA status (yes/
no), alignment and pain.

Results—Compared to ROA, the NROA were stronger and performed chair stands faster
(p<0.05). After adjusting for age, NROA had less IMF (61.1 ± 20.3 cm3/m) compared to ROA
(72.0 ± 25.0 cm3/m, p<0.05). In the entire sample, 21.1% of variance in knee extensor strength
was explained by alignment, pain and IMF. A model explaining 13.4% of variance in physical
performance included OA status and IMF. QM volume was unrelated to strength and physical
performance.

Conclusions—Intermuscular fat volume explained a small amount of variance in knee extensor
strength and physical performance among women with, or at risk for ROA.
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INTRODUCTION
Obesity is a substantive risk factor for incident knee osteoarthritis (OA) (1). A meta-analysis
of 21 cohort studies showed that a five-unit increase in body mass index (BMI) was
associated with a 35% increased risk of radiographic or pre-surgical knee OA (2). In OA,
obesity fosters disability and inactivity by promoting pain, stiffness, instability, and muscle
weakness (3). Body mass index correlated with disease severity in 300 community-recruited
people with knee OA (r=Ȓ0.29, p<0.01) (4) and self-reported function scores in 69 people
with knee OA (r=0.42, p<0.01) (5).

The complex mechanisms by which BMI promotes OA incidence and disability are still
being revealed. At least three mechanisms have been described. First, obesity increases the
overall load on the knee (6, 7), while reducing the capacity for dynamic shock absorption
(8). Second, during activities of daily living, obesity is associated with slower self-selected
speeds, shorter and wider steps, and altered kinematics (7, 9, 10) that are proposed to shift
load-bearing to regions of articular cartilage that are not well-conditioned to withstand joint
contact forces (11). Third, adipose tissue releases pro-inflammatory factors, such as
cytokines and adipokines, which regulate chondrocyte anabolism and therefore play key
roles in OA pathophysiology (12). These mechanisms reflect the impact of whole body
obesity; however, less work has focused on the distribution of this fat tissue in the lower
extremity and how this fat distribution affects mobility.

The local presence of the adipose tissue in the thigh influences mobility in healthy older
adults. In 2,627 healthy old men and women, knee strength (extensor torque per cross-
sectional area of quadriceps) was related to fatty infiltration of this muscle determined using
a muscle tissue attenuation technique from cross-sectional computed tomography scans
(r=0.26, p<0.01) (13). Fatty infiltration in the thigh musculature was associated with poorer
performance in walking and repeated chair standing tasks in 3,075 well-functioning adults
between 70 and 79 years of age, even after adjusting for total body fat, physical activity, and
thigh muscle area (14). In fact, over 50 studies of aging show that fat accumulation in the
whole body is more important than loss of lean muscle in the development of mobility
limitations (15). This body of work provides a strong impetus to explore the role of fat tissue
in osteoarthritic disease and physical functioning. However, to-date relatively little work has
evaluated the impact of accumulated fat tissue around the knee on strength and mobility
performance in OA.

Despite the strong evidence implicating fat in declining physical function with aging,
skeletal muscle mass remains positively associated with strength and mobility (13, 15). In
older adults, low lean muscle mass in the thigh predicted an increased risk of incident
mobility limitations (odds ratio = 1.8, 95% CI 1.3−2.6); however this relationship was not
significant once strength was used as a covariate (16). Thus lean tissue shares a small, and
not always independent relationship, with mobility. Comparing the influence of fat and lean
tissue mass on mobility in knee OA will provide some insight into the mechanisms leading
to physical decline.

The purpose of this study was to (1) compare intermuscular fat and quadriceps volumes in
the thigh, as well as knee extensor strength and physical performance, between women with
radiographic knee OA and women at risk for radiographic knee OA; and (2) determine the
extent to which intermuscular fat and quadriceps muscle volumes in the thigh explain
variance in knee extensor strength and physical performance among women enrolled in the
Osteoarthritis Initiative (OAI) who have, or are at risk for, radiographic knee OA. Measures
of fat and muscle volume from magnetic resonance images of the thigh enable the robust
quantification and tracking of these tissues in vivo (17). We hypothesized that women with
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radiographic knee OA will have greater intermuscular fat in the thigh, less quadriceps
volume and poorer knee extensor strength and physical performance compared to women at
risk for knee OA. In addition, we hypothesized that intermuscular thigh fat volume will
explain a larger proportion of the variance in knee extensor strength and physical
performance than quadriceps muscle volume in women at risk for, or with, prevalent
radiographic knee OA.

