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Abstract: Myosteatosis is the infiltration of fat in skeletal muscle during the onset of sarcopenia. The
quantification of intramuscular adipose tissue (IMAT) can be a feasible imaging modality for the
clinical assessment of myosteatosis, important for the early identification of sarcopenia patients and
timely intervention decisions. There is currently no standardized method or consensus for such an
application. The aim of this study was to develop a method for the detection and analysis of IMAT in
clinical HR-pQCT images of the distal tibia to evaluate skeletal muscle during the ageing process,
validated with animal and clinical experimentation. A pre-clinical model of ovariectomized (OVX)
rats with known intramuscular fat infiltration was used, where gastrocnemii were scanned by micro-
computed tomography (micro-CT) at an 8.4 um isotropic voxel size, and the images were analyzed
using our modified IMAT analysis protocol. IMAT, muscle density (MD), and muscle volume (MV)
were compared with SHAM controls validated with Oil-red-O (ORO) staining. Furthermore, the
segmentation and IMAT evaluation method was applied to 30 human subjects at ages from 18 to 81
(mean = 47.3 £ 19.2). Muscle-related parameters were analyzed with functional outcomes. In the
animal model, the micro-CT adipose tissue-related parameter of IMAT% segmented at —600 HU to
100 HU was shown to strongly associate with the ORO-positively stained area (r = 0.898, p = 0.002).
For the human subjects, at an adjusted threshold of —600 to —20 HU, moderate positive correlations
were found between MV and MD (r = 0.642, p < 0.001), and between MV and IMAT volume (r = 0.618,
p < 0.01). Moderate negative correlations were detected between MD and IMAT% (r = —0.640,
p < 0.001). Strong and moderate associations were found between age and MD (r = —0.763, p < 0.01),
and age and IMAT (r = 0.559, p < 0.01). There was also a strong correlation between IMAT% and chair
rise time (r = 0.671, p < 0.01). The proposed HR-pQCT evaluation protocol for intramuscular adipose-
tissue produced MD and IMAT results that were associated with age and physical performance
measures, and were of good predictive value for the progression of myosteatosis or sarcopenia. The
protocol was also validated on animal skeletal muscle samples that showed a good representation of
histological lipid content with positive correlations, further supporting the clinical application for the
rapid evaluation of muscle quality and objective quantification of skeletal muscle at the peripheral
for sarcopenia assessment.

Keywords: intramuscular infiltration; sarcopenia; HR-pQCT; aged skeletal muscle; animal model

1. Introduction

Sarcopenia is a disease characterized by the progressive loss of skeletal muscle mass
and strength [1], which is highly associated with unintentional fall events and fragility
fractures in older people [2]. The early detection of sarcopenia would enable personalized
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treatment decisions for the prevention of fragility fracture. Myosteatosis is the infiltration
of fat in skeletal muscle during sarcopenia onset [1,3] with the overall volume of muscle
remaining unchanged and the decrease in lean muscle, resulting in an unnoticeable loss
in muscle strength and eventually dynapenia (i.e., loss of muscle strength). Delmonico
et al. reported that 35.5% to 74.6% of intermuscular fat increase was detected in men aged
70 to 79 in 5 years’ time, while a 16.8% to 50.0% increase was detected in women. The
fat tissue content within skeletal muscle was also found to be associated negatively with
muscle strength in elderly people [4]. These observations are also well supported by a
sarcopenic animal model showing that increased intramuscular fat infiltration has direct
consequences on muscle strength and physical performance [5]. The exact mechanism that
leads to myosteatosis is not fully understood; however, it is believed that disuse, sex steroid
depletion, and altered leptin signaling are associated with lipid accumulation in elderly
people. Furthermore, it is considered as one of the pathological factors of sarcopenia [6-8],
affecting approximately 10% of both males and females in the world [9], leading to poor
balancing abilities and a substantial increase in fall risks and rates of fragility fracture (to as
much as 1.87 times higher) [10,11].

The imaging and quantification of intramuscular adipose tissue (IMAT) are therefore
important to study and understand this factor during skeletal muscle ageing. Various
advancements in imaging modalities have made this task possible [12]. Magnetic resonance
imaging (MRI) [13,14] and computed tomography (CT) [15,16] are effective gold standards
to accurately discriminate adipose tissue from skeletal muscles. However, the clinical
application of these imaging techniques are technically limited by the lack of a standardized
evaluation protocol [17] and practically limited by its availability and long waiting time
at various hospital settings [18]. Alternatively, dual energy absorptiometry (DXA) and
bioimpedance analysis (BIA) are suggested as alternatives to quantitatively estimate whole
body lean and fat muscle contents [6,19]. However, the resolution of these techniques is
limited by their insufficient resolving power to discriminate IMAT.

High-resolution peripheral quantitative computed tomography (HR-pQCT) is an
advanced method of evaluating microstructures of the bone [20-22] or muscle at resolutions
of up to 41 microns with an effective radiation dose of less than 5 uSv per scan as compared
to 50-150 uSv per chest X-ray. HR-pQCT is able to evaluate soft tissues and discriminate
adipose tissues from lean skeletal muscles to evaluate a number of parameters important
for the estimation of adipose tissues in the region of interest. These parameters include
muscle density (MD) and inter- or intramuscular adipose tissue (IMAT), important for
the assessment of muscle quality. Furthermore, the HR-pQCT also has the advantage of
generating three-dimensional volumetric reconstructions in a relatively short scanning
time compared to DXA and BIA. Therefore, it is suggested that HR-pQCT is a feasible
method for the evaluation of muscle quality and intramuscular fat infiltration during
the progression of sarcopenia. Here, we describe the application of a method for the
detection and analysis of intramuscular adipose tissue (IMAT) in clinical HR-pQCT images,
to supplement a previously reported method that quantified “inter”-muscular adipose
tissue [23]. This method was further pre-clinically validated with animal experimentation
by in vivo micro-CT and histological analysis.

