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Objectives—The aim of this study was to evaluate the relationships among aging,
muscle strength, and image feature analysis of the quadriceps femoris muscle and to
evaluate the relationship between aging, muscle strength, and sonographic findings.

Methods—One hundred forty-five healthy volunteers participated in the study. The
participants were classified into 6 groups on the basis of sex and age. To assess mus-
cle quality, texture analysis was defined with the following parameters: mean, skew-
ness, kurtosis, inverse difference moment, sum of entropy, and angular second
moment. The knee extension force in the sitting position and thickness of the quad-
riceps femoris muscle were also measured.

Results—The quadriceps femoris thickness, skewness, kurtosis, inverse difference
moment, angular second moment, and muscle strength were significantly decreased
in elderly participants versus those in the younger and middle-aged groups (P <
.05). In contrast, the mean and sum of entropy were significantly decreased in the
younger group compared with the middle-aged and elderly groups.

Conclusions—Sonography has the capacity to quantitatively assess muscular mor-
phologic changes due to aging and could be a valuable tool for early detection of
musculoskeletal disorders.
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A ging populations have been a major point of concern in devel-
oped nations in recent years. In Japan, at least 20% of the
population is 65 years or older, which makes it one of the old-

est populations in the world. Early detection of musculoskeletal dis-
orders is expected to help promote well-being and self-reliance
among elderly people and to reduce the need for nursing care. Sarco-
penia has been defined as the loss of skeletal muscle mass and
strength that occurs with advanced age.1 The European Working
Group on Sarcopenia in Older People provided a working definition
of sarcopenia as “a syndrome characterized by progressive and gener-
alized loss of skeletal muscle mass and strength with a risk of adverse
outcomes such as physical disability, poor quality of life, and death.”2

Previous studies have assessed the quality of skeletal muscle using
computed tomography (CT)3 and magnetic resonance imaging.4

Over the past few years, there have been many improvements in
high-resolution diagnostic ultrasound equipment. Echogenicity, the
characteristic of tissue or other material to reflect ultrasonic waves, is

Received July 21, 2016, from the Division of
Clinical Laboratory, Gifu University Hospital,
Gifu, Japan (T.W, H.I., M.S.); Departments of
Intelligent Image Information (H.M., H.F.),
Orthopedic Surgery (N.T.) and Sports Medicine
and Sports Science (S.S., T.Y., T.M.), Gifu Uni-
versity Graduate School of Medicine, Gifu,
Japan; and Faculty of Education, Gifu Univer-
sity, Gifu, Japan (D.F.). Manuscript accepted
for publication September 23, 2016.

This study was supported by a research
grant to T.W. from the Series of Single-Year
Grants (JSPS KAKENHI 15H00698) and a
research grant to H.F. from the Grants-in-Aid
for Scientific Research on Innovative Areas
(Multidisciplinary Computational Anatomy,
JSPS KAKENHI 26108005).

Address correspondence to Tsuneo
Watanabe, PhD, Division of Clinical
Laboratory, Gifu University Hospital, 1-1
Yanagido, Gifu 501-1194, Japan.

E-mail: tsuneo_w@gifu-u.ac.jp

Abbreviations
ANOVA, analysis of variance; CT, com-
puted tomography; DVT, deep venous
thrombosis; GLCM, gray-level co-occurrence
matrix

doi:10.7863/ultra.16.07054

VC 2017 by the American Institute of Ultrasound in Medicine | J Ultrasound Med 2017; 36:1383–1395 | 0278-4297 | www.aium.org

ORIGINAL RESEARCH



typically used as a sonographic estimate of muscle qual-
ity. Measures of muscle echogenicity have been shown
to be significantly associated with intramuscular adipose
tissue, rather than fibrotic tissue, based on the biochemi-
cal analysis of biopsied tissue samples from 82 people
with muscle disorders.5 Recently, several investigators
have used computer-aided echo intensity analysis (histo-
gram analysis) to evaluate the quality of skeletal
muscle.6–10 We have also reported a positive correlation
between sonography and magnetic resonance imaging in
the assessment of supraspinatus muscle fatty infiltra-
tion.11 Watanabe et al12 reported that muscle thickness
and muscle quality assessed from echo intensity meas-
ured by sonography independently contributed to iso-
metric knee extension strength in elderly men (65–91
years). However, it is well known that the value of echo
intensity on histogram analysis is affected by the thick-
ness of tissue. Thus, it seems the accuracy of using echo
intensity analysis to estimate muscle quality is limited.

