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Abstract

Background The characteristics of muscle degeneration in individual quadriceps in early knee osteoarthritis (OA)
and the association of muscle quantity and quality on knee dysfunction remain unclear. This study aimed to clarify the
characteristics of muscle degeneration in individual quadriceps muscles in early knee OA and elucidate the associa-
tion of muscle volume and intramuscular adipose tissue (intraMAT) with knee dysfunction, including functional dis-
abilities, symptoms, and joint morphology.

Methods Fifty participants were categorized into early knee OA and healthy control groups. 3.0 T magnetic reso-
nance imaging (MRI) using T1-weighted and Dixon methods and 3D SPACE in the thigh muscle and knee joint regions
was performed. Quadriceps muscle volume, intraMAT, and whole-organ MRI score (WORMS) were assessed. The Knee
Society Score (KSS) was used to evaluate functional disabilities and knee symptoms. Univariate analysis of variance
was conducted with covariates to clarify the differences in muscle volume and intraMAT between the two groups.
Multiple linear regression analyses were performed using the KSS function and symptom subcategories and WORMS
as dependent variables and muscle volume, intraMAT, and the presence of early knee OA as independent variables,
such as potential confounders.

Results The quadriceps intraMAT, especially in the vastus medialis (VM), was significantly higher in patients with early
knee OA than in healthy controls. The VM intraMAT, not muscle volume, was significantly associated with KSS function
[B= —3.47;95% confidence interval [Cl], = 524 to — 1.71; p<0.001] and symptom scores [B= — 0.63; 95% Cl, — 1.09
to—0.17; p=0.008], but not with WORMS.

Conclusion These findings suggest that higher VM intraMAT is characteristic of quadriceps muscle degeneration in
early knee OA and its increase is associated with functional disabilities and symptoms.
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Introduction

Knee osteoarthritis (OA) is one of the most common
musculoskeletal disorders that worsen functional abil-
ity in older people. Early detection of knee OA pathol-
ogy is important for preventing cartilage degeneration
and worsening of symptoms. Since the definition of
early-stage knee OA (early knee OA) was published in
the 2010s [1, 2], clinical studies have used the classifica-
tion criteria for early knee OA based on radiographic
Kellgren-Lawrence (KL) grade 0-1 and clinical signs
including poor function and pain. The development and
progression of early knee OA by evaluating intra-artic-
ular lesions using magnetic resonance imaging (MRI)
is an active area of research [3, 4]. A previous study [5]
indicated that medial meniscal extrusion is a known
risk factor for the progression of early knee OA, but the
modifiable factors that could change with therapeu-
tic intervention remain unclear. Recently, some studies
[6-8] have suggested that intramuscular adipose tissue
(intraMAT) infiltration into the quadriceps in patients
with advanced knee OA is associated with muscle weak-
ness and functional disabilities; thus, quantification of
intraMAT has attracted attention for detecting knee OA
pathology. As an increase in quadriceps intraM AT occurs
earlier than loss of muscle quantity (i.e., muscle atrophy)
in age-related changes [6, 9], assessment of intraMAT
infiltration may also be useful in detecting early knee OA.

Chemical shift-based 2-point Dixon water-fat separa-
tion MRI techniques can be used for the quantification
of intraMAT in localized regions [10, 11]. Dixon-MRI
has high spatial resolution and is more advantageous
for extracting intraMAT than T1-weighted methods, as
measured by pixel intensity [12].

Only one study [6] has evaluated intraM AT in knee OA
using the Dixon-MRI technique has been reported.

To the best of our knowledge, only one previous study
[6], by Kumar et al., has evaluated intraMAT in knee OA
using the Dixon-MRI technique. Their study [6] showed
that intraM AT infiltration was significantly higher in the
quadriceps of patients with knee OA than in healthy con-
trols, whereas no significant difference was observed in
other thigh muscles. Additionally, no difference between
groups was observed in the anatomical cross-sectional
area of all thigh muscles, implying that muscle atro-
phy in the quadriceps was not observed in knee OA [6].
Although these results are interesting, it is still unknown
whether these changes occur in early knee OA and
whether there are differences in these changes between
the four individual quadriceps muscles.

