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Purpose: Muscle mass, a key index for the diagnosis of sarcopenia, is currently assessed using the appendicular skeletal muscle mass
index (ASMI) by bioelectrical impedance analysis (BIA). Muscle thickness (MT) assessed by ultrasonography (US) may be a better
determinant and/or predictor of muscle condition than ASMI. Thus, we compared it to the ASMI determined by the BIA.

Patients and Methods: Our study included 165 ambulatory older adults (84 males, 81 females, mean age: 76.82 years). The ASMI
by the BIA method, MT by US, and the distribution of body mass index (BMI) and body fat percentage (BFP) were examined using
defined values for men and women. These were used as the basis for examining the association of MT and ASMI with handgrip
strength (HGS), leg muscle strength (LMS), gait speed (GS), and echo intensity (EI). We compared HGS, LMS, GS, and EI for high
and low ASMI among lower BMI or BFP. The same was also done for MT assessed by US.

Results: MT, as well as ASMI, was strongly associated with HGS and LMS. There was a correlation between MT and GS and EI but
not between ASMI and GS and EI. There were significant differences in the prevalence between high ASMI and high MT or low
ASMI and low MT in those with lower BMI or BFP. In non-overweight participants, HGS, LMS, GS, and EI were significantly higher
in those with high MT than in those with low MT; however, there were no significant differences in them between those with high and
low ASMI.

Conclusion: In the non-overweight group, the MT assessment by US showed a stronger relationship to muscle strength and muscle
quality than the ASMI assessment by BIA. The MT assessment using US is a useful alternative to BIA-assessed ASMI, especially in
non-overweight participants.
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Introduction
Sarcopenia, defined as low muscle mass and low muscle strength or physical function, has recently attracted attention
owing to its poor prognosis. Sarcopenia is not only related to a variety of illnesses but can increase the need for nursing
care.' Obesity, particularly visceral obesity, is a pathological condition that leads to metabolic syndrome based on
insulin resistance, and both obesity and insulin resistance are risk factors of sarcopenia.” Sarcopenic obesity, wherein
sarcopenia and obesity coexist, increases the risk of cardiovascular disease onset and mortality.*®

The appendicular skeletal muscle mass index (ASMI) of the extremities measured using dual-energy x-ray absorp-
tiometry (DXA) or bioelectrical impedance analysis (BIA), indirectly and adjusted for the square of height (expressed
in kg/m?), is the current method for evaluating major skeletal muscle mass.” DXA is expensive, has limited portability,

needs ample space, and requires radiation exposure. In contrast, BIA is inexpensive, easy to use, and portable. However,
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a large variety of models have been commercially supplied by different companies, and for most consumer products, the
equations estimating skeletal muscle mass are not disclosed. It is, therefore, difficult to use these equations for research
purposes. In particular, the BIA equation is often age-dependent, which leads to fundamental difficulty in examining age-
related low ASMIL® As described above, the ASMI measured by DXA or BIA may be inappropriate for routine clinical
examination and may not better determine or predict muscle status. The body mass index (BMI) is widely used to
determine obesity. The ASMI uses the same adjusting method (height squared) as BMI. Consequently, since the higher
the BMI, the higher the ASMI scores, it might be difficult to detect individuals with decreased muscle mass in
overweight participants.”'® Similarly, body fat percentage (BFP) via the BIA method is also an indicator of the degree

11,12 although no reference value for diagnosing it has been

of obesity and is used for the detection of sarcopenic obesity,
established. Therefore, when considering current methods of muscle mass assessment in the diagnosis of sarcopenia or
sarcopenic obesity, it is necessary to establish a better and simple method.

Muscle ultrasonography (US) is a non-invasive and direct method for evaluating skeletal muscle mass.'*'* Muscle
thickness (MT) and echo intensity (EI), an indicator of muscle quality, are related to muscle strength, physical function,
and muscle mass measured using DXA or BIA."> 2!