Meanwhile, advancements in image analysis, aided
by computer software improvements, provide important
information about the structural arrangement of surfaces
and their relationship with the surrounding environ-
ment. Several investigators demonstrated that gray-level
co-occurrence matrix (GLCM)13 statistical measures,
when computed, provided useful information for dis-
crimination purposes in clinical studies. Gomez et al14

used texture features to classify sonograms in the breast.
The texture descriptors that contributed notably to dis-
tinguish breast lesions were contrast and correlation
computed from GLCMs with an orientation of 908 and
a distance of greater than 5 pixels. Regarding musculo-
skeletal disorders, Shen et al15 reported significant differ-
ences in GLCM parameters derived from high-
resolution magnetic resonance images between post-
menopausal women with osteoporosis and osteoarthri-
tis. Molinari et al16 used texture features to discriminate
between sexes and muscle types from the quantitative
assessment of skeletal muscle sonograms. Their results
concluded that multitexture analysis may be useful to
investigate muscle damage and myopathic disorders.
However, these studies examined quantitative assess-
ment using texture analysis and did not examine aging.
Thus, to our knowledge, there are no published studies
in English examining the effect of aging on the quadri-
ceps femoris muscle using sonographic texture analysis.
We hypothesized that there would be no differences in
the sonographic characteristics of the quadriceps femoris
muscle among various age and sex groups. The primary

objective of this study was to evaluate the relationships
among aging, muscle strength, and image feature analysis
of the quadriceps femoris muscle. The secondary objec-
tive was to estimate muscle strength in healthy adults via
sonographic findings.

Materials and Methods

Study Design and Setting
This cross-sectional observational study was conducted
to evaluate the relationships among aging, muscle
strength, and image feature analysis of the quadriceps
femoris muscle at Gifu University. Image acquisition was
completed in 2 local community centers or the labora-
tory of a sports medicine department. A post–image
acquisition analysis was undertaken within a laboratory
at the university.

Participants
One hundred forty-five healthy volunteers who lived in
Gifu, Japan, were examined. Participants had no injuries
or disabilities in their lower limbs, and every participant
was able to walk unaided. Exclusion criteria were as fol-
lows: (1) the ability to walk with an assistive device; (2)
history of lower limb trauma or surgery; (3) neuromus-
cular disorders; (4) acute or chronic disease that
impaired strength and power; and (5) severe dementia
(which might have influenced informed consent). The
participants were classified into 6 groups on the basis of
sex and age as follows: younger group (<44 years; mean
age 6 SD, 23.2 6 5.0 years; n 5 68), middle-aged
group (45–64 years; mean age, 55.7 6 6.3 years; n 5

31), and elderly group (�65 years; mean age, 73.2 6

5.3 years; n 5 46). We studied a total of 290 lower
limbs in the 145 participants, who underwent both knee
extension strength and sonographic examinations. This
study was conducted in accordance with the 1964 Decla-
ration of Helsinki and was approved by an Institutional
Ethics Committee; written informed consent was
obtained from all participants.

Measurement of Muscle Thickness
Muscle thickness and quality were evaluated sonographi-
cally with a 6.0–14.0-MHz linear transducer and porta-
ble ultrasound apparatus (LOGIQ e; GE Healthcare,
Pittsburgh, PA). Sonographic examinations were per-
formed by a board-certified sonographer, who was
blinded to the group assignment. Muscle thickness was
evaluated according to the procedure of Fukumoto et al8
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with modifications. The quadriceps femoris muscle
thickness was defined as the sum of the thickness of the
rectus femoris and vastus intermedius muscles. The
quadriceps femoris thickness was measured in the axial
view at the midpoint between the lateral epicondyle of
the femur and the anterior superior iliac spine. The
transducer was positioned perpendicular to the longitu-
dinal axis of the quadriceps femoris.