2. Materials and Methods
2.1. Animal Grouping

In order to study intramuscular fat infiltration, it would be best to use a sarcope-
nia animal such as the senescence-accelerated mouse prone-8 (SAMPS) [5,24,25] with a
documented intramuscular fat infiltration problem. However, limited by the small size
of skeletal muscles on the SAMPS8 mice for the HR-pQCT regarding measurements with
sufficient resolution, the animal model selected was an ovariectomized Sprague Dawley
(SD) rat model as estrogen deficiency was known to elevate adipogenesis and fat content in
skeletal muscles [26,27]. Approval was granted from the Animal Experimentation Ethics
Committee (AEEC) of the Chinese University of Hong Kong (CUHK) (Ref: 15-158-MIS).
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Animals were fed with standard rat chow and allowed free cage movement. Bilateral
ovariectomy or Sham operation was performed as previously described to 6-month-old
SD rats and aged for 3 additional months according to our previous protocol [28,29]. After
euthanasia with an overdose of 20% pentobarbital, muscle specimens were collected from
9-month-old ovariectomized (OVX, n = 4) and Sham-operated (SHAM, n = 4) female SD
rats. Sample size was estimated based on the observed difference in intramuscular fat
between normal and OVX rats of 30% and a SD of 15%, with a statistical power of 80% at an
o level of 5%. The gastrocnemius in the lower leg of each rat was harvested for micro-CT
and histological assessments.

2.2. Micro-CT Analysis of Animal Muscle

The specimens were scanned at a resolution of 8.4 pm isotropic voxel size at a beam
energy of 70 kVp, current of 114 pA, and 200 ms of integration time (nCT40, Scanco Medical,
Briittisellen, Switzerland). A stack of sixty slices covering 0.480 mm were scanned at the
middle of each gastrocnemius muscle. The images were analyzed using the manufacturer’s
evaluation program (uCT Evaluation Program v6.0, Scanco) according to a custom analysis
protocol, determining the IMAT volume based on segmentation. Analyses of muscle tissues
and IMAT were performed at the region of interest (ROI) consisting of a contour covering
each muscle, spanning all slices of the scan. A Gaussian filter was applied to all images to
reduce noise (sigma = 2.5, support = 5) as noise is known to influence the quantification of
IMAT [30]. “Intra”-muscular IMAT was segmented using a lower threshold of —600 HU
(Hounsfield units), which was supported by Erlandson et al. for the segmentation of fat for
the evaluation of muscle and myotendinous tissue [23], and an upper threshold of 100 HU,
which produced the best correlation between MD and IMAT in our preliminary study.
To avoid border artefacts, the defined ROI was peeled with 3 voxels. The ROI, MD, and
percentage of IMAT volume over the total ROI volume (IMAT%) were determined.

2.3. Histological Analysis of Animal Muscle

After micro-CT scanning, the muscle specimens were snap-frozen until cryo-sectioning.
Muscle specimens were thawed and allowed to stabilize to the temperature of the micro-
tome (CryoStar NX70, Thermo Fisher Scientific, Waltham, MA, USA) for 20 min. Muscle
specimens were fixed with an OCT embedding compound (Tissue Tek, Sakura Finetek, CA,
USA) and sectioned at 8 um, and then thaw-mounted on silane-coated glass slides. Sections
were then subject to hematoxylin and eosin (H&E) staining and oil red O (ORO) staining
for the evaluation of intramuscular fat infiltration as previously described [5,31]. Briefly, for
ORO staining, the slides were fixed in 10% formalin and 100% propylene glycol was added
after incubation and washing. The slides were then stained with ORO solution for 10 min,
counterstained with hematoxylin, and mounted with glycerin jelly mounting medium.
Images were acquired using a light microscope (Leica DM5500 B, Leica Microsystems
GmbH, Wetzlar, Germany) at 20x magnification. For each specimen, four images were
analyzed by manually selecting the space between the cells containing connective and adi-
pose tissue using graphical software (Adobe Photoshop CS6, Adobe Systems Inc., San José,
CA, USA). Positive-stained areas were then quantified by color threshold using Image]
software (version 1.52a, Wayne Rasband National Institutes of Health, Bethesda, Maryland,
USA). The same thresholding values were used for all images in the semi-quantitative
evaluation with hue: 228-255, saturation: 167-255, and brightness: 0-255. The stained area
was expressed as the percentage (%) area fraction averaged from four separate images.

2.4. Subject Recruitment

Thirty adult Chinese female subjects from 18 to 81 years old (mean = 47.3 = 19.2 years
old) who suffered from a long bone fracture (femoral or tibial shaft) were recruited at
the outpatient clinic of the Prince of Wales Hospital, Shatin, Hong Kong. Subjects were
requested to take the HR-pQCT measurements, and muscle and functional assessments
as described below. All assessments were performed in the Bone Quality and Health
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Assessment Centre, Department of Orthopaedics and Traumatology, the Chinese University
of Hong Kong, which is ISO 9001-certified for daily operation. The study protocol was
approved by the Joint Chinese University of Hong Kong-New Territories East Cluster
Clinical Research Ethics Committee (CRE-2008.530). Written informed consents were
obtained from all subjects.

2.5. HR-pQCT Measurement of Subjects

The nonfractured-side distal tibias of all subjects were scanned by HR-pQCT (XtremeCT
version I, Scanco Medical AG, Briittisellen, Switzerland) using the standard patient protocol
with an isotropic voxel size of 82 um as our previous protocol [20]. The subject’s leg was
immobilized in a carbon fiber cast fixed within the scanner gantry. Proper positioning
was ensured to minimize motion artefacts during scanning. A 2D scout view of the distal
tibia was used to define the ROI. A reference line was placed at the end plate of the tibia.
Measurements of 110 slices were acquired 22.5 mm proximal to the reference line. Each
scan was carefully examined by the operator for motion artefacts, and up to two repeated
scans at each site were performed in the case of significant motion artefacts. All images
were graded for motion artefacts according to a visual grading system [32]. The short-term
reproducibility of the vBMD parameter, expressed as the coefficient of variance, ranges
from 0.38% to 1.03%, and the short-term reproducibility of microarchitectural parameters
ranges from 0.80% to 3.73% [20,33].