The assessment of muscle quality is gaining increasing attention as a potentially more critical metric than simple
muscle mass measurements.”> Previous studies suggest that muscle quality may deteriorate before muscle mass and is
independently associated with physical performance and survival.?*

Fat infiltration of muscle, which represents a muscle quality component, is characterized by EI using grayscale
analysis.”® *® The higher numerical value of EI reflects more fat and fibrous tissue in the body.?’>° The majority of
reports on muscle US have used the quadriceps femoris muscle (QFM) for measurement purposes,’> 2'**?7 but when
performing QFM US in practice, it is necessary to expose and image the part above the knee, which makes it difficult to
perform QFM US easily in clinical settings. To solve this problem, we previously investigated a method that uses the
tibialis anterior muscle (TA) to determine whether US of this easier-to-approach site is useful to diagnose sarcopenia and
evaluate muscle quality.’'**

In the present study, we sought to determine whether evaluating the MT of the TA using US provides a better

association of muscle mass, muscle strength, physical function, and EI than evaluating ASMI assessed by BIA.

Materials and Methods
Participants

We included ambulatory participants aged 65 years and above who were admitted for non-communicable diseases to the Osaka
University Hospital between 2016 and 2020. The participant’s body composition, physical function, and skeletal muscle
ultrasonography were assessed. The inclusion criteria were as follows: (1) ability to walk without an assistive device; (2) no
history of lower limb trauma or surgery; (3) no neuromuscular disorders that could impede individual muscle strength and/or
physical function; and (4) no acute or chronic illnesses. The exclusion criteria were as follows: (1) inability to walk
independently; (2) stroke presenting with severe hemiplegia; (3) Parkinson’s disease or syndrome; (4) poorly controlled diabetes
mellitus; (5) effort angina, chronic heart failure, or tachyarrhythmia; (6) chronic obstructive pulmonary disease; (7) having an
artificial pacemaker, poor vision or blindness, and/or orthopedic surgery history; (8) marked cognitive function decline that
makes communication difficult; and (9) refusal to consent to participate in this study or the presence of missing data.

We excluded 38 participants, and a total of 165 participants were ultimately enrolled in this cross-sectional study. All
the participants provided written informed consent for participation in the study. The study protocol was approved by the
Research Ethics Committee of Osaka University (Approval No. 18126; October 18, 2018) and was conducted in
accordance with the Declaration of Helsinki and its later amendments.

Muscle Mass Measurement

ASMI was measured using BIA, a multifrequency body composition indicator for professional use (MC-190; Tanita,
Tokyo, Japan). Participants were asked to stand barefoot with their toes and heels on the electrodes, to hold the
handgrips, and to let their arms hang down a few centimeters away from their hips. With the participants standing, an
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eight-electrode device was used to measure the bioelectrical impedance (Z) at frequencies of 5, 50, 250, and 500kHz
(25, 750, 7250, and Z500).® The ASMI was calculated by summing the muscle masses of the four limbs, assuming that
all the non-fat and non-bone masses were skeletal muscles, using the following equation: appendicular skeletal muscle in
kilograms/(height in meters squared).

Hand Grip Strength Measurement

HGS was measured using a hand dynamometer (ST100T-1780; Toei Light Corp., Saitama, Japan), which the participants
held along the side of their body while standing. The grip part was adjusted to each participant’s hand size. They were
asked to quickly and maximally squeeze the handgrip instrument three times with a 1min rest between measurements.
The greatest value of a maximum of three grips on the left and right sides was used.

Leg Muscle Strength Measurement

LMS was assessed using a handheld dynamometer (p-Tas F-1; Anima, Tokyo, Japan). For the knee extensor assessment,
participants were seated on an elevated hard chair with their hip and knee joints flexed at approximately 90°, their feet
above the floor, and their arms crossed in front of their chest. The dynamometer pad was placed perpendicular to the leg
and attached to the shin, and a strap was positioned 10cm above the lateral malleolus, which was fixed to the leg of the
chair. Participants were instructed to push against the strap by extending the lower leg from the knee joint until the
maximum contraction force was achieved. They were asked to increase the force gradually to a maximum voluntary
effort and to then maintain the maximum effort for an additional 5 sec. Throughout the session, each participant was
given consistent verbal encouragement and praise as reinforcement. During all of the tests, the dynamometer was
stabilized by the belt and the examiner’s hands. The greatest force of four attempts was recorded.

Gait Speed Measurements

GS was measured using a stopwatch. To record participants’ gait speed during 10-m tests, we used a 10-m course with
additional 2-m acceleration and deceleration areas at the beginning and end of the course. The watch was started and
stopped when the individual’s trunk passed over the lines marking the beginning and end of the 10-meter course,
respectively. Gait speed (m/s) was calculated by dividing the distance covered (10-m) by the 10-m walk time(s). Two
trials were performed for each 10-m test, and the average was used.

