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Abstract

Objectives

It has been reported that low skeletal muscle mass correlates with knee osteoarthritis in
obese individuals. This study aimed to investigate whether lower limb skeletal muscle mass
is independently associated with knee osteoarthritis in the general population.

Materials and Methods

This cross-sectional study used public data from the Fourth and Fifth Korean National
Health and Nutrition Examination Survey. Subjects included 4924 community-dwelling
adults aged >50 years (821 subjects with knee osteoarthritis and 4,103 controls). Skeletal
muscle mass index (SMI) was calculated from the appendicular skeletal muscle mass mea-
sured by dual energy X-ray absorptiometry. Independent effects of total and lower limb SMi
values on knee osteoarthritis were determined using odds ratios (OR) adjusted for age, sex,
obesity, total femur bone mineral density, serum vitamin D level, diabetes mellitus status,
and physical activity on multivariate logistic regression analysis.

Results

The adjusted logistic regression model revealed that older age, female sex, and obesity
were significantly associated with knee osteoarthritis. A higher serum vitamin D level was
also positively correlated with knee osteoarthritis (OR, 1.015; 95% CI, 1.003-1.027; P =
0.010). Although total SMI was not significantly associated with knee osteoarthritis (OR,
0.976; 95% Cl, 0.946-1.007; P = 0.127), a low lower limb SMI had an independent effect on
knee osteoarthritis (OR, 0.941; 95% ClI, 0.900-0.983; P = 0.006).

Conclusions

Low skeletal muscle mass in the lower limbs but not in the whole body was independently
associated with knee osteoarthritis.
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Introduction

Knee osteoarthritis (OA), the most common joint disorder in the elderly, results in several dis-
abling conditions [1]. Physical activity level, smoking, diabetes mellitus (DM), and obesity are
modifiable risk factors and could be the targets of knee OA prevention [2, 3]. Above all, obesity
is one of the best documented risk factor for knee OA [4]. Although overweight status itself
could trigger knee OA by mechanical loading [5], one study reported no dose-response rela-
tionship between body mass index (BMI) and the progression of knee OA [6]. They suggested
that a progressively higher BMI was not accompanied by a progressively increasing rate of
joint space narrowing. Because the total body mass includes fat tissues that secrete various adi-
pokines [7] that induce the pathophysiology of knee OA as well as skeletal muscles, separation
of these two components from the total body mass is needed to predict the real risk factors of
knee OA [8].

Evidence of muscle weakness in knee OA exists [9] but has not been fully explained by the
effects of aging. Glass et al. revealed that quadriceps weakness was associated with an increased
risk of knee pain worsening by a 5-year longitudinal cohort study of 4,648 female knee joints
[10]. However, one reported that the anatomical cross sectional area (CSA) of the quadriceps
muscles appeared to be more sensitive for detecting the progression of knee OA than isometric
knee extensor strength from a 2-year follow-up study [11]. They pointed out that strength is
more variable than CSA to be correlated with knee OA. Although CSA of thigh muscle might
give objective and quantitative data of lower limb muscle mass [12], it is just an extremely
localized portion of the whole extremity and requires computed tomography with high-dose
radiation exposure. However, few studies have investigated the association between total lower
limb muscle mass and knee OA.

Karlsson et al. reported that patients with knee OA have a phenotype with higher fat mass
and lower lean body mass and suggested that subjects who have lower lean body mass will
lower the joint-protective ability [13]. Low skeletal muscle mass also correlates with knee OA
in the obese [14]. Those authors showed that sarcopenic obesity was more closely associated
with radiographic knee OA than was non-sarcopenic obesity after comparing four large
groups of patients who were roughly divided by both sarcopenia and obesity. Although these
studies have some clinical relevancies, lean body mass or skeletal muscle mass index (SMI),
which were used in these studies to measure the skeletal muscle mass in patients with knee
OA, contains both lower and upper limb muscle mass.

One systematic review article criticized that the literature lacks basic science studies and
that it could not be concluded whether sarcopenia has a direct effect on OA [15]. The more
direct effect of sarcopenia on knee OA should be shown by a skeletal muscle mass analysis that
focuses on the lower limbs as well as analyses that include a multivariate regression model
because there are several risk factors of knee OA. Therefore, this study aimed to investigate
whether skeletal muscle mass of the lower limbs is independently associated with knee OA in
the general population. We hypothesized that skeletal muscle mass of the lower limbs would
show higher correlation with knee OA than that of whole body in the subjects with knee OA.

Materials and Methods
Study population

This is a cross-sectional study using the public data from the IV-3, V-1, and V-2 Korean
National Health and Nutrition Examination Survey (KNHANES) conducted from 2009 to
2011, which is a national surveillance system for assessing the health and nutritional status of
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Koreans conducted by the Korea Centers for Disease Control and Prevention. This study
included 27,982 community-dwelling people. We analyzed target subjects aged >50 years who
had entirely undergone physical examinations (height, weight, waist circumference, presence
of knee pain, and International Physical Activity Questionnaire (IPAQ)), medical history
study about chronic diseases (such as hypertension, DM, stroke, heart disease, and malignan-
cies), and laboratory tests (about serum 25-hydroxyvitamin D [25(OH)D] level, dual energy
X-ray absorptiometry (DEXA) of the entire body, and plain radiography of the bilateral knee
joints). Patients who had a medical history of rheumatoid arthritis were excluded. A total of
4,924 subjects (2,179 men and 2,745 women) were ultimately included in the current study.
Subjects with knee OA were defined as those who had knee pain with a Kellgren/Lawrence
grade >2 on the radiographic study [16]. Among the total of 4,924 subjects, 821 had knee OA
and 4,103 had not. This study is an analysis of public data from KNHANES and therefore ethi-
cal approval was not required for the study.