2.6. Evaluation of Soft Tissue and Intramuscular Fat Content by HR-pQCT

The images were analyzed using the manufacturer’s evaluation program (uCT Evalu-
ation Program v6.0, Scanco) according to the Soft Tissue Analysis (STA) protocol (version
2.0) for the determination of the muscle ROI based on an earlier version of the STA pro-
tocol (version 1.0), previously described by Erlandson et al. to evaluate lean muscle and
myotendinous tissue [23]. The method, however, only detects large areas of muscle and
adipose tissue, leaving the IMAT undetected. In our modified protocol, we applied the
STA protocol to optimize the thresholding method to isolate the muscle as the ROI for the
segmentation and separation of lean and fat tissue within the muscle group for “intra”-
muscular evaluation. Briefly, images were downscaled to 164 um to reduce noise, followed
by the exclusion of bone and skin from the analysis. The muscle and adipose tissues
were defined by an iterative program using carefully adjusted thresholds to plant seed
volumes in the soft tissues. By region growing, the soft tissue regions were defined after
20 iterations. The algorithm generated the contours of the muscle and adipose tissues and
evaluated the total muscle volume (MV) in mm? and muscle density (MD) derived from the
average attenuation coefficients in mgHA /mm? or HU. The default thresholds used were
recommended by the manufacturer, 100 to 600 HU for muscle and —600 to —200 HU for fat
(Figure 1). In our modified protocol, the threshold used for the segmentation of the IMAT
was manually adjusted to —20 to 100 HU, as this threshold gave the most realistic results
based on visual inspection (Figure 1). The settings for the Gaussian filters (sigma = 2.5,
support = 5) remained unchanged.

2.7. Muscle Strength and Functional Assessment

The quadriceps and hamstring muscle strength on the nonfracture side were measured
by instructing the subjects to perform an active extension of the knee joint in a sitting
position with both feet free from the ground, and the hip and knee joint flexed at 90°. The
peak isometric forces of the knee extension were measured by a dynamometer attached at
the malleoli level. Measurements were repeated thrice and the maximum force was used for
analysis as our previous protocol [34]. A chair rising test (CRT) was taken by each subject
on the well-reported force plates (Leonardo Mechanograph, Novotec Medical, Pforzheim,
Germany). Briefly, each subject was instructed to stand up until the knees were straight
and immediately sat down for five consecutive times. Measurements were recorded by the
built-in software and potential associations with HR-pQCT measurements were evaluated.
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Figure 1. Representative images showing representation of the IMAT analysis protocol and the
resulting 3D images. (A) In the original image, the ROI was selected using the muscle contours
determined by the STA protocol, which is (B) depicted in green. (C) The intended segmentation
threshold with an upper threshold of 100 HU did not produce a realistic result and was, therefore,
rejected. (D) The upper threshold of —20 HU was defined manually. (E) The STA protocol produces a
3D segmentation, with the bones depicted in grey, the muscles in red, and fat in transparent green.
(F) Application of the IMAT segmentation produces a 3D image, as shown with the IMAT depicted in
green and the muscle depicted in transparent red.
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2.8. Statistical Analysis

An independent Student’s t-test was conducted to analyze the data of the SHAM and
OVX rats. The potential association between IMAT%, MD, and ORO area was evaluated
with Pearson’s correlations. For the clinical part, linear regression analysis was performed
and the coefficient of determination (R?) was calculated to analyze the relationship between
age and MD, and between age and the amount of IMAT in the defined muscle regions. The
Pearson correlation coefficient (r) was calculated to determine the degree of correlation
between the IMAT, MD, and chair rise time. All statistical analyses were performed using
Prism (version 6.01, GraphPad Software, Inc., San Diego, CA, USA). p < 0.05 was regarded
as statistically significant, and the Shapiro-Wilk normality test was used where necessary.

3. Results
3.1. IMAT and MD Reflect Intramuscular Fat Content and Muscle Quality in Rats

Micro-CT results showed that IMAT% was significantly higher (p = 0.03) in OVX rats
than in SHAM rats (Figure 2A). However, no significance was detected for MD between the
two groups (Figure 2B). Histologically, from the H&E staining, the OVX group presented
more intramuscular fat tissue than the SHAM group (Figure 3A). Oil red O staining was
used to analyze the fat infiltration in skeletal muscle tissue of the SHAM and OVX rats.
The OVX group showed a 160% higher ORO area compared to the SHAM group (p = 0.03)
(Figure 3B,C). The IMAT% evaluated by the microCT was shown to be 39% higher in the
OVX group, and was strongly associated with the ORO-positively stained area (r = 0.898,
p = 0.002) (Figure 4).
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Figure 2. (A) IMAT% was significantly higher in OVX rats than in SHAM rats (* p < 0.05). (B) No
significance was detected for MD between the two groups.

3.2. HR-pQCT Parameters Associated with Intramuscular Fat Content and Muscle Performance

Of the HR-pQCT parameters produced, a moderate positive correlation was de-
tected between MV and MD (r = 0.642, p < 0.001), and between MV and IMAT volume
(r=0.618, p < 0.01). Moderate negative correlations were detected between MD and IMAT%
(r=—0.640, p < 0.001).



J. Pers. Med. 2022,12,1016

7 of 12

o
»
1

ORO Area (%)
5

0.0+

Figure 3. Morphological differences and fat infiltration of skeletal muscles in SHAM and OVX rats.
(A) The OVX group presented more intramuscular fat tissue than the SHAM group by H&E taken at
20x magnification, where fat tissues are indicated by black arrows. (B) The OVX group showed a
higher ORO signal (red area) than the SHAM group. (C) Quantitative analysis revealed that the ORO
area of the OVX group was significantly higher (* p < 0.05, Student’s T-test).

The age of the participants was found to be negatively associated with HR-pQCT
parameters, including MV (r = —0.479, p < 0.01), IMAT/MV (r = 0.620, p < 0.01), MD
(r=-0.763, p < 0.05), and MCSA (r = —0.479, p < 0.05), and positively correlated with
IMAT% (r = 0.559, p < 0.01), all with statistical significance (Table 1). Age was also found to
correlate with all muscle strength and performance outcomes, with a moderate to strong
correlation detected with Pmax (r = —0.608, p < 0.001) of the chair rise test, and both the
quadriceps and hamstring strength (r = —0.686 and r = —0.638, respectively, both at p < 0.01,
Table 2).
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Figure 4. MicroCT fat-related parameter of IMAT% was highly correlated with ORO-positively
stained area (r = 0.898, r* = 0.806; p < 0.05).