Ultrasonography Measurements

MT and EI of the TA muscle were measured in B-mode using 8-MHz linear probe diagnostic ultrasonography
equipment (LOGIQ Book XP, GE Yokogawa Medical Systems Ltd, Tokyo, Japan) with the same picture quality and
a 50% gain in the depth of the TA: 4.0 cm. During the examination, the same standardized position of the participants
and the exact location of the probe were maintained. To improve acoustic coupling, a water-soluble transmission gel
was placed over the transducer. The probe was held perpendicular to the skin surface but was not pressed against the
skin. Transverse muscle images were recorded in the supine position for the TA. The MT was measured twice at the
proximal 30% point between the knee joint space or lateral femoral epicondyle and the lateral malleolus of the fibula. EI
was defined as the mean pixel intensity of the muscle and was determined by grayscale analysis using the standard
histogram function of the ImageJ image analysis software (version 1.48; National Institutes of Health, Bethesda,
MD, USA).

A region of interest (ROI) was drawn to include as much muscle as possible without any bone or surrounding fascia.
The EI value in the ROI was expressed as a value between 0 (black) and 255 (white). The mean MT and EI values were
calculated using measurements from the two images. Measurements were performed twice by a single investigator,
a research expert trained in the technical aspects of using the ultrasound machine, who was blinded to the results of the
BIA and muscle evaluations or physical functions. This method was verified to have a high degree of reliability in our
previous study.’’
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Classification of the Groups by Muscle Mass and Overweight Index

Lower muscle mass was defined as less than 7.0 kg/m? in men and less than 5.7 kg/m? in women when using the ASMI
according to the Asian Working Group for Sarcopenia (AWGS) criteria for 2019, or less than the lower quartile points
when using the MT as previously reported (men: 10.49 mm, women: 8.60 mm in this study).>' The higher overweight
index was defined as 25 kg/m” and over when using BMI according to the Japan Society for the Study of Obesity
criteria,” or as more than 27.0% in men and more than 38.0% in women when using BFP.** Participants were sorted into
the following four groups: high muscle mass/lower overweight index, high muscle mass/higher overweight index, low
muscle mass/higher overweight index, and low muscle mass/lower overweight index.

Statistical Analysis

We analyzed all the variables visually using histograms and probability distributions and determined the presence or
absence of normal distributions. All the variables were presented as mean values, standard deviations, or numbers and
percentages. The relationships between ASMI and MT and muscle strength, gait speed, and EI were analyzed using linear
correlations. The distribution of the four groups (muscle mass/BMI or BFP: high/lower, high/higher, low/higher, and low/
lower), which were classified using the defined values of ASMI or MT and BMI or BFP, were analyzed using the chi-
square test.

The relationship between muscle strength or physical function and ASMI or MT was analyzed using an unpaired #-test
(ie, comparisons between the groups of high and low ASMI in lower BMI participants, between the groups of high and
low MT in lower BMI participants, between the groups of high and low ASMI in higher BMI participants, and between
the groups of high and low MT in higher BMI participants, respectively, in two groups). BFP was also performed
similarly.

Statistical analyses were performed using the JMP Pro 16 software (SAS Institute Inc., Cary, NC, USA). Statistical
significance was set at a two-tailed p < 0.05.

Results

Table 1 shows the basic characteristics of the participants. The relationship of ASMI and MT to muscle strength, gait
speed, and EI is shown in Figures 1 and 2. MT was related to muscle strength, gait speed, and EI, while ASMI was
related only to muscle strength. Figures 3 and 4 show the distribution of the groups classified by ASMI or MT and BMI
or BFP. We found a significant difference in the distribution of these four groups as classified by BMI and BFP (BMI: y*=
14.01, p <0.05; BFP: = 7.93, p <0.05). The comparison of the HGS, LMS, GS, and EI as classified by high/low ASMI
or MT and higher/lower BMI or BFP are shown in Figure 5 and Supplementary Figure 1.

