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Abstract: Skeletal muscle fibrosis occurs with aging and has been suggested to impair muscle
performance, thereby decreasing quality of life. Recently, muscle stiffness, a surrogate measure of
muscle fibrosis, was noninvasively quantified as the shear modulus using ultrasound shear wave
elastography (SWE) in humans. We aimed to investigate thigh muscle stiffness in females and males,
respectively, across a broad range of ages by using SWE. Eighty-six community-dwelling Japanese
people who were aged 30 to 79 years and did not regularly exercise participated in this study. The
vastus lateralis (VL) shear modulus was measured at three different knee joint angles: full extension,
90◦ of flexion, and full flexion. There were no significant main effects of sex or age on the VL shear
modulus in full extension or 90◦ of flexion of the knee. However, the VL shear modulus in knee full
flexion was significantly smaller in females than in males and increased with age from 47.9 years. The
results suggest that the accelerated increase in VL stiffness that occurs after an individual passes their
late 40s may be an important therapeutic target for developing effective treatments and programs
that preserve and improve quality of life.

Keywords: extracellular matrix; sarcopenia; thigh muscle; ultrasound shear wave elastography

1. Introduction

Skeletal muscle fibrosis, an excessive accumulation of extracellular matrix (ECM) com-
ponents, occurs with aging [1,2]. Advanced muscle fibrosis with aging leads to impaired
muscle regeneration [3]. Furthermore, muscle fibrosis and the associated increase in muscle
stiffness are suggested to impair mobility and exercise capacity, thereby decreasing the
quality of life of elderly people [2]. Thus, muscular conditions in relation to fibrosis need
to be assessed quantitatively to develop effective treatments and programs that preserve
and improve quality of life.

There is growing evidence indicating that ECM components are primarily responsible
for muscle stiffness [4,5]. For example, animal experiments have revealed that muscle
bundles, which consist of several muscle fibers and contain ECM components, displayed
more than 5-fold stiffness than individual muscle fibers and muscle fiber groups, excluding
ECM components [6]. Similarly, human experiments have shown that the stiffness of

Int. J. Environ. Res. Public Health 2021, 18, 8947. https://doi.org/10.3390/ijerph18178947 https://www.mdpi.com/journal/ijerph

https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://orcid.org/0000-0003-2482-2802
https://orcid.org/0000-0002-4284-6317
https://orcid.org/0000-0003-3951-5290
https://doi.org/10.3390/ijerph18178947
https://doi.org/10.3390/ijerph18178947
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijerph18178947
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph18178947?type=check_update&version=1


Int. J. Environ. Res. Public Health 2021, 18, 8947 2 of 8

muscle bundles is more than 15 times higher than that of single muscle fibers, although
ECM components account for only approximately 5% of the muscle bundle cross-sectional
area [7]. Furthermore, the contributions of ECM components to muscle stiffness depend on
to what extent the muscle is stretched; the contributions of ECM components are high when
the muscle is tensioned and stretched [8]. Collectively, it is reasonable to presume that
muscle stiffness is a surrogate measure of an excessive accumulation of ECM components,
i.e., muscle fibrosis, especially when muscle stiffness is evaluated in stretched positions.
Indeed, a recent animal study demonstrated that muscle stiffness was well correlated
with muscle fibrosis quantified histologically and suggests that passive stretch-induced
stiffening notably reflected skeletal muscle fibrosis [9].

Until several years ago, age-related changes in muscle stiffness have rarely been
studied in humans because it was difficult to noninvasively and directly assess muscle
stiffness in humans in vivo. However, currently, the stiffness of in vivo human muscles
can be noninvasively quantified as the shear modulus (expressed in the unit of Pascal)
using ultrasound shear wave elastography (SWE). Several human studies have used this
technique to investigate the effect of age on muscle stiffness and reported decreases [10,11],
no changes [10,12], and increases [13] in stiffness in elderly adults compared with young
adults. Note that in these studies reporting decreases or no changes in muscle stiffness
in elderly adults, muscle stiffness was assessed in positions in which the muscles were
relatively short (i.e., less stretched), such as a lying (fully knee extended) position for the
quadriceps femoris and a plantarflexed position for the triceps surae. An animal study
showed that muscle stiffness increases with age when muscle stiffness is measured in
stretched rather than shortened positions [14]. In this context, only one recent study [13]
showed that age-related changes in passive muscle stiffness in the human medial gastroc-
nemius (GM) can be observed in stretched (i.e., dorsiflexed) positions but not in neutral or
shortened (i.e., plantar flexed) positions. However, it remains unclear whether this finding
holds true for other muscles, especially those that exhibit significant functional decline
with aging, and at what age the changes in muscle stiffness occur.

