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Abstract. [Purpose] This study examined the change in the muscle activities of the lower limbs during the 6-minute
walk test to identify the relationship between the change in muscle activity and physical performance of commu-
nity-dwelling elderly women. [Methods] Twenty-three elderly women (mean age: 77.9 years) were recruited from
the community to participate. Their muscle activities were recorded using surface electromyography of the gastroc-
nemius, tibialis anterior, vastus medialis, hamstrings, and gluteus medius, and muscle strength, mobility, balance
and 6-minute walking distance were also measured. [Results] The decrease of electromyography activity during
the 6-minute walk test was significantly greater in the gastrocnemius and tibialis anterior than in the other muscles.
The decrease of electromyography activity in the gastrocnemius was correlated with the timed up-and-go time (r=
—0.435) and that of the tibialis anterior was correlated with the timed up-and-go time (r=—0.530) and walking dis-
tance (r= 0.482). [Conclusions] The electromyogram activities of the gastrocnemius and the tibialis anterior showed
deterioration during the 6-minute walk test, and they were correlated with gait performance. These results suggest
that muscle activity of the distal muscles plays an important role in the walking ability of elderly women.
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INTRODUCTION

The ability to walk a long distance is an important fac-
tor in the maintenance of independence by elderly people,
because it is related to the motor function required for them
to undertake activities of daily living?. In addition to the loss
of independence, reduced walking ability and motor func-
tion have other important implications. Both factors have
been reported to be associated with an increased risk of mor-
bidity? 3 and mortality* ).

There are several tests for the objective assessment of
walking ability, such as the 6-minute walk test (6MWT) and
the 400-meter walk test. The 6MWT is widely used and has
been shown to be a reliable and valid method for the as-
sessment of functional exercise capacity and walking ability
both of the elderly and people with chronic diseases®. In
particular, the 6MWT can be used to assess frail and dis-
abled patients who cannot complete submaximal endurance
tests using standard cycle ergometry or a treadmill”. The
6-minute walk distance (6MWD) is reduced in patients with
obstructive lung disease, heart failure, arthritis, or neuro-

muscular disease® ?), and these previous studies also showed
that the 6MWD is correlated with endurance performance in
such patients. Moreover, the 6MWT is useful as an evalua-
tion tool not only for patients but also for community-dwell-
ing elderly people because the extent of living space is relat-
ed to favorable living functions'?. Paul et al.'D reported that
the 6MWT is a useful measure related to various physical
performances of community-dwelling elderly people. Other
studies have also reported that endurance, evaluated by peak
oxygen uptake, is associated with muscle strength!? and
functional mobility performance'®. However, little is known
about the relationship between muscle activity during the
6MWT and the physical performance of elderly people.

The purpose of this study was to evaluate the change in
muscle activity of the lower limbs during the 6MWT and
to determine the relationship between the change in muscle
activity and the physical performance of the elderly. We hy-
pothesized that the elderly would show a gradual decrease in
muscle activity of the lower limbs as the walking distance
increases.
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SUBJECTS AND METHODS

Subjects

Twenty-three elderly women (age, 77.9+ 2.2 years) were
recruited from the community for this study. The procedures
used in this study were approved by the ethics committee of
the Tokyo Metropolitan Institute of Gerontology and con-
formed to the principles of the Declaration of Helsinki.

Methods

The 6MWT!¥ measures the distance, in meters, walked
at a preferred pace over a 6-minute period along a measured
walkway. The 6MWT was conducted according to a stan-
dardized protocol, using an internal hallway, with 20-me-
ter distances marked by colored tape on the floor. Partici-
pants were told that “the purpose of this test is to see how
far you can walk in 6 minutes”. They were instructed; to
“Walk from end to end of the hallway at your own pace,
to cover as much ground as possible.” Subjects were noti-
fied that no further encouragement would be provided to
them during the test. Muscle activity during the 6(MWT was
simultaneously recorded using surface electromyography
(EMG) (Nihonkoden, Japan) from 5 muscles of the right
leg: vastus medialis (VM), hamstrings (HM), gluteus medius
(GM), lateral head of the gastrocnemius (GS), and tibialis
anterior (TA). The EMG signals were sampled at 1000 Hz,
to quantify the EMG amplitude, and were expressed as the
root mean square (RMS). The EMG data from the muscles
were processed using Power Lab (AD Instruments, USA).
Before any analysis was performed, all raw data were band-
pass-filtered (5-500 Hz). EMG activity was simultaneously
monitored during the 6MWT. All the recordings were digi-
tized and stored on a PC for offline analyses at a later time.
A gait cycle was defined as the temporal interval between
the beginning of the initial heel contact and the beginning
of the next heel contact (Fig. 1). The RMS of each muscle
was calculated immediately at the start of walking and over
a gait cycle after 1, 3, and 6 minutes. The RMS and time of
gait cycle (t-GC) were averaged for 3 consecutive gait cycles
to represent muscle activity and t-GC. We chose the EMG
parameters of a previous study by Murley et al.'® that dem-
onstrated the sensitivity to change in the biomechanics of
motion during gait. In addition, we calculated the ratio of the
RMS and t-GC after 1, 3, and 6 minutes to their respective
values immediately after the start of the 6MWT.