Measurement of Muscle Quality
To assess muscle quality, first- and second-order statisti-
cal analyses were performed. All images were analyzed
by a single observer (H.M.), who was blinded to perso-
nal information such as age and sex. The background of
this observer included medical image analysis and com-
puter engineering. In statistical analyses, texture features
were computed from the statistical distributions of
observed combinations of intensities at specified posi-
tions relative to each other in the image. According to
the number of intensity points (pixels) in each combina-
tion, statistics were classified as first-order and second-
order statistics.17 The histogram contained first-order
statistics. Based on the first-order statistics, the following
7 features were extracted from the image of a region of
the interest: coarseness, mean, entropy, variance, skew-
ness, kurtosis, and energy. The mean, skewness, and kur-
tosis were used to analyze these parameters. Skewness
describes a measure of asymmetry of the histogram, and
kurtosis shows a measure of peakedness and tailedness.
Meanwhile, the GLCM is a mathematical method used
for statistical texture analysis; GLCM texture measure-
ment was proposed by Haralick and Shanmugam13 with
14 different textural features, and GLCM computation
can be performed in 4 directions: 08, 458, 908, and 1358.
In the proposed work, an averaged 4-direction value is
used for feature extraction to avoid dependence on the
direction.17 These features were mathematically defined
with the following parameters: angular second moment,
contrast, correlation, sum of squares, inverse difference
moment, sum of average, sum variance, sum of entropy,
difference variance, difference entropy, information
measures of correlation, and maximal correlation coeffi-
cient18; this study was implemented by using 3 parame-
ters (inverse difference moment, sum of entropy, and
angular second moment). These parameters summarize
important information about the structural arrangement
of surfaces by discerning likelihoods that pixels have the
same or different gray-level values as their neighbors and

distances between pixel pairs of equal intensity. The
Haralick textural features are as follows:

The GLCM is a square matrix with a dimension
equal to the number of gray levels in the image. Let C be
the matrix containing the GLCM. The element C(i.j)
measures the number of times in which a pixel of a given
gray level i is found adjacent to a pixel of gray level j. G
is the number of gray levels used; l is the mean value of
C; lx, ly, rx, and ry are the means and standard devia-
tions of Cx and Cy.

The inverse difference moment describes the
homogeneity of an image, with a higher value reflecting
more similarity between pixels:

f 15
XG21

i50

XG21

j50

1

11ði2jÞ2
Cði; jÞ: (1)

The sum of entropy measures the disorder or complex-
ity within an image:

f 252
X2G22

i50

Cx1yðiÞlogfCx1yðiÞg; (2)

Table 1. Intraobserver and Interobserver Reproducibility

Parameter
Intra-CC

(Inter-CC) 95% CI

Mean
Observer A 0.973 0.935–0.992
Observer B 0.966 0.920–0.990
Observers A and B (0.970) 0.885–0.993

Skewness
Observer A 0.936 0.854–0.981
Observer B 0.958 0.903–0.988
Observers A and B (0.975) 0.903–0.993

Kurtosis
Observer A 0.926 0.833–0.978
Observer B 0.939 0.860–0.982
Observers A and B (0.973) 0.895–0.993

Inverse difference moment
Observer A 0.992 0.982–0.997
Observer B 0.992 0.982–0.998
Observers A and B (0.992) 0.970–0.998

Angular second moment
Observer A 0.982 0.956–0.994
Observer B 0.983 0.961–0.995
Observers A and B (0.977) 0.901–0.995

Sum of entropy
Observer A 0.987 0.968–0.996
Observer B 0.988 0.972–0.996
Observers A and B (0.982) 0.928–0.995

CI indicates confidence interval; Inter-CC, interclass correlation
coefficient; and Intra-CC, intraclass correlation coefficient.
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(3)

The angular second moment is low when all elements in
the GLCM are close to either 0 or 1 and high when the
GLCM has equal values or pixels are similar, which is
calculated by the following:

f 3 5
XG21

i50

XG21

j50

fCði; jÞg2: (4)

Intraobserver and interobserver reliabilities were
assessed for 10 images before beginning this study. Tex-
ture analysis of the quadriceps femoris was repeated 5
times for each image by 2 observers. Intraobserver reli-
ability was estimated by using calculations of intraclass
correlation coefficients (1-way analysis of variance
[ANOVA]). Interobserver reliability was estimated by

using calculations of interclass correlation coefficients
(2-way ANOVA). The intraobserver and interobserver
reproducibilities of the texture analyses were high (Table
1). A correlation coefficient value of greater than 0.9 was
considered very good. Furthermore, we conducted a
preliminary examination to confirm the change by gain
or frequency. The results of the effects of gain and fre-
quency shifts on the analysis are shown in Figures 1 and
2. The Haralick features (GLCM) had little effect on the
change by gain or frequency, in comparison with the
case of using a conventional first-order statistical feature
(histogram analysis).