Table 1. Correlations between age and various muscle-related parameters produced by HR-pQCT.
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Age | —0.504 | —0.380 _0,;479 —0.208 | 0.309 0'*630 _(1;7 63| _0.074 _0;479 0.070 _0;483 O'E’fg
Significant correlations were found in MV, IMAT/MV, MD, and IMAT%. * and ** represent significant correlations
at the 0.05 and 0.01 levels (2-tailed), respectively.
Table 2. Correlations between various muscle-related parameters produced by HR-pQCT and
functional parameters of the subjects.
Pmax Pmax . Time per . . Quadriceps Hamstring
Pmax (Fracture)  ((Normal) Total Time Test Rise Time Strength Strength
Age —0.608 ** —0.406 —0.633 ** 0.507 * 0.514* 0.434 * —0.686 ** —0.638 **
Tibia CSA 0.615* 0.313 0.653 * —-0.112 —0.304 —0.099 0.468 0.454
TV 0.631 ** 0.497 * 0.619 ** —0.104 —0.306 —0.085 0.438 * 0.330
MV 0.317 0.207 0.338 —0.413* —0.354 —0.476 * 0.245 0.282
MV/TV —0.236 —0.203 —0.219 —0.377 —0.097 —0.441* —0.078 0.064
IMAT.V. —0.070 0.002 —0.095 0.211 0.112 0.168 —0.385 —-0.279
IMAT/MV —0.214 —0.089 —0.249 0.452 * 0.298 0.525 * —0.560 ** —0.429 *
MD 0.444 * 0.262 0.489 * —0.704 ** —0.625 ** —0.610 ** 0.588 ** 0.565 **
FD —0.306 —0.296 —0.267 —0.192 0.152 —0.156 —0.213 —0.024
MCSA 0.317 0.207 0.338 —0.413* —0.354 —0.476 * 0.245 0.282
o IMAT.V 0.003 —0.067 0.052 0.055 0.024 0.086 —0.273 —0.080
e MUS.V 0.301 0.190 0.327 —0.486 * —0.384 —0.515* 0.254 0.291
¢ IMAT% —0.245 —0.252 —0.200 0.436 * 0.311 0.671 ** —0.559 ** —0.380

Muscle Density (MD) and IMAT% were found to be the most predictive parameters with statistically significant
correlations. * and ** represent significant correlations at the 0.05 and 0.01 levels (2-tailed), respectively. Abbrevia-
tions: CSA = cross-sectional area, TV = tissue volume, MV = muscle volume, D = density, AT = adipose tissue.
o Designates measurements from the modified protocol.
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HR-pQCT-evaluated soft tissue parameters were found to associate moderately with
functional outcomes including TV vs. Ppax (r = 0.631, p < 0.01), MD vs. Ppax (r = 0.444,
p <0.05), MD vs. quadriceps strength (r = 0.588, p < 0.01), and MD vs. hamstring strength
(r = 0.565). Furthermore, the fat-related parameter of IMAT% was found to be statistically
associated with rise time (r = 0.671, p < 0.01) and quadriceps strength (r = —0.559, p < 0.001),
all with statistical significances (Table 2).

4. Discussion

The current study attempted to verify and provide scientific evidence to support the
utilization of HR-pQCT for the evaluation of muscle quality and the detection of intramus-
cular fat infiltration, which is potentially applicable for the diagnosis or identification of
sarcopenia for personalized intervention decisions. It is highly clinically significant for the
prevention of falls and fragility fractures during musculoskeletal ageing. From the results
of evaluating animal samples and human scans, CT parameters correlated well with the
intramuscular fat content and muscle performance. Our results showed that HR-pQCT
not only has the advantage of providing added structural information of bone tissue over
the course of the ageing process [20], but also the capability of evaluating the quality of
muscle down to the smallest changes in muscle density and predicting intramuscular fat
infiltration. Therefore, it is a feasible method to be utilized clinically for bone and muscle
evaluation with just a single scan.

The initial aim of the pre-clinical study was to implement the IMAT protocol using
the upper threshold with the best results. However, the IMAT segmentation using this
threshold (100 HU) resulted in unrealistic results, as shown in Figure 1C. This was most
likely due to the lower resolution of the HR-pQCT (82 pm) compared to the uCT images of
the rat leg (8.4 um), causing high interference of partial volumes. Additionally, the human
images were made with a different scanner, which could influence the linear attenuation
measured. Therefore, a new upper threshold of —20 HU was determined visually, which
resulted in a strong correlation with the measured MD. Nevertheless, the accuracy of this
threshold remains subjective, as is shown by the discrepancy of the segmented adipose
tissue area (39% higher in OVX) and the histological lipid deposition area (160% higher in
the OVX), indicating an underestimated intramuscular fat content by the microCT; therefore,
it should be further validated. A similar validation study performed in the pre-clinical
study could also be performed on human subjects, but retrieving muscle biopsies from
patients can be challenging. An alternative could be post-mortem studies, although muscle
tissue quickly deteriorates after death.

