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Abstract This study investigated the relationship
between walking ability and age-related muscle atrophy of
the lower limbs in elderly women. The subjects comprised
20 young women and 37 elderly women who resided in
nursing homes or chronic care institutions. The elderly
subjects were divided into three groups according to their
walking ability. The muscle thickness of the following ten
lower limb muscles were measured by B-mode ultrasound:
the gluteus maximus, gluteus medius, gluteus minimus,
psoas major, rectus femoris, vastus lateralis, vastus inter-
medius, biceps femoris, gastrocnemius and soleus. Com-
pared to the young group, muscle thicknesses of all
muscles except the soleus muscle were significantly
smaller in all the elderly groups. There were no significant
differences between the fast- and slow-walking groups in
the thickness of any muscle. In the dependent elderly
group, noticeable muscle atrophy was observed in the
quadriceps femoris muscle. The results of this study sug-
gest that the elderly who are capable of locomotion,
regardless of their walking speed, show a moderate degree
of age-related atrophy, while those who do not walk exhibit
more severe atrophy, especially in the quadriceps femoris
muscle.
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Introduction

Skeletal muscle mass decreases as people age, and it
decreases by 30-50% between the ages of 40 and 80 years
(Akima et al. 2001; Allen et al. 1960; Lexell et al. 1988;
Young et al. 1985). Muscle atrophy is reported to be
greater in the lower limbs than in the upper limbs (Bemben
et al. 1991; Brooks and Faulkner 1994; Janssen et al. 2000;
Kubo et al. 2003a). Kubo et al. (2003a) reported that rel-
ative muscle thickness of the vastus lateralis and medial
gastrocnemius muscles, as measured by B-mode ultra-
sound, decreased significantly with advancing age, whereas
no significant age-related change in relative muscle thick-
ness was observed for the triceps brachii muscle.

In recent years, there have been many studies on age-
related atrophy (sarcopenia) of lower limb muscles using
ultrasonographic measurement of muscle thickness. How-
ever, in these studies, the quadriceps (Arts et al. 2010;
Kubo et al. 2003a, b; Reimers et al. 1998) and triceps surae
muscles (Fujiwara et al. 2010; Kubo et al. 2003a, b;
Reimers et al. 1998) have been mainly evaluated. There
have been no studies that have focused on sarcopenia in the
individual muscles of the lower limb, including those
around the hip, knee and ankle joints.

Loss of skeletal muscle mass is part of the aging process
and is exacerbated by inactivity (Sandler et al. 1991).
However, there is evidence that older adults, even frail
older adults, can increase muscle mass with exercise
(Macaluso and De Vito 2004). In this way, the degree of
daily physical activity influences the amount of muscle
mass, especially in the elderly.

It has been pointed out that daily physical activity in the
elderly is closely associated with their walking ability, such
as the amount of walking that they do on a daily basis. For
example, Park et al. (2010) demonstrated that muscle mass
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in the lower limbs of older adults, as measured by whole-
body dual X-ray absorptiometry, is associated with physi-
cal activity such as the walking step count in daily life.
Conversely, a previous study that measured thigh muscle
volume using magnetic resonance imaging (MRI) showed
decreases in muscle mass in the early stage after a 7-day
period of strict bed rest that prohibited weight-bearing
activity such as locomotor activity (Ferrando et al. 1995).
However, it is unclear whether sarcopenia of individual
lower limb muscles is related to walking ability in the
elderly.

The aim of this study was to investigate the relationship
between walking ability and sarcopenia of the lower limbs
using ultrasound.

Methods
Subjects

The subject groups were comprised of 20 healthy young
women (age 19.8 £ 0.8 years; height 1.58 + 0.06 m;
weight 53.8 &+ 5.0 kg) and 37 elderly women (85.5 + 6.3
years; 1.44 &+ 0.07 m; 41.1 £ 9.0 kg). The young subjects
were healthy university student volunteers. All subjects
were physically active but did not include athletes. All
elderly subjects were residents of nursing homes or chronic
care institutions in Kyoto, Japan. We excluded elderly subjects
who had an unstable physical condition, a history of lower
extremity surgery or physical dysfunctions, such as acute
neurological impairment (acute stroke, Parkinson’s disease,
paresis of the lower limbs), or a severe musculoskeletal
impairment, such as limited range of motion of the lower limbs.