Several previous studies [7, 13] have shown that a
high intraMAT in the vastus medialis (VM) muscle is
associated with the worsening of cartilage damage.
Other previous studies [9, 14] evaluated intraMAT
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using B-mode ultrasound images and suggested that an
increase in VM intraMAT was confirmed in knee OA
patients, and higher fat content was associated with
poor functional abilities and worsening symptoms. In
summary, although the number of previous reports is
limited, there is a close interaction between VM intra-
MAT and structural changes and functional disabili-
ties in knee OA patients. Considering that an increase
in intraMAT occurs earlier than muscle atrophy [9,
15], a higher VM intraMAT may characterize quadri-
ceps muscle degeneration in early knee OA patients.
However, to the best of our knowledge, no study has
investigated both muscle volume and intraM AT of indi-
vidual quadriceps muscles and clarified the relationship
between muscle degeneration characteristics and knee
dysfunction in early knee OA.

The present study aimed to determine (1) the charac-
teristics of muscle degeneration in individual quadriceps
in early knee OA and (2) the association of muscle vol-
ume and intraMAT on knee dysfunction, such as func-
tional disabilities, symptoms, and joint morphology. We
hypothesized that (1) the intraMAT in the VM muscle
was increased in early knee OA patients compared to
healthy controls, and (2) a higher VM intraMAT was
associated with knee dysfunction.

Patients and methods

Study participants

A total of 52 older adults aged > 60 years (women, n=23;
mean age, 73.5 £ 6.6 years) residing in local communities
in Kyoto and neighboring cities participated in this cross-
sectional observational study. Before starting the study,
the study procedures and aims were explained verbally,
and all individuals provided written informed consent.
The protocol was approved by the Ethics Committee of
Kyoto University Graduate School and Faculty of Medi-
cine (R1746).

The inclusion criteria were as follows: (1) no diagnosis
of advanced knee OA (KL grade > 2), (2) ability to walk
without an assistive device, and (3) no general contraindi-
cations for MRI. The exclusion criteria were rheumatoid
arthritis, knee osteonecrosis, neuromuscular disorders,
history of lower-limb surgery, and cognitive impairment.
Thereafter, according to the classification criteria, the
participants were divided into early knee OA and healthy
control groups. Early knee OA was defined as a KL grad-
ing scale of 1 or less, tenderness and/or stiffness around
the knee, and symptomatic knee assessed using the Knee
Society Score (KSS) symptom subcategory. The healthy
control group included patients who did not meet the
definition of early knee OA and those without knee
symptoms.
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MRI acquisition

MRI scans of the right knee joint and thigh muscle were
obtained using a 3.0 T MRI scanner (MAGNETOM
Verio; Siemens AG, Germany). After resting for more
than 15 min in a relaxed supine position, MRIs of the
whole knee joint were acquired with a sequence cor-
responding to 3D SPACE with proton-density vari-
able contrast using a body matrix coil and spine coil.
The parameters were set as follows: slice thickness,
0.7 mm; repetition time (TR), 1000 ms; echo time (TE),
35 ms; field of view, 150 mm x 150 mm; voxel size,
0.59 mm x 0.59 mm x 0.7 mm. Additionally, MRIs of the
entire thigh were obtained from the pelvis to the right
tibial tuberosity and divided into three parts with a body
matrix coil and a spine coil. Multi-slice T1-weighted MRIs
of the thigh muscles were performed with the following
parameters: [16] slice thickness, 4 mm; TR, 2820 ms; TE,
16 ms; optimized field of view, 320 mm x 240 mm; flip
angle, 129°; voxel size, 0.5 mm x 0.5 mm x 4.0 mm. Two-
point Dixon images with a slice thickness of 3 mm were
acquired using the following sequences [17]: TR, 4.33 ms;
TE1, 1.31 ms; TE2, 2.54 ms; optimized field of view,
286.4 mm x 365 mmy; flip angle, 9°. Based on the water/fat
chemical shift difference and consequently on their phase
difference in signal intensity, water and fat images were
produced using the two-point Dixon sequence. Intra-
MAT was calculated based on the signal intensities using
the following equation: IntraMAT (%)=mean signal
intensity of fat x 100/(mean signal intensity of fat+ mean
signal intensity of water) [17].