Myosteatosis, or intramuscular fat infiltration, has attracted increasing attention re-
cently due to the escalating aging population, and it is recognized as one of the many
causes of sarcopenia. Many factors may cause this to happen during the aging process,
including a lack of physical activities or mechanical stimulation [35], changes in the adi-
pogenic or myogenic properties of muscle stem cells [5], and estrogen deficiency [36].
Muscle quantification and evaluation can be performed with various imaging modalities
including magnetic resonance imaging (MRI), dual-energy X-ray absorptiometry (DXA),
and peripheral quantitative computed tomography (pQCT), each with their pros, cons, and
limitations of accessibility [37]. Until a further consensus of standardized protocol by MRI
or another imaging protocol is reached for the evaluation of intermuscular or intramuscular
fatty content [17], HR-pQCT could be one possible alternative that has the advantage of
producing high-resolution bone, muscle, and adipose tissue data with a very low radi-
ation dosage (~3 uSv per scan) that can be performed relatively quickly [38]. However,
little research has been conducted to evaluate its use in skeletal muscle. Erlandson et al.
compared the muscle-related parameters produced by the HR-pQCT against the more
conventional pQCT and found that both muscle density and cross-sectional areas correlated
well [23,39], and they suggested that the HR-pQCT can be used to evaluate the amount of
myotendinous tissue (Mt) and quantification of muscle density (MD). Their conclusion is
also supported by our current study, indicating that the HR-pQCT parameters of the muscle
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density (MD) and intramuscular IMAT% correlated well with age and muscle functions.
Recently, Hildebrand et al. also demonstrated good precision and repeatability of the
HR-pQCT against the more traditional method of pQCT that also supports its potential
clinical application [40]. Furthermore, this is supported with our animal study showing
that the IMAT% evaluated by the HR-pQCT had a moderately strong correlation (r? = 0.806)
with the quantification of intramuscular lipids by Oil Red O histology. Although HR-pQCT
is disadvantageous to MRI, limited to its ability to differentiate various soft tissues [23],
from our findings in this study, we recommend the use of this imaging modality as a
rapid evaluation of muscle quality and objective quantification of skeletal muscle at the
peripheral for sarcopenia assessment, while gathering bone micro-architectural parameters
is important for osteoporosis and fracture risk prediction [41] in order to tackle two disease
in one go for the prevention of fragility fracture.

The chair rise time has been shown to be a good predictive tool for sarcopenia in
elderly women by Pinheiro et al. [42]. Additionally, Patel et al. [43] showed that women
without sarcopenia completed the chair rise test faster than women with sarcopenia. The
results from this study showed a moderate positive relationship between the chair rise time
and IMAT, suggesting that the IMAT content is higher in patients with a longer chair rise
time. It should be noted that the studies by Pinheiro et al. and Patel et al. only included
elderly participants, while this study included young and elderly patients. Therefore,
IMAT content is predictive of physical performance during the age-related changes in
skeletal muscles.

The literature has shown that an increase in IMAT is not only related to sarcopenia [14]
but also to an increase in BMI in both young and elderly populations [44]. Any changes
in MD, IMAT, and chair rise time in this study can be related to either age, BMI, or a
combination of these two factors. One limitation of our study is that anthropometric
measures of fractured subjects were not collected nor taken into account. Nevertheless,
as this was a study to investigate the potential of the IMAT protocol on HR-pQCT as
an imaging modality, these factors did not have a major impairment to the success of
this study.

5. Conclusions

The modified HR-pQCT evaluation protocol produced MD and IMAT results that
were associated with age and physical performance measures and were of good predictive
value for the progression of myosteatosis. The protocol was validated on animal skeletal
muscle samples that further support the clinical application for the rapid evaluation of
muscle quality and the objective quantification of skeletal muscle at the peripheral for
sarcopenia assessment.

Author Contributions: Conceptualization, S.K.-H.C., RM.-Y.W,, K.-S.L., and W.-H.C.; methodology,
SK-H.C, M.vM, N.Z, VW.-Y.H., and M.M.-C.L..; software, M.v.M.; data analysis, M.v.M., M.M.-
C.L., N.Z,; writing—original draft preparation, M.v.M. and S.K.-H.C.; writing—review and editing,
M.vM,, SK.-H.C.,, and W.-H.C,; visualization, M.v.M. and S.K.-H.C,; supervision, RM.-Y.W,, K.-S.L.,
and W.-H.C,; project administration, S.K.-H.C. and W.-H.C,; funding acquisition, K.-S.L., RM.-Y.W.,
SK.-H.C.,, and W.-H.C. All authors have read and agreed to the published version of the manuscript.

Funding: The research was partly supported by the Healthcare and Promotion Scheme (HCPS, Ref:
02180118), HMRF-Research Fellowship Scheme (Ref: 06200037), and the RGC-CRF (Ref: C4032-21GF).

Institutional Review Board Statement: The study protocol involving animal specimens was granted
approval from the Animal Experimentation Ethics Committee (AEEC) of the Chinese University of
Hong Kong (CUHK) (Ref: 15-158-MIS). The study protocol involving human subjects was approved
by the Joint Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics
Committee (CRE-2008.530).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.



J. Pers. Med. 2022, 12, 1016 11 of 12

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available, due to restrictions from institutional
ethics approval.

Acknowledgments: The authors would like to thank the support of Chim Yu Ning, Keith Cheng,
and Valerie Li for their histology work and Habiba Akter for research administrative support.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Cruz-Jentoft, A.J.; Sayer, A.A. Sarcopenia. Lancet 2019, 393, 2636-2646. [CrossRef]

Wong, RM.Y.; Wong, H.; Zhang, N.; Chow, S.K.H.; Chau, W.W.; Wang, J.; Chim, Y.N.; Leung, K.S.; Cheung, W.H. The relationship
between sarcopenia and fragility fracture-a systematic review. Osteoporos. Int. 2019, 30, 541-553. [CrossRef] [PubMed]

Health AgingBody Composition Study; Delmonico, M.]J.; Harris, T.B.; Visser, M.; Park, S.W.; Conroy, M.B.; Velasquez-Mieyer, P;
Boudreau, R.; Manini, T.M.; Nevitt, M.; et al. Longitudinal study of muscle strength, quality, and adipose tissue infiltration. Am. J.
Clin. Nutr. 2009, 90, 1579-1585. [CrossRef]

Goodpeaster, B.H.; Carlson, C.L.; Visser, M.; Kelley, D.E.; Scherzinger, A.; Harris, T.B.; Stamm, E.; Newman, A.B. Attenuation of
skeletal muscle and strength in the elderly: The Health ABC Study. J. Appl. Physiol. 2001, 90, 2157-2165. [CrossRef] [PubMed]
Wang, J.; Cui, C.; Chim, Y.N.; Yao, H.; Shi, L.; Xu, J.; Wang, J.; Wong, RM.Y.; Leung, K.; Chow, S.K,; et al. Vibration and beta-
hydroxy-beta-methylbutyrate treatment suppresses intramuscular fat infiltration and adipogenic differentiation in sarcopenic
mice. J. Cachexia Sarcopenia Muscle 2020, 11, 564-577. [CrossRef]