The elderly subjects were divided into 3 groups
according to their walking ability: (1) a fast-walking group
of elderly persons who were able to walk independently or
with an assistive device at a maximum walking speed of
more than 1 m/s—this speed has been considered to be the
cut-off value that predicts a risk of falls in older people
(Shimada et al. 2009); (2) a slow-walking group of elderly
persons who were able to walk independently or with an
assistive device at a maximum walking speed of <1 m/s
and (3) a dependent group of elderly persons who were
able to maintain a sitting position in a wheelchair but were
not able to walk independently and had not walked for
more than half a year. Table 1 shows the characteristics of
the three elderly groups. No significant differences were
found between elderly groups in age and height.

The subjects were informed about the study procedures
before testing and provided a written informed consent
before participating. The study was approved by Kyoto
University Graduate School and Faculty of Medicine Ethics
Committee.
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Table 1 Characteristics of the elderly subjects (mean £+ SD)

Fast-walking Slow-walking Dependent
group group group
Number 14 11 12
Age (years) 83.1 £5.7 855 £ 6.8 88.1 £5.5
Height (m) 1.47 £ 0.07 1.44 £+ 0.07 1.41 £ 0.07
Weight (kg) 45.0 £ 6.8%* 45.1 £ 8.8%* 328 £45
BMI (kg/m?) 21.0 £ 3.5%* 21.8 £ 3.9%* 16.5 £ 1.9

** p < 0.01 significant difference for the dependent group

Fig. 1 Representative ultrasound image of gastrocnemius and soleus

Muscle thickness measurements

Using B-mode ultrasound imaging (LOGIQ Book Xp; GE
Healthcare Japan, Tokyo, Japan) with an 8-MHz trans-
ducer, lower limb muscle thicknesses on the longitudinal
plane were measured (Fig. 1). Strong correlations have
been reported between muscle thickness measured by
B-mode ultrasound and site-matched skeletal muscle mass
measured by MRI (Dupont et al. 2001; Fukunaga et al.
2001; Miyatani et al. 2004; Sanada et al. 2006; Walton
et al. 1997). Therefore, it is plausible to use muscle-
thickness measurements to estimate muscle size and degree
of muscle atrophy.

Ten muscles in the lower limbs were examined: the
gluteus maximus, gluteus medius, gluteus minimus, psoas
major, rectus femoris, vastus lateralis, vastus intermedius,
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Table 2 Measurement positions and measurement sites for each muscle

Muscles Positions Measurement sites

Gluteus maximus Prone 30% proximal between posterior superior iliac spine the greater trochanter

Gluteus medius Prone Midway between the proximal end of iliac crest and the greater trochanter

Gluteus minimus Prone Midway between the proximal end of iliac crest and the greater trochanter

Psoas major Prone 7 cm lateral from the L3 spinous process

Rectus femoris Supine Midway between the anterior superior iliac spine and the proximal end of the patella

Vastus lateralis Supine 3 cm lateral of 60% distal between the anterior superior iliac spine and the proximal
end of the patella

Vastus intermedius Supine Midway between the anterior superior iliac spine and the proximal end of the patella

Biceps femoris Prone Midway between the ischial tuberosity and the lateral condyle of the tibia

Gastrocnemius Prone Medial head of gastrocnemius at 30% proximal between the lateral malleolus of the
fibula and the lateral condyle of the tibia

Soleus Prone 30% proximal between the lateral malleolus of the fibula and the lateral condyle of the tibia

biceps femoris, gastrocnemius and soleus. We examined
the muscles on the right lower limbs of subjects. Mea-
surement positions and measurement sites for each muscle
are shown in Table 2. During the examination, care was
taken to maintain the same standardized position of the
subjects and the exact location of the transducer. To improve
acoustic coupling, a water-soluble transmission gel was
placed over the scan head. The transducer was held perpen-
dicular to the skin surface using the minimum pressure
required to achieve a clear image. Muscle thickness was
measured by the examiner who was blinded with respect to the
subjects’ walking ability, such as walking speed.