Quantification of muscle volume and intraMAT

The region of interest (ROI) in individual quadriceps
muscles was registered in T1-weighted and two-point
Dixon images using Osirix MD (version 11.0; OsiriX,
Geneva, Switzerland). To measure the muscle volume,
the ROIs in the rectus femoris (RF), vastus intermedius
(VI), vastus lateralis (VL), and VM were traced on each
slice throughout the entire muscle length and measured
as the muscle cross-sectional area (CSA, cm?). Then, the
volume (cm?) of each slice was obtained by multiplying
the muscle CSA by the slice thickness of 4 mm, and the
muscle volume was calculated by summing the volume
of each slice throughout the entire muscle length. The
muscle volumes of the four individual quadriceps and
total quadriceps were determined. IntraMAT was meas-
ured using two-point Dixon imaging. ROIs were carefully
traced within the fascial borders of each muscle using a
well-trained analyzer. The ROIs for RF, VI, and VL were
constructed at the mid-thigh between the anterior supe-
rior iliac spine and the proximal end of the patella, and
those for VM were at the distal 30% between the greater

Page 3 of 9

trochanter and the lateral femoral tuberosity. The intra-
MAT (%) was calculated from every 10 consecutive
images with the measurement point mentioned above
as the center, and the average value was obtained for the
four individual quadriceps. The mean intraMAT of the
quadriceps was determined as the average value of the
four individual muscles.

Assessment of the Kellgren-Lawrence grading scale
and knee OA joint morphology
After obtaining 3D SPACE MRIs of the right knee, one
orthopedic surgeon judged the OA severity of the tibi-
ofemoral joint and then confirmed the criteria for radi-
ographic early knee OA. The KL grade based on knee
MRIs was evaluated using a grading system with the
Noyes classification, adding the status of osteophytes,
bone marrow edema, and subchondral cyst, and it was
strongly correlated with that of X-ray evaluation [18].
Knee joint morphology was assessed using the whole-
organ magnetic resonance imaging score (WORMS), a
semi-quantified scoring method based on knee imaging
[19]. Five features of the articular surface, such as carti-
lage, subarticular bone marrow, bone cyst, subarticular
bone attrition, and osteophyte, were scored by a well-
trained examiner. Fifteen regions of the patella, femur,
and tibia were assessed using the original WORMS. The
total WORMS was obtained by adding the scores for
each feature, and a higher WORMS indicated greater
severity of morphological degeneration.

Self-reported knee function and symptom

Functional disabilities and symptoms were measured
using the KSS 2011 Japanese edition, a self-administered
assessment tool. The KSS comprises functional activities,
symptoms, expectations, and satisfaction. This battery
has demonstrated validity in the Japanese population,
and two subcategories of functional activities and symp-
toms were used in the present study [20]. The KSS func-
tion score evaluates the activity status during daily living,
such as standing, walking, and standard/advanced/dis-
cretionary activities. The maximum score on the KSS
function was 100 points, and a higher score reflected
better functional activities. Additionally, KSS symptoms,
with a maximum score of 25 points, quantify knee stiff-
ness and the degree of pain during walking and climbing
stairs. Lower KSS symptoms indicate worsening knee
pain, and a score of less than 23 is defined as a sympto-
matic knee [21].

Clinical features of physical function and amount

of physical activity

Gait speed (m/s) during the participant’s comfortable
walking measured the time it took to pass the gait way at
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a distance of 10 m and was converted to speed by dividing
by the time taken. The chair stand-30 test measured the
number of repetitions with sit-to-stand for 30 s as much
as possible. The knee extension strength test was per-
formed twice using an isometric dynamometer (Isoforce
GT-330; OG GIKEN Co., Japan) with knee flexion of 60°,
and the maximum value was obtained by converting into
a ratio of torque to body weight (Nm/kg). The average
number of steps per day for 14 days was measured as the
amount of physical activity in daily life using a pedometer
with a triaxial accelerometer (ES-500; YAMASA, Japan).