Table | Characteristics of the Study Participants

Overall (n = 165) | Male (n =84) | Female (n = 81) P value
Age (years) 76.82 * 6.11 76.17 + 6.33 7749 + 5.83 0.164
Height (cm) 156.96 + 9.65 164.07 + 6.91 149.59 + 5.77 <0.01
Weight (kg) 56.04 £ 11.56 62.23 £ 10.05 49.63 £ 9.34 <0.01
BMI (kg/m?)© 22.66 * 3.75 23.12 + 3.53 22.18 + 3.94 0.106
BFP (%)° 26.85 + 8.85 22.85 £ 6.92 31.00 + 8.76 <0.01
ASMI (kg/m?)* | 6.71 £ 1.29 739 % 115 5.99 £ 1.02 <0.01
HGS (kg)* 24.08 + 8.56 2971+ 7.71 18.25 + 4.54 <0.01
LMS (N)© 239.52 * 92.81 288.56 + 90.18 188.66 + 63.86 <0.01
GS (m/s)’ 1.37 + 3.64 1.46 + 0.36 127 £ 0.35 <0.01
MT (mm)" 12.34 + 3.78 13.94 + 4.01 10.67 + 2.65 <0.01
El 69.09 + 19.93 61.56 + 17.56 7691 = 19.31 <0.01

Abbreviations: *ASMI, appendicular skeletal muscle mass index; "BFP, body fat percentage; CBMI, body mass index; 'El,
echo intensity; fGS. gait speed; dHGS, hand grip strength; hMT, muscle thickness; °LMS, leg muscle strength; n= number.
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Figure | The relationship between BlA-assessed ASMI or US-assessed MT and HGS and LMS.

Notes: (A) Hand grip strength, (B) leg muscle strength. The relationships between ASMI and HGS or LMS were analyzed in linear correlations. The relationships between
MT and HGS or LMS were analyzed in linear correlations.

Abbreviations: ASMI, appendicular skeletal muscle mass index; BIA, bioelectrical impedance analysis; HGS, hand grip strength; LMS, leg muscle strength; MT, muscle
thickness; US, ultrasonography.

In participants with lower BMI or BFP, there were no significant differences in the HGS and GS among the groups
classified by high or low ASMI, but HGS and GS were significantly higher in the high MT group than in the low MT
group. LMS was significantly higher in the high ASMI/lower BFP group than in the low ASMI/lower BFP group and in
the high MT group than in the low MT group. EI was significantly lower in the high MT group than in the low MT
group; however, there was no significant difference in the EI among the groups as classified by ASMI (Figure 5).

In the participants with higher BMI or BFP, there were no significant differences in the HGS, LMS, GS, and EI
among the groups classified by high or low MT, and there were no significant differences in the LMS and GS among the
groups classified by high or low ASMI. HGS was significantly higher in the high ASMI/higher BMI group than in the
low ASMI/higher BMI group. EI was significantly higher in the high ASMI/higher BFP group than in the low ASMI/
higher BFP group (Supplementary Figure 1).

Discussion

In the present study, we hypothesized that evaluating the muscle thickness (MT) of the tibialis anterior muscle (TA) using
ultrasonography (US) would allow a better analysis of the skeletal muscle mass than evaluating the appendicular skeletal
muscle mass index (ASMI) using the bioelectrical impedance analysis (BIA) method, regardless of a person’s body type.
Therefore, we investigated the clinical significance of this novel method. Our results indicated that when body mass
index (BMI) and body fat percentage (BFP) were used as indicators of the degree of overweight, hand grip strength
(HGS), leg muscle strength (LMS), and gait speed (GS) were related to MT, but HGS and LMS were only associated
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Figure 2 The relationship between BlA-assessed ASMI or US-assessed MT and GS and US-assessed El.

Notes: (A) Gait speed, (B) echo intensity. The relationships between ASMI and GS or El were analyzed in linear correlations. The relationships between MT and GS or El
were analyzed in linear correlations.