Measurement of Muscle Strength
Muscle strength was evaluated according to the proce-
dure of Watanabe et al.12 The maximum isometric tor-
que of knee extension at an angle of 908 was measured
in a sitting position on a custom-made dynamometer
chair. The ankle was attached to a strain-gauge system

Figure 1. Effects of gain and frequency shifts on the first-order statistical features. A, Frequency was set at 10.5 MHz. B, Frequency was set at
9.38 MHz. Lines connecting rectangles show the change in the mean; lines connecting triangles show the change in the skewness; and lines con-
necting circles show the change in the kurtosis according to the gain shift.
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(TKK5715; Takei Scientific Instruments Co, Ltd, Nii-
gata, Japan). After participants were familiarized with the
test procedure, 2 trials at maximum effort were made
with a 1-minute recovery period. The greater value
obtained was used for analysis. The length between the
lateral epicondyle of the femur and the ankle attachment
was measured.

Statistical Analyses
Results are presented as mean 6 standard deviation
where applicable, and statistical significance was indi-
cated by P < .05. A 2-way factorial ANOVA test was
used to determine differences between quadriceps femo-
ris thickness, mean, skewness, kurtosis, inverse difference
moment, angular second moment, sum of entropy, and
muscle strength (3 3 3: male/female 3 younger/mid-
dle-aged/elderly group). The Tukey honestly significant
difference test was applied to assess differences among
multiple comparisons when ANOVA indicated a signifi-
cant difference for a particular factor. Pearson correlation

coefficients were used to investigate the correlation of
age and muscle strength with sonographic parameters.
Although the age effects for lower limb strength were
quantified by a quadratic method, the sonographic or
physical characteristics and participants’ ages were inves-
tigated by a stepwise multivariate analysis. A multiple
logistic model was applied with adjustment for age, sex,
height, quadriceps femoris thickness, mean, skewness,
kurtosis, inverse difference moment, angular second
moment, and sum of entropy. SPSS Statistics for Win-
dows version 19.0 (IBM Corporation, Armonk, NY)
was used for all calculations.

Results

The demographic and physiologic characteristics of the
participants are shown in Table 2. Measurements for
several parameters according to group and sex are shown
in Table 3. Significant interactions were observed in the
quadriceps femoris thickness [F(2,284) 5 6.5; P 5 .002],

Figure 2. Effects of gain and frequency shifts on the Haralick features (GLCM). A, Frequency was set at 10.5 MHz. B, Frequency was set at 9.38
MHz. Lines connecting rectangles show the change in the sum of entropy (SUE); lines connecting triangles show the change in the angular
second moment (ASM); and lines connecting circles show the change in the inverse difference moment (IDM) according to the gain shift.
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mean [F(2,284) 5 3.8; P 5 .024], skewness [F(2,284) 5

13.7; P < .001], kurtosis [F(2,284) 5 13.7; P < .001],
angular second moment [F(2,284) 5 4.1; P 5 .018], and
muscle strength [F(2,284) 5 6.7; P 5 .002]. For the
quadriceps femoris thickness, skewness, kurtosis, inverse
difference moment, angular second moment, sum of

entropy, and muscle strength, significant main effects for
the various groups and sex were observed (P < .001).
Despite the absence of any significant main effects for
sex, a significant main effect according to group was
observed in the mean (P < .001). Subsequently, the
quadriceps femoris thickness and muscle strength were
significantly higher in men than in women. In contrast,
the mean and sum of entropy of men in the middle-
aged group were significantly lower than those of
women in middle-aged group. The relationship between
aging and sonographic features is illustrated in Figure 3.
Figure 4 shows changes in the quadriceps femoris thick-
ness value for each group. For men, the quadriceps
femoris thickness significantly decreased in the elderly
group compared with the younger and middle-aged

Table 2. Anthropometric Characteristics in 145 Participants

Characteristic Mean SD Range

Age, y 46.0 23.0 19–86
Height, cm 162.4 9.4 143.5–183.0
Weight, kg 58.4 10.5 35.6–99.0
Body mass index, kg/m2 22.1 3.0 15.9–33.0