Anthropometric data and serum vitamin D level

From anthropometric data (height, weight, and waist circumference), BMI was calculated as
the individual’s body mass divided by the square of one’s height (kg/m?). Serum 25(0OH)D lev-
els were measured at the Neodin Medical Institute using blood samples. All samples were
tested by radioimmunoassay (1470 WIZARD gamma-counter; PerkinElmer, Finland) within
24 hours after collection. Vitamin D insufficiency was defined as a serum 25(OH)D level of 20
ng/mL according to the Endocrine Society clinical practice guideline [17].

Knee OA assessment

The presence of knee pain was defined by asking the participants whether they had experi-
enced arthralgia of the knee for >1 month of the past 3 months. Plain X-rays of the weight-
bearing bilateral knee joints were obtained from the antero-posterior and lateral aspects with
30° of knee flexion. The radiographic findings relating to knee OA were rated using the Kellg-
ren/Lawrence grading system by two musculoskeletal radiologists with concordant grades
accepted. When there was a difference of one grade between the two radiologists” assessments,
the higher grade was accepted [14].

Body composition and physical activity measurements

A DEXA (DISCOVERY-W, Hologic, MA) was used for the body composition analysis. Fat
mass, lean mass, and bone mineral density (BMD) were measured by DEXA. Body fat percent-
age was defined as the percentage of fat mass of the whole body weight. The total femur BMD
was selected to correlate with the knee joint [18]. After appendicular skeletal muscle mass
(ASM) was calculated by the sum of the lean mass in the bilateral upper and lower limbs, sar-
copenia was diagnosed based on SMI (ASM/total body weight as %) [19] and the cut-off value
for defining sarcopenia in Korean (SMI 29.53% in men and 23.20% in women) was calculated
from two standard deviations less than the mean value for sex-specific young and healthy indi-
viduals (age, 20-39 years) from the 4th KNHANES [20]. The lower limb SMI value was calcu-
lated as the skeletal muscle mass of both lower extremities normalized by total body weight
(%). The cut-off value of obesity was defined as a BMI >27.5 kg/m?, which is associated with
increased mortality rates in Asians [21] and sarcopenic obesity was defined as the condition in
which criteria of both obesity and sarcopenia were satisfied. The short version of the IPAQ in
Korea (IPAQ-K) [22], which measures health-related physical activity in populations, was
used to measure each subject’s current physical activity. Continuous activity scores expressed
as total metabolic equivalents (METs) were calculated as follows: (daily minutes of
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walking x days per week with walking x 3.3) + (daily minutes of moderate-intensity
activity x days per week with moderate-intensity activity x 4.0) + (daily minutes of vigorous
activity x days per week with vigorous activity x 8.0) [23].

Statistical analysis

Independent T-tests were used for mean comparisons of age, anthropometric data, body com-
position with sarcopenia variables, walking frequency, and total METs from the IPAQ-K
between knee OA and control groups. Comparisons of the prevalence of DM, hyperlipidemia,
obesity, sarcopenia, and sarcopenic obesity between the two groups were conducted using the
Chi-square test. The independent effects of SMI and lower limb SMI on knee OA were deter-
mined using multivariate logistic regression models, both unadjusted and adjusted for seven
key prognostic factors: age, sex [14], obesity [24], BMD [25], DM [26], serum 25(OH)D level
[27], and physical activity [1] (METs/week). The adjusted model was developed through back-
ward elimination with a significance level of 0.1 to enter and 0.05 to stay. We also evaluated
possible multiple collinearities between covariates by correlation analysis and collinearity sta-
tistical tests (tolerance and variance inflation factor tests), as suggested for regression analysis.
PASW Statistics 18 (SPSS Inc., Chicago, IL) was used for all analyses. p-values < 0.05 were
considered to be statistically significant.

Results

Subjects’ characteristics

Subjects with knee OA had a higher mean age (68.2+8.1 vs. 62.2+8.5 years, p<0.001), female
sex ratio (3.56 vs. 1.05, p<0.001), BMI (25.1+3.4 vs. 23.8+3.0 kg/m?, p<0.001), obesity preva-
lence (22.4% vs. 10.6%, p<0.001), body fat percentage (33.0+7.5% vs. 28.7+7.8%, p<0.001),
and prevalence of DM (18.3% vs. 12.5%, p<0.001) than the control group. In addition, the
knee OA group showed significantly lower BMD of the total femur (0.79+0.14 vs. 0.85+0.14 g/
sz,p<0.001), ASM (15.6+3.6 vs. 17.314.1 kg, p<0.001), SMI (25.8+4.0% vs. 28.0+4.2%,
p<0.001), lower limb SMI (19.4+2.8% vs. 21.1+2.9%, p<<0.001), and higher prevalence of sar-
copenia (33.9% vs. 24.4%, p<<0.001) and sarcopenic obesity (5.2% vs. 1.8%, p<0.001) than the
control group. There were no differences in serum 25(OH)D level and physical activity level
between two groups (Table 1).

Independent effects of skeletal muscle mass on knee OA

On multivariate logistic regression, no significant collinearity was identified for any of the
covariates in statistical tests of collinearity. Unadjusted regression analysis showed that older
age, female sex, obesity, lower BMD of the total femur, DM, and total and lower limb SMI
were significantly associated with knee OA (p<0.001 for all). The adjusted model with total
SMI showed that a higher serum 25(OH)D level was also positively correlated with knee OA
(OR, 1.015; 95% CI, 1.003-1.027; P = 0.010). However, total SMI did not show an indepen-
dently significant association with knee OA (OR, 0.976; 95% CI, 0.946-1.007; P = 0.127).
Finally, the adjusted model with lower limb SMI revealed a significant negative correlation
with knee OA (OR, 0.941; 95% CI, 0.900-0.983; P = 0.006) (Table 2).