Statistical analysis

Continuous variables are shown as the mean =+ standard
deviation (SD), and categorical variables are presented as
counts and percentages (1, %). Outcome measures and
covariates were compared between the early knee OA
and healthy control groups using an unpaired ¢-test or a
chi-square test. Univariate analysis of variance (ANOVA)
was conducted to clarify the differences in muscle volume
and intraMAT between the early knee OA and healthy
control groups. The adjusted mean differences between
the two groups for each parameter were estimated by
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adjusting for age, sex, and body mass index (BMI). To
determine the cut-off value of muscle degeneration
parameters in early knee OA, receiver operating charac-
teristic (ROC) curve analysis with the Youden index was
conducted on the significant variable confirmed by group
difference analysis. We performed three multiple linear
regression analyses with the KSS function, symptoms,
and WORMS as dependent variables. The regression
analyses included quadriceps muscle volume, intraMAT,
and the presence of early knee OA as independent varia-
bles, with adjustment variables for age, sex, and BMI. For
secondary analyses, we also conducted another multiple
linear regression as the independent variable with VM
muscle volume and intraMAT to test our hypothesis. All
statistical tests were performed using the SPSS software
(version 25.0 for Windows, IBM Japan Inc., Japan). Statis-
tical significance was set at p <0.05.

Results

Besides two excluded participants with blurred MRIs
(obvious artifacts in images) or missing clinical data,
50 participants were divided into the early knee OA
(n=19) and healthy control groups (n=31). The

Table 1 Clinical characteristics of early knee OA and healthy control groups

Total Control Early knee OA p-value

n=50 n=31 n=19
Age, years 735+£66 738£63 729473 0.882
Sex [womenl, n (%) 23 (46.0%) 14 (45.2%) 9 (47.4%) 0.879
Body mass index, kg/m2 208424 209422 20.7£2.7 0.859
KSS function, /100 91.6+£125 955+6.6 852+168 0.003
KSS symptom, /25 227+35 245409 198+4.2 <0.001
Total of WORMS 186413.1 17.8+13.2 2004133 0.563
OA severity; KL grade =0, n (%) 19 (38.0%) 12 (38.7%) 7 (36.8%) 0.895
Muscle volume, cm?

Quadriceps femoris 11084+277.0 1093.2+259.7 1133.2+308.8 0.624
Rectus femoris 154.04£40.8 149.4+40.6 161.74+41.1 0.305
Vastus intermedius 317.7+£856 3203+£822 3136+£930 0.792
Vastus lateralis 359449238 34864803 3770+£1104 0.298
Vastus medialis 2772714 2749+£699 2810756 0.775

Intramuscular fat, %

Quadriceps femoris 71+£18 6.7£12 77+£23 0.073
Rectus femoris 57+14 55+1.1 6.1+1.8 0.196
Vastus intermedius 76+£19 74£14 79+£25 0.354
Vastus lateralis 82422 80+18 85+28 0.409
Vastus medialis 6.8+22 60+12 82+28 <0.001

Gait speed, m/s 16+£0.2 16+0.2 1.5+0.2 0.093
Chair stand-30, repetitions 272+64 263+7.1 286+48 0214
Knee extension strength, Nm/kg 23406 23+06 24406 0.703
Steps (average 1000 steps per day) 83+37 82+34 84+43 0.796

KSS Knee Scoring System, WORMS Whole-organ magnetic resonance imaging score, KL Kellgren-Lawrence
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demographic characteristics are shown in Table 1.
KSS function and symptom scores in the early knee
OA group were significantly lower than those in the
healthy control group, while there was no significant
difference in WORMS scores between groups. There
were no significant differences in muscle volume and
intraMAT between the two groups, except for the VM
intraMAT, which was higher in early knee OA than
in healthy controls. Physical function and amount of
physical activity were also not significantly different
between the two groups.