PARTICIPANTS AND METHODS
Osteoarthritis Initiative Study Sample

The Osteoarthritis Initiative (OAI) is a multi-centre, longitudinal, observational cohort study
designed to facilitate investigation of factors that influence the onset and progression of OA.
The OAI study (n=4,796) includes individuals 45 to 79 years of age separated into control
participants and individuals who are at risk for, or have OA at baseline (18). Controls
(n=122) are an unexposed reference cohort with no radiographic evidence of OA and no risk
factors, with the exception of age ≥ 70 years. The remaining participants (n=4,674) include
(i) individuals with risk factors for the development of OA in the incidence subcohort and
(ii) individuals with both symptomatic and radiographic evidence of OA in at least one knee
at baseline in the progression subcohort.

Eligibility criteria for the incidence subcohort include no symptomatic knee OA in either
knee at baseline, but various combinations of risk factors for developing the disease,
including the following: Kellgren and Lawrence grades (KL) ≥ 2 on a fixed flexion
radiograph with no frequent knee pain; frequent knee pain, but KL < 2; overweight; previous
knee injury or knee surgery; family history or knee OA; Herbedens nodes; repetitive knee
bending; and age 70–79 years. On the other hand, participants with symptomatic
tibiofemoral knee OA at baseline are eligible for the progression subcohort if they have both
of the following in at least one native knee: pain, aching or stiffness on most days for at least
one month in the past year and tibiofemoral osteophytes equivalent to KL ≥ 2 on a fixed
flexion radiograph. Exclusion criteria for the OAI included contraindications to magnetic
resonance imaging (MRI) and bilateral end-stage knee OA, rheumatoid arthritis, pregnancy,
or co-morbidities that may interfere with study participation (18). All participant data were
obtained from the online OAI database (http://www.oai.ucsf.edu/), which is available for
public access.

Sample for Current Study
This was a cross-sectional study utilizing baseline data from the OAI sample. The OAI
participant database was queried for women 50 years of age and older, in either the
incidence or progression subcohort, with available baseline MRI scans of the thigh. For the
purposes of a previous analysis (17), participants without 2 year follow-up MRIs of the thigh
and those for whom Kellgren-Lawrence (KL) grades were unavailable at baseline were
excluded. A random sample of participants meeting these inclusion and exclusion criteria,
determined from a random number table, is included in these analyses (Figure 1).

Baseline KL grades determined from right knee radiographs were used to classify OA status
(OAI variable: V00XRKL). Women with a KL grade of 0 or 1 were classified as having no
radiographic OA in the right knee (NROA). Women with a KL grade of 2, 3 or 4 were
classified as having radiographic OA in the right knee (ROA).

Dependent Variables
Knee extensor strength was the maximum isometric knee extensor force produced by the
right leg against a fixed force transducer (OAI variable: V00REMAXF). As recommended
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by Bennell and colleagues, strength was normalized to body mass (N/kg) to account for
differences in body mass (19). Maximum isometric knee extensor force was measured with
the Good Strength chair (Metitur, Jyvaskyla, Finland), which uses a strain gauge to measure
force. The strain gauge is in a pad positioned posteriorly, 2cm above the calcaneus, with a
strap securely fastened around the lower leg. Standardized positioning set the knee angle at
60° from full extension. Two 50% effort warm-up trials preceded three 100% effort
measurement trials. During the measurement trials, participants were instructed to push as
hard and as fast as possible and were verbally encouraged throughout the test. Each trial was
three seconds and participants were given a 30 second rest between trials. Knee extensor
strength was the maximum force measured during one of the three measurement trials. Knee
extensor strength was not expressed as torque because measurements of the distance
between the strain gauge and knee axis of rotation, or lower leg length, were not available.
Height was not used as a proxy because height is not consistently proportional to lower leg
length (20). Isometric knee extensor efforts have demonstrated excellent reliability (r=0.92)
among 203 well-functioning adults between 35 and 71 years of age (21).