Discussion

A total of 821 patients with knee OA and 4103 subjects without knee OA were compared by
anthropometric data, body compositional variables (including lean body mass, total fat mass,
and sarcopenic indices), existence of DM or hyperlipidemia, serum 25(OH)D level, and

PLOS ONE | DOI:10.1371/journal.pone.0166385 November 10, 2016 4/11



@° PLOS | ONE

Lower Limb Sarcopenia and Knee Osteoarthritis

Table 1. Characteristics of subjects by knee osteoarthritis.

Control (n=4103) Knee OA (n=821) P value*
Age (years) 62.2+8.5 68.2+8.1 <0.001
Sex (n) M 1999: F 2104 M 180: F 641 <0.0017
Waist circumference (cm) 83.1+8.8 86.3+9.4 <0.001
BMI (kg/m?) 23.8+3.0 25.1+3.4 <0.001
Obesity (n (%)) 433 (10.6) 184/821 (22.4) <0.0017
Diabetes mellitus (n (%)) 513 (12.5) 150/821 (18.3) <0.001
Hyperlipidemia (n (%)) 455/4103 (11.1) 107/821 (13.0) 0.110
Serum Vitamin D (ng/ml) 19.1+£7.0 19.3t7.4 0.581
Vitamin D insufficiency (n (%)) 2449/4103 (59.7) 482/821 (58.7) 0.602
BMD of total femur (g/cm?) 0.85+0.14 0.79+0.14 <0.001
Total fat mass (kg) 17.445.4 20.016.2 <0.001
Body fat percentage (%) 28.717.8 33.0+7.5 <0.001
Total lean body mass (kg) 43.4+8.7 40.1£7.5 <0.001
ASM (kg) 17.314.1 15.613.6 <0.001
ASM/Ht? (kg/m?) 6.6+1.1 6.4+0.9 <0.001
SMI (ASM/WHt, %) 28.0t4.2 25.814.0 <0.001
Lower limbs SMI (%) 21.1£2.9 19.41+2.8 <0.001
Sarcopenia (n (%)) 1001/4103 (24.4) 278/821 (33.9) <0.0017
Sarcopenic obesity (n (%)) 75/4103 (1.8) 43/821 (5.2) <0.001
Walking frequency (days/week) 4.0+2.7 4.04£3.0 0.962
Physical activity (10% MET/week) 2.77+4.24 2.61+4.18 0.320

OA, osteoarthritis, WC, waist circumference; BMI, body mass index; BMD, bone mineral density; ASM, appendicular skeletal muscle mass, SMI, skeletal
muscle mass index; MET, metabolic equivalent of task

*independent T-test and

TChi-square test for group differences.

doi:10.1371/journal.pone.0166385.t001

physical activity calculated as MET's per week using the IPAQ-K. Age, female sex, obesity, and
the presence of DM showed positive correlations with knee OA, while BMD of the total femur,

Table 2. Unadjusted and adjusted odds ratios of knee osteoarthritis.

Unadjusted OR* (95% CI) P value Adjusted ORt (95% CI) P value Adjusted OR% (95% CI) P value

Age 1.083 (1.074-1.093) <0.001 1.096 (1.084-1.108) <0.001 1.095 (1.083-1.107) <0.001
Sex (female) 3.383 (2.837-4.036) <0.001 4.215 (3.367-5.278) <0.001 3.235 (2.416-4.332) <0.001
Obesity (BMI 27.5) 2.448 (2.021-2.966) <0.001 2.451 (1.971-3.046) <0.001 2.216 (1.763-2.787) <0.001
BMD of total femur 0.034 (0.020-0.060) <0.001 2.271 (1.037-4.977) 0.040 2.161 (0.984—4.745) 0.055
Serum vitamin D 1.003 (0.993-1.014) 0.570 1.015 (1.003-1.027) 0.010 1.017 (1.005-1.028) 0.005
Diabetes mellitus 1.564 (1.281-1.910) <0.001 1.268 (1.018-1.578) 0.034 1.237 (0.993-1.542) 0.058
Physical activity (MET) 0.991 (0.972-1.009) 0.320 1.015 (0.996—1.035) 0.116 1.018 (0.999—1.038) 0.066
SMmI 0.876 (0.860—0.894) <0.001 0.976 (0.946-1.007) 0.127 -

Lower limbs SMI 0.815 (0.792-0.838) <0.001 - 0.941 (0.900-0.983) 0.006

OR, odds ratio; Cl, confidence interval; BMI, body mass index; BMD, bone mineral density; SMI, skeletal muscle mass index; MET, metabolic equivalent of
task

*Unadjusted odds ratios by logistic regression analysis.

Adjusted odds ratios by multivariate logistic regression analysis; adjusted for all other variables in model with SMIt and both legs SMI.

- Not included in the final adjusted model.

doi:10.1371/journal.pone.0166385.t002
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total SMI, and lower limb SMI had negative correlations with knee OA from the unadjusted
analysis. Although total SMI did not show a significant association with knee OA, a low lower
limb SMI value had an independent effect on knee OA on adjusted multivariate regression
analysis. To our knowledge, this is the first study to reveal that skeletal muscle mass in the
lower limbs is independently associated with knee OA in the general population.

Lower limb muscles and knee OA

Several studies suggested that knee extensor muscle weakness is associated with knee OA.
From a case-control study with 26 female participants, one reported that quadriceps weakness
might contribute to knee OA onset and progression although hamstring muscle strength and
gait pattern were not associated with the disease [28]. Becker et al. even suggested that quadri-
ceps muscle dysfunction may be an etiologic factor of the pathologic changes of knee OA from
the maximal voluntary contraction comparisons of 32 patients who underwent partial menis-
cectomy and the control group [29].