Cruz-Jentoft, A.J.; Baeyens, ].P.; Bauer, ].M.; Boirie, Y.; Cederholm, T.; Landi, F.; Martin, E.C.; Michel, ].-P; Rolland, Y.; Schneider,
S.M.; 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. [CrossRef]

Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyére, O.; Cederholm, T.; Cooper, C.; Landi, F; Rolland, Y.; Sayer, A.A.; et al.
Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48, 16-31. [CrossRef]

Chen, LK; Liu, L.-K.; Woo, J.; Assantachai, P.; Auyeung, T.-W.; Bahyah, K.S.; Chou, M.-Y.; Chen, L.-Y.; Hsu, P-S.; Krairit, O.;
et al. Sarcopenia in Asia: Consensus report of the Asian Working Group for Sarcopenia. J. Am. Med. Dir. Assoc. 2014, 15, 95-101.
[CrossRef]

Shafiee, G.; Keshtkar, A.; Soltani, A.; Ahadi, Z.; Larijani, B.; Heshmat, R. Prevalence of sarcopenia in the world: A systematic
review and meta- analysis of general population studies. |. Diabetes Metab. Disord. 2017, 16, 21. [CrossRef]

Scott, D.; Seibel, M.; Cumming, R.; Naganathan, V.; Blyth, F; Le Couteur, D.; Handelsman, D.]J.; Waite, L.M.; Hirani, V. Sarcopenic
Obesity and Its Temporal Associations With Changes in Bone Mineral Density, Incident Falls, and Fractures in Older Men: The
Concord Health and Ageing in Men Project. J. Bone Miner. Res. Off. ]. Am. Soc. Bone Miner. Res. 2017, 32, 575-583. [CrossRef]
Yu, R,; Leung, J.; Woo, ]J. Incremental predictive value of sarcopenia for incident fracture in an elderly Chinese cohort: Results
from the Osteoporotic Fractures in Men (MrOs) Study. J. Am. Med. Dir. Assoc. 2014, 15, 551-558. [CrossRef] [PubMed]
Heymsfield, S.B.; Adamek, M.; Gonzalez, M.C,; Jia, G.; Thomas, D.M. Assessing skeletal muscle mass: Historical overview and
state of the art. J. Cachexia Sarcopenia Muscle 2014, 5, 9-18. [CrossRef] [PubMed]

Ogawa, M.; Lester, R.; Akima, H.; Gorgey, A.S. Quantification of intermuscular and intramuscular adipose tissue using magnetic
resonance imaging after neurodegenerative disorders. Neural Regen. Res. 2017, 12, 2100-2105. [CrossRef] [PubMed]

Marcus, R.L.; Addison, O.; Dibble, L.E.; Foreman, K.B.; Morrell, G.; LaStayo, P. Intramuscular adipose tissue, sarcopenia, and
mobility function in older individuals. J. Aging Res. 2012, 2012, 629637. [CrossRef] [PubMed]

Maddocks, M.; Shrikrishna, D.; Vitoriano, S.; Natanek, S.A.; Tanner, R.J.; Hart, N.; Kemp, PR.; Moxham, J.; Polkey, M.L;
Hopkinson, N.S. Skeletal muscle adiposity is associated with physical activity, exercise capacity and fibre shift in COPD. Eur.
Respir. ]. 2014, 44, 1188-1198. [CrossRef]

Borkan, G.A.; Hults, D.E.; Gerzof, S.G.; Robbins, A.H.; Silbert, C.K. Age changes in body composition revealed by computed
tomography. J. Gerontol. 1983, 38, 673-677. [CrossRef]

Wong, A K.O,; Szabo, E.; Erlandson, M.; Sussman, M.S.; Duggina, S.; Song, A.; Reitsma, S.; Gillick, H.; Adachi, ].D.; Cheung, A.M.
A Valid and Precise Semiautomated Method for Quantifying INTERmuscular Fat INTRAmuscular Fat in Lower Leg Magnetic
Resonance Images. |. Clin. Densitom. 2018, 23, 611-622. [CrossRef]

Sunil, K.C. Hong Kong Free Press: Years-long waiting times at Hong Kong hospitals — inefficient at best, corrupt at wors. Hong
Kong. 2018. Available online: https:/ /hongkongfp.com/2018/12/30/years-long-waiting-times-hong-kong-hospitals-inefficient-
best-corrupt-worse/ (accessed on 21 June 2021).

Cheng, K.Y.; Chow, S.K.; Hung, VW.; Wong, C.H.; Wong, R-M.; Tsang, C.S.; Kwok, T.; Cheung, W. Diagnosis of sarcopenia by
evaluating skeletal muscle mass by adjusted bioimpedance analysis validated with dual-energy X-ray absorptiometry. J. Cachexia
Sarcopenia Muscle 2021, 12, 2163-2173. [CrossRef]

Hung, VW,; Zhu, T.; Cheung, W.H.; Fong, T.-N.; Yu, EW.P,; Hung, L.-K,; Leung, K.-S.; Cheng, J.; Lam, T.-P; Qin, L. Age-related
differences in volumetric bone mineral density, microarchitecture, and bone strength of distal radius and tibia in Chinese women:
A high-resolution pQCT reference database study. Osteoporos. Int. 2015, 26, 1691-1703. [CrossRef]