The characteristics of muscle degeneration in the early
knee OA group

Based on the results of univariate ANOVA with adjust-
ment for covariates (Table 2), we observed that quadri-
ceps intraMAT, not muscle volume, was significantly
higher in the early knee OA group than in the healthy
control (adjusted mean difference, 1.0%; 95% confidence
interval [CI], 0.1 to 1.9%; p=0.035). Further, for individ-
ual quadriceps muscles, the VM intraMAT in the early
knee OA group was significantly higher than that in the
healthy control (adjusted mean difference, 2.2%; 95% CI,
1.2 to 3.3%; p<0.001), while intraMAT of the RF, VI, and
VL did not confirm group differences. The volume of
all four muscles also showed no significant differences
between the two groups. ROC curve analysis indicated
that the optimal cut-off point of the VM intraMAT for
detecting early knee OA was 7.2%. This model on VM
intraMAT had moderate prediction accuracy, with an
area under the curve of 0.80, sensitivity of 0.63, and spec-
ificity of 0.81.
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Association of muscle volume and intraMAT on KSS
function, symptom, and WORMS

Associations of quadriceps muscle volume, intraMAT, and
the presence of early knee OA with KSS function, symp-
toms, and WORMS are presented in Table 3. In the multiple
regression analysis, quadriceps intraMAT and the presence
of early knee OA were selected as significant variables for
the KSS function score. A 1% increase in quadriceps intra-
MAT was significantly associated with a 3.88-point reduc-
tion in the KSS function score (95% CI, 1.82 to 5.93 points,
p<0.001) after adjusting for covariates, but the muscle vol-
ume was not. In contrast, the presence of early knee OA, but
not quadriceps muscle volume or intraM AT, was associated
with the KSS symptom score. There were no significant vari-
ables associated with WORMS.

Table 4 presents the results of the secondary analy-
ses which entered VM muscle volume, intraM AT, and
the presence of early knee OA as the independent vari-
ables. VM intraMAT was selected as a significant vari-
able for the KSS function score, whereas VM intraM AT
and the presence of early knee OA were selected for
the KSS symptom score. A higher VM intraMAT was
significantly associated with KSS function (B= —3.47;
95% CI,—5.24 to—1.71; p<0.001) and symptoms
(B= —0.63; 95% CI, —1.09 to—0.17; p=0.008). In the
secondary analyses, there were no significant variables
associated with WORMS.

Discussion

To the best of our knowledge, this study is the first to
clarify the characteristics of muscle degeneration in early
knee OA. In agreement with our hypothesis, quadriceps

Table 2 Muscle volume and intraMAT differences between the early knee OA and healthy control groups

Adjusted mean (SE) p-value Adjusted mean difference [95% Cl]
Healthy control Early knee OA Early knee OA against control
Muscle volume, cm?
Quadriceps femoris 1089.6+254 113924325 0.235 49,6 [—33.5,132.7]
Rectus femoris 149.1£45 162.1£57 0.080 13.1[—=1.6,27.7]
Vastus intermedius 319.2+82 31544104 0.777 —3.8[—305,23.0]
Vastus lateralis 3473+£10.1 3792+£129 0.058 31.8[—1.2,64.8]
Vastus medialis 2740+£7.0 2825490 0.460 85[—14.5,31.6]
IntraMAT, %
Quadriceps femoris 6.74+03 7.7+04 0.035 1.0[0.1,1.9]
Rectus femoris 55402 6.14+03 0.138 06[—0.2,1.3]
Vastus intermedius 74403 79+04 0.287 0.5[—0.5,1.6]
Vastus lateralis 79104 86+05 0.253 0.7[—-05,18]
Vastus medialis 6.0+£03 82+04 <0.001 22[1.2,33]

OA Osteoarthritis, SE Standard error, 95% Cl 95% confidence interval, IntraMAT Intramuscular fat

The adjusted mean differences were calculated with adjustments for age, sex, and BMI and presented as the early knee OA group values against the healthy control

group
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Table 3 Association of quadriceps muscle volume and intraMAT
with KSS function, symptom, and WORMS
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Table 4 Association of VM muscle volume and intraMAT with
KSS function, symptom, and WORMS