Dannhauer et al. reported that the anatomical CSA of the quadriceps muscles appeared to
be more sensitive for detecting the progression of knee OA than isometric knee extensor [11].
From a 4.5-year long-term analysis of 117 patients with symptomatic knee OA, Wang Y et al.
also suggested that increased vastus medialis CSA was associated with reduced knee pain and
beneficial structural changes of the knee joint [30]. Although CSA of thigh muscle might give
objective and quantitative data of lower limb muscle mass [12], it is just an extremely localized
portion of the whole extremity and requires computed tomography with high-dose radiation
exposure. Furthermore, knee joint might also be affected by mechanical loading both above
and below the joint [31]. However, one study have investigated the association between total
lower limb muscle mass and knee OA.

To our knowledge, only one study has revealed the correlation between lower limb muscle
mass and knee OA. They suggested the total lean body mass of lower limb was significantly
lower in women with knee OA [32]. However, they simply compared the mean muscle mass
values between the knee OA and control groups and many confounding factors such as age
and obesity were not considered in statistical analyses. Furthermore, they used a bioelectrical
impedance analysis to measure one’s body composition, which has many fundamental limita-
tions compared with DEXA [33]. In the current study, total lower limb muscle mass measured
by DEXA was revealed as an associated factor with knee OA, whereas total appendicular skele-
tal muscle mass was not. Because most of the possible confounders that could affect knee OA
were adjusted, we can strongly suggest that lower limb muscle mass is an independent factor
of knee OA. Therefore, sarcopenic variables containing muscle mass of both upper and lower
limbs would not be related factors on knee OA. Instead, lower limb muscle mass, which can
influence knee joint mechanics, might be an important factor for predicting and evaluating
knee OA.

Although the direct effect of muscle mass on joints of lower limb should be examined to
lower limb muscle mass separately, most studies have used total appendicular limb mass
which contained both upper and lower limb muscles. Lee et al. reported that low skeletal mus-
cle mass, which defined from skeletal muscle mass of 4 extremities, correlates with knee OA in
the obese [14]. Recently, one also suggested that patients with knee OA have a proportionally
lower lean body mass, not lower ‘lower’ limb lean body mass [13]. While skeletal muscle mass
might be shown similar patterns between upper and lower limbs in an individual, they have
been studied to have different aging processes. After comparing muscle thickness, torque, and
power between the elbow and knee muscles (flexors and extensors), Candow et al. reported
that lower limb muscles are affected more by aging than are upper limb muscles [34]. In our
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study, only lower limb muscle mass showed a negative correlation with knee OA, unlike total
limb muscle mass. Therefore, limb-specific muscle mass examinations should be needed to
study the effect of skeletal muscles on a specific joint.

Vitamin D and knee OA

Several reports have suggested that a lower serum vitamin D level might be a risk factor of OA.
From a longitudinal study (average, 8 years) with 237 subjects, one reported that lower serum
levels of 25(OH)D may be associated with incidental changes in hip OA characterized radio-
graphically by cartilage loss [35]. The authors hypothesized that lower serum 25(OH)D levels
might increase metalloproteinase enzyme activity for destroying articular cartilage. Ding et al.
also revealed that serum 25(OH)D levels are associated with decreased knee cartilage loss from
a cohort study of 880 subjects [27]. They suggested that this phenomenon was observed at the
whole range of 25(OH)D levels rather than predefined cut-off points. From these cumulative
studies, Sanghi et al. investigated a randomized controlled trial with 107 patients to delineate
the therapeutic effect of oral vitamin D supplement on knee OA and reported significant pain
reduction and functional improvement after 12 months of drug administration [36].

However, results from the current study were beyond our expectations. Higher serum 25
(OH)D levels showed a positive correlation with the presence of knee OA from the adjusted
regression model (OR, 1.017; 95% CI, 1.005-1.028). Because age [37], obesity [38], and physi-
cal activity [39] which might affect the serum vitamin D level, were also included in the final
regression model, a higher serum level of 25(OH)D could be an independent associated factor
of knee OA. One recent clinical trial showed that vitamin D supplementation did not reduce
knee pain or cartilage volume loss in patients with symptomatic knee OA whereas it elevated
25(OH)D plasma levels [40]. From a longitudinal cohort study, Felson ef al. also insisted that
low vitamin D levels were not directly associated with knee OA worsening [41]. Interestingly,
two animal studies suggested that hypervitaminosis D can result in muscle weakness, which
could influence knee OA [42, 43]. Therefore, further basic studies and clinical trials are needed
to reveal whether a higher level of vitamin D is harmful to the joint cartilage and skeletal
muscles.

Limitations of this study

There are several limitations in this study. Firstly, it is difficult to establish a causal relationship
between knee OA and skeletal muscle mass at the present stage because of the genuine limita-
tions of cross-sectional studies. Furthermore the effect size of lower limb muscle mass on knee
OA was not large. After converting OR to Cohen’s d which indicates the effect size [44], d was
0.567 and it was medium effect [45]. Therefore, further longitudinal studies or controlled trials
are needed to reveal the causality. Secondly, lower limb strength was not measured in this
study. Several working groups for sarcopenia have recommended the measurement of muscle
strength as well as muscle mass and they defined “pre-sarcopenia” as the status with decreased
muscle mass with normal muscle strength [33, 46]. Although one study suggested that muscle
mass might be more sensitive than muscle strength for evaluating the progression of knee OA
[11], muscle strength correlates more closely with physical function [47]. Segal et al. also
reported that thigh muscle mass does not appear to confer protection or worsening knee OA
and insisted that knee extensor neuromuscular activation and muscle physiology were more
important than muscle mass itself [48]. Instead of measuring muscle strength, we calculated
and compared the physical activity derived from the IPAQ-K, although it cannot be a perfect
substitute for muscle strength. Thirdly, we cannot discriminate and analyze unilateral knee
OA cases because KNHANES did not provide the laterality of knee pain or knee radiographic
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findings. Therefore, we did not separate both lower extremities and lower limb SMI” value was
also calculated as the skeletal muscle mass of both lower extremities. Although bilateral knee
OA is more frequent than unilateral knee OA (34.1% vs. 12.5% in the Beijing Osteoarthritis
Study) [49], separating both sides should be needed for more accurate analysis.

