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Abstract

Purpose: To quantitatively verify whether degeneration in the quality of the medial
femoral cartilage is correlated with muscle volume loss and intramuscular adipose tissue
(IntraMAT) infiltration in quadriceps using magnetic resonance imaging (MRI).
Methods: Of the 66 older adult participants > 60 years old (74.5+6.9 years), 29 were
female. All participants were patients with pre-to-mild knee osteoarthritis. Muscle
volume and IntraMAT infiltration of the four individual muscles, the rectus femoris (RF),
vastus medialis (VM), vastus intermedius, and vastus lateralis were assessed, using proton
density-weighted and 2-point Dixon MR images. Based on the MRI T2 mapping, the T2
relaxation times of the weight-bearing surface of the medial femoral cartilage were
calculated. Simple linear regression analyses were performed, evaluating the correlations
between the T2 relaxation time of the medial femoral cartilage and quadriceps muscle
volume and IntraMAT. Multiple linear regression analysis using a stepwise method was
performed, determining which indicators of the four individual muscles correlated with
cartilage quality degeneration.

Results: Simple linear regression analyses revealed that a longer T2 relaxation time of
the medial femoral cartilage was positively correlated with IntraMAT infiltration of the
entire quadriceps muscle, RF, and VM, however not with the quadriceps muscle volume.
Multiple linear regression analysis revealed that VM IntraMAT was particularly
correlated with the extension of T2 relaxation time of the medial femoral cartilage.

Conclusions: In older adults with pre-to-mild knee osteoarthritis, IntraMAT infiltration
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of the quadriceps muscles, particularly of the VM was correlated with degeneration in the

quality of the medial femoral cartilage.
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Introduction

Quadricep muscle degeneration is common in patients with knee osteoarthritis
(OA)[1]. To evaluate muscle degeneration quantitatively and non-invasively, measuring
muscle volume loss using magnetic resonance imaging (MRI) is essential[2]. In addition,
recently, intramuscular adipose tissue (IntraMAT) infiltration also has been quantified,
using chemical shift-based 2-point Dixon water-fat separation MRI techniques[3]. Both
decreasing muscle volume and worsening IntraMAT infiltration are distinctive in patients
with knee OA[4, 5]. These characteristics of muscle degeneration are related to the
progression of knee OA, presenting with the aggravation of knee symptoms, functional
disability, and increased risk of artificial joint replacement[6-9]. In particular, recently,
IntraMAT infiltration of the quadriceps muscles has garnered attention, because the
changes thereof precede muscle volume loss in the early stages of knee OA[10].

Degeneration of the quadriceps muscles, caused by IntraMAT infiltration is
associated with structural joint abnormalities in patients with knee OA. Previous studies
have revealed that severe IntraMAT infiltration of the quadriceps muscles, particularly of
the vastus medialis (VM) is related to the future progression of cartilage degeneration,
such as the loss of thickness and worsening of the morphological score (whole-organ
magnetic resonance imaging score: WORMS)[11-13]. However, all the aforementioned
studies have included patients with terminal-stage knee OA who have presented with
severe cartilage damage and IntraMAT infiltration of the quadriceps muscles; only
focusing on the association with cartilage volume loss. Cartilage compositional changes,
such as proteoglycan loss or increased water content of the cartilage tissue occur in the
early stages of knee OA, particularly without remarkable cartilage thinning[14-16].

However, no studies have investigated whether degeneration of cartilage quality, caused
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by compositional changes in early knee OA is associated with quadriceps muscle
degeneration.

MRI T2 mapping is one of the gold standards for assessing cartilage quality[17].
This is an assessment of the increasing water content of the cartilage and can quantitively
detect the degeneration of cartilage quality, which is difficult to observe with the naked
eye, as an extension of T2 relaxation times[18]. To the best of our knowledge, no study
has investigated whether T2 relaxation times of the cartilage are correlated with
quadriceps muscle volume and quality. Moreover, whether differences exist in the
association with the degeneration of the cartilage quality among the four individual
quadriceps muscles has not been elucidated. Thus, theoretically, necessity for further
research lies in the early assessment of quadriceps muscle degeneration, to prevent the
progression of knee OA and provide important findings for clinical settings.