A previous study has shown the reliability of the ultra-
sound technique for measuring muscle thickness of the
quadriceps femoris (Blazevich et al. 2006; Thoirs and
English 2009), hamstring (Kellis et al. 2009; Thoirs and
English 2009) and triceps surae muscles (Maganaris et al.
1998; Narici et al. 1996). However, the reliability of the
measurements of the gluteus maximus, gluteus medius,
gluteus minimus and psoas major muscles has not been
shown before. Therefore, the reliability of the measure-
ments of these muscles was assessed in a pilot study.
Sixteen healthy volunteers (mean age 20.3 years; SD 0.49)
were recruited for the reliability analysis. The intraclass
correlation coefficients (ICC) for the test—retest reliability of
the muscle thickness measurements were 0.991 (95% CI
0.974-0.997) for the gluteus maximus, 0.990 (95% CI 0.971—
0.996) for the gluteus medius, 0.965 (95% CI 0.900-0.988)
for the gluteus minimus and 0.968 (95% CI 0.910-0.989) for
the psoas major muscles; these results indicated a high
degree of reproducibility in measuring muscle thickness of
these muscles.

Statistical analyses

All data are presented as mean £ SD. We calculated the
magnitude of age-related decline compared to the young

reference group using the following formula: Magnitude of
age-related decline (%) = (mean thickness in the young —
muscle thickness in the elderly) x (mean thickness in the
young) ™' x 100.

Furthermore, we calculated the ¢ scores to take into
account the variability in muscle thickness between mus-
cles in the young reference group. The ¢ score was calcu-
lated using the following equation: ¢ score = (muscle
thickness in the elderly — mean thickness in the young)
x (SD of thickness in the young) ™.

Differences in muscle thickness and the magnitude of
age-related decline between groups (the young, fast-walk-
ing, slow-walking and dependent groups) were examined
using the Kruskal-Wallis test. If a significant main effect
was found, differences among muscle thickness or mag-
nitude of decline were determined with the Steel-Dwass
post hoc test. Differences in the ¢ score between muscles
were examined using Friedman’s test and a multiple
comparison method (Steel-Dwass test).

Results

Comparison of muscle thickness (mm)
between the young and elderly groups

Table 3 shows the mean and standard deviation values of
muscle thicknesses for the young and the three elderly
groups. Statistical analysis revealed a significant main
effect for all muscles (p < 0.01). When the muscle thick-
nesses were compared between the young and elderly
groups, all muscles except the soleus muscle, i.e. the glu-
teus maximus, gluteus medius, gluteus minimus, psoas
major, rectus femoris, vastus lateralis, vastus intermedius,
biceps femoris and gastrocnemius, were significantly
thinner in all the elderly groups. As for the soleus muscle,
although there was a significant difference between the
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Table 3 Comparison of muscle thickness (mm) between the young and elderly groups

Young Fast-walking group Slow-walking group Dependent group
Gluteus maximus 25.0 £ 2.98 14.9 + 3.56%* 14.7 £+ 4.46%* 8.60 £ 2.42%*
Gluteus medius 229 4+ 5.80 15.0 &+ 4.16%* 14.6 £+ 3.97%* 9.69 £ 2.23%*
Gluteus minimus 19.3 + 647 12.8 + 4.08%* 12.3 £+ 4.36%* 9.54 £+ 1.76%*
Psoas major 28.7 £ 4.11 13.0 £ 5.58%* 15.0 £ 2.93** 10.9 £ 4.07**
Rectus femoris 22.9 +£3.39 16.7 &+ 3.50%%* 15.4 &+ 5.42%* 4.08 £ 1.36%*
Vastus lateralis 22.0 £ 3.25 14.1 £ 3.76%* 12.2 £ 3.08%* 3.73 £ 1.26%*
Vastus intermedius 21.5 £ 3.52 16.9 + 2.99** 12.8 + 4.68%* 4.69 + 2.39**
Biceps femoris 36.5 + 4.87 17.9 + 5.01%** 17.1 £ 3.83%** 11.2 £ 4.40%*
Gastrocnemius 16.3 + 2.31 10.8 & 2.63** 10.5 £+ 4.01%* 7.04 + 1.67%*
Soleus 345 £ 6.11 29.8 + 8.25 27.1 +4.93 17.6 + 6.26%*