Table 3. Analysis of Variance of Several Parameters in the Participants

F (2-way ANOVA)

Parameter Male Female Group Sex Interaction Post Hoc Test (Tukey HSD)

Quadriceps femoris thickness, mm
Younger 32.4 6 6.4 28.9 6 5.2 44.4 74.7 6.5 Male: younger, middle > elderly
Middle 34.3 6 5.7 24.4 6 6.6 (P < .001) (P < .001) (P 5 .002) Female: younger > middle > elderly
Elderly 25.9 6 5.7 20.7 6 4.8 Younger, middle, elderly: male > female

Mean
Younger 11.4 6 1.5 11.7 6 1.6 34.6 5.0 3.8 Male: younger, middle < elderly
Middle 11.9 6 1.2 13.7 6 2.1 (P < .001) (P 5 .261) (P 5 .024) Female: younger < middle, elderly
Elderly 13.9 6 2.4 13.7 6 2.1 Middle: male < female

Skewness
Younger 2.3 6 0.4 2.3 6 0.3 44.8 21.1 13.7 Male: younger, middle > elderly
Middle 2.4 6 0.3 1.8 6 0.2 (P < .001) (P < .001) (P < .001) Female: younger > middle, elderly
Elderly 1.9 6 0.2 1.8 6 0.3 Middle: male > female

Kurtosis
Younger 9.2 6 2.4 8.9 6 2.0 36.2 19.2 13.7 Male: younger, middle > elderly
Middle 9.9 6 1.9 6.4 6 1.2 (P < .001) (P < .001) (P < .001) Female: younger > middle, elderly
Elderly 6.4 6 1.7 6.6 6 1.6 Middle: male > female

Inverse difference moment
Younger 0.73 6 0.04 0.73 6 0.03 35.4 14.7 1.6 Male: younger > middle, elderly
Middle 0.71 6 0.03 0.68 6 0.03 (P < .001) (P < .001) (P 5 .211) Female: younger > middle, elderly
Elderly 0.70 6 0.04 0.68 6 0.03 Middle, elderly: male > female

Angular second moment
Younger 0.33 6 0.05 0.32 6 0.04 38.6 24.6 4.1 Male: younger > elderly
Middle 0.31 6 0.05 0.26 6 0.03 (P < .001) (P < .001) (P 5 .018) Female: younger > middle, elderly
Elderly 0.28 6 0.06 0.24 6 0.04 Middle, elderly: male > female

Sum of entropy
Younger 1.79 6 0.14 1.82 6 0.12 43.4 16.1 2.3 Male: younger < elderly
Middle 1.87 6 0.12 2.00 6 0.12 (P < .001) (P < .001) (P 5 .102) Female: younger < middle, elderly
Elderly 1.96 6 0.15 2.02 6 0.15 Middle: male < female

Muscle strength, kg
Younger 51.8 6 12.2 33.9 6 8.3 56.8 120.8 6.7 Male: younger > middle > elderly
Middle 40.5 6 7.3 26.6 6 7.7 (P < .001) (P < .001) (P 5 .002) Female: younger, middle > elderly
Elderly 33.3 6 11.9 25.1 6 6.8 Younger, middle, elderly: male > female

Values are mean 6 SD where applicable. HSD indicates honestly significant difference.
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groups (P < .001 for both). For women, the quadriceps
femoris thickness significantly decreased in the elderly
group compared with the younger and middle-aged
groups (P < .001; P < .05, respectively) and in the
middle-aged compared with the younger group (P <
.01). Concerning the texture analysis, the mean for
women and the sum of entropy significantly decreased
in the younger group compared with the middle-aged
and elderly groups (P < .001). For men, the mean sig-
nificantly increased in the elderly group compared with
the younger and middle-aged groups (P < .001; P <

.05). The skewness and kurtosis for women, as well as
the inverse difference moment and angular second
moment, significantly increased in the younger group
compared with the middle-aged and elderly groups
(P < .001). For men, the skewness and kurtosis signifi-
cantly decreased in the elderly group compared with the
younger and middle-aged groups (P < .001). Figure 5
shows changes in the muscle strength value for each
group. For women, the muscle strength significantly
increased in the younger group compared with the
middle-aged and elderly groups (P < .001 for both).