Consequently, the purpose of this study was to quantitatively verify whether
degeneration in the quality of the medial femoral cartilage is correlated with quadriceps
muscle degeneration, using MRI, in older adults with pre-to-mild knee OA. We
hypothesized that IntraM AT infiltration of the quadriceps muscles, particularly of the VM

is correlated with the degeneration in the quality of the medial femoral cartilage.

Material and methods
Participants

In total, 66 community-dwelling older adults aged > 60 years old participated in
this study. The inclusion criteria were as follows: 1) no diagnosis of severe knee OA
(Kellgren-Lawrence [KL] grade > 3[14, 19]), and 2) could walk without any assistive

devices. The exclusion criteria were as follows: 1) past surgical history involving the
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lower limb, 2) rheumatoid arthritis or a neuromuscular ailment, and 3) contraindications
for MRI.

All participants were informed of the study aims and project briefings, and
written informed consent was obtained before the study was initiated. This study was
approved by the Ethics Committee of the Kyoto University Graduate School and Faculty
of Medicine (R1746). The procedures followed were in accordance with the ethical
standards of the responsible committee on human experimentation (institutional and

national) and with the Helsinki Declaration of 1975, as revised in 2000.

MRI imaging

MR images of the thigh and knee joints of the right lower limb were acquired in
the supine and knee extension position, using 3.0 Tesla scanners (MAGNETOM Verio;
Siemens AG, Erlangen, Germany) and body coils. Before scanning, the participants rested
on the bed for > 15 min to eliminate the effects of any condition of daily living (e.g. the
T2 relaxation time of knee cartilage is immediately decreased after loading [20]). For the
whole knee joints, three-dimensional-Sampling Perfection with Application optimized
Contrast using different flip angle Evolutions (3D SPACE) with proton density-weighted
and multi-echo images were acquired. Additionally, multi-slice, spin—lattice relaxation
time (T1)-weighted and two-point Dixon images of the thigh muscles were acquired. The
detailed parameters of all MR images are presented in Table 1. The entire scan took 18
min and 25 s. Using the two-point Dixon sequence, images of the water and fat ratios
were obtained by computing the difference in signal intensities, based on the chemical
shift between the in-phase and opposed-phase. The IntraMAT was calculated using the

following equation:
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IntraM AT (%) = mean signal intensity of fat x 100 /

(mean signal intensity of fat + mean signal intensity of water)

()

[Insert Table 1]

[Insert Fig.1]

Evaluation of knee OA severity

The severity of OA of the tibiofemoral joint was assessed by an orthopedic
surgeon using 3D SPACE with proton density-weighted images of the knee[10]. The
assessment focused on several indicators of OA, including the degeneration of the
cartilage and meniscus, presence of osteophytes, bone marrow edema, and subchondral
cysts. Knee OA severity was graded on a scale of 0 (no OA) to 4 (severe OA). As per the
findings of a previous study, this grading system has been confirmed to have excellent
inter- and intra-observer agreements and is highly consistent with radiographic knee OA
assessment using the KL grade, which classifies OA in five grades with radiological

signs.[21].

Quantification of the quadriceps muscle volume and intramuscular fat

Using OsiriX MD (version 11.0; OsiriX, Geneva, Switzerland), the regions of
interest (ROI) of the rectus femoris (RF), VM, vastus intermedius (VI), and vastus
lateralis (VL) were manually segmented on the MR images. Muscle volume was
calculated using multi-slice T1-weighted images. Subsequent to the ROI segmentation of

all slices of the MR images, the muscle cross-sectional area (CSA, cm?) of each slice was
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measured. The CSA of each muscle multiplied by a slice thickness of 4 mm was summed
as the muscle volume (cm?). The volume of the entire quadriceps muscle was defined as
the total value of the volumes of the four individual muscles. IntraMAT was calculated
using two-point Dixon imaging. First, we segmented the ROI of the RF, VM, VI, and VL
on the slice at the midpoint, between the anterior superior iliac spine and proximal end of
the patella. Thereafter, the aforementioned ROIs for each muscle were traced on five
consecutive proximal and distal slices, with a total of 10 slices. Finally, we adjusted each
ROI to include only the individual target muscles, and the mean values of IntraMAT of
each muscle were calculated. Furthermore, the IntraM AT of the entire quadriceps muscle

was calculated as follows:

RF Volume (cm3)
Quadriceps Volume (cm3)

Quadriceps IntraM AT (%) = RF Intra MAT (%) X

VM Volume (cm?)
Quadriceps Volume(cm3)

VM Intra MAT (%) X + VI Intra MAT (%) X

VI Volume (cm?)
Quadriceps Volume (cm3)

VL Volume (cm?)
Quadriceps Volume (cm3)

+ VL Intra MAT (%) X (2)

[Insert Fig.2]

We confirmed the validity of the imaging analysis of each quadriceps muscle

using the data of eight participants randomly selected in this study. The results indicated

that the intraclass correlation coefficient (ICC [1,1]) of muscle volume (cm?) was 0.890—

0.995, and that of IntraMAT (%) was 0.788-0.988.

Evaluation of the T2 relaxation time of cartilage
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Using the T2 mapping modules in 3D Slicer (http://www.slicer.org/), the T2
mapping images were produced from the multi-echo images of the knee. Subsequent to
the logarithmic transformation of the signal intensity for each voxel, all values were fitted
to the regression line in which the vertical and horizontal axes indicated the signal
intensity and echo time (TE), respectively, based on the linear least-squares method. The
reciprocal values of the slope of the regression line were subsequently calculated as the
T2 relaxation times. Detailed information on the calculations is provided at:
https://github.com/gattia/Slicer-T2mapping.

To improve the accuracy of the T2 mapping, the TE 10.4 s image was excluded
from the calculation of the T2 relaxation time. Previous studies have demonstrated that a
high accuracy of T2 mapping is achieved, by excluding the signal intensity of the image
obtained from the shortest TE, during the MR sequence[22, 23]. In addition, voxels with
T2 relaxation times > 100 ms, or coefficients of determination (R?) of regression lines,
estimating T2 relaxation times < (.7 were eliminated as outliers, caused by artifacts[24].

Subsequent to T2 mapping, T2 relaxation times of the weight-bearing surface of
the medial and lateral femoral -cartilage were measured using 3D slicer
(http://www.slicer.org/). The weight-bearing surface of the femoral was defined as the
area between the anterior margin of the anterior horn of the meniscus and posterior
capsular attachment of the posterior horn of the meniscus, based on the segmentation of
WORMS]J25]. On the TE 10.4 ms image, a slice that was clearly visible in the anterior
and posterior horns of the meniscus was detected; and the ROIs were manually segmented.
The ROIs were subsequently reflected on the T2 mapping image, and the means of the

T2 relaxation times of all ROIs were calculated.
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We confirmed the validity of the imaging analysis of cartilage using the data of
eight participants randomly selected in this study. The results indicated that the intraclass

correlation coefficient (ICC [1,1]) of T2 relaxation times (ms) was 0.925.

[Insert Fig.3]

Statistical analyses

All statistical analyses were conducted using IBM SPSS Statistics 22 (IBM SPSS,
Armonk, NY, USA), and the threshold for statistical significance was set at p < 0.05.
Simple linear regression analyses with and without adjustment for age, sex, height, and
body mass were performed, to evaluate the correlations between the T2 relaxation times
of the medial femoral cartilage and quadriceps muscle volume and IntraMAT.
Furthermore, a multiple linear regression analysis with the T2 relaxation time of the
medial femoral cartilage as a dependent variable; in addition to the muscle volume and
IntraMAT of the four individual muscles as independent variables was performed. This
was done to investigate which indicators of the four individual muscles were particularly
correlated with the degeneration in the quality of the medial femoral cartilage. All
indicators of the four individual quadricep muscle volumes and IntraMAT were entered
using a stepwise method; and the analysis was adjusted for age, sex, height, and body
mass. In addition, as supplementary analyses to confirm whether the correlation with
quadriceps muscle degeneration was specifically observed in the medial femoral cartilage,
simple and multiple linear regression analyses with the T2 relaxation times of the lateral

femoral cartilage as a dependent variable were performed. All independent and
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adjustment variables were entered using a method similar to that in the analysis of the

medial femoral cartilage.