In addition to age, sex also influences muscle stiffness; females exhibit lower muscle
stiffness values than males [15]. The sex difference in muscle stiffness is likely due, at
least in part, to the influence of sex hormones such as estrogen because estrogen alters the
structural and mechanical properties of collagenous tissues [16]. Based on this finding, we
hypothesized that the sex difference in muscle stiffness disappears after the fifth or sixth
decade, when most females experience menopause. To the best of our knowledge, only
a few studies have examined the effects of both age and sex on muscle stiffness with the
biceps brachii in a relatively stretched position [17,18]. Muscle function generally declines
with aging, especially in thigh muscles [19]. Nevertheless, no studies have yet addressed
the interactive effects of age and sex on the muscle stiffness of thigh muscles.

The objectives of the present study were (1) to examine whether thigh muscle stiffness
increases with age; (2) to identify at what age the increase in muscle stiffness occurs (if any);
(3) to prove our hypothesis that the age-related increase in thigh muscle stiffness, an index
of excessive accumulation of ECM components, can be observed only in a stretched position,
but not in a shortened position, of the muscle; and (4) to test our second hypothesis that
greater muscle stiffness in males than in females disappears after the fifth or sixth decade
of life. To achieve these objectives, we investigated thigh muscle stiffness in positions in
which the muscle is both shortened and lengthened in females and males, respectively,
across a broad range of ages using ultrasound SWE.

2. Materials and Methods
2.1. Subjects

For this study, we recruited community-dwelling Japanese people from Osaka who
were aged 30 to 79 years and were not regularly exercising. The exclusion criteria were the
presence of disease in locomotor organs; the presence of cardiovascular disease affecting the
exercise intervention; a history of severe disorders or clinically significant systemic diseases;
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an irregular lifestyle such as a night shift worker; a high level of alcohol consumption, which
is more than 60 g of alcohol per day; smoking; the consumption of drugs or supplements
that affect efficacy evaluations; and the presence of any medical condition judged by the
medical investigator to warrant exclusion. Nursing mothers, pregnant women, and women
of child-bearing potential were excluded. All subjects provided written informed consent
before participation. The Ethics Committee of the Fukuda Clinic Research (approval no.
IRB-20180317-7) and Ritsumeikan University (approval no. BKC-2017-084) approved the
study protocol, which was performed in compliance with the Declaration of Helsinki.

2.2. SWE Measurements

An ultrasound SWE apparatus (Aixplorer version 12, Supersonic Imagine, France),
coupled with a linear array probe (SL10-2), was used to measure the shear modulus of
the right VL. The VL shear modulus was measured at the following three different knee
joint angles: (1) knee full extension in the supine position, (2) 90◦ of knee flexion in the
seated position, and (3) knee full flexion in the seated position (with the right heel in
contact with the hip) (Figure 1). The SWE measurements were performed in this order. In
each position, the ultrasound probe was positioned at 50% of the thigh length (measured
from the greater trochanter to the popliteal crease) according to a previous study [20].
The probe orientation was adjusted to identify fascicles within the ultrasound B-mode
image in each position. Care was taken to not press or deform the muscles during the
scan. The subjects were requested to completely relax the leg throughout the examination,
although the muscle activity was not checked during SWE measurements. The subjects
were not allowed to engage in warm-up or stretching exercises prior to the examination.
The images were acquired after ensuring a stable color distribution of SWE mapping. The
probe location was adjusted slightly prior to image acquisition if a defocused image with a
large variation in SWE color mapping was observed. Measurements were performed three
times in approximately 10 s in each position. Each measurement position was held for
approximately 1–2 min before three SWE images were acquired. The room temperature for
all measurements was kept constant at 25 ± 1 ◦C to minimize any potential temperature-
induced changes in tissue stiffness.
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Figure 1. Schematic representation of the subject’s posture for ultrasound shear wave elastography
(SWE) measurement. The vastus lateralis (VL) shear modulus was measured at the following three
different knee joint angles: knee full extension in the supine position (A), 90◦ of knee flexion in the
seated position (B), and knee full flexion in the seated position (with the right heel in contact with
the hip) (C).