http://doi.org/10.1016/S0140-6736(19)31138-9
http://doi.org/10.1007/s00198-018-04828-0
http://www.ncbi.nlm.nih.gov/pubmed/30610245
http://doi.org/10.3945/ajcn.2009.28047
http://doi.org/10.1152/jappl.2001.90.6.2157
http://www.ncbi.nlm.nih.gov/pubmed/11356778
http://doi.org/10.1002/jcsm.12535
http://doi.org/10.1093/ageing/afq034
http://doi.org/10.1093/ageing/afy169
http://doi.org/10.1016/j.jamda.2013.11.025
http://doi.org/10.1186/s40200-017-0302-x
http://doi.org/10.1002/jbmr.3016
http://doi.org/10.1016/j.jamda.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24703927
http://doi.org/10.1007/s13539-014-0130-5
http://www.ncbi.nlm.nih.gov/pubmed/24532493
http://doi.org/10.4103/1673-5374.221170
http://www.ncbi.nlm.nih.gov/pubmed/29323052
http://doi.org/10.1155/2012/629637
http://www.ncbi.nlm.nih.gov/pubmed/22500231
http://doi.org/10.1183/09031936.00066414
http://doi.org/10.1093/geronj/38.6.673
http://doi.org/10.1016/j.jocd.2018.09.007
https://hongkongfp.com/2018/12/30/years-long-waiting-times-hong-kong-hospitals-inefficient-best-corrupt-worse/
https://hongkongfp.com/2018/12/30/years-long-waiting-times-hong-kong-hospitals-inefficient-best-corrupt-worse/
http://doi.org/10.1002/jcsm.12825
http://doi.org/10.1007/s00198-015-3045-x

J. Pers. Med. 2022, 12, 1016 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Zhu, TY.; Hung, VW.Y,; Cheung, W.-H.; Cheng, J.C.Y,; Qin, L.; Leung, K.-S. Value of Measuring Bone Microarchitecture in
Fracture Discrimination in Older Women with Recent Hip Fracture: A Case-control Study with HR-pQCT. Sci. Rep. 2016, 6, 34185.
[CrossRef]

Cheung, W.H.; Hung, VW.; Cheuk, K.; Chau, W.; Tsoi, K.K.; Wong, RM.; Chow, SK,; Lam, T,; Yung, PS.; Law, S.; et al. Best
Performance Parameters of HR-pQCT to Predict Fragility Fracture: Systematic Review and Meta-Analysis. ]. Bone Miner. Res. Off.
J. Am. Soc. Bone Miner. Res. 2021, 36, 2381-2398. [CrossRef] [PubMed]

Erlandson, M.C.; Wong, A.; Szabo, E.; Vilayphiou, N.; Zulliger, M.; Adachi, J.; Cheung, A. Muscle and Myotendinous Tissue
Properties at the Distal Tibia as Assessed by High-Resolution Peripheral Quantitative Computed Tomography. J. Clin. Densitom.
2017, 20, 226-232. [CrossRef] [PubMed]

Guo, A.Y,; Leung, K.S,; Qin, ].H.; Chow, S.K.; Cheung, W.H. Effect of Low-Magnitude, High-Frequency Vibration Treatment on
Retardation of Sarcopenia: Senescence-Accelerated Mouse-P8 Model. Rejuvenation Res. 2016, 19, 293-302. [CrossRef] [PubMed]
Guo, A.Y,; Leung, K.S.; Siu, PM.E; Qin, ].H.; Chow, S K.H.; Qin, L.; Li, C.Y,; Cheung, W.H. Muscle mass, structural and functional
investigations of senescence-accelerated mouse P8 (SAMPS). Exp. Anim. 2015, 64, 425-433. [CrossRef] [PubMed]

Frechette, D.M.; Krishnamoorthy, D.; Adler, B.].; Chan, M.E.; Rubin, C.T. Diminished satellite cells and elevated adipogenic gene
expression in muscle as caused by ovariectomy are averted by low-magnitude mechanical signals. J. Appl. Physiol. 2015, 119,
27-36. [CrossRef]

Leite, R.D.; Prestes, J.; Bernardes, C.F.; Shiguemoto, G.E.; Pereira, G.B.; Duarte, ].O.; Domingos, M.M.; Baldissera, V.; Perez,
S.E.D.A. Effects of ovariectomy and resistance training on lipid content in skeletal muscle, liver, and heart; fat depots; and lipid
profile. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2009, 34, 1079-1086. [CrossRef]

Chow, S.K,; Leung, K.S.; Qin, J.; Guo, A.; Sun, M.; Qin, L.; Cheung, W.H. Mechanical stimulation enhanced estrogen receptor
expression and callus formation in diaphyseal long bone fracture healing in ovariectomy-induced osteoporotic rats. Osteoporos.
Int. 2016, 27, 2989-3000. [CrossRef]

Shi, H.E; Cheung, W.H.; Qin, L.; Leung, A.H.; Leung, K.S. Low-magnitude high-frequency vibration treatment augments fracture
healing in ovariectomy-induced osteoporotic bone. Bone 2010, 46, 1299-1305. [CrossRef] [PubMed]

Butner, K.L.; Creamer, K.W.; Nickols-Richardson, S.M.; Clark, S.F.; Ramp, W.K.; Herbert, W.G. Fat and muscle indices assessed by
PQCT: Relationships with physical activity and type 2 diabetes risk. J. Clin. Densitom. 2012, 15, 355-361. [CrossRef] [PubMed]
Mehlem, A.; Hagberg, C.E.; Muhl, L.; Eriksson, U.; Falkevall, A. Imaging of neutral lipids by oil red O for analyzing the metabolic
status in health and disease. Nat. Protoc. 2013, 8, 1149-1154. [CrossRef]

Engelke, K.; Stampa, B.; Timm, W.; Dardzinski, B.; de Papp, A.E.; Genant, H.K.; Fuerst, T. Short-term in vivo precision of BMD
and parameters of trabecular architecture at the distal forearm and tibia. Osteoporos. Int. 2012, 23, 2151-2158. [CrossRef] [PubMed]
Zhu, T.Y,; Yip, B.H.; Hung, VW.; Choy, C.W.; Cheng, K.-L.; Kwok, T.C.; Cheng, J.; Qin, L. Normative Standards for HRpQCT
Parameters in Chinese Men and Women. J. Bone Miner. Res. Off. ]. Am. Soc. Bone Miner. Res. 2018, 33, 1889-1899. [CrossRef]
Leung, K.S.; Li, C.Y,; Tse, Y.K,; Choy, TK,; Leung, P.C.; Hung, VW.Y.; Chan, S.Y.; Leung, A.H.C.; Cheung, W.H. Effects of 18-
month low-magnitude high-frequency vibration on fall rate and fracture risks in 710 community elderly—A cluster-randomized
controlled trial. Osteoporos. Int. 2014, 25, 1785-1795. [CrossRef] [PubMed]