Results

The demographic and clinical characteristics of the 66 participants, means of the
four individual quadriceps muscle volumes, and IntraMAT are depicted in Table 2. No
participants were graded as severe knee OA in this study as a result of the assessment
using MRI [21]. Knee OA severity was distributed as grade 0, n=20 (women, 25.0%);

grade 1, n=31 (women, 61.3%); and grade 2, n=15 (women, 33.3%).

[Insert Table 2]

The results of the simple linear regression analyses revealing the correlations of
the T2 relaxation times of the medial femoral cartilage and quadriceps muscle volume
and IntraMAT are shown in Table 3. The volume of the quadriceps muscles was
negatively correlated with the T2 relaxation times of the medial femoral cartilage, and
lower volumes of the entire quadriceps and each individual muscle were correlated with
a longer T2 relaxation time of the medial femoral cartilage (all p<0.001). However, these
correlations were not observed after adjusting for age, sex, height, and body mass.
Conversely, the IntraMAT of the quadriceps muscles was positively correlated with the
T2 relaxation times of the medial femoral cartilage, and worse IntraMAT infiltration of
the VM was correlated with a longer T2 relaxation time of the medial femoral cartilage
(p= 0.005). After adjusting for age, sex, height, and body mass, worse IntraMAT

infiltration of the entire quadriceps muscle, RF, and VM was correlated with a longer T2
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relaxation time of the medial femoral cartilage (entire quadriceps muscle, p= 0.034; RF,

p=0.014; VM, p=0.011).

[Insert Table 3]

Multiple linear regression analysis using a stepwise method revealed that VM
IntraMAT was the only independent variable correlated with the extension of the T2
relaxation time of the medial femoral cartilage (Table 4, unstandardized regression

coefficient [B]= 0.876; 95% confidence interval= 0.209 to 1.543; p=0.011).

[Insert Table 4]

The results of supplemental analyses revealing the correlations of the T2
relaxation times of the lateral femoral cartilage and quadriceps muscle volume and
IntraMAT are shown in Table 5. The volume of the quadriceps muscles was negatively
correlated with the T2 relaxation times of the lateral femoral cartilage, and lower volumes
of the entire quadriceps muscle were correlated with a longer T2 relaxation time of the
lateral femoral cartilage (entire quadriceps muscle, p=0.001; RF, p=0.011; VM, p=0.002,
VL, p=0.002; VI, p=0.001). In addition, the IntraMAT of the VM was positively
correlated with the T2 relaxation times of the lateral femoral cartilage, and worse
IntraMAT infiltration of the VM was correlated with a longer T2 relaxation time of the
lateral femoral cartilage (p=0.019). However, in contrast to the medial femoral cartilage,
these correlations were not observed after adjusting for age, sex, height, and body mass.

Multiple linear regression analysis using a stepwise method also revealed that no
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independent variables correlated with the T2 relaxation time of the lateral femoral

cartilage.

[Insert Table 5]

Discussion

This is the first study to quantitatively verify whether degeneration in the quality
of the medial femoral cartilage is correlated with quadriceps muscle degeneration, using
MRI in older adults with pre-to-mild knee OA. Our results revealed that IntraMAT
infiltration of the quadriceps muscles was correlated with the degeneration in the quality
of the medial femoral cartilage, whereas no correlation was observed with muscle volume.
Another important finding revealed that, among the quadriceps muscles, VM IntraMAT
was particularly correlated with the degeneration in the quality of the medial femoral
cartilage. Considering that this correlation was not observed in the lateral femoral
cartilage, the VM IntraM AT infiltration may be specifically correlated with degeneration
in the quality of the medial femoral cartilage in patients with pre-to-mild knee OA.