B 95% Cl B p-value B 95% CI B p-value
Association with KSS function scores Association with KSS function score
Quadriceps muscle —0.00 [-0.02,002] —0.03 0913 VM muscle volume —0.00 [—0.09,0.08] —0.01 0955
volume VM intraMAT —347 [-524,—171] —062 <0001
Quadriceps intraMAT —388 [-593,—-182 —054 <0001 Presence of early knee OA  —291 [—1005,422] —0.11 0415
OAPresence of early knee —6.79 [-13.21,—038] —0.30 0038 Age —005 [—050,0.39] 003 0807
Sex —0.76 [—1021,868] —0.03 0871
Age —0.02 [—049,044] —0.01 0917 .
Body mass index —011 [—1.83,161] —0.02 0897
Sex —0.77 [—10.99,9.46] —0.03 0.881 O )
) Association with KSS symptom score
Body mass index —003 [—1.82,1.75] —0.01 0970
A ) VM muscle volume —000 [—002002] 001 0.900
Association with KSS symptom scores )
) VM intraMAT —063 [-1.09—-0.17] —040 0.008
Quadriceps muscle 0.00 [—0.01,0.01] 0.07 0.776
volume Presence of early knee OA —333 [-520,—147] —046 0.001
Quadriceps intraMAT 052 [~107,003]  —026 0061 Age 005 [-007,0177 009 0386
Presence of early knee —428 [-592,—257] —060 <0.001 Sex 0.12 [—235,259] 002 0.923
OA Body mass index 0.06 [-039,051] 004 0.777
Age 0.05 [—0.07,0.17] 0.09 0415 Association with total WORMS
Sex 040 [—232,3.13] 0.06 0.768 VM muscle volume —0.06 [—0.16,0.05] —030 0.295
Body mass index —0.03 [-051,045] —0.02 0899 VM intraMAT —1.67 [—3.93,0.59] —0.28 0.143
Association with WORMS Presence of early knee OA  7.21 [—1.93,1636] 027 0.119
Quadriceps muscle —0.01 [-0.04,002] —020 0517 Age 0.77 [0.20, 1.34] 0.39 0.009
volume Sex —351 [~1561,860] —0.14 0562
Quadriceps intraMAT —1.19 [—=3.80,143] —0.16 0365 Body mass index 206 [=0.15,4.26] 037 0.066
Presence of early knee 465 [-352,1281] 017 0.258 — - - -
OA Multiple linear regression analyses were conducted with KSS function, symptom,
and WORMS as the dependent variable and VM muscle volume, intraMAT, and
Age 0.76 [0.17,1.35] 038 0.013 the presence of early knee OA as the dependent variable, with adjustments for
Sex —242 [—1544,1060] —0.09 0.709 age, sex, and BMI
Body mass index 169 [— 059, 3.96] 0231 0.142 KSS Knee Scoring System, WORMS Whole-organ magnetic resonance imaging

Multiple linear regression analyses were conducted with KSS function, symptom,
and WORMS as the dependent variable and quadriceps muscle volume,
intraMAT, and the presence of early knee OA as the dependent variable, with
adjustments for age, sex, and BMI

KSS Knee Scoring System, WORMS Whole-organ magnetic resonance imaging
scoring, OA Osteoarthritis, SE Standard error, 95% Cl 95% confidence interval,
IntraMAT Intramuscular fat

intraM AT, especially in the VM, was significantly higher
in the early knee OA group than in healthy controls.
Moreover, multiple regression analysis indicated that a
higher quadriceps intraMAT was associated with wors-
ening KSS function, partially supporting our hypothesis.
Notably, this association was remarkably confirmed in
VM intraMAT, and a higher VM intraMAT was associ-
ated with both functional disabilities and worse symp-
toms but not with joint morphology. These findings
suggest that VM intraM AT is characteristic of quadriceps
muscle degeneration in early knee OA and its increase is
associated with functional disabilities and symptoms.
The current study found that the VM intraMAT
increased even in early knee OA, and the ROC analysis
showed a VM intraM AT of 7.2% for detecting early knee
OA. Although the sensitivity was slightly low, specificity
was high; thus, it was suggested that evaluation of the VM