The SWE data were analyzed using the software included with the ultrasound appa-
ratus. The mean shear modulus was calculated over the region of interest (ROI) that was
as large as possible with the exclusion of other tissues (e.g., aponeurosis and subcutaneous
fat) and artifacts (e.g., unnaturally void areas), depending on the subject and position. We
confirmed that no pixel reached the saturation limit of the SWE apparatus. The average
value of the three measurements taken in each position was used for further analyses. The
coefficients of variation of three measurements were 3.2 ± 2.4%, 1.4 ± 0.9%, and 1.0 ± 0.7%,
with intraclass correlation coefficients of 0.978, 0.997, and 0.998, for knee full extension, 90◦

of knee flexion, and knee full flexion positions, respectively.
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2.3. Statistical Analysis

The normality of the VL shear modulus in each position was confirmed using the
Shapiro–Wilk normality test. Then, for the data in each position, two-way analysis of
variance (ANOVA) (age [30s, 40s, 50s, 60s, 70s] × sex [female, male]) was performed using
SPSS (version 26, IBM, Armonk, NY, USA). When a main effect of sex was found, an
unpaired t-test was used to compare the females and males. When a main effect of age was
found, we performed segmented regression analysis instead of multiple comparisons to
identify at what age the change in muscle stiffness occurs, that is, to detect a breakpoint
age of muscle stiffness using SegReg software (www.waterlog.info, accessed on: 14 March
2021). The significance level was set at α = 0.05.

3. Results

Forty-three female and 43 male adults aged 30 to 77 years participated in this study.
At least seven females and seven males were included in each of the following age groups:
30–39, 40–49, 50–59, 60–69, and 70–79 years (Table 1). Most females aged 50–59, 60–69, and
70–79 years had experienced menopause.

Table 1. Characteristics of the participants.

Age Group (years) 30–39 40–49 50–59 60–69 70–79

Female N 9 9 9 7 9
Age (years) 34.78 ± 3.01 45.11 ± 2.23 54.67 ± 2.49 65.29 ± 3.10 71.78 ± 2.20
Height (cm) 158.71 ± 4.69 155.88 ± 4.07 155.41 ± 4.58 154.43 ± 2.71 151.94 ± 2.75
Weight (kg) 51.22 ± 7.24 51.73 ± 4.23 53.80 ± 6.16 46.20 ± 2.64 51.27 ± 5.73

BMI 20.30 ± 2.47 21.31 ± 1.85 22.30 ± 2.60 19.36 ± 0.77 22.19 ± 2.23
Number of
menopause 0 0 8 7 9

Male N 9 9 9 9 7
Age (years) 34.44 ± 2.79 43.89 ± 2.88 53.44 ± 2.71 65.56 ± 1.64 73.14 ± 2.53
Height (cm) 175.40 ± 4.70 171.57 ± 4.36 169.97 ± 4.85 169.49 ± 6.28 165.31 ± 3.72
Weight (kg) 68.10 ± 5.84 70.32 ± 9.00 69.66 ± 7.05 69.67 ± 9.57 63.51 ± 10.50

BMI 22.19 ± 2.33 23.83 ± 2.29 24.09 ± 2.02 24.37 ± 4.04 23.12 ± 2.96

The values are expressed as the mean ± standard deviation. BMI = body mass index.