For the evaluation of the muscle strengths of ankle dorsi-
flexion and plantar flexion, we measured the isometric mus-
cle force using a hand-held dynamometer (p-tus F1, Anima
Co., Tokyo, Japan). We also measured the timed up-and-go
(TUG) and one-legged standing (OLS) time as evaluations
of physical performance because it has been reported that
they are related to 6MWD. The maximal strength of the
ankle muscles responsible for ankle dorsiflexion and plantar
flexion were assessed using a dynamometer fixed to a foot-
stool'®). The TUG was performed according to the standard
method that measures the time taken to rise from a chair,
walk 3 meters, turn, and return to a sitting position!”. OLS
was performed for up to 60 seconds twice on each leg. Sub-
jects stood with their lifted foot approximately 2 inches from
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Fig. 1. Representative EMG recordings collected during the

6-min walk test performed by elderly women. Raw
data of the gastrocnemius (GS), tibialis anterior (TA),
vastus medialis (VM), hamstrings (HM) and gluteus
medialis (GM). The solid line indicates the onset of
heel contact, and t-GC presents the time of the gait
cycle.

the medial malleolus of the stance foot without making foot-
to-malleolus contact. For the OLS, subjects stood first on
their preferred leg, then on their preferred leg again, while
keeping both arms hanging down naturally'®.

One-way analysis of variance (ANOVA) was performed
to analyze the changes of the EMG activity among the 3
timed intervals (1, 3, and 6 minutes from the start). Post hoc
analyses were performed using adjusted Bonferroni tests.
Spearman correlation coefficients were used to assess rela-
tionships between GS and TA after 6 minutes and each of
the physical performance parameters. The multiple-regres-
sion analysis stepwise method was used to determine the rel-
ative contributions of the muscles to t-GC. In a t-GC model
adjusted for age and height, selected independent variables
were determined by the ratios of VM, HM, GM, GS, and TA
muscles at 1 versus 6 minutes from the start. SPSS version
15.0 was used to analyze the data, and values of p < 0.05
were considered significant.

RESULTS

Table 1 displays the characteristics of the subjects. The
ANOVA results indicate statistically significant differences
in EMG amplitudes of GS (F;, 44= 6.4, p<0.05) and TA (F;,
44= 5.3, p< 0.05). There were no significant differences in
the EMG amplitudes of VM (F, 44= 0.9, p= 0.40), HM (F,,
4= 1.6, p= 0.2) and GM (F,, 44= 0.9, p= 0.41) (Table 2).
Multiple stepwise regression analysis revealed that t-GC af-
ter 1 minute from the start of walking could not be explained
by any of the muscles at that time. In contrast, the t-GC 6
minutes from the start of walking could be best explained by
the ratio of TA muscle activity; this variable explained 21%
of the variation in t-GC.

Table 3 shows the Pearson’s correlation coefficients be-
tween the ratios of muscle activities of GS and TA after
6 minutes and TUG, and walking distance measures. The
ratio of muscle activity of GS after 6 minutes was highly
correlated with TUG (r= —0.435, p< 0.05), and that of TA
after 6 minutes was highly correlated with TUG and walk-



Table 1. Characteristics of the sub-

jects

Mean S.D.
Age (year) 719 22
Height (cm) 147.6 3.8
Weight (kg) 493 43
PF strength (N) 3247 101.9
DF strength (N) 174 19.6
TUG (sec) 6.0l 0.6
OLS (sec) 394 211
Distance (m) 396.3 46.6

Data are expressed as means+SD.

PF= plantar flexion, DF= dorsal flexion,
TUG= timed up-and-go test, OLS= one-
legged standing

ing distance (r= —0.530, r= 0.482, p< 0.05). No correlations
were observed between GS and TA after 6 minutes and age
(r=0.249, = 0.112), height (r= 0.106, r= 0.134), weight (r=
—0.073, = —0.166), plantar flexion strength (r= 0.097, r=
—0.045), dorsal flexion strength (= —0.118, = —0.154), or
OLS (r=0.269, r=—0.269).

DISCUSSION

We measured EMG of the VM, HM, GM, TA, and GS
muscles to evaluate the proximal and distal muscle activities
of the lower limbs of community-dwelling elderly women
during the 6MWT. In addition, we also measured muscle
strength, mobility, balance, and walking distance to exam-
ine the relationship between their changes in muscle activity
during the 6MWT and physical performance.