Rubin, C.T;; Capilla, E.; Luu, Y.K,; Busa, B.; Crawford, H.; Nolan, D.J.; Mittal, V.; Rosen, C.J.; Pessin, ].E.; Judex, S. Adipogenesis is
inhibited by brief, daily exposure to high-frequency, extremely low-magnitude mechanical signals. Proc. Natl. Acad. Sci. USA
2007, 104, 17879-17884. [CrossRef] [PubMed]

Hamrick, M.W.; McGee-Lawrence, M.E.; Frechette, D.M. Fatty Infiltration of Skeletal Muscle: Mechanisms and Comparisons with
Bone Marrow Adiposity. Front. Endocrinol. 2016, 7, 69. [CrossRef]

Wong, A.K. A comparison of peripheral imaging technologies for bone and muscle quantification: A technical review of image
acquisition. J. Musculoskelet. Neuronal Interact. 2016, 16, 265-282.

Nishiyama, K.K; Shane, E. Clinical imaging of bone microarchitecture with HR-pQCT. Curr. Osteoporos. Rep. 2013, 11, 147-155.
[CrossRef]

Erlandson, M.C.; Lorbergs, A.L.; Mathur, S.; Cheung, A.M. Muscle analysis using pQCT, DXA and MRI. Eur. ]. Radiol. 2016, 85,
1505-1511. [CrossRef]

Hildebrand, K.N.; Sidhu, K.; Gabel, L.; Besler, B.A.; Burt, L.A.; Boyd, S.K. The Assessment of Skeletal Muscle and Cortical Bone
by Second-generation HR-pQCT at the Tibial Midshalft. |. Clin. Densitom. 2021, 24, 465-473. [CrossRef]

Samelson, E.J.; Broe, K.E.; Xu, H.; Yang, L.; Boyd, S.; Biver, E.; Szulc, P.; Adachi, J.; Amin, S.; Atkinson, E.; et al. Cortical and
trabecular bone microarchitecture as an independent predictor of incident fracture risk in older women and men in the Bone
Microarchitecture International Consortium (BoMIC): A prospective study. Lancet Diabetes Endocrinol. 2019, 7, 34-43. [CrossRef]
Pinheiro, P.A.; Carneiro, J.A.; Coqueiro, R.S.; Pereira, R.; Fernandes, M.H. "Chair Stand Test" as Simple Tool for Sarcopenia
Screening in Elderly Women. J. Nutr. Health Aging 2016, 20, 56-59. [CrossRef] [PubMed]

Patel, H.P; Syddall, H.E.; Jameson, K.; Robinson, S.; Denison, H.; Roberts, H.C.; Edwards, M.; Dennison, E.; Cooper, C.; Aihie
Sayer, A. Prevalence of sarcopenia in community-dwelling older people in the UK using the European Working Group on
Sarcopenia in Older People (EWGSOP) definition: Findings from the Hertfordshire Cohort Study (HCS). Age Ageing 2013, 42,
378-384. [CrossRef] [PubMed]

Vettor, R.; Milan, G.; Franzin, C.; Sanna, M.; De Coppi, P; Rizzuto, R.; Federspil, G. The origin of intermuscular adipose tissue
and its pathophysiological implications. Am. J. Physiol. Endocrinol. Metab. 2009, 297, E987-E998. [CrossRef] [PubMed]


http://doi.org/10.1038/srep34185
http://doi.org/10.1002/jbmr.4449
http://www.ncbi.nlm.nih.gov/pubmed/34585784
http://doi.org/10.1016/j.jocd.2016.10.005
http://www.ncbi.nlm.nih.gov/pubmed/27956336
http://doi.org/10.1089/rej.2015.1759
http://www.ncbi.nlm.nih.gov/pubmed/26608404
http://doi.org/10.1538/expanim.15-0025
http://www.ncbi.nlm.nih.gov/pubmed/26193895
http://doi.org/10.1152/japplphysiol.01020.2014
http://doi.org/10.1139/H09-116
http://doi.org/10.1007/s00198-016-3619-2
http://doi.org/10.1016/j.bone.2009.11.028
http://www.ncbi.nlm.nih.gov/pubmed/19961960
http://doi.org/10.1016/j.jocd.2012.01.012
http://www.ncbi.nlm.nih.gov/pubmed/22521542
http://doi.org/10.1038/nprot.2013.055
http://doi.org/10.1007/s00198-011-1829-1
http://www.ncbi.nlm.nih.gov/pubmed/22143491
http://doi.org/10.1002/jbmr.3481
http://doi.org/10.1007/s00198-014-2693-6
http://www.ncbi.nlm.nih.gov/pubmed/24676848
http://doi.org/10.1073/pnas.0708467104
http://www.ncbi.nlm.nih.gov/pubmed/17959771
http://doi.org/10.3389/fendo.2016.00069
http://doi.org/10.1007/s11914-013-0142-7
http://doi.org/10.1016/j.ejrad.2016.03.001
http://doi.org/10.1016/j.jocd.2020.11.001
http://doi.org/10.1016/S2213-8587(18)30308-5
http://doi.org/10.1007/s12603-016-0676-3
http://www.ncbi.nlm.nih.gov/pubmed/26728934
http://doi.org/10.1093/ageing/afs197
http://www.ncbi.nlm.nih.gov/pubmed/23384705
http://doi.org/10.1152/ajpendo.00229.2009
http://www.ncbi.nlm.nih.gov/pubmed/19738037

	Introduction 
	Materials and Methods 
	Animal Grouping 
	Micro-CT Analysis of Animal Muscle 
	Histological Analysis of Animal Muscle 
	Subject Recruitment 
	HR-pQCT Measurement of Subjects 
	Evaluation of Soft Tissue and Intramuscular Fat Content by HR-pQCT 
	Muscle Strength and Functional Assessment 
	Statistical Analysis 

	Results 
	IMAT and MD Reflect Intramuscular Fat Content and Muscle Quality in Rats 
	HR-pQCT Parameters Associated with Intramuscular Fat Content and Muscle Performance 

	Discussion 
	Conclusions 
	References