Abbreviations: ASMI, appendicular skeletal muscle mass index; BIA, bioelectrical impedance analysis; El, echo intensity; GS, gait speed; MT, muscle thickness; US,
ultrasonography.

with ASMI. At present, ASMI is being used to assess muscle mass in the sarcopenia diagnostic criteria advocated by the
working groups in Asia (AWGS) or Europe (EWGSOP).”*> Numerous studies have verified the reliability of this
method. Computed tomography (CT) and magnetic resonance imaging (MRI) are considered the gold standard for
measuring human body composition and, thus, quantifying muscle mass.>® Both BIA and DXA are significantly
associated with the gold standard measures in older adults and report the utility of skeletal muscle mass
measurements.’’ *° Furthermore, when skeletal muscle mass was measured using DXA as a reference and compared
to BIA for the prevalence of sarcopenia according to the AWGS definition, it was reported that BIA was nominated as
valid as DXA and that BIA is suitable for body composition assessment.*' In a previous report, we examined the
relationship between skeletal muscle mass or sarcopenia discrimination ability using skeletal muscle mass measured by
DXA or BIA and muscle thickness of the rectus femoris or gastrocnemius muscle in the US. The results showed
a moderate relationship. It was reported that ultrasonography evaluation validated the quantitative assessment of
appendicular skeletal muscle mass in older adults.*? To the best of our knowledge, this is the first study to demonstrate
that MT can determine skeletal muscle mass better and conveniently than ASMI.

The distribution of the groups as classified by ASMI or MT and BMI showed significant differences. In particular, the
prevalence of the group with high ASMI and lower BMI was lower than that of the group with high MT and lower BMI.
In addition, the prevalence of the group with low ASMI and lower BMI was higher than that of the group with low MT
and lower BMI (Figure 3). Similar results were found when using BFP as an index of overweight (Figure 4). Considering
that the prevalence of sarcopenia in older adults was approximately 20% in previous reports,** our findings indicated that
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Figure 3 The distribution of four groups classified by BlA-assessed ASMI or US-assessed MT and BMI.

Notes: The distribution of the four groups (muscle mass/BMI: high/lower, high/higher, low/higher, and low/lower), which were classified using the defined values of ASMI or
MT and BMI, were analyzed in the chi-square test. For the two Y-axes: the right Y-axis shows the percentage of each group to the total (100%). The left Y-axis shows the
number of each group to the total (participants). They are indicated above each bar graph; the left side is the number of people, and the right side is the percentage,
separated by parentheses. Each bar color represents “black” for males and “white” for females. The distribution of the four groups was classified using BIA-assessed ASMI or
US-assessed MT-defined and BMI-defined values. From the left bar, the muscle mass/body type groups are high/lower, high/higher, low/higher, and low/lower.
Abbreviations: ASMI, appendicular skeletal muscle mass index; BIA, bioelectrical impedance analysis; BMI, body mass index; MT, muscle thickness; US, ultrasonography; n,
number; %, percentile.
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Figure 4 The distribution of four groups classified by BlA-assessed ASMI or US-assessed MT and BFP.

Notes: The distribution of the four groups (muscle mass/BFP: high/lower, high/higher, low/higher, and low/lower), which were classified using the defined values of ASMI or
MT and BFP, were analyzed in the chi-square test. For the two Y-axes: the right Y-axis shows the percentage of each group to the total (100%). The left Y-axis shows the
number of each group to the total (participants). They are indicated above each bar graph; the left side is the number of people, and the right side is the percentage,
separated by parentheses. Each bar is represented in “black” for males and “white” for females. Distribution of the four groups classified using BIA-assessed ASMI or US-
assessed MT-defined values and BFP-defined values. From the left bar, the muscle mass/body type groups are high/lower, high/higher, low/higher, and low/lower.
Abbreviations: ASMI, appendicular skeletal muscle mass index; BIA, bioelectrical impedance analysis; BFP, body fat percentage; MT, muscle thickness; US, ultrasonography;
n, number; %, percentile.
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Figure 5 Comparison of HGS, LMS, GS, and US-assessed El among the BIA/US-assessed high or low ASMI/MT classified by lower BMI or BFP.
Notes: (A) Hand grip strength, (B) leg muscle strength, (C) gait speed, (D) echo intensity. The bar graph represents the mean value, and the error bar represents the standard
error of the mean. The comparison of muscle strength or physical function with high or low muscle mass (ie, ASMI or MT) was analyzed in non-overweight participants, as
determined by body index (ie, lower BMI or BFP), with an unpaired t-test. White bars are the group with high skeletal muscle mass (ASMI or MT) and lower body mass index (BMl or
BFP). Dark-gray bars are the group with low skeletal muscle mass (ASMI or MT) and lower body mass index (BMI or BFP). **p < 0.01 and *p < 0.05 were as a statistical significance.
*Is “less than or equal to 0.05 (5%) probability of significance (p < 0.05)”.**Is “less than or equal to 0.01 (1%) probability of significance (p < 0.01)".