Conclusions

This study showed that a low level of skeletal muscle mass in the lower limbs correlated with
the presence of knee OA and the association was independent through the adjusted regression
analysis. However, the appendicular skeletal muscle mass of the whole body did not show an
effect on knee OA. Although it is a cross-sectional study, this is the first clinical report to impli-
cate that knee OA could be independently influenced by specific lower limb muscle mass. Fur-
ther longitudinal studies or controlled trials are needed to reveal the causal relationship of this
phenomenon.

Acknowledgments

This work was supported by the Bio & Medical Technology Development Program of the
National Research Foundation funded by the Korean government (MEST) (No. 2011-
0030135).

Author Contributions
Conceptualization: SYL SGC D-KK.
Formal analysis: SYL HJR.
Investigation: SYL D-KK.
Methodology: HJR SHK KMS.

Writing - original draft: SYL.

Writing - review & editing: SYL D-KK.

References

1. Apold H, Meyer HE, Nordsletten L, Furnes O, Baste V, Flugsrud GB. Risk factors for knee replacement
due to primary osteoarthritis, a population based, prospective cohort study of 315,495 individuals. BMC
Musculoskelet Disord 2014; 15:217. doi: 10.1186/1471-2474-15-217 PMID: 24957045

2. Lohmander LS, Gerhardsson de Verdier M, Rollof J, Nilsson PM, Engstrom G. Incidence of severe
knee and hip osteoarthritis in relation to different measures of body mass: a population-based prospec-
tive cohort study. Ann Rheum Dis 2009; 68: 490—496. doi: 10.1136/ard.2008.089748 PMID: 18467514

3. Wilder FV, Hall BJ, Barrett JP. Smoking and osteoarthritis: is there an association? The Clearwater
Osteoarthritis Study. Osteoarthritis Cartilage 2003; 11: 29-35. PMID: 12505484

4. HartDJ, Doyle DV, Spector TD. Incidence and risk factors for radiographic knee osteoarthritis in mid-
dle-aged women: the Chingford Study. Arthritis Rheum 1999; 42: 17—24. doi: 10.1002/1529-0131
(199901)42:1<17::AID-ANR2>3.0.CO;2-E PMID: 9920009

5. Harding GT, Hubley-Kozey CL, Dunbar MJ, Stanish WD, Astephen Wilson JL. Body mass index affects
knee joint mechanics during gait differently with and without moderate knee osteoarthritis. Osteoarthritis
Cartilage 2012; 20: 1234—1242. doi: 10.1016/j.joca.2012.08.004 PMID: 22902710

6. Le Graverand MP, Brandt K, Mazzuca SA, Raunig D, Vignon E. Progressive increase in body mass
index is not associated with a progressive increase in joint space narrowing in obese women with osteo-
arthritis of the knee. Ann Rheum Dis 2009; 68: 1734—1738. doi: 10.1136/ard.2007.085530 PMID:
19060003

7. HuPF, Bao JP, Wu LD. The emerging role of adipokines in osteoarthritis: a narrative review. Mol Biol
Rep 2011; 38: 873-878. doi: 10.1007/s11033-010-0179-y PMID: 20480243

PLOS ONE | DOI:10.1371/journal.pone.0166385 November 10, 2016 8/11


http://dx.doi.org/10.1186/1471-2474-15-217
http://www.ncbi.nlm.nih.gov/pubmed/24957045
http://dx.doi.org/10.1136/ard.2008.089748
http://www.ncbi.nlm.nih.gov/pubmed/18467514
http://www.ncbi.nlm.nih.gov/pubmed/12505484
http://dx.doi.org/10.1002/1529-0131(199901)42:1&lt;17::AID-ANR2&gt;3.0.CO;2-E
http://dx.doi.org/10.1002/1529-0131(199901)42:1&lt;17::AID-ANR2&gt;3.0.CO;2-E
http://www.ncbi.nlm.nih.gov/pubmed/9920009
http://dx.doi.org/10.1016/j.joca.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/22902710
http://dx.doi.org/10.1136/ard.2007.085530
http://www.ncbi.nlm.nih.gov/pubmed/19060003
http://dx.doi.org/10.1007/s11033-010-0179-y
http://www.ncbi.nlm.nih.gov/pubmed/20480243

@° PLOS | ONE

Lower Limb Sarcopenia and Knee Osteoarthritis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Maly MR, Calder KM, Macintyre NJ, Beattie KA. Relationship of intermuscular fat volume in the thigh
with knee extensor strength and physical performance in women at risk of or with knee osteoarthritis.
Arthritis Care Res (Hoboken) 2013; 65: 44-52.