Physical performance was represented by the amount of time each participant required to
stand from sitting five times in succession (OAI variable: V00CSTREP1) (s). After viewing
a demonstration and practising, participants were instructed to stand up five times as quickly
as possible, with arms folded over the chest. They were instructed to come to a full standing
and sitting position on each repetition. Gait aids were not permitted but verbal counting was
provided. The time required to complete this task was recorded in seconds. The same
repeated chair stand task, scored on a 4-point Likert scale based on ranges of performance
times, produced data with acceptable test-retest reliability (ICC = 0.76–0.90) among 1,002
moderately to severely disabled older women (22). A similar repeated chair standing task,
scored with time to completion, produced reliable data (r=0.80) among 203 adults between
35 and 71 years of age (21).

Independent Variables
Intermuscular thigh fat (IMF) and quadriceps muscle (QM) volumes (cm3) were determined
using an image analysis protocol that has been described in detail elsewhere (17). Tissue
volumes were normalized to height to account for differences in overall body size (cm3/m).
Henceforth, references to IMF and QM volumes are those that are normalized to height.

Briefly, baseline MR images of the thigh were obtained from the OAI Coordinating Center
(UCSF, San Francisco, CA) for the entire OAI study population. Bilateral MR images of the
thighs, including 15 consecutive T1-weighted axial slices (5 mm slice thickness, spatial
resolution of 0.977 mm × 0.977 mm), were acquired using a published protocol (18). Only
the right thigh was segmented. The 7 cm region of interest scanned encompasses an area
where the most distal slice of the thigh was acquired at a distance 10 cm proximal to the
epiphyseal line of the distal right femur. A semi-automated software program featuring a
watershed segmentation algorithm (SliceOmatic 4.3, TomoVision, Quebec, Canada) was
applied to each thigh slice. Within SliceOmatic, the watershed algorithm was configured
with thresholds set at 1 pixel surface and 0.01% mean difference. The morphological
segmentation of the first analyzed slice was propagated forward to the next slice as
previously described (17). The gold standard for measuring muscle volume is the
segmentation of muscle from a series of contiguous MRI scans, which are acquired
perpendicular to a muscle region of interest (23). On each slice, tissues that were identified
and segmented included cortical bone, bone marrow, QM, all remaining muscles,
subcutaneous fat, and IMF (17). Each tissue was tagged using a different colour. For this
study, only the IMF volume and QM volume data were used. The IMF was considered as all
tissue (including vessels) surrounding the muscles within the deep facial layer. Fat located
within the muscle (intramuscular fat) was included in the segmentation of the muscle
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because of limitations in the resolution of the scans. Intra-rater and inter-rater reliability
intraclass correlation coefficients for QM and IMF volumes were >0.95 and the root mean
square coefficient of variation for QM and IMF volumes were <5.7% (17).

Covariates
In the regression analyses, we adjusted for age (17, 24), OA status (25), knee alignment in
the frontal plane (24, 26) and pain intensity during the strength test (27, 28). The OA status
was a dichotomous variable where participants were assigned NROA or ROA based on
baseline right knee KL grade. Knee frontal plane alignment (OAI variable: V00RKALNMT)
was measured while the participant stood facing the examiner with toes pointing straight
ahead. A universal goniometer was placed on the center of the knee (Lafayette Instrument
Co., Inc.) with the lower extendable arm aligned along the lower leg to the center of the
ankle. The upper extendable arm was aligned and visually centered to the mid-thigh level.
The goniometer angle was then recorded. Pain intensity during strength test (OAI variable:
V00REXP1CV) was rated on a Likert scale by each participant between 0 and 4, with the
anchors, “none”, “mild”, “moderate”, or “severe”; or “don't know” which was coded as
missing data.