Figure 3. A, Longitudinal sonogram of the quadriceps femoris in the younger female group. B, Longitudinal sonogram of the quadriceps femoris
in the middle-aged female group. C, Longitudinal sonogram of the quadriceps femoris in the elderly female group. RF indicates rectus femoris;
and VI, vastus intermedius.

Figure 4. Changes in the quadriceps femoris muscle thickness (QMT) by sex and age groups. *P < .05 versus the elderly group; †P < .05 versus
the middle-aged group.
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For men, the muscle strength significantly decreased in
the elderly group compared with the younger and
middle-aged groups (P < .001; P < .01) and in the
middle-aged compared with the younger group (P <
.001).

Table 4 shows the correlation results among age,
muscle strength, and various parameters for all partici-
pants. Age showed a significant correlation with several
characteristics, with the exception of weight. Meanwhile,
muscle strength showed a significant correlation with all
parameters. In addition, the relative contributions of

each parameter (age, sex, height, quadriceps femoris
thickness, mean, skewness, kurtosis, inverse difference
moment, angular second moment, and sum of entropy)
to the muscle strength level were examined in a stepwise
multivariate linear regression analysis (Table 5). The
variables independently associated with muscle strength
level were age, sex, quadriceps femoris thickness, and
sum of entropy. Among these variables, the sex differ-
ence was the strongest independent variable that con-
tributed to muscle strength (b 5 – 0.354; P < .001).
The following equation was developed to determine pre-

Figure 5. Changes in the muscle strength by sex and age groups. *P < .05 versus the elderly group; †P < .05 versus the middle-aged group.

Table 4. Correlation Among Age, Muscle Strength, and Various
Parameters

Age
Muscle

Strength

Parameter R2 P R2 P

Age NA NA 0.29 <.001
Height 0.25 <.001 0.28 <.001
Weight 0.03 .004 0.54 <.001
Body mass index 0.04 <.001 0.03 .003
Quadriceps femoris thickness 0.24 <.001 0.36 <.001
Mean 0.24 <.001 0.25 <.001
Skewness 0.29 <.001 0.26 <.001
Kurtosis 0.24 <.001 0.25 <.001
Inverse difference moment 0.29 <.001 0.27 <.001
Angular second moment 0.31 <.001 0.27 <.001
Sum of entropy 0.32 <.001 0.32 <.001
Muscle strength 0.29 <.001 NA NA

NA indicates not applicable.

Table 5. Multivariate Regression Analysis for Muscle Strength
With Various Parameters as Independent Variables

Parameter b P

Sex –0.354 <.001
Age –0.225 <.001
Height NE NA
Quadriceps femoris thickness 0.216 <.001
Angular second moment NE NA
Sum of entropy –0.234 <.001
Mean NE NA
Skewness NE NA
Inverse difference moment NE NA
Kurtosis NE NA

Sex: male 5 1; female 5 2. NA indicates not applicable; and NE,
not entered.

Watanabe et al—Quantitative Sonographic Assessment of the Quadriceps Femoris Muscle

1390 J Ultrasound Med 2017; 36:1383–1395



dicted muscle strength: y 5 84.485 1 0.428 3 quadri-
ceps femoris thickness – 20.092 3 sum of entropy –
10.001 3 sex – 0.136 3 age (Figure 6).

Discussion

A common and often devastating problem among
elderly people is falling, which causes a tremendous
amount of morbidity, mortality, and use of health care
services, including premature nursing home admis-
sions.19 Rubenstein19 reported that the most important
fall risk factors are muscle weakness and problems with
gait and balance. Muscle weakness, in particular, approxi-
mately quintuples the risk of falling. Thus, accurate
assessment of the muscle condition of the lower limbs is
crucial for early detection of musculoskeletal disorders.
This study investigated the influence of aging on lower
limb muscle strength and quadriceps femoris thickness
in healthy adults. Furthermore, we have attempted to
develop a method for prediction of muscle strength
using sonography. To our knowledge, this work is the
first study to propose a muscular index using sonogra-
phy. The study demonstrated the influence of aging on
the lower limbs, such as decreased muscle strength,
thickness, skewness, kurtosis, inverse difference moment,
and angular second moment, and a significant increase
in texture analysis, such as mean and sum of entropy.