O’Reilly S, Jones A, Doherty M. Muscle weakness in osteoarthritis. Curr Opin Rheumatol 1997; 9: 259—
262. PMID: 9204263

Glass NA, Torner JC, Frey Law LA, Wang K, Yang T, Nevitt MC, et al. The relationship between quadri-
ceps muscle weakness and worsening of knee pain in the MOST cohort: a 5-year longitudinal study.
Osteoarthritis Cartilage 2013; 21: 1154—1159. doi: 10.1016/j.joca.2013.05.016 PMID: 23973125

Dannhauer T, Sattler M, Wirth W, Hunter DJ, Kwoh CK, Eckstein F. Longitudinal sensitivity to change of
MRI-based muscle cross-sectional area versus isometric strength analysis in osteoarthritic knees with
and without structural progression: pilot data from the Osteoarthritis Initiative. MAGMA 2014; 27: 339—
347. doi: 10.1007/s10334-013-0418-z PMID: 24264140

Visser M, Goodpaster BH, Kritchevsky SB, Newman AB, Nevitt M, Rubin SM, et al. Muscle mass, mus-
cle strength, and muscle fat infiltration as predictors of incident mobility limitations in well-functioning
older persons. J Gerontol A Biol Sci Med Sci 2005; 60: 324—333. PMID: 15860469

Karlsson MK, Magnusson H, Coster M, Karlsson C, Rosengren BE. Patients with knee osteoarthritis
have a phenotype with higher bone mass, higher fat mass, and lower lean body mass. Clin Orthop
Relat Res 2015; 473: 258-264. doi: 10.1007/s11999-014-3973-3 PMID: 25280553

Lee S, Kim TN, Kim SH. Sarcopenic obesity is more closely associated with knee osteoarthritis than is
nonsarcopenic obesity: a cross-sectional study. Arthritis Rheum 2012; 64: 3947-3954. doi: 10.1002/
art.37696 PMID: 23192792

Papalia R, Zampogna B, Torre G, Lanotte A, Vasta S, Albo E, et al. Sarcopenia and its relationship with
osteoarthritis: risk factor or direct consequence? Musculoskelet Surg 2014; 98: 9-14. doi: 10.1007/
$12306-014-0311-6 PMID: 24482109

Hunter DJ, Niu JB, Zhang Y, LaValley M, McLennan CE, Hudelmaier M, et al. Premorbid knee osteoar-
thritis is not characterised by diffuse thinness: the Framingham Osteoarthritis Study. Ann Rheum Dis
2008; 67: 1545—-1549. doi: 10.1136/ard.2007.076810 PMID: 18218668

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP, et al. Guidelines for
preventing and treating vitamin D deficiency and insufficiency revisited. J Clin Endocrinol Metab 2012;
97:1153-1158. doi: 10.1210/jc.2011-2601 PMID: 22442274

Frediani B, Falsetti P, Baldi F, Acciai C, Filippou G, Marcolongo R. Effects of 4-year treatment with
once-weekly clodronate on prevention of corticosteroid-induced bone loss and fractures in patients with
arthritis: evaluation with dual-energy X-ray absorptiometry and quantitative ultrasound. Bone 2003; 33:
575-581. PMID: 14555261

Janssen |, Heymsfield SB, Ross R. Low relative skeletal muscle mass (sarcopenia) in older persons is
associated with functional impairment and physical disability. J Am Geriatr Soc 2002; 50: 889-896.
PMID: 12028177

Hwang B, Lim JY, Lee J, Choi NK, Ahn YO, Park BJ. Prevalence rate and associated factors of sarcope-
nic obesity in korean elderly population. J Korean Med Sci 2012; 27: 748-755. doi: 10.3346/jkms.2012.
27.7.748 PMID: 22787369

Zheng W, McLerran DF, Rolland B, Zhang X, Inoue M, Matsuo K, et al. Association between body-
mass index and risk of death in more than 1 million Asians. N Engl J Med 2011; 364: 719-729. doi: 10.
1056/NEJMoa1010679 PMID: 21345101

Chun MY. Validity and reliability of korean version of international physical activity questionnaire short
form in the elderly. Korean J Fam Med 2012; 33: 144—151. doi: 10.4082/kjfm.2012.33.3.144 PMID:
22787536

Fogelholm M, Malmberg J, Suni J, Santtila M, Kyrolainen H, Mantysaari M, et al. International Physical
Activity Questionnaire: Validity against fitness. Med Sci Sports Exerc 2006; 38: 753-760. doi: 10.1249/
01.mss.0000194075.16960.20 PMID: 16679993

Powell A, Teichtahl AJ, Wiuka AE, Cicuttini FM. Obesity: a preventable risk factor for large joint osteoar-
thritis which may act through biomechanical factors. Br J Sports Med 2005; 39: 4-5. doi: 10.1136/bjsm.
2004.011841 PMID: 15618330

Burger H, van Daele PL, Odding E, Valkenburg HA, Hofman A, Grobbee DE, et al. Association of radio-
graphically evident osteoarthritis with higher bone mineral density and increased bone loss with age.
The Rotterdam Study. Arthritis Rheum 1996; 39: 81-86. PMID: 8546742

Laiguillon MC, Courties A, Houard X, Auclair M, Sautet A, Capeau J, et al. Characterization of diabetic
osteoarthritic cartilage and role of high glucose environment on chondrocyte activation: toward patho-
physiological delineation of diabetes mellitus-related osteoarthritis. Osteoarthritis Cartilage 2015; 23:

1513-1522. doi: 10.1016/j.joca.2015.04.026 PMID: 25987541

PLOS ONE | DOI:10.1371/journal.pone.0166385 November 10, 2016 9/11


http://www.ncbi.nlm.nih.gov/pubmed/9204263
http://dx.doi.org/10.1016/j.joca.2013.05.016
http://www.ncbi.nlm.nih.gov/pubmed/23973125
http://dx.doi.org/10.1007/s10334-013-0418-z
http://www.ncbi.nlm.nih.gov/pubmed/24264140
http://www.ncbi.nlm.nih.gov/pubmed/15860469
http://dx.doi.org/10.1007/s11999-014-3973-3
http://www.ncbi.nlm.nih.gov/pubmed/25280553
http://dx.doi.org/10.1002/art.37696
http://dx.doi.org/10.1002/art.37696
http://www.ncbi.nlm.nih.gov/pubmed/23192792
http://dx.doi.org/10.1007/s12306-014-0311-6
http://dx.doi.org/10.1007/s12306-014-0311-6
http://www.ncbi.nlm.nih.gov/pubmed/24482109
http://dx.doi.org/10.1136/ard.2007.076810
http://www.ncbi.nlm.nih.gov/pubmed/18218668
http://dx.doi.org/10.1210/jc.2011-2601
http://www.ncbi.nlm.nih.gov/pubmed/22442274
http://www.ncbi.nlm.nih.gov/pubmed/14555261
http://www.ncbi.nlm.nih.gov/pubmed/12028177
http://dx.doi.org/10.3346/jkms.2012.27.7.748
http://dx.doi.org/10.3346/jkms.2012.27.7.748
http://www.ncbi.nlm.nih.gov/pubmed/22787369
http://dx.doi.org/10.1056/NEJMoa1010679
http://dx.doi.org/10.1056/NEJMoa1010679
http://www.ncbi.nlm.nih.gov/pubmed/21345101
http://dx.doi.org/10.4082/kjfm.2012.33.3.144
http://www.ncbi.nlm.nih.gov/pubmed/22787536
http://dx.doi.org/10.1249/01.mss.0000194075.16960.20
http://dx.doi.org/10.1249/01.mss.0000194075.16960.20
http://www.ncbi.nlm.nih.gov/pubmed/16679993
http://dx.doi.org/10.1136/bjsm.2004.011841
http://dx.doi.org/10.1136/bjsm.2004.011841
http://www.ncbi.nlm.nih.gov/pubmed/15618330
http://www.ncbi.nlm.nih.gov/pubmed/8546742
http://dx.doi.org/10.1016/j.joca.2015.04.026
http://www.ncbi.nlm.nih.gov/pubmed/25987541

@° PLOS | ONE

Lower Limb Sarcopenia and Knee Osteoarthritis

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Ding C, Cicuttini F, Parameswaran V, Burgess J, Quinn S, Jones G. Serum levels of vitamin D, sunlight
exposure, and knee cartilage loss in older adults: the Tasmanian older adult cohort study. Arthritis
Rheum 2009; 60: 1381—-1389. doi: 10.1002/art.24486 PMID: 19404958

Baert IA, Jonkers |, Staes F, Luyten FP, Truijen S, Verschueren SM. Gait characteristics and lower limb
muscle strength in women with early and established knee osteoarthritis. Clin Biomech (Bristol, Avon)
2013; 28:40-47.

Becker R, Berth A, Nehring M, Awiszus F. Neuromuscular quadriceps dysfunction prior to osteoarthritis
of the knee. J Orthop Res 2004; 22: 768—773. doi: 10.1016/j.orthres.2003.11.004 PMID: 15183432

Wang Y, Wluka AE, Berry PA, Siew T, Teichtahl AJ, Urquhart DM, et al. Increase in vastus medialis
cross-sectional area is associated with reduced pain, cartilage loss, and joint replacement risk in knee
osteoarthritis. Arthritis Rheum 2012; 64: 3917-3925. doi: 10.1002/art.34681 PMID: 23192791

Liikavainio T, Bragge T, Hakkarainen M, Karjalainen PA, Arokoski JP. Gait and muscle activation
changes in men with knee osteoarthritis. Knee 2010; 17: 69-76. doi: 10.1016/j.knee.2009.05.003
PMID: 19556137

Toda Y, Segal N, Toda T, Kato A, Toda F. A decline in lower extremity lean body mass per body weight
is characteristic of women with early phase osteoarthritis of the knee. J Rheumatol 2000; 27: 2449—
2454. PMID: 11036843

Chen LK, Liu LK, Woo J, Assantachai P, Auyeung TW, Bahyah KS, et al. Sarcopenia in Asia: consen-
sus report of the asian working group for sarcopenia. J Am Med Dir Assoc 2014; 15: 95-101. doi: 10.
1016/j.jamda.2013.11.025 PMID: 24461239

Candow DG, Chilibeck PD. Differences in size, strength, and power of upper and lower body muscle
groups in young and older men. J Gerontol A Biol Sci Med Sci 2005; 60: 148—156. PMID: 15814855

Lane NE, Gore LR, Cummings SR, Hochberg MC, Scott JC, Williams EN, et al. Serum vitamin D levels
and incident changes of radiographic hip osteoarthritis: a longitudinal study. Study of Osteoporotic Frac-
tures Research Group. Arthritis Rheum 1999; 42: 854—-860. doi: 10.1002/1529-0131(199905)
42:5<854::AID-ANR3>3.0.CO;2-1 PMID: 10323440

Sanghi D, Mishra A, Sharma AC, Singh A, Natu SM, Agarwal S, et al. Does vitamin D improve osteoar-
thritis of the knee: a randomized controlled pilot trial. Clin Orthop Relat Res 2013; 471: 3556—-3562. doi:
10.1007/s11999-013-3201-6 PMID: 23904246

Annweiler C, Schott AM, Berrut G, Chauvire V, Le Gall D, Inzitari M, et al. Vitamin D and ageing: neuro-
logical issues. Neuropsychobiology 2010; 62: 139—150. doi: 10.1159/000318570 PMID: 20628264

Grineva EN, Karonova T, Micheeva E, Belyaeva O, Nikitina IL. Vitamin D deficiency is a risk factor for
obesity and diabetes type 2 in women at late reproductive age. Aging (Albany NY) 2013; 5: 575-581.