Statistical Analyses
Statistical analyses were performed using SPSS software (SPSS, Chicago, IL, V.18).
Descriptive statistics of age, body mass, height, BMI, strength and performance tests were
calculated. Because the NROA and ROA groups were of different sizes, Levene's test was
used to test variance equality across groups prior to comparing means with independent t-
tests. Means of the IMF and QM volumes in the NROA and ROA groups were compared
using an analysis of covariance (ANCOVA), using age as a covariate given it is associated
with increases in fat lean tissue and decreases in lean tissue (16, 29).

Pearson correlation coefficients were calculated between the covariate, dependent and
independent variables. Bonferroni correction for 28 correlations at an alpha level of 0.05 in a
two-tailed test requires a p-value <0.002 for significance. Finally, to address the primary
study purpose, hierarchical multiple regression analysis was used to evaluate the extent to
which variance in knee extensor strength could be explained by IMF and QM volumes
normalized to height in women with NROA and ROA. Independent variables were entered
in 3 blocks: (1) age; (2) OA status, right knee frontal plane alignment, pain intensity during
strength test, and; (3) IMF, QM volumes. An analysis of multicollinearity was performed.
Significance was set at p<0.05. This analysis was repeated using physical performance
scores as the dependent variable.

RESULTS
Data from 125 participants were included in the analyses, with 52 in the NROA group and
73 in the ROA group. Descriptive data are shown in Table 1. Levene's test demonstrated
variances in age, mass, height, BMI, knee extensor strength and physical performance were
equal in the NROA and ROA groups. Compared to ROA, the NROA group was younger
and demonstrated lower body mass, lower BMI, greater knee extensor strength and faster
physical performance (p<0.05).

Variances in IMF and QM volumes were equal in the NROA and ROA groups. After
adjusting for age, lower IMF volume was observed in the NROA compared with the ROA
group (F=7.898; p=0.006) as summarized in Table 2. No differences were found in QM
volume between the NROA and ROA despite adjusting for age (F=1.057; p=0.306).
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Table 3 shows that several relationships existed between tissue volumes and knee
performance. In particular, the strongest correlations showed that BMI was related to IMF
and QM volumes, as well as knee performance measures. The BMI and IMF shared 54% of
variance. Figure 2 focuses on the relationships between thigh tissue volumes and knee
function measures. While IMF volume related to knee extensor strength and physical
performance, QM volume was not related to knee extensor strength or physical
performance.

Table 4 presents the hierarchical multiple regression analyses. A model explaining 21.1% of
the variance in knee extensor strength included frontal plane knee alignment, pain intensity
during the strength test and IMF volume. A model explaining 13.4% of the variance in
physical performance included OA status and IMF volume. For both regressions, the
tolerance statistics for multicollinearity were ≥ 0.81.

DISCUSSION
Intermuscular fat volume in the thigh, a novel measure of local fat derived from MRI scans,
was greater among women with radiographic knee than those at risk for knee OA.
Furthermore, IMF explained a small amount of variance in knee function among women
with radiographic knee OA, or at risk for knee OA. Among this subsample from the OAI,
greater IMF volume at the mid-thigh corresponded somewhat with lower maximal knee
extensor force production and slower performance of repeated chair stands. These
relationships were relatively weak, however, with IMF adding only 5.6% and 6.9% to the
explained variance in strength and physical performance over covariates, respectively.
Meanwhile, QM volume was unrelated to these knee functions. While the magnitude of the
relationships between IMF volume and strength or physical function was small, these
findings have implications on the mechanisms underlying mobility limitations due to knee
OA. First, obesity may impede knee function through an increased volume of fat
surrounding muscle tissue above the knee, in addition to the biomechanical and systemic
effects already acknowledged in the field (10). Second, lean tissue appears less influential
than adipose tissue on declines in physical performance associated with knee OA.