Figure 2 shows typical examples of ultrasound SWE images with the knee fully
extended in the supine position (A), the knee flexed to 90◦ in the seated position (B), and
the knee fully flexed in the seated position (C).
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Table 2 shows the muscle shear modulus results for the VL stratified by sex and age
group. For the VL shear modulus in knee full flexion, there were significant main effects
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of both sex and age, with no significant interaction effect of sex × age. For the VL shear
modulus in knee full extension and 90◦ of flexion, two-way ANOVA showed there were no
significant main effects or interaction effects of sex and age.

Table 2. Muscle shear modulus of the vastus lateralis (VL) of the females and males in each age group.

Age Group (years) 30–39 40–49 50–59 60–69 70–79
Two-Way ANOVA p-Value (Partial η2)

(Age) (Sex) (Age X Sex)

Muscle shear modulus (kPa)
The knee fully extended

Female 4.16 ± 0.97 4.31 ± 1.41 4.66 ± 2.27 4.90 ± 1.15 4.28 ± 0.67 0.413
(0.050)

0.408
(0.009)

0.645
(0.032)Male 3.92 ± 0.83 4.01 ± 0.46 3.93 ± 0.54 4.58 ± 1.25 4.80 ± 0.97

The knee flexed to 90◦

Female 8.63 ± 1.82 7.40 ± 1.23 10.69 ± 6.12 8.42 ± 2.11 10.71 ± 6.96 0.128
(0.089)

0.272
(0.016)

0.876
(0.016)Male 7.93 ± 0.97 7.16 ± 0.83 9.15 ± 2.17 8.75 ± 2.24 8.81 ± 1.83

The knee fully flexed
Female 43.02 ± 9.44 41.03 ± 10.23 45.66 ± 16.74 46.26 ± 12.76 51.68 ± 14.77 0.006

(0.170)
0.001

(0.145)
0.497

(0.043)Male 56.72 ± 14.93 46.38 ± 10.44 53.60 ± 10.46 51.52 ± 13.67 70.79 ± 16.59

The values are expressed as the mean ± standard deviation. There were no significant main effects or interaction effects of sex and age on
the VL shear modulus in knee full extension or 90◦ of flexion. There were significant main effects of both age and sex, with no significant
interaction effect of sex × age in knee full flexion (two-way ANOVA, p < 0.05).

The post hoc tests revealed that the VL shear modulus was significantly smaller in
females than in males. The segmented regression analysis revealed that the breakpoint
age of the VL shear modulus in knee full extension was 47.9 (95% confidence interval:
44.5–50.8). Beyond the breakpoint, the VL shear modulus was estimated to increase by
0.5 kPa per year.

4. Discussion

In this study, an age-related increase in the VL shear modulus was observed in a
stretched position (i.e., knee full flexion) but not in relatively shortened positions (i.e.,
knee full extension and 90◦ of flexion). This result is in line with previous results showing
that an age-related increase in the passive muscle stiffness of the human GM can be
observed in dorsiflexed positions but not in neutral or plantar flexed positions [13]. The
joint angle specificity of age-related differences in muscle stiffness can be explained by the
contribution of ECM. Muscle stiffness is strongly influenced by ECM components, such as
the perimysium and endomysium [5]. However, the contributions of ECM components
to muscle stiffness depend on to what extent the muscle is stretched; the contributions of
ECM components are high when the muscle is tensioned and stretched [8]. Therefore, it is
likely that muscle fibrosis, an excessive accumulation of ECM components, can be detected
using ultrasound SWE only when muscle stiffness is measured in positions in which the
muscle is stretched.