Values are expressed as mean =+ the standard deviation (SD)
** p < 0.01 significant difference with fast-walking group

young and dependent elderly groups, no differences were
found between the young as well as fast- and slow-walking
elderly groups.

Comparison of the magnitude of age-related decline
(%) between the elderly groups

Table 4 shows the magnitude of age-related decline (%) in
the elderly groups. When the magnitude of age-related
decline was compared between the three elderly groups,
there were no significant differences in magnitude of
decline of any muscle between the fast- and slow-walking
groups. Significant differences were found between the
dependent group and the two walking groups in the mag-
nitude of decline of gluteus maximus, gluteus medius,
rectus femoris, vastus lateralis, vastus intermedius, biceps
femoris, gastrocnemius and soleus. There were no

Table 4 Comparison of the magnitude of age-related decline (%)
between the elderly groups

Fast walking Slow walking Dependent

Gluteus maximus 403 + 148 41.0 £ 17.9  65.5 + 10.2%* T
Gluteus medius 347 £ 189 36.1 +173 577 £ 10.2% T
Gluteus minimus ~ 33.9 £21.9 364 +22.6 50.6 + 9.51
Psoas major 54.8 £20.1 459 £102 623 £ 148
Rectus femoris 269 £ 159 328 £237 822 + 6.19%= T
Vastus lateralis 36.0 £ 177 443 +£140  83.0 £ 6.00%= T
Vastus intermedius  21.3 + 145 403 +21.8  78.2 + 11.6%* T
Biceps femoris 510 + 143 53.1 £105 694 + 12.6%F
Gastrocnemius 340 £ 167 354 +£246 56.8 £ 10.7+="
Soleus 135+ 24.8 21.6 £ 143  49.1 £ 18.9%="

Values are expressed as mean =+ the standard deviation (SD)
** p < 0.01, * p < 0.05 significant difference with fast-walking group

ft p <0.01, i p < 0.05 significant difference with slow-walking
group
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significant differences in magnitude of decline between the
three elderly groups in the gluteus minimus and psoas
major muscles.

Differences in the ¢ score between muscles
in the elderly groups

Table 5 shows the ¢ score of muscle thickness in the elderly
groups. The ¢ score of muscle thickness in the fast-walking
group was the highest for the soleus muscle, followed in
order by the gluteus minimus, gluteus medius, vastus
intermedius, rectus femoris, gastrocnemius, vastus lateralis,
gluteus maximus, biceps femoris and psoas major muscles.
The Friedman test indicated that there was a significant

Table 5 Differences in the ¢ score between muscles in the elderly
groups

Fast walking ~ Slow walking Dependent
Gluteus maximus  —3.13 £ 1.16° —3.19 £ 1.39 —5.09 + 0.79"
Gluteus medius —1374+ 074 —1.42 4068 —2.28 4+ 0.40
Gluteus minimus ~ —1.01 £ 0.65 —1.08 +£0.67 —1.51 + 0.28
Psoas major —3.84 &+ 1.41° —3.22 4+ 0.72° —4.37 + 1.04°
Rectus femoris —1.82 4+ 1.07 —-222 4160 —5.55+ 0.42¢
Vastus lateralis —247 £ 122 —-3.04 4096 —570 £ 0.41¢
Vastus intermedius —1.75 + 1.64 —2.62 &+ 1.42 —5.10 £ 0.76°
Biceps femoris —3.80 &+ 1.06° —3.96 + 0.78" —5.17 + 0.94°
Gastrocnemius —240 4+ 1.18 —2.50 + 1.74 —4.01 &+ 0.76°
Soleus —0.76 + 140 —1.22 4+ 081 —2.77 + 1.07