Several researchers have already investigated the
effects of aging on skeletal muscle. For example, Ogawa
et al20 evaluated muscle thickness using CT and con-
cluded that loss of muscle thickness is associated with
aging. A magnetic resonance spectroscopic study
showed that elderly individuals have significantly greater
intramuscular lipids than young individuals.21 In another
study, there was an association between fat mass and
muscle strength and aging, suggesting that a high degree
of fat mass is associated with lower muscle quality.22

Our results showed a significant decrease in muscle
strength related to a decrease in texture and aging, which
is in agreement with previous studies showing the effects
of aging on muscle strength and muscle quality.
Recently, some research groups have used computer-
aided grayscale analysis to evaluate the quality of skeletal
muscle.6–8,11 Watanabe et al12 reported echo intensities
that showed a significant negative correlation with mus-
cle strength in 184 elderly men (65–91 years). Fuku-
moto et al8 also reported that muscle thickness and
muscle quality as assessed by echo intensity independ-
ently were associated with muscle strength in middle-
aged and elderly women (51–87 years). Despite these
results, the echo intensity method has a major shortcom-
ing that limits its clinical use because it is dependent on
ultrasound settings. Furthermore, it is well known that
echo intensity is able to capture the overall change in

Figure 6. Correlation between the predicted and measured muscle strength. A scatter diagram and a regression line are shown. Regression
analysis revealed that the values were positively correlated. QMT indicates quadriceps femoris muscle thickness; and SUE, sum of entropy.
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brightness of a muscle, but this numeric parameter is
highly dependent on the ultrasound scanner settings.23

In contrast, few studies have attempted to develop quan-
tification methods that can overcome these limitations.
Molinari et al16 proposed texture features as superior to
echo intensity, which they used to measure 5 muscles
(biceps brachii, rectus femoris, vastus lateralis, tibialis
anterior, and medial gastrocnemius) of 20 healthy partic-
ipants to assess how the performance of higher-order
texture descriptors differ between sexes and among
muscles. Their results showed that Haralick features
(energy, entropy, and correlation measured along differ-
ent angles), local binary pattern features, and entropy
were highly linked to sex, whereas Haralick entropy and
symmetry, Galloway texture descriptors, and local binary
pattern entropy helped distinguish muscle types. Our
results showed a significant decrease in muscle strength
related to increased age and texture features such as the

mean and sum of entropy and decreased texture features
such as the skewness, kurtosis, inverse difference
moment, and angular second moment.

In general, sarcopenia, including muscle atrophy, is
frequently observed with aging. The latest reports have
shown it to be associated with chronic disease such as
liver disease, and sarcopenia is now in the spotlight for
several aspects.24 Recently, various working groups on
sarcopenia throughout the world have proposed that a
definition should be formed by using a combined
approach based on muscle mass and muscle quality.
Psoas muscle atrophy shown by CT was reported to
have predictive value for mortality in cirrhotic patients,
independent of Model for End-Stage Liver Disease and
Model for End-Stage Liver Disease–Na scores.25 Baum-
gartner et al26 used dual-energy x-ray absorptiometry to
define sarcopenia, whereas Tanimoto et al27 reported a
bioelectrical impedance analysis cutoff for muscle atro-

Table 6. Distribution of the Predicted Muscle Strength According to the Age Category

Male Female

Age, y Mean (6 2 SD) Median (5th%–95th%) Mean (6 2 SD) Median (5th%–95th%)

<45 43.1 (36.0–50.1) 41.2 (32.5–53.6) 39.3 (27.8–50.8) 40.5 (23.7–53.3)
45–64 38.2 (26.2–50.1) 41.4 (19.0–48.4) 30.1 (21.4–38.8) 30.8 (19.8–42.8)
�65 33.5 (21.4–45.6) 34.3 (17.6–48.8) 30.4 (21.8–38.9) 31.1 (17.9–43.0)