Jorde R, Sneve M, Hutchinson M, Emaus N, Figenschau Y, Grimnes G. Tracking of serum 25-hydroxy-
vitamin D levels during 14 years in a population-based study and during 12 months in an intervention
study. Am J Epidemiol 2010; 171: 903-908. doi: 10.1093/aje/kwq005 PMID: 20219763

McAlindon T, LaValley M, Schneider E, Nuite M, Lee JY, Price LL, et al. Effect of vitamin D supplemen-
tation on progression of knee pain and cartilage volume loss in patients with symptomatic osteoarthritis:
a randomized controlled trial. JAMA 2013; 309: 155—162. doi: 10.1001/jama.2012.164487 PMID:
23299607

Felson DT, Niu J, Clancy M, Aliabadi P, Sack B, Guermazi A, et al. Low levels of vitamin D and worsen-
ing of knee osteoarthritis: results of two longitudinal studies. Arthritis Rheum 2007; 56: 129—-136. doi:
10.1002/art.22292 PMID: 17195215

Roberson JR, Swecker WS Jr., Hullender LL. Hypercalcemia and hypervitaminosis D in two lambs. J
Am Vet Med Assoc 2000; 216: 1115-1118, 1075. PMID: 10754674

Heim G, Weiser H, Rambeck WA. [Effects of different vitamin D metabolites on the leg weakness syn-
drome of turkeys]. Z Ernahrungswiss 1990; 29: 178-183. PMID: 2251859

Chinn S. A simple method for converting an odds ratio to effect size for use in meta-analysis. STATIS-
TICS IN MEDICINE 2000; 19: 3127-3131. PMID: 11113947

Jacob C. Statistical Power Analysis for the Behavioral Sciences., Routledge 1988.

Cruz-Jdentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al. Sarcopenia: European
consensus on definition and diagnosis: Report of the European Working Group on Sarcopenia in Older
People. Age Ageing 2010; 39: 412—423. doi: 10.1093/ageing/afq034 PMID: 20392703

Lang T, Streeper T, Cawthon P, Baldwin K, Taaffe DR, Harris TB. Sarcopenia: etiology, clinical conse-
quences, intervention, and assessment. Osteoporos Int 2010; 21: 543-559. doi: 10.1007/s00198-009-
1059-y PMID: 19779761

Segal NA, Findlay C, Wang K, Torner JC, Nevitt MC. The longitudinal relationship between thigh muscle
mass and the development of knee osteoarthritis. Osteoarthritis Cartilage 2012; 20: 1534—1540. doi:
10.1016/j.joca.2012.08.019 PMID: 22954456

PLOS ONE | DOI:10.1371/journal.pone.0166385 November 10, 2016 10/ 11


http://dx.doi.org/10.1002/art.24486
http://www.ncbi.nlm.nih.gov/pubmed/19404958
http://dx.doi.org/10.1016/j.orthres.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15183432
http://dx.doi.org/10.1002/art.34681
http://www.ncbi.nlm.nih.gov/pubmed/23192791
http://dx.doi.org/10.1016/j.knee.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19556137
http://www.ncbi.nlm.nih.gov/pubmed/11036843
http://dx.doi.org/10.1016/j.jamda.2013.11.025
http://dx.doi.org/10.1016/j.jamda.2013.11.025
http://www.ncbi.nlm.nih.gov/pubmed/24461239
http://www.ncbi.nlm.nih.gov/pubmed/15814855
http://dx.doi.org/10.1002/1529-0131(199905)42:5&lt;854::AID-ANR3&gt;3.0.CO;2-I
http://dx.doi.org/10.1002/1529-0131(199905)42:5&lt;854::AID-ANR3&gt;3.0.CO;2-I
http://www.ncbi.nlm.nih.gov/pubmed/10323440
http://dx.doi.org/10.1007/s11999-013-3201-6
http://www.ncbi.nlm.nih.gov/pubmed/23904246
http://dx.doi.org/10.1159/000318570
http://www.ncbi.nlm.nih.gov/pubmed/20628264
http://dx.doi.org/10.1093/aje/kwq005
http://www.ncbi.nlm.nih.gov/pubmed/20219763
http://dx.doi.org/10.1001/jama.2012.164487
http://www.ncbi.nlm.nih.gov/pubmed/23299607
http://dx.doi.org/10.1002/art.22292
http://www.ncbi.nlm.nih.gov/pubmed/17195215
http://www.ncbi.nlm.nih.gov/pubmed/10754674
http://www.ncbi.nlm.nih.gov/pubmed/2251859
http://www.ncbi.nlm.nih.gov/pubmed/11113947
http://dx.doi.org/10.1093/ageing/afq034
http://www.ncbi.nlm.nih.gov/pubmed/20392703
http://dx.doi.org/10.1007/s00198-009-1059-y
http://dx.doi.org/10.1007/s00198-009-1059-y
http://www.ncbi.nlm.nih.gov/pubmed/19779761
http://dx.doi.org/10.1016/j.joca.2012.08.019
http://www.ncbi.nlm.nih.gov/pubmed/22954456

o ®
@ : PLOS | ONE Lower Limb Sarcopenia and Knee Osteoarthritis

49. Zhang, XuL, Nevitt MC, Aliabadi P, Yu W, Qin M, et al. Comparison of the prevalence of knee osteo-
arthritis between the elderly Chinese population in Beijing and whites in the United States: The Beijing
Osteoarthritis Study. Arthritis Rheum 2001; 44: 2065-2071. doi: 10.1002/1529-0131(200109)
44:9<2065::AID-ART356>3.0.CO;2-Z PMID: 11592368

PLOS ONE | DOI:10.1371/journal.pone.0166385 November 10, 2016 11/11


http://dx.doi.org/10.1002/1529-0131(200109)44:9&lt;2065::AID-ART356&gt;3.0.CO;2-Z
http://dx.doi.org/10.1002/1529-0131(200109)44:9&lt;2065::AID-ART356&gt;3.0.CO;2-Z
http://www.ncbi.nlm.nih.gov/pubmed/11592368