VL muscle stiffness increases with aging were observed in a stretched position prob-
ably due to an excessive accumulation of ECM components in the skeletal muscle, but
the following two mechanisms may have been involved: (i) the absolute amount of ECM
components increased, independent of the reduction in contractile components, and/or
(ii) the relative amount of ECM components increased due to an age-related decrease in
contractile components (muscular fibers), even though the absolute amount of ECM compo-
nents remained unchanged. Regarding the first mechanism, the excessive accumulation of
ECM components with aging has been reported in mice [1,2]. Furthermore, an increase in
intramuscular connective tissues [21] and elevated serum C1q secretion with aging, which
is suggested to activate the Wnt signaling pathway in muscles and lead to the development
of muscle fibrosis [22], have also been observed in humans. For the second mechanism,
age-related loss in muscle mass has been widely reported [23], and an acceleration in
muscle loss after age 45 has also been reported [24]. However, since we cannot conclude
which mechanism is more plausible on the basis of the results of this study, additional
studies are necessary.
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Importantly, we demonstrated that VL muscle stiffness in knee full flexion increased
from 47.9 years of age. Although the excessive accumulation of ECM components has
previously been reported to occur with aging [1,2], the present data suggest that age-related
increases in ECM components may not be merely linear; rather, the changes may accelerate
after a certain age. In a previous study that used ultrasound SWE, when the biceps brachii
was stretched (i.e., elbow fully extended), muscle stiffness was observed to increase linearly
after 60 years of age [17]. Another study reported that GM muscle stiffness measured in a
stretched (i.e., ankle dorsiflexed) position was the highest in the older group (62 ± 3 years
of age), followed by the middle-aged group (35 ± 3 years of age) and then the child group
(7 ± 1 years of age) [13]. Although the findings of the previous and present studies are
consistent in that muscle stiffness measured in stretched positions increases with age, the
age at which muscle stiffness begins to increase is inconsistent between the previous and
present studies; VL muscle stiffness in the present study started to increase from the late
40s, which is approximately 15 years earlier than that reported for the biceps brachii in a
previous study [17]. This difference might reflect a site-specific increase in muscle stiffness.
It has been reported that the loss of muscle mass after the age of 45 is more pronounced
in the lower body than in the upper body [24], and a decrease in muscle mass in the
thigh has been observed earlier than that at the whole body level [25]. This finding might
support our aforementioned suggestion that the relative increase in ECM components
caused by age-related decreases in contractile components might be related to the increase
in muscle stiffness in a stretched position with aging. This idea is merely speculation at this
moment, but these findings suggest that the age at which fibrosis begins to occur varies
depending on the site within the body. Given that muscle function generally declines with
aging, especially in thigh muscles [19], our finding implies that the accelerated increase
in VL stiffness that occurs after an individual passes their late 40s may be an important
therapeutic target for developing effective treatments and programs that preserve and
improve quality of life.

In the present study, males showed higher muscle stiffness than females in the
stretched position (but not in the relatively shortened (i.e., less stretched) positions). This
result is consistent with those of previous studies on the GM in a young population [15].
The sex difference in muscle stiffness is reportedly due, at least in part, to the influence
of sex hormones such as estrogen because estrogen alters the structural and mechanical
properties of collagenous tissues [16]. Based on this finding, we hypothesized that the
sex difference in muscle stiffness could not be observed after the fifth or sixth decade of
life, when most females experience menopause. However, contrary to our hypothesis,
our results showed a significant main effect of sex and no significant interaction effect of
sex × age, indicating that muscle stiffness is higher in males than in females at all ages.
Although serum hormone levels were not measured in this study, our findings suggest that
the effect of the level of sex hormones decreasing due to menopause on muscle stiffness is
negligibly small and that the cumulative effect of sex hormones over several decades prior
to menopause in females is much larger.

5. Conclusions

Age-induced changes in skeletal muscle profiles have been reported to affect muscle
performance, such as muscle strength and muscle power, more than muscle mass in
elderly individuals [23]. In this study, we demonstrated an age-related increase in muscle
stiffness in the VL in a stretched position in both females and males from 47.9 years of
age, which indicates an increase in ECM components. Taken together, these reports and
the present findings suggest that not only the accelerated decline in muscle mass but
also the accelerated increase in muscle ECM components, starting from the age mid 40s
onwards, may be responsible for corresponding declines in muscle performance parameters,
such as muscle strength and muscle power. It is necessary to address the increase in
the ECM components particularly in people who have passed their mid 40s to develop
countermeasures against decreases in the quality of life in elderly people.
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