Simple linear regression analysis revealed a correlation between the cartilage
degeneration and IntraMAT infiltration of the quadriceps muscles. Severe IntraMAT
infiltration of the quadriceps muscles is known to affect the cartilage volume loss and
worsens WORMS in patients with knee OA[11, 13]. The extension of T2 relaxation times
can detect an increase in the water content of the cartilage[ 18], which is a representative
change in the cartilage composition, before thinning[14-16]. Thus, the findings of our
study revealed that IntraMAT infiltration of the quadriceps muscles is additionally related

to the degeneration of the cartilage quality, which is observable in the early-to-advanced
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stages of knee OA. The adipose tissue involved in the decline of muscle quality is known
to emit inflammatory cytokines[26, 27]; and an increase in interleukin (IL)-6, which is an
inflammatory cytokine affects the degeneration of cartilage[5, 28, 29]. In animal
experiments, post-intra-articular injection of IL-6, a reduction in the proteoglycan
concentrations of the cartilage tissue was detected, suggesting an association between the
changes in cartilage composition and inflammatory biomolecules[29, 30]. The
physiological mechanism by which IntraMAT infiltration contributes to cartilage
degeneration remains unclear; however, a mutual relation with inflammation in OA may
exist.

Simple linear regression analyses adjusted for age, sex, height, and body mass
revealed the absence of a correlation between the degeneration of the cartilage quality
and quadriceps muscle atrophy. This result is inconsistent with the findings of a previous
study by Kumar et al. in 2014 which revealed a negative correlation between the cartilage
degeneration and CSA of the quadriceps muscles[6]. However, this inconsistency can be
deliberated. First, Kumar et al.[6] included patients with an advanced-to-terminal OA
with a KL grade 3—4, whereas our study only targeted healthy older adults and patients
with early to-mild knee OA. Second, their study[6] assessed cartilage degeneration, using
the semi-quantitative morphological score, WORMS. Conversely, we assessed the
degeneration in cartilage quality, using T2 relaxation times, which reflected the change in
the amount of the water content of the cartilage. Both atrophy and IntraMAT infiltration
of the quadriceps muscles have been observed in patients with knee OA[4, 5]; nonetheless,
only an increasing IntraMAT of the quadriceps muscles without a notable volume loss is

a characteristic of the early stage of knee OA[10]. This could be a factor that has no
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significant association between degeneration of cartilage quality and quadriceps muscle
atrophy.

Multiple linear regression analysis revealed that, among the quadriceps muscles,
the VM IntraMAT was particularly correlated with degeneration of cartilage quality. In
patients with knee OA, ectopic adipogenesis occurs in the VM[31]; and this degeneration
is associated with the future progression of knee joint lesions[11]. In general, the VM is
an important muscle that contributes to knee joint stability[11, 32, 33], playing an integral
role in the efficient movement of knee joints. A recent anatomical study found that an
additional medial-acting force produced by the VM contributes to the contraction of the
entire quadriceps muscle, via the myofascial connections. This plays an important role in
the effective generation of the quadriceps muscle force, during the entire range of
motion[34]. Considering these findings, it can be inferred that VM dysfunction is possible
to restrict efficient muscle exertion for knee extension. Moreover, increasing co-
contraction of the VM and other knee muscles (e.g. ssmimembranosus muscle, biceps
femoris, and VL) during the stance phase of gait is associated with a greater progression
of future cartilage loss in patients with knee OA[35]. Incidentally, muscle co-contraction
is one of the compensatory strategies for joint instability caused by muscle weakness[36].
Increased VM IntraMAT inflammation, which is a distinctive change in patients with
early knee OA[10] can result in these dysfunctions of knee joint. This could partially
explain the correlation found in our study between IntraMAT infiltration of the VM and
the degeneration of cartilage quality.

Clinically, maintaining or improving VM IntraMAT, rather than focusing solely
on muscular hypertrophy, may contribute to the prevention of cartilage degeneration. Our

finding emphasized the importance of VM IntraMAT for cartilage degeneration in not



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

17

only the advanced to severe stage of knee OA but also the early stage of knee OA.
Recently, in the clinical setting, the compositional degeneration of skeletal muscles,
including an increased IntraMAT or non-contractive tissue has been conveniently
evaluated, using ultrasound echo intensity or bioelectrical impedance analysis [37, 38],
which can be improved by muscle strength exercises [39-41]. Therefore, our findings can
potentially contribute to the establishment of a strategy for preventing the progression of
cartilage degeneration in knee OA.