Values are expressed as means =+ the standard deviation (SD)
 Significant difference with soleus and gluteus minimus

b Significant difference with soleus, gluteus minimus and gluteus
medius

¢ Significant difference with gluteus minimus and gluteus medius

4 Significant difference with soleus, gluteus minimus, gluteus medius
and gastrocnemius



Eur J Appl Physiol (2011) 111:989-995

993

main effect on all muscles in the fast walking group
(p < 0.01).

The t score of muscle thickness in the slow-walking
group was the highest for the soleus muscle, followed in
order by the gluteus minimus, gluteus medius, rectus
femoris, gastrocnemius, vastus intermedius, vastus latera-
lis, gluteus maximus, psoas major and biceps femoris. The
Friedman test revealed a significant main effect for muscle
in the slow-walking group (p < 0.05).

The ¢t score of muscle thickness in the dependent group
was the highest for the gluteus minimus, followed in order
by the gluteus medius, soleus muscle, gastrocnemius, psoas
major, gluteus maximus, vastus intermedius, biceps
femoris, rectus femoris and vastus lateralis. The Friedman
test revealed a significant main effect for muscle in the
dependent group (p < 0.01). The post hoc test used to
compare the ¢ score of muscle thickness in the dependent
group showed that the quadriceps group of muscles, such
as the vastus lateralis and rectus femoris, has significantly
smaller values than gluteus minimus, gluteus medius,
soleus or gastrocnemius.

Discussion

There were two main findings in this study. First, sarco-
penia was lowest for the soleus muscle among the ten
muscles of the lower limbs in the elderly who were able to
walk independently. Second, a larger magnitude of age-
related decline occurred in the quadriceps group of muscles
than in other muscles among the lower limb muscles in the
elderly who could not walk independently. To our knowl-
edge, this is the first report showing sarcopenia of indi-
vidual muscles constituting the lower limb muscles,
including those around the hip, knee and ankle joint. In
addition, this is the first report showing the relationship
between sarcopenia and walking ability in elderly women.

In this study, the measurement of the thickness of ten
muscles of the lower limbs showed the smallest degree of
atrophy in the soleus muscle in the elderly groups. In
addition, no significant difference was seen in the soleus
muscle thickness between the young and walking elderly
groups. Our findings showed only slight age-related chan-
ges of the soleus muscle in elderly people who were able to
do ambulatory activity. In general, greater rates of age-
related loss occur among type II fibers, whereas only
moderate losses occur among type I fibers (Doherty et al.
1993; Lexell et al. 1988; Roos et al. 1997). Therefore, the
postural role of the soleus muscle in the elderly people who
were able to do ambulatory activity may protect this
muscle from marked reductions in thickness with aging,
given its predominant type I composition (Johnson et al.
1973).

Our analyses of the comparison between the elderly
groups indicated no difference between the fast- and slow-
walking groups in magnitude of decline of all muscles.
Previous studies reported that maximum walking speed in
the elderly was closely associated with their muscle
strength in the lower limbs. However, the relationship
between walking speed and muscle strength was non-lin-
ear; i.e. there was a threshold value of muscle strength at
which walking speed could not improve even if muscle
strength increased (Buchner et al. 1996; Ferrucci et al.
1997; Kwon et al. 2001; Rantanen et al. 1998). Our results
suggest that elderly women in the slow-walking group had
enough muscle mass to give muscle force at the constant
standard. We believe that factors other than muscle mass,
such as balance control or motor coordination, may con-
tribute to the difference in walking speed between the fast-
and slow-walking groups.