scoring, VM Vastus medialis, OA Osteoarthritis, SE Standard error, 95% Cl 95%
confidence interval, IntraMAT Intramuscular fat

intraMAT among the four individual quadriceps mus-
cles was useful for differentiating early knee OA. There
is already evidence in advanced knee OA that intraMAT
infiltration occurs prior to muscle atrophy in the quadri-
ceps [6, 9, 22] and that the loss of muscle quality in the
VM, such as higher intraMAT, characterizes quadri-
ceps degeneration [8]. Some factors may contribute to
the higher VM intraMAT. One factor is the mesenchy-
mal progenitor cells, which are associated with ectopic
adipogenesis of the VM in patients with advanced knee
OA [23]. A previous study in mice showed that chronic
inflammation within the muscles also promotes muscle
degeneration [24]. The inflammatory cytokine IL-6 is
amplified in patients with knee OA, and higher IL-6 lev-
els are associated with worsened knee pain [25, 26]. Con-
sidering that patients with early knee OA have pain and
slight knee degeneration, the aforementioned response
may have arisen even in early knee OA. Additionally,
the VM is a dynamic stabilizer of the knee and attaches
closer to the painful site than to other quadriceps mus-
cles [27, 28]. Therefore, biomechanical and anatomical
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factors and added biological factors are associated with
a higher VM intraMAT. This mechanism is currently
unknown; therefore, further studies are needed to eluci-
date why VM intraM AT increases in early knee OA.

An increase in VM intraMAT was associated with
lower KSS function and symptoms, but not WORMS,
in early knee OA. Although a higher VM intraMAT was
reported to be one of the risk factors for cartilage dam-
age in a longitudinal study [6], VM intraMAT was not
related to WORMS in this study. This discrepancy could
be due to differences in the severity of knee OA; previous
studies [7, 13] included patients with advanced knee OA,
but the current study targeted participants with early
knee OA. The association of VM intraMAT with KSS
function scores was consistent with a previous study in
advanced knee OA [14]. Given that the minimum clini-
cally significant difference in KSS function scores after
total knee arthroplasty was 4.1 points [29], our findings
that quadriceps 1% higher intraMAT was associated with
a 3.88-point reduction in KSS functional score appear to
be clinically significant. Notably, our findings suggested
that VM intraMAT had a stronger relationship with
KSS scores than quadriceps intraMAT. As the presence
of early OA was not significant in the regression model
using VM intraMAT, a higher VM intraMAT seemed to
play a mediating role in the relationship between early
knee OA and functional disabilities. Our results also
showed that a higher VM intraMAT was associated with
the worsening of KSS symptoms. Although it is known
that an increase in intraMAT of the VM is associated
with knee pain in advanced knee OA [14], the current
study is the first to confirm similar associations in the
pre-stage of knee OA development. As this study had a
cross-sectional design, the causal relationship between
knee symptoms and VM intraMAT infiltration in early
knee OA could not be determined. As a clinical sugges-
tion, it seems likely that VM intraM AT is meaningful for
preventing functional disability and symptoms of knee
osteoarthritis because, with muscle strength training, a
higher intraM AT infiltration improves.

There are several limitations to this study. First, KL
grade was converted based on the MRI grading sys-
tem, such as the Noyes classification, to define early
knee OA. Although the validity of this classification has
been demonstrated, it may differ from the classification
of early knee OA based on the anteroposterior weight-
bearing X-ray view [18]. Second, the participants of this
study were community-dwelling older adults. Thus, we
assumed that our study participants were functionally
better than individuals with early knee OA who vis-
ited an orthopedic clinic. No differences in WORMS
or physical function were observed between the early
knee OA and healthy control groups. Nonetheless, it is
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important to note that a higher intraMAT was identi-
fied in early knee OA.

Conclusions

The intraMAT of the quadriceps, especially the VM,
was significantly increased in patients with early knee
OA compared with that in healthy controls. Further-
more, higher VM intraMAT was associated with poor
functional abilities and symptoms. Therefore, these
findings suggest that higher VM intraMAT is charac-
teristic of quadriceps muscle degeneration in early knee
OA and its increase is associated with functional dis-
abilities and symptoms.
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