This study had several limitations. First, only the cartilage degeneration of the
weight-bearing surface of the femoral cartilage was evaluated. However, in the early
stages of knee OA, because the femoral cartilage is more markedly degenerated than the
tibial cartilage[42, 43], the evaluations approximately encompassed the degeneration of
the cartilage quality of the tibiofemoral joint. The correlation between cartilage
degeneration in other compartments, such as the patellofemoral joint, and quadriceps
muscle degeneration should be investigated. Second, the IntraMAT of the quadriceps
muscles was partially evaluated with only 10 slices. However, previous studies have
suggested that the distribution of the IntraM AT among the quadriceps muscles is constant
[44, 45]. Third, the sample size of our study was relatively small. The post-hoc power
analysis for the multiple linear regression analysis, based on the adjusted coefficient of
determination R? = 0.294, yielded a power of 0.985, which confirmed that the statistical
power was sufficient. However, our findings should be validated in a larger cohort study
to assess their relevance to broader populations. Finally, this was a cross-sectional study;
thus, the causal correlation between the cartilage degeneration and IntraMAT infiltration
of the quadriceps muscles is unclear. Future longitudinal research is needed to identify

this causal correlation.
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Conclusion
In conclusion, in older adults with pre-to-mild knee OA, IntraMAT infiltration
of the quadriceps muscles, particularly of the VM was correlated with futher , whereas no

correlation was observed with muscle volume.
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Table 1. Parameters of the magnetic resonance imaging for each sequence
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proton density weighted

multi-echo image

T1 weighted image

2-point dixon image

image
target domain knee knee thigh thigh
repetition time 1000 ms 2200 ms 2820 ms 4.33 ms

35 ms 10.4, 20.8, 31.2, 16 ms 1.31,2.54 ms
echo time 41.6, 52.0, 62.4,

72.8, 83.2 ms

flip angle 120° 180° 129° 9°
slice thickness 0.7 mm 2.5mm 4 mm 3 mm
interslice gap - 2.5mm - -
field of view 150 X150 mm 160 x 300 mm 320 x 240 mm 286.4 x 365 mm

voxel size

0.59 x 0.59 x0.7 mm?

0.5 x0.5 x2.5 mm?

0.5 x0.5 x4.0 mm?

0.5%x0.5%x3.0mm?




582  Table2. Demographic and clinical characteristics of the participants

Mean + SD or n (%)

Age, years 74.5+6.9
Female sex 29 (43.9%)
Height, cm 160.1+8.9
Body mass, kg 54.6£9.7
T2 relaxation time of femoral cartilage, ms 44.4+5.6

Muscle volume, cm?

Quadriceps femoris 1144.4+297.6
Rectus femoris 159.2+41.8
Vastus medial 287.6+79.7
Vastus lateralis 369.4+98.7
Vastus intermedius 328.2491.5

IntraMAT, %

Quadriceps femoris 7.7£1.7
Rectus femoris 5.9+1.5
Vastus medialis 7.9+2.2
Vastus lateralis 8.2+2.1
Vastus intermedius 7.7+1.8