While this study demonstrates a weak relationship between IMF and knee function in knee
OA, similar phenomena are established in healthy aging. Whole-body fat mass relates to
concurrent mobility limitations and predicts mobility decline among well-functioning older
adults (15). In 30 different cohorts of adults over 65 years of age, large absolute amounts of
fat mass in the whole body increased the odds of having incident disability (odds ratios =
1.08 to 3.04), with greater odds ratios for women than men in most studies (15). By
comparison, low absolute amounts of lean tissue, typically measured using dual X-ray
absorptiometry, also increased the odds of having incident disability, however to a lesser
degree (odds ratios = 0.87 to 2.30) (15). Less work has focused on fat accumulation in the
lower extremity. Among 3,075 adults between 70 and 79 years of age with no self-reported
limitations in mobility at baseline, mid-thigh muscle area and mid-thigh adipose infiltration
of muscle, measured using muscle attenuation from computed tomography scans, both
related to decrements in mobility over 2.5 years (16). However, adipose infiltration
remained a significant factor associated with incident mobility limitations when strength was
entered as a covariate, while lean mass did not (16). It is important to note that this previous
work used a measurement that reflected intramyocellular fat (16), rather than a measurement
of fat volume within the fascial envelope of the thigh as in the current study. Together these
studies suggest that fat accumulation around the thigh is implicated in a small way to
declines in knee function in well-functioning older adults, women at risk for knee OA, and
women with radiographic knee OA.
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Modest evidence hints that exercise-induced reductions in fat accumulations in the thigh
could have potential to improve knee function. In 32 adults over 55 years of age with a
variety of medical histories, a supervised 12-week eccentric training program reduced fatty
infiltration of thigh muscle by 11% (29). However, this pilot work did not report whether
reductions in thigh fat were associated with improved knee function. Further work is
warranted to explore whether exercise reduces IMF volume and whether the effect size is
clinically important to knee strength and physical performance in aging populations,
including those with knee OA. Exercise programs in knee OA likely have multiple
mechanisms of effect, ranging from reduced joint loads through weight loss (6), improved
skeletal muscle mass (19), enhanced muscle strength and power (30), pain reduction (30),
cartilage conditioning (31), improved mental health (32) and, possibly, reduced
accumulations of adipose tissue local to the knee. The novel local measures of IMF and QM
volumes presented in the current study may have potential to examine the effect of exercise
on tissue composition in the thigh and expand our understanding of mechanisms underlying
declines in physical function. Intermuscular fat volume as measured in the current study was
related with BMI, however, the magnitude of this relationship (R2 = 54%) indicates that
these variables are not interchangeable. That is, IMF volume represents features distinct of
an estimate of whole body obesity.

Quadriceps volume shared no relationship with physical performance or extensor muscle
strength in this sample. This finding may be surprising given that quadriceps strengthening
improves physical performance (30) and numerous cross-sectional studies document muscle
weakness, activation failure and discoordination are associated with knee OA (19). The
thigh region of interest reported in the current study may not be the best region to capture
the strength-generating capacity of muscle. As well, the QM volume reported in this study
includes intramuscular fat, which may confound the results. It is important to note, however,
that strength has not consistently been related to knee OA incidence or progression. For
example, women in the lowest tertile for concentric knee extensor strength had an elevated
risk of incident joint space narrowing compared to women in the highest tertile (33). On the
other hand, peak concentric knee extensor and flexor torque did not protect against incident
knee symptoms after 30 months among 2,275 men and women between 50–79 years of age
who were deemed at risk for knee OA due to obesity or previous injury/surgery (33). Peak
concentric knee extensor torque did not influence progression of cartilage loss over 30
months in 265 people with symptomatic knee OA (34). These latter two studies suggest that
quadriceps strength may not be profoundly influential on progression of knee OA, or its
consequences. It is also possible that QM volume could share a stronger association with
muscle functions other than peak force output as used in the current study, such as muscle
power. Muscle power, which reflects the rate with which muscle can perform work,
demonstrated stronger relationships (r=0.67–0.75, p<0.01) with physical performance scores
(jumping and leg press) than muscle strength (r=0.48–0.61, p<0.01) among 32 healthy old
women (35). It is possible that the volume of muscle will show stronger relationships with
muscle power, compared to muscle strength, as well. Clearly more work is required to
explore the complexity of muscle as it relates to physical performance of the osteoarthritic
knee.