Abbreviations: ASMI, appendicular skeletal muscle mass index; BIA, bioelectrical impedance analysis; BFP, body fat percentage; BMI, body mass index; El, echo intensity; GS,
gait speed; HGS, hand grip strength; LMS, leg muscle strength; MT, muscle thickness; US, ultrasonography.

ASMI is more influenced by body type than MT and may not be able to measure muscle mass better. Based on the
findings above, the decline in muscle mass might be overestimated when ASMI is used but not when MT is used,
particularly for non-overweight individuals.

In this study, MT was associated with HGS, LMS, GS, and echo intensity (EI), especially in the non-overweight
participants, while ASMI was not (Figure 5). These results suggest that MT is more strongly related to muscle strength
and physical function than ASMI. Similarly, there were no significant differences in HGS, LMS, GS, and EI between the
two groups in the higher BMI or BFP group and ASMI by BIA and MT by US in the high and low groups
(Supplementary Figure 1). The number of cases with low skeletal muscle mass and overweight is small and needs to

be examined with more participants. Our previous studies reported that MT was found to have the same or higher ability
to identify sarcopenia than ASMI.*>'~*? Fukumoto et al** reported that the MT of the lower extremities’ muscles may
enable a better detection of decreased physical function than ASMI. Ata et al*> found that MT was more important for
predicting GS than ASMI and that it was useful even when used for individuals whose HGS assessment was not
available. Another report showed that MT is an essential factor for determining balanced function.*® These findings
support our results, and it shows that MT assessment is clinically important when used as an alternative to ASMI.
Muscle quality is an essential factor for determining skeletal muscle function.*” Several reports have shown that EI
evaluated using US is a useful tool for assessing muscle quality when targeting sarcopenia or other pathological
conditions.?®?730324852 Moreover, a recent review showed that EI is an effective and practical method for identifying
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a decline in muscle function associated with aging and sarcopenia.”? Our results suggested that the measurements of
skeletal muscle mass were not overestimated when MT was used, especially in non-overweight participants.
Consequently, MT was related to muscle strength, physical function, and EI, which is considered an index of muscle
quality. Given the muscle mass or quality contributing to muscle function, it is expected that EI would be associated with
a variety of functional performances. Numerous studies have reported the significant association of EI with muscle
strength; EI may offer novel insights as a useful and simple marker for muscle quality. We have previously reported that
MT and EI have the same or even higher ability to identify sarcopenia than ASMI does.*! Moreover, several longitudinal
studies revealed that the changes in EI predict functional recovery or affect physical activity and clinical outcomes in
community-dwelling older adults or patients with neuromuscular diseases.”®>¥>3

In consideration of the above-mentioned findings, muscle US was able to assess the quantitative and qualitative
changes in skeletal muscle efficiently and better and could be an alternative to ASMI.

Although this study presents significant findings, it has several limitations. First, this was a cross-sectional study. The
sample size of this study was relatively small, with a total of 165 individuals; however, it was not far below the sample
sizes used in previous studies. Nevertheless, to confirm the superiority of MT over ASMI, longitudinal studies with large
sample sizes should be conducted. Additionally, our study participants included individuals who were slightly under-
nourished because they were hospitalized at the department of geriatrics; thus, we did not include many individuals who
met the operational definition of overweight (the average BMI of the participants in this study was: men: 23.1+3.5 kg/m?;
women: 22.243.9 kg/m?). Further studies on a population including overweight older individuals are required. Moreover,
previous reports stated that correcting the EI of US with subcutaneous fat enhanced the relationship between EI and
lower extremity strength.’ 57 This study did not address these issues and is a topic for future exploration. In addition, this
study’s location is limited to body composition and US measurements in acute care hospitals. Therefore, care should be
taken when measuring in different environments (eg, gym), as the environment at the measurement time may affect the
results.

Conclusion

MT evaluation by US showed a stronger relationship with muscle strength and quality than ASMI. Our results suggest
that TA muscle thickness assessment using US is a useful alternative to BIA-assessed ASMI, especially in non-
overweight participants.
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