Although the magnitude of decline of muscle thickness
in the dependent elderly group was 49.1-83.0% greater
than that in the walking elderly groups, there were no
significant differences between the three elderly groups in
magnitude of decline of the gluteus minimus and psoas
major muscles. These results suggest that despite the
marked reduction of overall muscle thickness in the elderly
women who did not engage in walking for a long period, a
relatively smaller degree of atrophy was found in their deep
hip muscles. Studies on rats have frequently reported that
experimental cast immobilization results in preferential
reduction in slow-twitch muscle mass (Booth 1982; Ohira
et al. 1992; Templeton et al. 1988), whereas it was noted
that greater decrease of human fast-twitch muscle mass
occurred in skeletal muscle as a result of inactivity (Hikida
et al. 1989). Because the mass of skeletal muscle is located
in a deep part of the muscle and a large proportion of that
appears to be slow-type muscle mass, relatively minor
atrophy may occur in deep muscles of the hip joint, such as
the gluteus minimus and psoas major muscles, even among
elderly who do not engage in locomotor activity. Deep
muscles in close proximity to a hip joint are believed to
provide joint stability (Andersson et al. 1995). Gravity
generates muscle loading at the hip joint during sitting
activities, which may lead to lesser atrophy in the deep hip
muscles even for the elderly who do not engage in loco-
motor activities. (Hides et al. 2007) also reported that
cross-sectional area (CSA) of the multifidus, as measured
by MRI, decreased by day 14 of bed rest in healthy male
subjects, whereas that of the psoas muscle increased. This
may reflect muscle shortening during bed rest. The results
of that study suggest that changes in muscle architecture,
such as muscle shortening resulting from a long period
inactivity may also influence the degree of muscle atrophy.

The ¢ score of muscle thickness in the dependent elderly
group was the lowest for quadriceps femoris such as vastus
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lateralis and rectus femoris, suggesting particularly marked
changes relative to walking disability in this muscle among
muscles of the lower limb. Reduced physical activity leads
to a loss of skeletal muscle mass. Lower limb muscles,
especially antigravity muscles such as the quadriceps
femoris that are required for weight-bearing activities (i.e.
walking, stair climbing), are likely to be affected most by
reduced gravitational loading and inactivity (bed rest).
Previous studies have documented that human muscle mass
in the quadriceps femoris was reduced by 3% after 7 days
(Ferrando et al. 1995), 8% after 20 days (Akima et al.
1997) and 14% after 42 days (Berg et al. 1997) of bed rest.
Thus, loss of skeletal muscle mass is exacerbated by
periods of inactivity or bed rest. In the present study, a
significant impact on muscle atrophy might have been
observed in the quadriceps femoris muscle due to inactivity
caused by physical disability, because dependent elderly
group did not engage in weight-bearing activities for an
extended period of time.

This study had some limitations. One limitation arose
from measurement of the muscle thickness for determining
the muscle mass of lower limb muscles. In general, the
muscle cross-sectional area is assumed to reflect muscle
strength. In this study, the muscle thickness in the longi-
tudinal axis was measured. However, the obtained mea-
surement values did not reflect the transverse axis.

The other limitation of this study was the small number
of subjects. The stringent exclusion criteria, which limited
the number of subjects, may also limit the generalisability
of the findings.

Another limitation arose from the cross-sectional
structure of this study. Thus, for noticeable muscle atrophy
of quadriceps femoris in the dependent elderly group, the
causality was not clear; i.e. whether muscle atrophy of
quadriceps femoris progressed as a result of inactivity or
whether muscle atrophy of quadriceps femoris led to dis-
ability. In addition, the inclusion criterion for the depen-
dent group selected elderly women who had not walked for
more than a half year, which was not standardized as the
period when they were not walking.

Further longitudinal studies are required to clarify the
association between the degree of sarcopenia in the lower
limbs and the locomotor capacity, and to confirm the
findings reported in the present study.

Conclusions

We found that the fast- and slow-walking elderly groups
showed the same extent of atrophy, while the dependent
elderly group showed more severe atrophy. This study
suggested that sarcopenia in the lower limbs was least for
the soleus muscle in the elderly women who were able to
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walk independently, and that muscle atrophy in the quad-
riceps group of muscles was at a maximum in the elderly
who had not walked for a long period of time.

Conflict of interest None.
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