One limitation is that the sample did not demonstrate much variability in age. Despite
including women with a range of radiographic signs, the homogeneity of the sample may
have limited the ability of the regression to detect a relationship between QM volume and
knee extensor strength or physical performance. In addition, the method utilized to assess
muscle strength in this study, a force value, did not incorporate a measure of moment arm to
reflect torque. Finally, generalizability from this sample may be limited because the OAI
dataset is documented to favour milder disease (28). It is possible that different relationships
between IMF and QM with physical performance and extensor strength would be found in
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women with severe disease. Future studies are required to confirm the importance of IMF
volume on knee strength and physical performance in women with severe knee OA as well
as men. Future work should evaluate associations between IMF volume and measures of
fatty infiltration of muscle using a tissue attenuation technique.

Conclusions
Women with radiographic knee OA have more intermuscular thigh fat than women at risk
for this disease. This study demonstrated that intermuscular thigh fat volume determined
from magnetic resonance images is weakly related to knee function among women with, or
at risk for, radiographic knee OA. Specifically, IMF volume explained a small amount of
variance in isometric knee extensor strength and physical performance of a repeated chair
standing task. In concordance with studies of healthy aging, QM volume related to knee
extensor strength or performance in this sample. Further work examining these relationships
in severe knee OA and men would enhance our understanding of the role of adipose tissue in
knee function in knee OA.
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Significance and Innovations

• Thigh intermuscular fat and quadriceps muscle volumes are novel outcomes in
knee osteoarthritis. Most previous research focuses on area of tissue derived
from cross-sectional images as an outcome measure.

• Thigh tissue volume was characterized in women with radiographic knee
osteoarthritis and women at risk for knee osteoarthritis using images acquired in
the Osteoarthritis Initiative Study.

• Intermuscular fat volume from the thigh was greater among women with
radiographic knee OA compared to women at risk for knee OA. Further, thigh
intermuscular fat related weakly to knee extensor strength and physical
performance among women over age 50 with, or at risk for, knee osteoarthritis.
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Figure 1.
Consort diagram illustrating the inclusion and exclusion criteria applied to the Osteoarthritis
Initiative database to create the sample of data form 125 participants analyzed in the current
study.
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Figure 2.
Relationships between tissue volumes and knee function in women over age 50 years who
have, or are at risk for, radiographic knee OA. [A] Relationship (r=−0.33, p<0.001) between
intermuscular fat volume (cm3/m) and maximal isometric knee extensor strength (N/kg). [B]
Relationship (r=0.36, p<0.001) between intermuscular fat volume (cm3/m) and timed
performance of five repeated chair stands (s). [C] No relationship between quadriceps
volume (cm3/m) and knee strength (N/kg). [D] No relationship between quadriceps volume
(cm3/m) and physical performance (s).
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Table 2

Actual and age-adjusted intermuscular fat volume and quadriceps muscle volume (cm3/m) for the whole
sample, NROA group, and the ROA group.

Whole Group (n=125) NROA (n=52) ROA (n=73)

Mean (SD) Mean (SD) Mean (SD)

Intermuscular Fat Volume (cm3/m)

 Actual 67.4 (23.7) 61.1 (20.3) 72.0 (25.0)*

 Age-adjusted 60.3 (23.1) 72.6 (23.7)*

Quadriceps Muscle Volume (cm3/m)

 Actual 157.4(27.7) 156.4(26.5) 158.0(28.6)

 Age-adjusted 154.3 (23.7) 160.0(30.1)

*
(p < 0.05) between NROA and ROA groups
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Table 4

Hierarchical multiple regressions of knee extensor strength and physical performance. The addition of each
subsequent variable significantly improved the model from the previous iteration.

Model Cumulative Adjusted R2 Standardized β coefficient p

Knee Extensor Strength

1. Knee Alignment 0.120 0.279 0.001

2. Knee Alignment + Pain Intensity 0.155 −0.191 0.001

3. Knee Alignment + Pain Intensity + IMF 0.211 −0.255 0.001

Physical Performance

1. OA Status 0.065 0.215 0.004

2. OA Status + IMF 0.134 0.282 0.001
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