The main finding of this study was that the EMG activi-
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ties of the GS and TA (distal muscles) were significantly de-
creased during the 6 MWT, whereas there were no significant
changes in VM, HM, and GM (proximal muscles) of the el-
derly women. We believe that the declines observed in EMG
amplitudes, representing declines in muscle activation, are
indicative of a decrease in motor unit firing and/or a recruit-
ment of motor units in the course of 6MWT. These neural
structures may deteriorate with age, and therefore, may not
be able to maintain the activity of the distal muscles of the
elderly during the 6SMWT. A previous study!? suggested that
age-related changes in the skeletal muscle properties, such
as muscle fiber types, are factors contributing to falls by the
elderly. Additionally, many studies?®>*) have proposed that
the mechanism associated with decreased muscle activation
is the change in the proportion of muscle fiber types. For ex-
ample, the balance of shared versus unshared inputs to motor
units can be altered by age-related changes in spindles, in-
cluding increased capsular thickness, a decrease in the num-
ber of intrafusal fibers per spindle, spherical axonal swell-
ing, and degenerative changes in the spindle neuromuscular
end plates due to atrophy?®). These changes modify afferent
input from Golgi tendon organs that are sensitive to contrac-
tions of single motor units?”). Therefore, with increasing age,
human skeletal muscles gradually decrease in volume, as the
number of motor units and muscle fibers, and the size of type
2 fibers are reduced. As a result, progressive weakening and
impaired mobility may occur, especially in endurance activi-
ties. In general, decrease of muscle volume has attributed to
muscle atrophy of the proximal muscles such as quadriceps
muscle?® 2%, but the relationship with neural activation and
muscle strength has not been elucidated. For example, in the
lower limbs, substantial age-related weakness in the proxi-
mal muscles, such as the quadriceps muscle, does not ap-
pear to be related to changes in neural drive3?). Other studies
have also shown no significant limitation of activation abil-
ity in the quadriceps of subjects approximately 80 years of

Table 2. Ratios of EMG activities in the four time periods

immediately after 1 minute 3 minutes 6 minutes
GS* 100 103.1 +26.9 95.2+21.1 91.6 +£26.2
TA* 100 99.3+11.8 96.4+ 14.4 89.3+15.7
VM 100 104.6 +19.2 102.3 £26.6 97.6 £24.2
HM 100 96.4+21.9 91.1 +£14.8 88.6 +15.6
GM 100 101.8 + 14.8 101.2 +13.3 98.3+14.1

Data are expressed as means + SD. *Significant main effect for the time period (p<0.05).

Table 3. Correlation between the ratio of muscle activity and TUG and

walking distance

Variable Muscle Correlation coefficient (r)
TUG GS after 6-min —0.435%

TA after 6-min —-0.530%*
Walking distance GS after 6-min 0.358

TA after 6-min 0.482%*

Date are expressed as means+ SD. * p<0.05. GS after 6-min: gastrocnemius
muscle after 6 minutes, TA after 6-min: tibialis anterior muscle after 6 minutes,

TUG= timed up-and-go test
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age’!:32). In contrast, it has been reported that the TA muscle
shows a reduced number of motor units>®, and the ability to
generate power is markedly impaired during maximal iso-
tonic strength performed by the elderly®¥.

From the viewpoint of kinematics, muscle activity at the
ankle performs two functions related to resistance to grav-
ity during ambulation: control of the foot position at heel
contact for both swing (TA), and forward propulsion (GS).
At slower walking speeds, the TA biphasic EMG pattern is
intact because of the need to control the foot against gravity.
Furthermore, the GS muscle maintains the same phasic pat-
tern, indicating the continuing need for forward progression
even at the slower walking speeds of the elderly®. The sig-
nificant associations between lower limb strength, velocity,
and step length found in our study are consistent with the
results of previous studies® 37, and indicate that the normal
age-related decline in leg strength may be the primary limit-
ing factor that prevents older people from walking at speeds
equivalent to younger people. Bassey et al.>® found that el-
derly community-dwelling men and women with reduced
ankle dorsiflexor strength have slow self-selected walking
speeds. Our study also showed that EMG activities of the
distal muscles of community-dwelling elderly women sig-
nificantly decrease during the 6MWT. This was confirmed
by multiple stepwise regression which identified TA muscle
activity after 6 minutes as the independent contributor to
t-GC, explaining approximately 21% of the variance. We
consider that the distal muscles (e.g., TA muscle) fatigue
more easily than the proximal muscles in the elderly dur-
ing walking. Many studies have demonstrated a direct rela-
tionship between muscle strength and EMG activity®*#D. In
the present study, we found no correlation between GS and
TA muscle force and the ratio of EMG activity 6 minutes
after the start of walking. In contrast, significant relation-
ships were found between TUG tine, walking distance, and
the ratios of the EMG activities of the distal muscles. This
suggests that the change in the ratios of distal muscle ac-
tivities during the 6MWT might be useful for the evaluation
of the physical performance of community-dwelling elderly
women.

The subjects of the present study were limited to healthy
elderly women; therefore, our findings may not translate
directly to understanding frail elderly women. However,
we found differences in muscle activation dynamics even
in healthy elderly women who did not exhibit poor muscle
strength, mobility, and balance that might otherwise indi-
cate functional decline*?). Therefore, the observed changes
in muscle activation dynamics may be a precursor to future
functional declines. Early detection of these changes may
help prevent further loss of gait function. This requires fur-
ther investigation in a clinical outcomes study.
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