Figure 7. A, Predicted muscle strength values in men by age group. B, Predicted muscle strength values in women by age group. Boxes
represent 50% of the data; bars represent the remainder; horizontal lines represent medians; and 3 symbols represent outliers.
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phy. Although CT can evaluate muscle volume, it is not
widely available, involves the use of ionizing radiation,
and is not cost efficient. Moreover, it is difficult to per-
form dual-energy x-ray absorptiometry and a bioelectri-
cal impedance analysis because most institutions do not
have the appropriate equipment. Although grip strength
and respiratory function tests are less-expensive alterna-
tives for evaluation of muscular weakness, those tests
cannot evaluate morphologic changes. On the other
hand, although there is some diversity of opinion
regarding the bioeffects of ultrasound regarding the rela-
tionship between acoustic output and acoustic bioef-
fects such as the mechanical index and thermal index,28

sonography remains highly useful because of the low
cost, lack of radiation exposure, and ability to directly
show morphologic changes in muscle. Therefore, we
propose a new method for quantitative assessment of
age-related changes in the lower limbs using sonogra-
phy. Concerning the diagnostic cutoff value for muscle
atrophy, Baumgartner et al26 used dual-energy X-ray
absorptiometry and defined sarcopenia as appendicular
skeletal muscle mass (kilograms)/height (meters)2 of
less than 2 SDs below the mean of a young reference
group. Normal and reference values for predicted mus-
cle strength are presented in Table 6 and Figure 7. The
mean values for men in the younger, middle-aged, and
elderly groups were 43.1 6 7.1, 38.2 6 12.0, and 33.5
6 12.1, respectively, and the values for women were
39.3 6 11.5, 30.1 6 8.7, and 30.4 6 8.6. Therefore,
the optimal cutoff values derived at less than 2 SDs for
men and women in the middle-aged groups were 26.2
and 21.4. The knee extension strength cutoff points for
maintaining mobility were recorded by using an isoki-
netic dynamometer. The results showed that the inci-
dence of severe mobility limitation corresponded to less
than 1.13 and greater than 1.71 N-m/kg in men and
less than 1.01 and greater than 1.34 N-m/kg in
women.29 There are, however, some concerns about
measurement of knee extension strength using an isoki-
netic dynamometer, given that data are unlikely to be
easily interpreted. Regarding investigation of elderly Jap-
anese patients, Inagaki et al30 measured the knee exten-
sion strength of 831 participants older than 60 years
using the same device used in this study (TKK5715).
In that study, the average values for knee extension
strength were approximately 30 kg in men and 20 kg in
women. Thus, we established the cutoff values in our
study in alignment with their findings. Furthermore, it

is well known that disuse syndrome is developed by a
sedentary lifestyle, which is shown by several symptoms,
such as muscular deconditioning and atrophy resulting
from inactivity or immobilization. In patients with
severe motor and intellectual disabilities who are con-
fined to bed and with decreased mobility of the lower
extremities, there is a higher risk of the complication of
deep venous thrombosis (DVT).31 This condition can
have an asymptomatic clinical course, but some cases of
DVT develop pulmonary thromboembolism, possibly
causing sudden death.32 The data in this study demon-
strate that the proposed index correlated significantly
with muscle strength. The proposed index may be a
useful marker in the assessment of muscular strength
for early detection of DVT because muscle weakness
may be involved in DVT formation. Therefore, we
think that predicting muscle strength by using sonogra-
phy is an effective method for rehabilitation program
creation in elderly individuals with dementia or who
have disorders of consciousness and in patients with
low activities of daily living.

There were several limitations to this study. First, it
did not include patients with low activities of daily living
and did not evaluate the potential enhancement of onset
of DVT in sarcopenia. We collected no data to assess
the prognostic value of the increase in the predictive for-
mula for patients with an impaired musculoskeletal sys-
tem. Second, we only used a single sonographer and a
single piece of equipment; therefore, the actual capability
of using texture analysis, including the influence of a plu-
rality of devices or the influence of detection on a sono-
gram during imaging, remains unknown. Third, the
study did not include multiple ethnic groups. It exam-
ined only Japanese individuals; therefore, there was the
potential of an ethnicity bias. Finally, our study did not
investigate the exercise habits of the participants. Marcus
et al33 reported that resistance exercise can decrease
intermuscular adipose tissue in older individuals. Further
studies with other devices and prospective follow-up
studies will be needed to validate the utility of the pre-
dictive formula.

In conclusion, this work showed the influence of
aging on the lower limbs, such as decreased muscle
strength and thickness, by using sonography. The pro-
posed index of muscle strength outlined in this article
can quantitatively assess muscular morphologic changes
due to aging and may be a valuable tool for early detec-
tion of musculoskeletal disorders.
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