583  Intra-MAT: intramuscular adipose tissue, SD: Standard deviations

584
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585  Table 3. Simple linear regression analysis revealing the correlations of the T2 relaxation time of the medial femoral cartilage and
586  quadriceps muscle volume and IntraMAT
Crude value Adjusted value
B B 95% CI p value B B 95% CI p value
Muscle volume, cm?
Quadriceps femoris -0.010 -0.534 -0.014t0 -0.006  <0.001 -0.007 -0.379  -0.016 to 0.002 0.127
Rectus femoris -0.068 -0.504 -0.097t0-0.039  <0.001 -0.033 -0.244  -0.082100.016 0.188
Vastus medialis -0.036 -0.513 -0.051t0 -0.021  <0.001 -0.020 -0.286  -0.053t0 0.012 0.220
Vastus lateralis -0.029 -0.509 -0.041 t0 -0.017  <0.001 -0.016 -0.271  -0.039 to 0.008 0.183
Vastus intermedius -0.031 -0.510 -0.045t0 -0.018  <0.001 -0.017 -0.272  -0.045100.012 0.244
IntraMAT, %
Quadriceps femoris 0.584 0.180 -0.215to 1.384 0.149 0.871 0.268 0.068 to 1.673 0.034
Rectus femoris 0.752 0.199 -0.170 to 1.675 0.108 1.154 0.306 0.238 to 2.071 0.014
Vastus medialis 0.904 0.345 0.289to 1.518 0.005 0.876 0.334 0.209 to 1.543 0.011
Vastus lateralis 0.074 0.027 -0.613 to 0.761 0.830 0.463 0.168 -0.216 to 1.142 0.178
Vastus intermedius 0.365 0.119 -0.397 to 1.128 0.342 0.646 0210  -0.107to 1.399 0.091

587

588

589

A single linear regression analysis has been conducted with age, sex, height, and body mass, as the adjustment variables. The results with and without

adjustments are presented as crude and adjusted values, respectively. IntraMAT: intramuscular adipose tissue, B: unstandardized regression

coefficient, B: standardized regression coefficient, CI: confidence interval



30

590  Table 4. Multiple linear regression analysis revealing the correlations of the T2 relaxation time of the medial femoral cartilage

591  and quadriceps muscle volume and IntraMAT

B B 95% CI p value
Vastus medialis IntraMAT, % 0.876 0.334 0.209 to 1.543 0.011
Age, years 0.056 0.068 -0.127 t0 0.239 0.546
Sex -0.578 -0.051 -5.166 t0 4.010 0.802
Height, cm 0.072 0.113 -0.155 t0 0.298 0.529
Body mass, kg -0.339 -0.585 -0.532 t0 -0.145 0.001

592 A multiple linear regression analysis has been conducted using a stepwise method, including the age, sex, height, and body mass, as adjustment
593  variables. IntraMAT: intramuscular adipose tissue, B: unstandardized regression coefficient, B: standardized regression coefficient, CI: confidence

594 interval
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Fig. 1 Representative MR images of quadriceps muscles with low IntraMAT (%)
and high IntraMAT (%)

Image (a) is indicated as quadriceps muscles with low IntraMAT (%), and image (b) is
indicated as quadriceps muscles with high IntraMAT (%). The knee OA severity of
participants (a) and (b) were both grade 1. The voxels with high signal intensity of MR

images are equivalent to the intramuscular adipose tissue.
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Fig. 2 The MR images to quantify the quadriceps muscle volume and intramuscular

fat

a) To calculate the volume of each muscle (VL, RF, VI, and VM), T1 weighted images
were used. b) The region of interests (ROIs) segmentation of all slices of the MR images
were conducted. After the muscle cross-sectional area (CSA, cm?) of each slice was
measured, The CSA of each muscle multiplied by a slice thickness of 4 mm was summed
as the muscle volume (cm?). ¢) To calculate the IntraMAT of each muscle (VL, RF, VI,
and VM), 2-point Dixon images were used. d) The ROIs were segmented on the slice at
the midpoint, between the anterior superior iliac spine and the proximal end of the patella.
These ROIs for each muscle were traced on five consecutive proximal and distal slices,
with a total of 10 slices, and the mean values of IntraMAT of each muscle were calculated.
VL: Vastus lateralis, RF: Rectus femoris, VI: Vastus intermedius, VM: Vastus medialis,

IntraMAT: intramuscular adipose tissue
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Fig. 3 The MR images to entire the T2 relaxation time of cartilage

a) The weight-bearing surface of the medial femoral was defined as the area between the
anterior margin of the anterior horn of the meniscus and the posterior capsular attachment
of the posterior horn of the meniscus [25]. The segmentation of region of interest (ROI)
was performed manually on all slices of the medial femur. b) All ROIs were reflected on
the T2 mapping image, and the means of the T2 relaxation times of all ROIs were

calculated.



